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ABSTRACT

Percutaneous coronary intervention (PCl) is one of the main medical procedures employed for the
treatment of coronary artery disease. During this procedure, the coronary arteries are visualized using
X-ray imaging. However, it only generates 2D images which can complicate several tasks, including
assessing the lesion and correctly placing a stent. To overcome this limitation, researchers of Philips
Research are developing technologies that allow the implementation of 3D imaging data derived from
coronary CT angiography in the catheterization laboratory. Throughout the development, a coronary
artery network phantom could serve as a beneficial tool. Such a phantom should be anthropomorphic
and have realistic imaging and mechanical properties. Additionally, it should serve as a platform on
which a basic PCl procedure can be performed. No commercially or academically developed phantom
satisfies these criteria, thus the objective for this project was to design and develop an
anthropomorphic coronary artery network phantom with realistic imaging and mechanical properties,
which can be used to mimic both healthy and atherosclerotic human coronary arteries.

A material study was initially conducted to find the most suitable materials for the development of the
phantom. During the first stage, the radiodensity of several materials was measured. Based on those
results, and other factors such as safety, usability and durability, it was concluded that PlatSil Gel 25
would be used for the development of the arterial wall. Additionally, the heart and non-calcified lesions
were to be made from VytaFlex 20 in combination with BaSOa. The calcified lesions were to be made
from PlatSil Gel 25 and also required the addition of BaSO,to increase their radiodensity. After the
imaging tests, uniaxial tensile tests were conducted to measure the stiffness of PlatSil Gel 25 samples
with different concentrations of PlatSil hardener. These results demonstrated that PlatSil Gel 25 has a
comparable stiffness to that of healthy human coronary arteries in the longitudinal direction. When
combined with the hardener, it can also mimic the stiffness of atherosclerotic coronary arteries.

After the material study, the coronary artery network phantom was designed and developed. The
design comprises a simplified representation of the heart, and an arterial network that consists of the
coronary artery network and a simplified representation of the arterial pathway distal to the aortic
root. To manufacture the arterial network, a water-soluble 3D-printed mould was manually coated with
PlatSil Gel 25 and subsequently dissolved in water. Due to the solubility of the mould, it was possible
to manufacture a geometrically complex and hollow arterial network as a single part. Additionally, it
was demonstrated that this manufacturing method can be used to include lesions within the arterial
wall, and that its stiffness can be locally changed.

During the evaluation of the final phantom, its geometrical, imaging and mechanical properties were
assessed and compared with the formulated requirements. Based on the results it can be concluded
that the phantom meets many of the requirements. Furthermore, it was demonstrated that a
guidewire can be inserted into the arterial network and manipulated up to the end of the left circumflex
artery. Nevertheless, the evaluation also revealed some areas of improvement. Most notable are the
improvements related to the imaging properties of the phantom. For example, the radiodensity of the
arterial wall was slightly too high. In addition, the attenuation was not uniform throughout the parts of
the phantom that contained BaSQ4, as was evident from X-ray and CT images.

In conclusion, this project demonstrated that the utilized manufacturing method and materials can be
used to develop a healthy and atherosclerotic coronary artery network phantom, that possesses
realistic geometrical, imaging and mechanical properties. Additionally, it has the potential to serve as
a platform on which a basic PCl procedure can be performed. Nevertheless, several areas of
improvement related to both the manufacturing method and phantom remain, which might form the
foundation for a future project.
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1. INTRODUCTION

Coronary artery disease is one of the leading causes of mortality worldwide (Brown et al., 2024). During
the progression of the disease, plaque typically accumulates within the tunica intima of the arterial
wall. This process is commonly known as atherosclerosis and will lead to stenosis or a complete
occlusion of the lumen. Since the coronary arteries are responsible for supplying the myocardium with
oxygen, a significant reduction in the lumen size could result in myocardial ischemia. Percutaneous
coronary intervention (PCl) is one of the main medical procedures to revascularize the coronary
arteries. Between 2013 and 2017, approximately 3 million of these procedures were performed in the
United States alone (Inohara et al., 2020). This shows the importance and extent to which this
minimally invasive procedure is utilized.

The primary objective of PCl is to dilate a stenosed or open an occluded coronary artery. There are
several medical techniques that could be utilized during the procedure, but the most common ones
are balloon angioplasty and stenting. In order to visualize the coronary artery network, either single-
plane or bi-plane X-ray imaging is utilized in combination with contrast injections. This imaging
procedure is commonly known as coronary angiography. One of the major limitations associated with
this procedure is that it can only generate 2D images. This can complicate several tasks, including
assessing the lesion, correctly placing the stent and guiding the medical equipment, which in turn can
increase the risk of adverse events after stent implantation (Campbell et al., 2015; Collet et al., 2021).
To overcome this limitation, researchers from the Image Guided Therapy and Ultrasound Devices &
Systems department of Philips Research are developing technologies that allow the implementation of
3D imaging data derived from coronary CT angiography in the catheterization laboratory.

Throughout the development and validation of these novel technologies, a coronary artery network
phantom could serve as a beneficial tool. The use of such a phantom would reduce the use of animal
and human tissue, providing a more ethical alternative. Furthermore, it could provide a controlled and
standardized testing environment. It is important that such a phantom is anthropomorphic and mimics
both the imaging and mechanical properties of in vivo human tissue. Additionally, it should serve as a
platform on which a basic PCl procedure can be performed. To the best of the author’s knowledge and
those involved in the project, there is currently no commercially available phantom that satisfies the
aforementioned criteria. As for academically developed phantoms, the one made by Stepniak et al.
(2019) could be considered the most advanced phantom, but still has several limitations. As a result,
the following objective has been formulated for this project:

Design and develop an anthropomorphic coronary artery network phantom with realistic
imaging and mechanical properties, that can be used to mimic both healthy and
atherosclerotic human coronary arteries.

The main purpose of this phantom is to aid the development and validation process of the novel
technologies that are developed by researchers of Philips Research. Additionally, the phantom might
be a beneficial tool for other researchers and developers, or serve as a training tool for medical
students.




2. DESIGN REQUIREMENTS

This chapter will provide an overview of the design requirements used for the development of the
coronary artery network phantom. The requirements were formulated through literature study and
consultations with researchers from Philips Research. They are categorized as general, imaging,
geometrical and mechanical requirements. Additionally, a distinction has been made between
mandatory and optional requirements. All imaging and geometrical requirements are considered to be
mandatory, since the primary purpose of the phantom is to serve as a tool for the development of
imaging-related technologies. If possible, the phantom should also have realistic mechanical
properties, especially if it is used as a platform on which a basic PCl procedure is performed. However,
when compromises between requirements need to be made, the mechanical properties are considered
to be less important and therefore optional.

GENERAL

In consultation with a few researchers from Philips Research it was determined that the phantom
should at least consist of an aortic root, both coronary arteries and the two main branches of the left
coronary artery (LCA), that is, the left anterior descending artery (LAD) and the left circumflex artery
(LCx). Optionally, the phantom could include branches of the right coronary artery (RCA), LAD and LCx.
Furthermore, a simplified representation of the heart and the arterial pathway distal to the aortic root
should be included. The arterial pathway distal to the aortic root will be used to introduce medical
equipment into the arterial network. The heart can act as a support structure for the coronary artery
network and enhances the realism of generated medical images. Since the phantom also has to serve
as a platform on which a basic PCl procedure (i.e., coronary angioplasty followed by stenting) can be
performed, the arterial network should be hollow, watertight and allow the insertion of a guidewire
into one of the coronary arteries. Testing and evaluation of the phantom might take place at a different
location from where it is manufactured. As a result, the phantom should also be transportable and
have a shelf life of at least one month.

IMAGING

X-ray-based imaging techniques are commonly employed during PCI. Thus, the arterial network and
heart should match the degree of X-ray attenuation found in corresponding human tissues.
Additionally, non-calcified and calcified lesions might be included into the phantom. These should also
have a radiodensity comparable to that found in vivo. Prior to this project, a literature review was
conducted in which the imaging and mechanical properties of human coronary arteries were
evaluated. The literature review is included within this report and can be found in the appendix. Based
on the findings of this review, the radiodensity, expressed as a Hounsfield unit (HU), for non-calcified
(i.e., lipid-rich and fibrous lesions) and calcified lesions should be between 34 to 106 HU and 377 to
1160 HU respectively. It is important to note that the results for lipid-rich and fibrous lesions have been
combined into one group (i.e., non-calcified lesions), since no decisive conclusion was reached
regarding the significance in the difference between their radiodensities.

Table 1. Overview of the radiodensity of myocardium found in the literature.

Study Sample size Radiodensity [HU]
Nikolaou et al. (2004) 23 117 + 28
Nieman et al. (2006) 13 73+14
Okuma et al. (2014) 33 36.8+6.2

Data is presented as mean + SD.




The cardiac wall consists predominantly of myocardium. Therefore, the radiodensity of the
myocardium will serve as a requirement for the whole heart. Table 1 provides an overview of the found
literature. All included studies conducted their measurements at a tube potential of 120 kV, which is in
line with the inclusion criteria of the preliminary literature review. Based on the mean results of the
studies, the radiodensity of the heart should be between 37 and 117 HU.

Literature on the radiodensity of the arterial walls of healthy coronary arteries is very limited. During
the preliminary literature study, no literature was found that met the inclusion criteria. Despite this, it
is known that coronary arteries are difficult to differentiate from their surrounding (i.e., mainly
myocardial tissue) on X-ray and CT images (Stepniak et al., 2019). The imaging requirement for the
arterial walls will therefore be the same as for the heart. This range is also in accordance with the
results of Mgrup et al. (2022) and Clouse et al. (2008), although both studies did not use a tube
potential of 120 kV during their measurements.

GEOMETRICAL

In order to ensure that the phantom closely resembles the shape of the tissues found in vivo, the design
of the coronary artery network and heart should be based on 3D reconstructions from medical images.
However, this requirement does not ensure that the different elements of the phantom are also
properly sized. Therefore, additional requirements for the lumen diameter, arterial wall thickness and
dimensions of the heart have been formulated. All these requirements are formulated as ranges, which
are defined by a mean value + two standard deviations as found in the literature. Table 2 presents the
required lumen diameter for different segments of the main arteries in the coronary network. These
ranges are based on the results of Dodge et al. (1992). This study was chosen due to its extensive
measurements and clear description of the results. Furthermore, a relatively high degree of accuracy
and repeatability were observed within the study. Table 10 in the ‘Phantom evaluation’ chapter also
contains the requirements for any optional branches included in the final phantom. The exact
descriptions used to define each arterial segment are provided in the appendix.

Table 2. Overview of the required lumen diameter for different segments of the main
arteries in the coronary artery network.

Segment Lumen diameter [mm]
Right coronary artery
RCA-1 2.7-51
RCA-2 24-44
RCA-3 2.1-41
RCA-4 1.2-3.2
Left coronary artery
LCA 3.5-55
Left anterior descending artery
LAD-1 2.6-4.6
LAD-2 1.5-35
LAD-3 0.7-2.7
Left circumflex artery
LCx—-1 24-44
LCx—2 1.6-4.0
LCx-3 0.4-2.38

The ranges are based on the mean (+ 2*SD) results for normal men with right cardiac
dominance at the middle of each segment, as can be seen in table 6 of Dodge et al. (1992).




The arterial wall thickness varies throughout the coronary artery network. Mimicking this in a phantom
presents many difficulties during the development phase. The complete network will therefore have a
single uniform wall thickness. Based on the results of Perry et al. (2013), the arterial wall should be
between 0.7 and 1.5 mm thick. During this study, the wall of the LAD was measured in 227 subjects, all
of whom were free of clinical coronary artery disease, hypertension, hyperlipidemia and diabetes
mellitus. Additionally, the study showed a high degree of repeatability and the results corresponded
well with those of Perry et al. (2008) and Gradus-Pizlo et al. (2001), as can be seen table 3.

Table 3. Overview of the wall thickness of the LAD found in the literature.

Study Sample size Wall thickness [mm]
Perry et al. (2013) 227 1.1+0.2!
Perry et al. (2008) 50 1.2+0.3
Gradus-Pizlo et al. (2001) 29 09+0.1

1The requirement for the arterial wall thickness is based on this data.
Data is presented as mean * SD.

Only two studies were found that measured the length, breadth and thickness of the human heart.
Both of these studies, Sultana et al. (2011) and Gupta et al. (2014), were conducted in South Asia on
local subjects. It is important to take into account that Europeans are on average taller and heavier
than people from South Asia, and that both weight and height have a significant effect on the cardiac
dimensions (Pfaffenberger et al., 2013; Rodriguez-Martinez et al., 2020). To compensate for these
differences, the requirement for each dimension is based on the largest mean value from the
aforementioned studies. The length of the heart should therefore be between 92.3 and 132.7 mm, the
breadth between 64.4 and 111.2 mm and the thickness between 48.6 and 74.2 mm.

Table 4. Overview of the cardiac dimensions found in the literature.

Study Sample size Length[mm] Breadth [mm]  Thickness [mm]
Sultana et al. (2011) 38 96.2 £9.6 79.4+7.8 61.4 +6.41
Gupta et al. (2014) 46 112.5+10.1* 87.8+11.7* 39.7+11.7

Only the data for male donors is included in this table, since their hearts were larger than that of the female
donors. 1The requirements for the dimensions of the heart are based on these data.
Data is presented as mean * SD.

MECHANICAL

There are many mechanical properties that could be mimicked during the development of a phantom.
However, this project focuses solely on the elastic modulus in the longitudinal and circumferential
direction of the coronary arteries. The elastic modulus quantifies the relationship between the stresses
applied during a medical procedure and the strain of the arterial wall. Therefore, it is a suitable
mechanical property for a phantom that should also serve as a platform on which a basic PCl procedure
can be performed. During the preliminary literature review, the elastic modulus of healthy and
atherosclerotic human coronary arteries was evaluated. Based on these results, the elastic modulus in
longitudinal direction of healthy and atherosclerotic human coronary arteries ranged from 0.28 to 2.94
MPa and from 0.40 to 5.63 MPa respectively. The elastic modulus in circumferential direction of both
healthy and atherosclerotic coronary arteries ranged from 0.78 to 1.68 MPa and 1.13 to 4.11 MPa
respectively. To mimic a realistic mechanical behaviour, the utilized tissue mimicking material should
fall within one of these ranges.




PROGRAMME OF REQUIREMENTS

MANDATORY REQUIREMENTS

GENERAL

e The phantom should at least include the following structures:
o Right coronary artery
Left coronary artery
Left anterior descending artery
Left circumflex artery
Aortic root
A simplified representation of the arterial pathway distal to the aortic root
o Asimplified representation of the heart

O O O O O

e The arterial network should be hollow.

e The arterial network should be watertight.

e The phantom should allow for the insertion of a guidewire into a coronary artery.
e The phantom should be transportable.

e The phantom should have a shelf life of at least one month.

IMAGING
e The radiodensity, expressed as a Hounsfield unit, of non-calcified lesions (i.e., lipid-rich and
fibrotic lesions) should be between 34 to 106 HU.
e The radiodensity of calcified lesions should be between 377 to 1160 HU.
e The radiodensity of the heart should be between 37 and 117 HU.
e The radiodensity of the arterial wall should be between 37 and 117 HU.

GEOMETRICAL

e The design of the coronary artery network and heart should be based on 3D reconstructions
from medical images.
e The lumen diameter for healthy segments of the main arteries of the coronary artery network
should fall within the ranges presented in table 10.
e The arterial wall thickness for healthy segments of the coronary artery network should be
between 0.7 and 1.5 mm.
e The heart should correspond with the following dimensions:
o The length should be between 92.3 and 132.7 mm.
o The breadth should be between 64.4 and 111.2 mm.
o The thickness should be between 48.6 and 74.2 mm.




OPTIONAL REQUIREMENTS

GENERAL

e The phantom includes branches of the right coronary artery, the left circumflex artery and the
left anterior descending artery, with realistic geometrical properties.

MECHANICAL

e The elastic modulus of the utilized material should be between 0.28 and 2.94 MPa, for a
phantom that mimics the mechanical properties of healthy human coronary arteries in the
longitudinal direction.

e The elastic modulus of the utilized material should be between 0.4 and 5.63 MPa, for a
phantom that mimics the mechanical properties of atherosclerotic human coronary arteries in
the longitudinal direction.

o The elastic modulus of the utilized material should be between 0.78 and 1.68 MPa, for a
phantom that mimics the mechanical properties of healthy human coronary arteries in the
circumferential direction.

e The elastic modulus of the utilized material should be between 1.13 and 4.11 MPa, for a
phantom that mimics the mechanical properties of atherosclerotic human coronary arteries in
the circumferential direction.




3. PART I: MATERIAL STUDY

The final phantom should meet the imaging requirements and preferably also the mechanical
requirements as formulated in the previous chapter. A material study was conducted to find the most
suitable materials for developing the phantom. During the first stage, the imaging properties of several
materials were measured. Based on these results and other important factors, such as safety, usability
and durability, several materials were selected for the development of the lesions, the heart and the
arterial network of the phantom. The second stage focuses solely on measuring the mechanical
properties of the material that will be used to develop the arterial wall. All the materials selected for
this material study are either available in different stiffnesses, or can have their stiffness adjusted with
an additive. Based on the results of the mechanical test, a conclusion can be drawn on whether the
stiffness of the selected material can be adjusted to meet the mechanical requirements.

MATERIAL SELECTION

The two main types of materials that were tested are silicone and polyurethane. These are generally
tougher and more durable when compared to other tissue mimicking materials such as agar, gelatine
and PVA. This is an important consideration, since the coronary artery phantom would otherwise
become too fragile. According to literature, the radiodensity of a solid block of silicone can be relatively
high (Jin et al., 2022; O’Reilly et al., 2020; Steinmann et al., 2018). However, Stepniak et al. (2019)
showed that the radiodensity of a hollow cylindrical sample (i.e. samples that mimic coronary arteries)
could meet the requirement for the arterial wall, due to the partial volume effect. Based on the results
of Jin et al. (2022), O’Reilly et al. (2020) and Steinmann et al. (2018), the radiodensity of polyurethane
was expected to be near the lower end of the required range for the arterial wall. Furthermore, both
silicone and polyurethane are available in a wide range of stiffnesses. This increased the chance that
the mechanical requirements could be met.

The specific materials chosen for the material study were PlatSil Gel 25 and Dragon Skin 20 (both
platinum-cured silicones), Mold Max 30 (a tin-cured silicone) and VytaFlex 20 (a polyurethane rubber).
These were selected since they are either part of product series that are available in a wide range of
different stiffnesses, or their stiffness can be adjusted using an additive. However, based on the
technical data provided by the manufacturer, it was estimated that the stiffness of the chosen materials
should already be near the required mechanical ranges. Furthermore, the materials are all commonly
used at the lab where the phantom is developed. This made them suitable options for this project.

IMAGING PROPERTIES

The first stage of this material study is divided into the following three imaging tests:

e Preliminary imaging test
e Unenhanced material test
e Contrast-enhanced material test

During the preliminary imaging test, the radiodensity of different concentrations of sodium chloride
(NaCl) solutions were measured. The results of this test were used to create a suitable environment for
further testing, and to determine whether such a solution can mimic contrast-enhanced blood. The
unenhanced material test was used to measure the radiodensity of the four selected materials, both
as solid cubes and hollow cylinders. Finally, the contrast-enhanced material test was used to measure
the radiodensity of one or more materials, in combination with an additive used to increase its X-ray
attenuation. Such a contrast-enhanced material is at least necessary for replicating the radiodensity of
calcified lesions, which demonstrate a high degree of X-ray attenuation.




PRELIMINARY IMAGING TEST

Due to the small size of the coronary arteries and limited spatial resolution of certain medical imaging
devices, an effect can occur known as the partial volume effect. This effect occurs when multiple tissues
or materials contribute to the same voxel and needs to be considered when testing the hollow
cylindrical samples during the unenhanced material test. Figure 1 illustrates the partial volume effect.
Due to this effect, the cylindrical samples need to be tested in an environment that has a similar
radiodensity as found in vivo. The arterial wall is mostly enclosed by blood and the myocardium. Based
on the results of Hagita et al. (2022) and Okuma et al. (2014), it can be concluded that a radiodensity
of 40 HU could serve as a simplified representation of such an environment. The results of
Nygren (2021) show that a NaCl solution can be used to replicate the radiodensity of this environment.
Additionally, a completely saturated NaCl solution might be able to mimic the attenuation of contrast-
enhanced blood. This would be an easy to obtain and cheap alternative that can be used in combination
with the phantom, instead of an iodine contrast agent. Thus, the aim of this test is to find the
relationship between the concentration of a NaCl solution and its radiodensity.

A B C

Figure 1. An illustration that explains the partial volume effect. (A) The actual
radiodensity of the scanned object. (B) A 9x9 pixel grid, resembling the limited
resolution of medical imaging devices. (C) The radiodensity as seen on a medical
image. The radiodensities displayed in the pixels of the first and third column are true
to the actual values. However, the second column displays an averaged radiodensity,
due to the fact that two tissues with different radiodensities contribute to these pixels.

METHOD

In total, eight different NaCl solutions were made by dissolving extra fine pure table salt (JOZO salt) into
demineralised water (Albert Heijn B.V.). The solutions ranged from 0 up to 350 g NaCl per litre
demineralised water and increased in steps of 50 g. Next, a single 30 ml plastic cup was filled for each
NaCl solution and placed in a 3D-printed holder. This holder was then placed inside of a CT-phantom.
Cone beam CT (CBCT) images of this setup were acquired using the Azurion 7 M20 image-guided
therapy system (Koninklijke Philips N.V.). Table 5 provides an overview of the acquisition parameters.

Table 5. The acquisition parameters used during the preliminary

imaging test.

Acquisition parameters Value
Tube potential 120 kv
Exposure = 1250 pAs
Cine rate 30

Spatial resolution 0.648 x 0.648 x 0.648 mm




The images were analysed using 3D Slicer (www.slicer.org). A spherical volume of interest (VOI) of at
least 1 cm?® was placed in the centre of each cup, away from the edges. The mean radiodensity of each
VOI was rounded to the nearest integer and used for further analyses.

Figure 2. The setup used for the preliminary imaging test. (Left) Four different NaCl solutions placed
inside of a holder. (Right) The CT-phantom placed at the isocentre of the C-arm of the Azurion 7 M20.

RESULTS

Figure 3 presents the measured radiodensity of the different NaCl solutions. Each datapoint represents
the mean radiodensity of the spherical VOI placed in the centre of the cups. The graph also includes a
linear trendline that is a best-fit for the data.
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Figure 3. A graph showing the relationship between the NaCl concentration of a solution
and its radiodensity. The equation of the trendline: y = 0.91x - 10.17.



DISCUSSION

The aim of the preliminary imaging test was to find the relationship between the concentration of a
NaCl solution and its radiodensity. Based on the results it can be calculated that a NaCl solution of 55
g per litre demineralised water should have a radiodensity of approximately 40 HU. Therefore, such a
solution can be used as a testing environment during the unenhanced material test of hollow cylindrical
samples. Furthermore, an almost saturated NaCl solution (i.e., 350 g per litre water) has a mean
radiodensity of 309 HU. During the preliminary literature study, it was found that the mean and median
radiodensities within the contrast-enhanced coronary lumen across the included studies ranged from
276 to 364 HU. Based on these results it can be concluded that an NaCl solution can indeed be used to
mimic the radiodensity of contrast-enhanced blood.

An important limitation of this test is the use of a CBCT scan to measure the radiodensities. Generally,
a multidetector CT (MDCT) scan is considered the gold standard for such measurements (Silva et al.,
2012; Yadegari et al., 2023). This is due to the fact that data obtained through CBCT are associated with
a greater variability and therefore less reliable than those obtained with an MDCT scanner (Pauwels et
al., 2015). Different studies, such as the one conducted by Razi et al. (2014) and Kamaruddin et al.
(2016), do show a strong correlation between the data derived from CBCT and MDCT. Additionally, both
studies also concluded that there was no significant difference between the data. However, the study
conducted by Silva et al. (2012) did find a significant difference between the data derived from CBCT
and MDCT. Since this project was limited to the use of CBCT, a comparison can be made with existing
literature as an initial validation of the results. The obtained results are relatively similar to those of
Nygren (2021), which is promising. Nevertheless, it is still recommended to validate the results using
MDCT when possible.

UNENHANCED MATERIAL TEST

The aim of the unenhanced material test is to measure the radiodensity of the four selected materials.
Both solid cubes and hollow cylinders (i.e. samples mimicking the coronary arteries) were measured
during this test. Due to the small size of the cylindrical samples, the partial volume effect will have an
influence on the results. This effect also occurs when measuring the radiodensity of real coronary
arteries and should therefore be considered during the measurements. However, it also introduces a
lot of variability. For example, factors such as the wall thickness of the samples, voxel selection and
radiodensity of the environment all start to influence the results. The larger volume of the solid cubes
allows for the determination of a mean radiodensity, without the influence of the partial volume effect.
Thus, these measurements have a higher degree of reproducibility. Since both the measurements of
the hollow cylindrical samples and solid cubes have their respective benefits, the results of the two
were used to draw conclusions regarding the material selection.

METHOD

The following four materials were selected for this test:

e PlatSil Gel 25 (Polytek Development Corp.)
e Dragon Skin 20 (Smooth-On, Inc.)

e Mold Max 30 (Smooth-On, Inc.)

e VytaFlex 20 (Smooth-On, Inc.)

For each of these materials, five solid cubes and three hollow cylindrical samples were cast according
to the instructions provided by the manufacturer. The cubes were 25 x 25 x 25 mm and cast using a 3D-
printed mould. A vacuum chamber was used to remove any air from the uncured materials. The
cylindrical samples have a uniform inside diameter of 4.5 mm and a target wall thickness of 1.1 mm.




These samples were made according to the same method employed for the development of the final
phantom. The ‘Phantom design and development’ chapter explains this process in detail. Two hundred
drops! SilTone Fresh Blood colorant (FormX B.V.) per kilo silicone were added to the cylindrical samples
made from PlatSil Gel 25 and Dragon Skin 20. Ten drops EPTone Red colorant (FormX B.V.) and 30 g
Aerosil thickener (FormX B.V.) per kilo polyurethane were added to the cylindrical samples made from
VytaFlex 20. No additives were added to the samples made from Mold Max 30.

After casting, the cubes were placed onto a 3D-printed holder and the cylindrical samples were
suspended in a container filled with a NaCl solution. This solution contained 55 g NaCl per litre
demineralised water. Both setups were then placed inside of a CT-phantom. CBCT images of these two
setups were acquired using the same imaging system and acquisition parameters that were used during
the preliminary imaging test.

Figure 4. The cubic and hollow cylindrical samples used during the unenhanced material test.

The images were analysed using 3D Slicer. For the cubic samples, a spherical VOI of at least 1 cm? was
placed in the centre of each cube, away from the edges. The mean radiodensity of each VOI was
rounded to the nearest integer and used for further analyses. For the cylindrical samples, 10 individual
voxels located in the wall were selected per sample. The radiodensity of each voxel was rounded to the
nearest integer and used for further analyses.

RESULTS

Table 6 presents the results for the unenhanced material test. The results of the cubic samples are
based on the measurements of 5 VOI's per material, while those of the cylindrical samples are based
on the measurements of 30 individual voxels per material.

Table 6. The radiodensities of unenhanced cubic and cylindrical samples, made from Mold
Max 30, VytaFlex 20, PlatSil Gel 25 and Dragon Skin 20.

Radiodensity [HU]

Material Cubic samples Cylindrical samples
Mold Max 30 264+ 14 232 +19
VytaFlex 20 -48 £ 9 -27+11
PlatSil Gel 25 191 +13 168 + 26
Dragon Skin 20 179 £12 152 +15

Data is presented as mean #* SD.

1 The amount of colorant is expressed in drops, since the actual quantity used, was too small to be accurately
weighed.
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DISCUSSION

The aim of the unenhanced material test was to measure the radiodensity of the four selected
materials. The results for the solid cubic samples are rather similar to the results of Jin et al. (2022),
O’Reilly et al. (2020) and Steinmann et al. (2018), both in terms of absolute values as well as how the
values of the different materials relate to each other. This is a promising indication of the validity of the
results in this study. Furthermore, the radiodensity of the cylindrical samples made from Mold Max 30,
PlatSil Gel 25 and Dragon Skin 20, all decreased compared to the results of their solid cubic
counterparts. In contrast, the radiodensity of the cylindrical samples made from VytaFlex 20 increased.
This result was to be expected, because of the partial volume effect and the radiodensity of the
environment compared to that of the samples.

Some of the materials required additional additives in order to facilitate the manufacturing process of
the cylindrical samples. For this test, it was assumed that the additives did not have a significant effect
on the radiodensity of the materials. The results appear to support this assumption. However, it should
be validated during the evaluation of the final coronary artery phantom.

None of the materials directly meet the imaging requirements for the arterial wall (i.e., a radiodensity
between 37 and 117 HU). One option could be to use VytaFlex 20 in combination with an additive that
increases its radiodensity. However, VytaFlex 20 also required an additional thickening agent and
colorant when casting the hollow cylindrical samples. Furthermore, it has a long curing time and
requires additional safety measures during casting, due to the potential health hazards. All these
factors complicate the manufacturing process of the phantom drastically. Therefore, VytaFlex 20 will
not be used for the development of the arterial network. Nevertheless, it can be used for the heart and
non-calcified lesions, since the manufacturing process of these parts will be much less complicated.
However, the radiodensity of the unenhanced VytaFlex 20 is too low to mimic the required imaging
properties of the heart and non-calcified lesions (i.e. a radiodensity between 37 to 117 HU and 34 to
106 HU respectively). Thus, the material should be combined with an additive that increases its X-ray
attenuation.

From the three remaining materials, Dragon Skin 20 has a radiodensity closest to the imaging
requirement for the arterial wall. However, the difference between PlatSil Gel 25 and Dragon Skin 20 is
small and the curing time of the former is considerably shorter. This makes PlatSil Gel 25 the more
desirable option for the arterial wall. An additive could be used to decrease the radiodensity of PlatSil
Gel 25, until it matches the imaging requirement for the arterial wall. However, it was decided to not
use such an additive, due to the concern that this would make the coronary artery phantom too fragile.
PlatSil Gel 25 will also be used to mimic the calcified lesions. The radiodensity of the unenhanced
material is too low to meet the imaging requirement for calcified lesions, so the material should be
combined with an additive that increases its X-ray attenuation.

CONTRAST-ENHANCED MATERIAL TEST

Based on the results of the previous test, it was concluded that VytaFlex 20 will be used to develop the
heart and non-calcified lesions, and PlatSil Gel 25 for development of the calcified lesions. However,
the radiodensity of both materials needs to be increased in order to meet the imaging requirements
for the respective parts of the phantom. Barium sulphate (BaSQO,) is chosen for this purpose, since it is
commonly used as a contrast agent for radiological examinations. In addition, it is occasionally used as
an additive for the development of imaging phantoms, as shown by different studies, including those
conducted by Litt & Brody (2001) and Lai et al. (2022). The aim of this test is to measure the
radiodensity of contrast-enhanced VytaFlex 20 and PlatSil Gel 25.
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METHOD

For each of the selected materials, five solid cubes with different concentrations of BaSO,4 (Thermo
Fisher Scientific Inc.) were cast. The VytaFlex 20 samples ranged from 0.0 up to 10.0 g BaSO, per kilo
polyurethane and increased in steps of 2.5 g. The PlatSil Gel 25 samples ranged from 0.0 up to 60.0 g
BaSO, per kilo silicone and increased in steps of 15.0 g. The BaSO. was sieved once before adding it to
the materials.

After curing, the cubes were positioned onto a 3D-printed holder and this setup was then placed inside
of a CT-phantom. CBCT images of this setup were acquired using the same imaging system and
acquisition parameters that were used during the preliminary imaging test.

The images were analysed using 3D Slicer. A spherical VOI of at least 1 cm?® was placed in the centre of
each cube, away from the edges. The mean radiodensity of each VOI was rounded to the nearest
integer and used for further analyses.

RESULTS

Figure 5 and 6 present the measured radiodensity of contrast-enhanced VytaFlex 20 and PlatSil Gel 25
respectively. Each datapoint in the graphs represents the mean radiodensity of the VOI placed in the
centre of one cubic sample. Both graphs also include a linear trendline that is a best-fit for the data.
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Figure 5. A graph that displays the relationship between the BaSO, concentration and the
radiodensity of samples made from VytaFlex 20. The equation of the trendline: y = 15.4x -51.0.
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Contrast-enhanced PlatSil Gel 25
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Figure 6. A graph that displays the relationship between the BaSO. concentration and the
radiodensity of samples made from PlatSil Gel 25. The equation of the trendline: y = 14.2x + 218.4.

DISCUSSION

The aim of this test was to measure the radiodensity of contrast-enhanced VytaFlex 20 and PlatSil
Gel 25. Based on the results it was concluded that contrast-enhanced VytaFlex 20 can be used to mimic
imaging properties of the heart and non-calcified lesions (i.e. a radiodensity between 37 to 117 HU and
34 to 106 HU respectively). Contrast-enhanced PlatSil Gel 25 could be used to mimic the radiodensity
of calcified lesions (i.e. between 377 and 1160 HU). However, it is important to note that the
attenuation was not uniform throughout the individual samples, as can be seen in figure 7. This could
be due to the fact that the BaSO, grains were still too large and unevenly dispersed throughout the
samples, leading to an uneven concentration in each voxel. Extra care should be taken to prevent this
during the development of the final phantom.

Figure 7. CT image of the contrast-enhanced PlatSil Gel 25 samples, illustrating the uneven attenuation
throughout the individual samples. The concentrations of BaSO4 within the samples increases from left to right.

14



MECHANICAL PROPERTIES

The previous part of this material study, focused on measuring the imaging properties of different
materials. Based on the results, it was concluded that PlatSil Gel 25 will be used for the development
of the arterial network. Preferably, the arterial wall should also meet the mechanical requirements as
formulated in the previous chapter. During this part of the material study, the elastic modulus of PlatSil
Gel 25 in combination with different concentrations of hardener will be measured. The results of this
test were used to conclude whether the stiffness of PlatSil Gel 25 can be altered to meet the various
mechanical requirements.

UNIAXIAL TENSILE TEST

A uniaxial tensile test was conducted, in order to measure the stiffness of PlatSil Gel 25 in combination
with different concentrations of hardener. Dumbbell shaped samples were used during the
measurements, since these can be cast with much less geometrical variability than hollow cylindrical
shaped samples (i.e. samples that resemble arteries). Furthermore, it is assumed that no additive used
for the development of the final phantom, apart from the hardener, has a significant effect on the
stiffness of the PlatSil Gel 25 samples. This assumption should be validated after the development of
the final phantom.

METHOD

Five dumbbell shaped samples were cast for each of the different concentrations of PlatSil hardener
(Polytek Development Corp.). The concentrations ranged from 0 up to 500 g hardener per kilo PlatSil
Gel 25 and increased in steps of 125 g. All tensile samples were cast using a 3D-printed mould, which
dimensions corresponded to those of a type 1 dumbbell sample as stated by the ISO standard 37:2017
(Rubber, vulcanized or thermoplastic — Determination of tensile stress-strain properties). The minimum
time between curing and testing was 16 hours, as recommended by the same ISO standard.

After fully curing, the samples were attached to a linear stage (Aerotech, Inc.) using a custom-made
3D-printed setup, as shown in figure 8. A 2 Ibs load cell (FUTEK Advanced Sensor Technology, Inc.) was
used to measure the forces applied to the tensile samples. This load cell was calibrated before the start
of the measurements, using nine weights with a known mass. Figure 9 displays the calibration curve.
The samples were slightly pre-tensioned, until any slack was removed. Each sample was then stretched
up to 12.5 mm at a rate of 6 mm/min.

Figure 8. Overview of the setup used during the uniaxial tensile test.
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MATLAB (The MathWorks, Inc.) was used to process the data obtained through the uniaxial tensile
tests. The scripts are included in the appendix. A moving average filter was first applied to the force
data of each measurement. Next, the true stress and true strain were calculated. The initial linear
region of this true stress-strain curve (i.e. up to a true strain of 0.1) was then approximated by a first
degree polynomial, which best fits the data in a least-squares sense. The slopes of the linear
polynomials represent the elastic modulus of the samples and are used for further analyses of the data.

RESULTS

Figure 9 presents the calibration curve for the 2 lbs load cell used in the uniaxial tensile tests. Each
datapoint represents the output of the load cell at a known tensile force. Based on these nine
measurements, a linear relationship was established between the output of the load cell and the
applied tensile force.
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Figure 9. A graph that displays the relationship between the output of the load cell and
the applied tensile force.
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Figure 10 presents the measured elastic modulus of PlatSil Gel 25 samples with different concentrations
of hardener. Each datapoint represents the mean elastic modulus calculated from five samples with

similar concentrations of hardener.
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Figure 10. A graph that displays the relationship between the hardener concentration and
the elastic modulus of samples made from PlatSil Gel 25. The equation of the trendline: y
=0.43x + 0.30.

DISCUSSION

In order to mimic the stiffness of healthy human coronary arteries in the longitudinal direction, the
elastic modulus of the material should be between 0.28 and 2.94 MPa. Since PlatSil Gel 25 without
hardener has an elastic modulus of 0.30 MPa, it can be concluded that it meets this requirement. To
mimic the stiffness of atherosclerotic coronary arteries in the longitudinal direction, the elastic
modulus of the material should be between 0.40 and 5.63 MPa. By combining PlatSil Gel 25 with the
hardener, an elastic modulus of up to 0.51 MPa can be achieved, which meets this requirement.
However, according to the manufacturer, the maximum concentrations of hardener used during these
measurements should not be exceeded. It is therefore not possible to meet the imaging requirements
for healthy and atherosclerotic coronary arteries in the circumferential direction, since these start at
0.78 and 1.13 MPa respectively. Furthermore, it is unknown whether the addition of the hardener
changes the radiodensity of PlatSil Gel 25 significantly. For now, it is assumed that this is not the case.
Nevertheless, it should be validated during the final evaluation of the phantom.

During the calculations of the elastic modulus, the strain was defined by the initial length and
deformation of the narrow portion of the dumbbell shaped samples. However, this deformation was
not directly measured. Only the displacement of the linear stage was directly measured, which
corresponds to the deformation of the entire dumbbell shaped sample. Nevertheless, the displacement
of the linear stage was used as an approximation for the deformation of the narrow portion of the
samples. The justification was based on the fact that most of the deformation would indeed occur in
this section instead of the wider ends, due to the higher local stresses. As a result of this approximation,
the strain in the narrow portion of the samples is overestimated. This is a limitation of the
measurement method and results in an underestimation of the actual elastic modulus.
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CONCLUSION

During this material study, the imaging and mechanical properties of different materials and solutions
have been measured. Based on the results, it was concluded that VytaFlex 20 in combination with
BaSO, will be used for the development of the heart and non-calcified lesions, while PlatSil Gel 25 will
be used to develop the arterial network and calcified lesions. However, for the calcified lesions, BaSO4
needs to be added to make the material more radiopaque. Additionally, a NaCl solution can be used to
mimic the radiodensity of regular and contrast-enhanced blood.

Uniaxial tensile tests were employed to measure the stiffness of PlatSil Gel 25 samples with different
concentrations of hardener. The results demonstrated that PlatSil Gel 25 without hardener mimics the
stiffness of healthy human coronary arteries in the longitudinal direction. If combined with a hardener,
it can also be utilized to mimic the stiffness of atherosclerotic coronary arteries in the longitudinal
directions. However, PlatSil Gel 25 cannot be used to mimic the elastic modulus of healthy and
atherosclerotic coronary arteries in the circumferential direction, since it cannot be made stiff enough.

Throughout the development of the final phantom, additives might be used to facilitate the
manufacturing process. For now, it is assumed that any additive besides BaSO, does not have a
significant effect on the radiodensity of the materials. Additionally, it is assumed that any additive
besides the hardener does not have a significant effect on the elastic modulus. These assumptions need
to be validated during the final evaluation of the coronary artery phantom.
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4. PART II: PHANTOM DESIGN AND DEVELOPMENT

This chapter describes the manner in which the final phantom is designed and developed. First, a short
overview is provided of other studies that have developed coronary artery phantoms. This section
discusses the main manufacturing methods employed by these studies. In addition, it identifies the
manufacturing method most suited for the current study and outlines which changes will be made to
improve upon this method. After that, the conceptual design of the phantom is presented. This concept
is based on the requirements and provides an initial visual representation of the phantom and its
various components. During the project it was used to communicate the idea with researchers from
Philips Research and acted as a foundation for the final design. Finally, the development of the coronary
artery network phantom is described in detail, followed by a discussion which mainly emphasizes
future improvements to the manufacturing process.

RELATED STUDIES

Based on current literature, it appears that there are two main manufacturing methods employed for
developing coronary artery phantoms. The phantom is either directly 3D printed using a flexible
material, or a mould of the coronary arteries is printed and coated using a brush-on or dipping
technique. Stepniak et al. (2020), Russ et al. (2015), Sommer et al. (2020) and Shepard et al. (2019) all
tried to 3D print a coronary artery phantom, with varying degrees of success. Stepniak et al. (2020)
employed several 3D-printing technologies, namely fused deposition modelling, stereolithography and
Polylet. The best result was acquired using stereolithography, although this still required the phantom
to be printed piecewise. The three other studies were all able to 3D print a coronary artery phantom
as a single part using the PolyJet technology. However, this printing technology was not available during
this project. Furthermore, only a limited selection of materials is available for 3D printing and the
properties of these materials cannot be altered using additives. It was therefore decided not to 3D print
the phantom directly.

Chanda & Curry (2018), Mgrup et al. (2022) and Stepniak et al. (2019) all 3D printed a mould of the
coronary arteries and they coated this using a brush-on or dipping technique. Currently, the phantoms
developed by Mgrup et al. (2022) and Stepniak et al. (2019) appear to be the most advanced among
those created using this manufacturing method. However, the LCA and RCA of these phantoms are not
directly connected to each other. Additionally, no arterial pathway distal to the aortic root is included.
It is therefore not possible to introduce medical equipment into these phantoms in a realistic manner.
These limitations in the design of the phantoms likely stem from the fact that the mould needs to be
removed after casting. In order to overcome these design limitations, a water-soluble 3D-printed mould
will be used for the development of the current phantom. Contrary to the non-soluble moulds used by
the other studies, a soluble mould should be relatively easy to remove, independent from the
complexity of the final design.

Figure 11. The coronary artery phantoms of Mgrup et al. (2022) and Stepniak et al.
(2019), illustrated in the left and right image respectively.
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CONCEPTUAL DESIGN

The design consists of three parts, namely:

1. The coronary artery network
2. The simplified representation of the arterial pathway distal to the aortic root
3. The simplified representation of the heart

The coronary artery network and the arterial pathway distal to the aortic root should be hollow and
connected to each other to form a closed arterial network. Medical equipment, such as a guidewire,
can be introduced into this network through the pathway distal to the aortic root. The simplified heart
should be a solid body representation of the four chambers and surrounding myocardium. The superior
vena cava, pulmonary artery and pulmonary vein are excluded from this simplified representation. The
heart will act as a support structure for the coronary artery network and enhances the realism of
generated medical images.

Figure 12. A conceptual design of the final phantom. (1) The
coronary artery network. (2) The arterial pathway distal to the
aortic root. (3) The heart.
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DEVELOPMENT OF THE CORONARY ARTERY NETWORK PHANTOM

The development of the coronary artery network phantom was divided into three stages. First, the
arterial network was developed. This arterial network consists of both the coronary artery network and
the pathway distal to the aortic root. During the next stage, a heart was designed and cast. Finally, both
parts had to be connected in order to finalize the phantom. This final phantom represents a healthy
individual without atherosclerosis. In order to demonstrate whether these design and manufacturing
methods can also be used to develop an atherosclerotic coronary artery phantom, four additional
smaller phantoms were made. These smaller atherosclerotic phantoms either include a non-calcified
or a calcified lesion, all located at different sites within the phantom. Furthermore, one atherosclerotic
phantom was made with a stiffer silicone surrounding the lesion. This is to demonstrate whether it is
possible to make a phantom which locally mimics the elastic modulus of atherosclerotic human
coronary arteries in the longitudinal direction.

THE ARTERIAL NETWORK

The design of the coronary artery network is entirely based on a 3D model, which was reconstructed
using CT scans of human coronary arteries. This 3D model was obtained through the database of Atlas
of Human Cardiac Anatomy, University of Minnesota (www.vhlab.umn.edu/atlas). The database
contained various models of the coronary arteries, all originating from different donors. Model 0109
was selected for this project, since the donor did not have any known cardiac conditions and had right
cardiac dominance. The latter is important, since some of the geometrical requirements are also based
on donors with right cardiac dominance. Additionally, all major arteries were present and the model
was of high quality. Figure 13-A displays the original model. After selecting the model, it was refined
using Meshmixer (Autodesk, Inc.). First, any mesh defects were repaired. After that, irrelevant branches
were removed from the model to decrease its complexity, see figure 13-B. Finally, the entire surface
was smoothed. The diameter of the coronary arteries decreased due to this smoothing operation,
which was corrected for by extruding them in the normal direction. Figure 13-C displays the refined
model and figure 14 provides an overview of the arteries included in the final coronary network. To
preserve the general shape of the coronary artery network, no additional changes were made. After
refining the model of the coronary arteries, a simplified aorta was designed using SolidWorks (Dassault
Systemes SolidWorks Corp.). The diameter of the aorta was determined by the distance between the
RCA and LCA in the refined model. The shape was based on educational and medical images.

Figure 13. Progression from the original to the final 3D model of the coronary artery network. (A) The original
model which was obtained through the database of Atlas of Human Cardiac Anatomy, University of Minnesota
(www.vhlab.umn.edu/atlas). (B) The model after removing irrelevant branches. (C) The final model of the
coronary artery network.
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Figure 14. An overview of the arteries included within the coronary artery network. Note that this
model still contained the septal perforating artery, however this branch was not included in the final
phantom.

Once the complete arterial network was designed, it had to be 3D printed using a water-soluble
filament, namely Ultrafuse BVOH (BASF 3D Printing Solutions GmbH). Printing with this type of filament
is generally quite difficult, especially considering the complexity and intricacy of the arterial network.
In order to successfully print the model, it was necessary to take several measures. First, a climate
chamber was built to store the water-soluble filament. Due to its properties, the filament can easily
absorb moisture from the air, which negatively impacts the printing quality. Using a climate chamber,
it was possible to store the filament at a relative humidity of less than 20%. This prevented the filament
from absorbing any significant amounts of moisture from the air. Next, the use of support during
printing had to be minimized. Minimal support would not only result in better surface quality, but also
reduces the chance of breaking the 3D-printed parts when removing the support. To accomplish this,
custom tree support structures were generated using Meshmixer. Lastly, the model of the arterial
network had to be printed piecewise. This results in a better printing quality and reduces the amount
of support needed during printing.

All parts of the arterial network were printed on an UltiMaker S3 (Ultimaker B.V.). UltiMaker Cura 5.5.0
(Ultimaker B.V.) was used to slice the individual parts. A regular printing profile for generic PVA was
used for slicing, which automatically configures the printing parameters. However, the infill density for
all parts was adjusted to 100%. After printing, all support was carefully removed and the surfaces were
smoothed using a fine sandpaper. The parts were then further smoothed, by dissolving a thin layer of
the material with water, and dried in a custom climate chamber for at least 24 hours. Figure 15-A
displays the individual 3D-printed parts of the arterial network after refinement. Once the individual
parts were completely dry, they were glued together using Loctite 401 cyanoacrylate (CA) glue (Henkel
KGaA). The arterial network was left to dry for 1 hour outside of the climate chamber, as CA glue cures
upon exposure to moisture in the air. After 1 hour, the printed arterial network was placed back inside
the climate chamber and left to cure for a total time of at least 24 hours. Figure 15-B displays the 3D-
printed arterial network after gluing the individual parts together.
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Once the CA glue had fully cured, the mould was adhered to a generic wooden stirring stick using hot
glue. This wooden stick served as a handle during the casting process. Next, the diameter of different
segments of the mould was measured using a digital calliper. These measurements were used to
estimate the wall thickness of the arterial network during casting. Additionally, several of these
measurements were also used to evaluate the lumen diameter throughout the coronary artery
network of the final phantom, as can be seen in the ‘Phantom evaluation’ chapter. The Ease Release
200 (Smooth-On, Inc.) release agent was then sprayed onto the mould, before applying several layers
of PlatSil Gel 25 with a brush. In order to increase the contrast between the silicone and the 3D-printed
mould, 200 drops? SilTone Fresh Blood colorant were added per kilo silicone. Without the increased
contrast it would be difficult to apply even layers to the mould, due to the colour and translucency of
the silicone. After allowing a few layers of silicone to cure, the diameter of the same arterial segments
was measured again. By comparing these results with the previous measurements, the wall thickness
could be estimated. If necessary, more layers of silicone were applied to the mould, until the average
arterial wall thickness was approximately 1.1 mm. Figure 15-C displays the cast arterial network, before
dissolving the 3D-printed mould.

Figure 15. The progression of the arterial network from individual 3D-printed parts to a complete
anthropomorphic network. (A) The individual 3D-printed parts of the network after refinement. (B) The final
mould of the arterial network, after gluing all parts together. (C) The cast arterial network, before dissolving
the 3D-printed mould.

Prior to demoulding the arterial network, the wooden stirring stick was removed from the mould.
Subsequently, the cast network was immersed in water to dissolve the mould. This process was
accelerated by using hot water. Additionally, the network was regularly manipulated to agitate the
water inside of the small branches of the network. Furthermore, parts of the mould were manually
broken into smaller pieces before immersing it in water. As a result, several pieces of the mould could
be removed without requiring complete dissolution. Nevertheless, the entire demoulding process still
required 1 to 2 weeks. During this process, the arterial network slowly fills itself with water while the
mould dissolves. Due to the small size of the branches and the single open end, it is difficult to empty
the network afterwards. This is similar to a straw that is filled with a liquid and closed on one end.
Stepniak et al. (2019) solved this problem by making small holes in the distal ends of the arteries, so
air can enter or leave the network. However, this irreversibly damages the phantom. An alternative

2 The amount of colorant is expressed in drops, since the actual quantity used, was too small to be accurately
weighed.
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solution, utilized during this project, is to place the phantom inside of a vacuum chamber and
subsequently draw a vacuum. This removes any liquid from the phantom. It is important to ensure that
the open end of the network does not get immersed throughout this process, as otherwise, it will fill
up again when the pressure is released. To prevent this, paper towels were placed underneath the
phantom that absorb any liquid drawn from the network. This method can also be used to fill the
phantom. The only difference is that the open-end of the network has to stay immersed throughout
the whole process. Once the liquid was removed from the network, a generic silicone tube was glued
to the open end using Sil-Poxy (Smooth-On, Inc.). This was done to increase the length of the arterial
pathway distal to the aortic root.

THE HEART

Similar to the coronary arteries, the design of the heart is based on a 3D model obtained through the
database of Atlas of Human Cardiac Anatomy, University of Minnesota. Model 0141 was selected, since
the donor did not have any known cardiac conditions. This model was than refined using Meshmixer.
First, any mesh defects were repaired. Then, the aorta, superior vena cava, pulmonary artery and
pulmonary vein were removed from the model. Finally, the entire surface of the model was smoothed
and its size was slightly reduced to better accommodate the arterial network. Figure 16-A and 16-B
display the original and refined 3D model respectively. Subsequently, a mould of the heart was made
with SolidWorks. The mould was printed with standard PLA filament (Ultimaker B.V.) on an UltiMaker
S3 and Cura was used to slice the model. A regular printing profile for PLA was selected, which
automatically configures the printing parameters.

Figure 16. The progression of the heart from the original 3D model to the cast version. (A) The original model
which was obtained through the database of Atlas of Human Cardiac Anatomy, University of Minnesota
(www.vhlab.umn.edu/atlas). (B) The model after refinement. (C) The final cast heart.

Before casting the heart, the 3D-printed mould was coated with Ease Release 200. In order to increase
the radiodensity of VytaFlex 20, 10.0 g BaSO, was added per kilo polyurethane. The BaSO,4 was sieved
twice and mixed in with the polyurethane while being stirred continuously. According to the results of
the material study, this would result in a radiodensity of approximately 100 HU. In addition, 10 drops
EPTone Red colorant and 20 g Aerosil thickener were added per kilo polyurethane. The colorant was
added purely for aesthetic reasons, however the thickener prevented the BaSO, from settling at the
bottom of the uncured polyurethane. The need for a thickener was unexpected, as none was required
during the casting of the polyurethane samples for the contrast-enhanced material test. Once the
polyurethane was fully cured, the heart could be removed from its mould. Figure 16-C displays the cast
heart.
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CONNECTING THE ARTERIAL NETWORK AND THE HEART

For the final stage of the phantom development, the arterial network and the heart had to be
connected to each other. Different adhesives, such as Sil-Poxy and URE-BOND 90 (Smooth-On, Inc.),
were tested. However, none of these adhesives adhered strongly to both the silicone arterial network
and the heart of polyurethane. During consultations with two different suppliers of casting rubbers, it
was suggested to use a mechanical connection instead of a chemical one. Another suggestion was to
use an additional material, which can serve as an interface between the silicone and polyurethane.
Eventually, these two options were combined to form the following connection method. A power mesh
fabric (Lijfgoed) was used as an interface between the silicone and polyurethane. Due to the thin mesh
structure of the fabric, it was assumed that it would not be visible in CT and X-ray images. Furthermore,
this material is elastic, which results in a slightly compliant connection between the arteries and the
heart. First, the power mesh was cut into thin strips. Subsequently, the middle parts of these strips
were adhered to the arterial network using Sil-Poxy. After the Sil-Poxy had fully cured, the arterial
network was temporarily connected to the heart using sewing pins, see figure 17-A. This had to be
done with care, to avoid any damage to the arterial network. The ends of the strips were then adhered
to the heart using Loctite 401 CA glue. After the CA glue was fully cured, the sewing pins were carefully
removed. Figure 17-B displays the final coronary artery phantom.

A B

Figure 17. Connecting the arterial network to the heart. (A) The arterial
network is temporarily connected to the heart using sewing pins. (B) The final
coronary artery phantom.

ATHEROSCLEROTIC PHANTOMS

In addition to the coronary artery network phantom, four smaller atherosclerotic phantoms have been
developed. Two of these phantoms represent the LCA, including its bifurcation into the LCx and the
LAD, while the other two represent the RCA up to the point where it gives rise to the marginal branch.
The design of these phantoms was based on the same 3D model used to design the coronary artery
network phantom. After 3D printing the moulds for the atherosclerotic phantoms, stenoses of up to
60 % (i.e., a 60 % reduction of the lumen diameter measured across a single plane) were cut in them
using round files, as can be seen in figure 18-A. Subsequently, lesions that matched the shape of the
stenoses were cut from samples of polyurethane or silicone. The non-calcified lesions were made from
VytaFlex 20, combined with 6.5 g BaSO, and 20 g thickener per kilo polyurethane. The calcified lesions
were made from PlatSil Gel 25, combined with 500 g PlatSil hardener per kilo PlatSil Gel 25.
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In addition, 200 drops® of colorant and 40.0 g BaSO, were added per kilo silicone (i.e. the combined
weight of PlatSil Gel 25 and hardener). According to the results of the contrast-enhanced material test,
the non-calcified and calcified lesions should have a radiodensity of approximately 50 and 790 HU
respectively. However, it should be noted that the partial volume effect did not influence the results of
the contrast-enhanced material test.

The atherosclerotic phantoms were cast and demoulded in a similar manner to the coronary artery
network phantom. After coating the moulds with a few layers of PlatSil Gel 25, the lesions were placed
at the site of the stenosis to fill in the cavities. A few more layers of silicone were then applied to the
moulds, until an estimated wall thickness of approximately 1.1 mm was reached. One of the
atherosclerotic phantoms was made using two different solutions of silicone, to form a stiffer arterial
wall surrounding the lesion. PlatSil Gel 25 in combination with 500 g hardener per kilo PlatSil Gel 25
was used at the site of the lesion, while PlatSil Gel 25 without hardener was used for the surrounding
parts. Different colorants were added to the two solutions, in order to visualize the difference in
stiffness. Figure 18-B displays the four atherosclerotic phantoms.

Nadts

Figure 18. Overview of the four atherosclerotic phantoms. (A) The 3D-printed mould of the atherosclerotic phantoms
with stenoses of up to 60 %. (B) The four cast atherosclerotic phantoms.

3 The amount of colorant is expressed in drops, since the actual quantity used, was too small to be accurately
weighed.
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DISCUSSION

Although the final phantom still had to be evaluated, it can be concluded that the use of a water-soluble
mould reduces the design limitations when compared to a non-soluble mould. This is because a water-
soluble mould can always be removed, regardless of the geometrical complexity of the design. As a
result, it was possible to develop a single arterial network in which the LCA and RCA are each connected
to the aortic root. In addition, a pathway distal to the aortic root was included in the phantom.
Furthermore, this manufacturing method enables the inclusion of a lesion within the coronary arteries
and to locally change the stiffness of the arterial wall.

Nevertheless, this manufacturing method currently has some important disadvantages, mainly that it
is very time consuming and labour intensive. For example, the water-soluble mould required a lot of
post-processing, due to the poor printing quality. Additionally, the mould was printed in several parts
that had to be glued together. This all added a significant amount of time and labour to the
manufacturing process. In order to reduce this, the 3D-printing quality should be improved.
Stereolithography generally has a higher printing resolution compared to fused deposition modelling.
So, one way to increase the 3D-printing quality, could be through the use of a water-soluble resin in
combination with stereolithography. Nilsson et al. (2022) and Bisighini et al. (2022) are examples of
two studies who employed this method to develop their water-soluble moulds.

Another inefficiency of this manufacturing process, was the use of a brush-on technique to coat the
moulds. In the future, the brush-on technique could be replaced by a dip-spin coating technique.
Instead of manually coating the mould with a brush, it is then entirely dipped in silicone. To obtain an
even coating, the mould is rotated around one or two axes, while the silicone cures. Cortez et al. (2007),
Arcaute et al. (2003), Arcaute & Wicker (2008) and Bisighini et al. (2022) all employed this technique
during their studies. The use of such a technique should significantly reduce the labour and time.

The way in which the moulds were dissolved also had a large impact on the efficiency of the
manufacturing process. Although the demoulding process was mostly passive, it still increased the
overall manufacturing time with 1 to 2 weeks. It is well known that temperature and agitation impact
the rate at which water-soluble moulds dissolve. While these factors were partially optimized during
this project, there is still room left for improvement. For example, to continuously agitate the water
inside of small channels, Nilsson et al. (2022) used an ultrasonic cleaner. In future projects, such an
ultrasonic cleaner might be used in combination with hot water, to maximize the dissolution rate of
water-soluble moulds.

Finally, connecting the arterial network to the heart proved to be quite challenging. It is currently
unknown how this step can be made more efficient. However, each inefficiency should be addressed
when trying to optimize the manufacturing process. Reducing the overall time and labour intensity will
lower the threshold for using this manufacturing method. Such advancements could therefore lead to
significant progression in the field of phantom development.
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CONCLUSION

As described in this chapter, the arterial network of the phantom was manufactured by 3D printing a
mould and applying several layers of silicone using a brush-on technique. A similar manufacturing
method was used by Mgrup et al. (2022) and Stepniak et al. (2019) to develop their phantom. However,
these designs had limitations which likely stemmed from the type of moulds they utilized. To overcome
these limitations, a water-soluble 3D-printed mould was used during this project. Contrary to the non-
soluble moulds used by the other studies, a soluble mould can always be removed, independent from
the complexity of the final design. Because of this, it was possible to manufacture a complex arterial
network as a single part. Furthermore, it was shown that this manufacturing method can be used to
include lesions in the arterial wall with a stenosis up to 60%. These lesions can be freely positioned at
a specific site within the phantom during the manufacturing process. In addition, it is even possible to
cast a different silicone surrounding the lesion, to locally change the mechanical properties of the
arterial wall. Nevertheless, the manufacturing method still has some important disadvantages, mainly
regarding the time consumption and labour intensity. So in conclusion, the use of a water-soluble
mould can be considered an improvement on the manufacturing method, allowing one to develop a
more complex design. However, many challenges remain and should be resolved in order to optimize
the efficiency and encourage a more widespread adoption of this manufacturing method.
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5. PART lll: PHANTOM EVALUATION

At the start of this project, several mandatory and optional design requirements were formulated.
These requirements acted as guidelines during the material study and development of the phantom,
and formed the foundation for most of the decisions made throughout this project. However, it is
important to evaluate whether the final phantom also meets these requirements. This chapter will
provide a description of how the evaluation was conducted. It is divided into four main sections, which
correspond to the requirement categories (i.e. general, imaging, geometrical and mechanical). Each
section will provide in-depth details on the evaluation of the respective requirements and their results.
These results are used to validate the phantom and identify potential areas of improvement.

GENERAL

According to the general requirements, the phantom should at least include a coronary artery network
that consists of the LCA and RCA, the LAD and LCx. Optionally, branches of the RCA, LAD and LCx could
be included into the network. The final phantom contains all the mandatory arteries, along with the
posterior descending artery (PDA), a right and left marginal artery (RMA and LMA respectively) and the
1%t and 2" diagonal artery (D), as illustrated in figure 14. The phantom should also include a simplified
heart, an aortic root and a simplified arterial pathway distal to the aortic root. These structures are also
present in the final phantom.

Figure 19. Two X-ray images of the cannulated phantom. The guiding catheter was inserted up to the ostium of
the LCA and the guidewire was subsequently advanced to the end of the LCx. (Left) The transition between
guiding catheter and guidewire is highlighted in this image. (Right) A demonstration of the foreshortening effect,
which makes it difficult to estimate how deep the guidewire was inserted into the LCx.

Furthermore, the arterial network should be hollow, watertight and allow for the insertion of a
guidewire into one of the coronary arteries. Based on the manufacturing method employed for the
development of the arterial network, it is evident that the entire network is hollow. To evaluate the
other two requirements, the phantom was first filled with an NaCl solution and closed off using a
generic sealing clip. No leakage was observed, even during transportation of the phantom. Next, a
guiding catheter was introduced into the arterial network and moved up to the ostium of the LCA. A
guidewire was then advanced through the catheter and manipulated to the end of the LCx.
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Figure 19 displays two X-ray images of the cannulated phantom. This test confirms that the phantom
allows the insertion of a guidewire into the LCx, indicating its potential to serve as a platform on which
a PCl procedure can be performed. The right X-ray image also demonstrates the foreshortening effect,
a major limitation associated with 2D images. Due to the angle at which this image is taken, it is difficult
to estimate how deep the guidewire was inserted into the LCx. One can contrast this with the left X-ray
image, where the angle makes it easier to estimate the depth to which the guidewire was inserted.
Finally, the phantom should be transportable and have a shelf life of at least one month. The phantom
does not show signs of degradation at the time of writing, despite having been manufactured more
than a month ago and transported multiple times. It is therefore concluded that the phantom can
indeed be transported and stored for at least a month.

IMAGING

During the material study it was assumed that any additives used for the development of the phantom,
except for BaSO,4, would not significantly influence the radiodensity. In order to test this assumption,
several cubic samples were cast and measured using the same method as described in the unenhanced
material test. Table 7 presents the additives that were used during the development of the phantom.
The samples for this test were made from the same material and additive combinations as described
in this table. It is important to note that no more than a single additive was added to each sample. In
addition, samples of PlatSil Gel 25 and VytaFlex 20 without any additives were used as a reference.

Table 7. An overview of the additives, including the concentrations, that were used during the development
of the final phantom.

Material Additive Additive concentration
il T Fresh Bl | 2 Yk
PlatSil Gel 25 Si or'we resh Blood colorant 00 drops'/kg
PlatSil hardener 500 g/kg
EPTone Red colorant 10 drops/kg
VytaFlex 20 -
ytariex Aerosil thickener 20 g/kg
1The amount of colorant is expressed in drops, since the actual quantity used, was too small to be accurately
weighed.

After collecting the data from the measurements, a Shapiro-Wilk and Levene’s test were conducted
using IBM SPSS Statistics, version 28.0.1.1 (IBM Corp.). These tests assess the normality and
homoscedasticity of the data respectively. Table 8 provides an overview of the results of these tests.
The results of the Shapiro-Wilk test indicate that the distribution of all the individual data sets does not
significantly differ from a normal distribution. Similarly, the Levene’s test results indicate that equal
variances can be assumed for all groups. Based on this, an independent samples t-test was conducted
to compare the mean radiodensity of samples with an additive to that of the reference samples. The
silicone colorant, hardener and polyurethane colorant did not significantly influence the radiodensity
of the samples, as shown in table 8. However, the thickener significantly increased the radiodensity of
the samples made from VytaFlex 20. The parts of the phantom that are made from VytaFlex 20 in
combination with the thickener (i.e. the heart and the non-calcified lesions) may therefore exhibit a
slightly increased radiodensity, when compared to the expected values based on the material study
results.
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Table 8. Results of the imaging test, conducted to assess the effect of certain additives on the radiodensity of PlatSil Gel 25 and
VytaFlex 20.

Scan Materials Radiodensity Shapiro-Wilk Levene’s test Independent samples
[HU] t-test
1 Eg +Co 123 i 12 mg; : gig z : 222 F(1,8)=.017,p=.900 t(8)=-.750, p =.475
2 Eg +H 1:2 i 12 mg; z Zéi Z: ig(z) F(1,8)=.050,p=.828  t(8)=-2.11, p =.067
3 ﬁ . '_559311190 mg; z gg; Z : :gég F(1,8)=.121,p=.737  t(8)=-.896, p =.396
4 xi +T gz i ﬁ mg; Z ggi Z : 232 F(1,8)=.219,p=.653 t(8)=-2.96,p=.018*

PG, PlatSil Gel 25; VF, VytaFlex 20; Csy, silicone colorant; Cpy, polyurethane colorant; H, hardener; T, thickener.
The radiodensity is presented as mean + SD; * significant at p < 0.05.

To evaluate the imaging requirements, CBCT images of the phantoms were acquired using the same
imaging system and acquisition parameters as used during the imaging tests of the material study. All
phantoms were positioned inside of a CT-phantom and filled with an almost saturated NaCl solution
(i.e. 350 g NaCl per litre water), to mimic the radiodensity of contrast-enhanced blood. After conducting
the measurements, the images were analysed using 3D Slicer (www.slicer.org). To determine the
radiodensity of the heart, one spherical VOI of at least 1 cm? was placed in its centre. For the arterial
wall, 30 individual voxels located within the wall were selected. The radiodensity of each voxel was
rounded to the nearest integer and used for further analyses. This exact method was also used to
determine the mean radiodensity of the arterial lumen and the non-calcified and calcified lesions.
Despite the fact that no imaging requirement was formulated for the lumen, it is still important to
validate whether the radiodensity is comparable to that of contrast-enhanced blood. This is due to the
fact that it can also influence the other results because of the partial volume effect.

Table 9 presents the radiodensity of the individual parts of the phantom. The mean values are used to
determine whether each part meets its requirement. The radiodensity of the heart lies within its
required range. However, the attenuation was not uniform throughout the tissue, as can be seen in
figure 19. The non-calcified and calcified lesions also met their respective imaging requirement. Only
the arterial wall did not meet the requirement, as expected based on the results of the material study.
Furthermore, the mean radiodensity of the lumen was 330 HU. During the preliminary literature study,
it was found that the mean and median radiodensity within the contrast-enhanced coronary lumen
across the included studies ranged from 276 to 364. These findings suggest that the radiodensity of the
lumen realistically mimics that of contrast-enhanced blood. Lastly, it is interesting to note that the
power mesh fabric, which was used to connect the arterial network to heart, was indeed not visible on
the CT and X-ray images.




Table 9. The required and actual radiodensity of the different parts of the phantoms.

Anatomical part Required radiodensity [HU] Actual radiodensity [HU]
Heart 37-117 97 £ 63

Arterial wall 37-117 - 174+19
Non-calcified lesion 34-106 37171

Calcified lesions 377 -1160 797 £ 180

Lumen 276 — 3641 33017

1This range was not included as an official requirement, since the radiodensity of the fluid can be
changed without affecting any properties of the phantom.

A green cell indicates that the arterial segment meets their respective requirement, while a red cell
indicates the opposite; The actual radiodensity is presented as mean * SD.

GEOMETRICAL

The design of the coronary artery network and heart had to be based on 3D reconstructions from
medical images, in order to ensure that their shapes corresponded to those found in vivo. The database
of Atlas of Human Cardiac Anatomy, University of Minnesota was used to obtain the original 3D models.
The model of the coronary arteries was reconstructed from CT images of a 68 year old female donor,
while that of the heart was reconstructed from CT images of a 24 year old female donor. Both did not
have any known cardiac conditions. After selecting the models, they were refined using Meshmixer to
obtain the final designs. Care was taken to preserve the original shapes of the models.

Additional requirements were formulated for the lumen diameter, arterial wall thickness and
dimensions of the heart to ensure that these parts of the phantoms are correctly sized. Table 10
presents the required lumen diameter for different arterial segments within the network. Since no data
was found on the lumen diameter of the RMA, no requirement for this branch was included in the
table. The exact descriptions used to define the arterial segments are shown in the appendix. To
evaluate this requirement, the diameter at the middle of each arterial segment* within the 3D-printed
coronary artery network was measured three times using a digital calliper. Figure 20 displays the exact
sites within the network at which the diameters were measured. These measurements were performed
during the development stage of this project, prior to casting the phantom, and should directly
correspond to the lumen diameter. Table 10 presents the mean diameter for each segment. Based on
these results it can be concluded that the lumen diameter of all main arterial segments meet their
respective requirement. In addition, two out of four optional branch segments also meet their
requirement.

4 Except for the D2 and LMA, since these were measured more proximally.
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Table 10. Overview of the required and actual lumen diameter of the different arterial segments of the final phantom.

Segment Required diameter [mm]  Actual diameter [mm]
Right coronary artery

RCA-1 2.7-5.1 4.5

RCA-2 24-44 4.1

RCA-3 21-41 3.6

RCA-4 1.2-3.2 2.8

Posterior descending artery
PDA! 14-26 28

Left coronary artery

LCA 3.5-55 4.9
Left anterior descending artery

LAD-1 2.6-4.6 4.0

LAD-2 1.5-35 3.5

LAD-3 0.7-2.7 2.7

Diagonal branches

D1! 09-21 22

D22 09-25 2.5
Left circumflex artery

LCx—-1 24-44 4.0

LCx -2 1.6-4.0 3.4

LCx—3 0.4-238 N/A

Left marginal artery
LMA3 1.1-3.1 2.7

The ranges for the arterial segments of the RCA, LCA, LAD and LCx are based on the mean (+ 2*SD) results for normal
men with right cardiac dominance at the middle of each segment, see table 6 of Dodge et al. (1992). The ranges for
the other arterial segments are based on the mean (+ 2*SD) results for normal men with medium branch sizes at
the !middle, 2proximal third, or 3origin of a segment, see table 7 of Dodge et al. (1992). A green cell indicates that
the arterial segment meets their respective requirement, while a red cell indicates the opposite.

Figure 20. An overview of the sites within the coronary artery network
at which the lumen diameters were measured
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Besides the lumen diameter, a requirement was formulated for the wall thickness of the arterial
network. To measure this directly, the phantom needs to be cut open, which would irreversibly damage
it. Therefore, an additional phantom of only the coronary artery network was made, which would act
as a substitute during the measurements. Since the same target wall thickness of 1.1 mm was used for
the development of the additional phantom, it is assumed that the results will be similar to that of the
real phantom. After casting the substitute phantom, it was cut open and measured at the same sites
used for evaluating the lumen diameter, as shown in figure 20. For each of these sites, the walls
opposite of each other were measured using digital callipers. This resulted in a total of 28
measurements. The average wall thickness was 1.3 + 0.2 mm. According to the requirements, the wall
thickness at each segment in the network should be between 0.7 and 1.5 mm. Twenty-five of the
measurements fell within this range.

Lastly, the dimensions of the heart had to be evaluated. Table 11 presents the required and actual
dimensions of the heart. The length is defined from the base up to the apex of the heart. The breadth
and thickness are the widest and thickest part of the heart respectively. All dimensions were measured
using digital callipers and met their respective requirement.

Table 11. The required and actual dimensions of the heart

Dimension Required range [mm] Actual measurement [mm]
Length 92.3-132.7 97
Breadth 64.4-111.2 84
Thickness 48.6 —74.2 67

A green cell indicates that the dimension meets their respective requirement, while a red cell
indicates the opposite.

MECHANICAL

Based on the results of the tensile test conducted during the material study, it was concluded that
PlatSil Gel 25 is sufficiently stiff to mimic the elastic modulus of healthy human coronary arteries in the
longitudinal direction. When combined with a hardener, it is even able to mimic the elastic modulus of
atherosclerotic coronary arteries in the longitudinal direction. Nevertheless, PlatSil Gel 25 cannot
achieve sufficient stiffness to mimic the elastic modulus in the circumferential direction of healthy and
atherosclerotic coronary arteries. However, the material study did not account for the effect of any
additive other than the hardener. Since a colorant was added to the silicone during the development
of the arterial wall, it is important to evaluate whether this significantly influences the elastic modulus.
To test this, dumbbell shaped samples, with and without any colorant, were cast and measured using
the same method as described in the uniaxial tensile test. The coloured samples contained 200 drops®
of SilTone Fresh Blood colorant per kilo silicone. Samples without any additives were used as a
reference.

5 The amount of colorant is expressed in drops, since the actual quantity used, was too small to be accurately
weighed.
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After collecting the data from the measurements, a Shapiro-Wilk and Levene’s test were conducted in
IBM SPSS Statistics. Table 12 provides an overview of the results of these tests. The results of the
Shapiro-Wilk test indicate that the distribution of all the individual data sets does not significantly differ
from a normal distribution. The results of the Levene’s test indicate that equal variances between the
groups can be assumed. Based on these results, an independent samples t-test was conducted to
compare the mean elastic modulus of samples with a colorant to that of the reference samples. The
results of the independent samples t-test indicate that the colorant does not have a significant
influence on the stiffness of samples made from PlatSil Gel 25, as can be seen in table 12. The
conclusions drawn during the material study are therefore still applicable to the final phantom.

Table 12. Results of the uniaxial tensile test, conducted to assess the effect of a colorant on the elastic modulus of PlatSil Gel 25.

Materials Elastic modulus Shapiro-Wilk Levene’s test Independent samples
[MPa] t-test

PG 0.3073 + 0.0092 W(5) = .911, p = .473 B ~ B _

PG + Csi. 0.3102 £ 0.0084 W(s) =938 p=653 \8)=.007,p=.936  (8)=-528 p=.612

PG, PlatSil Gel 25; Csy, silicone colorant.
The elastic modulus is presented as mean * SD; * significant at p < 0.05.

DISCUSSION

Based on the results of the evaluation, it can be concluded that the final phantom meets many of the
formulated requirements. Nevertheless, it also revealed several areas of improvement. Perhaps most
important are the improvements related to the imaging properties of the phantom. For example, the
radiodensity of the arterial wall did not meet the requirement, as expected based on the results of the
material study. It is therefore recommended to research other materials, or additives that could lower
the radiodensity of the silicone currently used. However, the latter might result in an arterial network
that is too fragile.

Despite the fact that the arterial wall was the only part of the phantom that did not meet the imaging
requirement, another point of improvement was apparent. Namely, the radiodensity of the heart was
not uniform throughout the tissue. This is due to the fact that the voxels did not contain an even
concentration of BaSOa. This problem also occurred in the non-calcified and calcified lesions, indicated
by the relatively large standard deviation of their radiodensity. Additional efforts were taken to evenly
disperse and reduce the grain size of the BaSQ,, since this problem also occurred during the material
study. Nevertheless, it still persisted. One way to solve it is by using an additive that is soluble in silicone.
This is the recommended solution, however such an additive is unknown to the author of this report.
Another solution might be to use a non-soluble additive, which is less radiopaque than BaSO,. Due to
the lower radiodensity, such an additive would be used in higher concentrations when compared to
BaSO,, and therefore likely results in a more uniform radiodensity throughout the tissue. Based on the
results of Sun et al. (2021), calcium carbonate seems to fit this requirement and could be researched
as an alternative to BaSOa.

In addition to the imaging properties, the geometrical properties of the phantom might also be
improved in the future. Two of the optional arterial branch segments did not meet the requirement for
the diameter of the lumen. However, it is assumed that the mould of the phantom can be easily
modified to meet the requirement for these branch segments. Additionally, it is not considered a
significant limitation, since these branch segments are optional and their enlarged lumens do not
hinder the usability of the phantom. A more challenging area of improvement, might be the arterial
wall thickness. Despite the fact that only 3 of the 28 measurements were larger than the required
range, itindicates that considerable deviations from the target wall thickness can occur with the utilized




manufacturing method. This is not desirable, especially since the wall thickness cannot be evaluated
directly without irreversibly damaging the phantom. Perhaps that additional experience with the
brush-on technique could lead to a more consistent wall thickness. Nevertheless, it could require a
significant amount of time to gain the necessary experience. A better solution might be to use a dip-
spin coating technique, instead of the brush-on technique. This technique was already recommended
to increase the efficiency of the manufacturing method, but might also improve the consistency of the
wall thickness.

Finally, it is important to note that the guiding catheter and guidewire were not inserted by an
interventional cardiologist. Although it was possible to advance a guidewire up to the LCx, it is unknown
how this compares with a similar procedure performed on a real human. Before the phantom can serve
as a realistic platform on which a basic PCl procedure can be performed, feedback from an experienced
interventional cardiologist is essential. This feedback may form the foundation for a future project, in
which the current phantom is further developed.

CONCLUSION

The aim of the evaluation was to assess and compare the final phantom with the requirements
formulated at the start of this project. Based on the results, it can be concluded that all general
requirements were met. Except for the arterial wall, all parts of the phantom also met their respective
imaging requirement. However, the attenuation was not uniform throughout the parts of the phantom
that contained BaSQ,, as was evident from the medical images and relatively large standard deviation
of their radiodensity. Although this did not directly violate any requirement, it is considered an
important area of improvement. As for the geometrical requirements, most of them were met, except
for two optional branch segments where the lumen diameter was too large. Additionally, 3 out of the
28 measurements of the atrial wall did not meet the required thickness. Finally, the silicone used for
the development of the arterial wall can only mimic the elastic modulus of healthy and atherosclerotic
human coronary arteries in the longitudinal direction, not in the circumferential direction. In
conclusion, the final phantom meets many of the formulated requirements, but there still remain areas
of improvement that could be addressed during a future project.

36



6. DISCUSSION

This project was divided into three parts, namely the material study, the design and development of
the phantom, and its evaluation. The aim of the material study was to identify the most suitable
materials for the development of the phantom. These materials were primarily selected based on the
results of several imaging tests. However, these tests were conducted using a CBCT scanner, instead of
a MDCT scanner. This is an important limitation, since radiodensities obtained through CBCT are
associated with a greater variability than those obtained through MDCT (Pauwels et al., 2015). The
large variability of the results was also observed throughout this study. Some measures were taken in
an attempt to negate this limitation. For example, larger sample sizes and volumes of interests were
used, and most results were compared with those of other studies. Nevertheless, it is still
recommended to use MDCT for future projects. This is especially important during measurements that
are prone to a higher variability, or those in which the results are based on a relatively small number
of voxels, as was the case with the measurements of the hollow cylindrical samples during the
unenhanced material test.

During the second part of the project, the coronary artery network phantom was designed and
developed. The initial results were promising, although the phantom still had to be evaluated.
Furthermore, it was demonstrated that a water-soluble mould reduces design limitations when
compared to a non-soluble mould, as was hypothesized at the beginning of the development phase.
Nevertheless, the utilized manufacturing process still had some significant limitations, mainly regarding
its efficiency. One way to increase the efficiency, is by improving the 3D-printing quality of the mould,
which in turn reduces the necessary post-processing. Additionally, a dip-spin coating technique could
be used instead of the brush-on technique, to coat the mould. This could not only reduce the required
labour and time, but might also result in a more consistent arterial wall thickness. Finally, the rate at
which the mould is dissolved and the method used to connect the arterial network to the heart should
be improved. By addressing these inefficiencies, the threshold for using this manufacturing method will
be greatly reduced, which could lead to a significant progression in the field of phantom development.

The final evaluation of the phantom demonstrated that many requirements were met, but it also
revealed several areas of improvement. The varying radiodensity throughout the parts of the phantom
containing BaSO., might be the most significant limitation. While this did not directly violate any
requirement, it should be resolved to improve the imaging properties of the phantom. Additionally, the
radiodensity of the arterial wall did not fall within the required range. In the future, this might be
resolved through the use of an additive or by substituting the PlatSil Gel 25 with another material.

Furthermore, as part of the evaluation, a guidewire was inserted into the arterial network and
advanced up to the LCx. Since this procedure was not performed by an interventional cardiologist, it is
unknown how it compares to a similar procedure performed on a real human. Feedback from an
experienced interventional cardiologist would be valuable for further development of the current
phantom. However, before conducting any tests, it is recommended to incorporate a hemostatic valve
into the arterial network. This would facilitate the introduction of medical equipment and make it more
realistic. If a test with an interventional cardiologist is to be performed, one point of feedback that
could be expected is regarding the friction between the medical equipment and the silicone. The
friction might be significantly higher compared to what is experienced during the procedure on a real
human. In such a case, SLIDE STD (Smooth-On, Inc.) could be added to the silicone during the
manufacturing process to reduce the friction.

Finally, although this phantom was originally developed for researchers of Philips research, it might
also serve as a beneficial tool for training medical students. However, a consultation with a cardiologist
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revealed that such a training phantom should also be able to mimic blood flow. Currently, this is not
incorporated into the phantom. As a result, once the phantom is filled with a fluid that mimics contrast-
enhanced blood, the lumen remains continuously visible on X-ray images. This is in contrast with a real
procedure, where the arterial lumen is visible for only a short duration, before the injected contrast
agent is dispersed and becomes diluted. The continuous visibility of the lumen in a phantom without
flow, would make such a training tool too simplistic according to the cardiologist. Addressing this issue
could be an interesting and challenging topic for a future project.
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/7. CONCLUSION

During percutaneous coronary intervention, the coronary artery network is visualized using X-ray
imaging and contrast injections. A major limitation associated with this method, is that it only generates
2D images. To overcome this, researchers of Philips Research are developing technologies that allow
the implementation of 3D imaging data derived from coronary CT angiography in the catheterization
laboratory. Throughout the development and validation of these novel technologies, a coronary artery
network phantom could serve as a beneficial tool. Such a phantom should be anthropomorphic and
have realistic imaging and mechanical properties. In addition, it should serve as a platform on which a
basic PCl procedure can be performed. However, to the best of the author’s knowledge and those
involved in the project, there is currently no commercially or academically developed phantom that
satisfies these criteria. As a result, the following objective was formulated for this project:

Design and develop an anthropomorphic coronary artery network phantom with realistic
imaging and mechanical properties, that can be used to mimic both healthy and
atherosclerotic human coronary arteries.

By utilizing a 3D-printed, water-soluble mould of the coronary artery network, and coating this with
silicone, it was possible to manufacture a network with realistic geometrical properties. Based on the
results of the material study, it was concluded that PlatSil Gel 25 was to be used for the development
of the arterial wall. Unfortunately, its radiodensity was slightly too high, when compared to that in vivo.
However, it was able to mimic the elastic modulus of both healthy and atherosclerotic human coronary
arteries in the longitudinal direction. The radiodensity of the heart and the lesions did meet their
formulated imaging requirement. Nevertheless, the consistency of the attenuation throughout these
parts should be improved. Lastly, during the evaluation of the phantom, it was demonstrated that a
guidewire can be inserted into the arterial network and manipulated up to the end of the LCx. This
indicates the potential of the phantom to serve as a platform on which a PCl procedure can be
performed.

This project demonstrated that the utilized manufacturing method and materials can be used to
develop a healthy or atherosclerotic coronary artery network phantom. It can be concluded that the
final phantom possesses geometrical, imaging and mechanical properties that are comparable to the
tissues found in vivo. Nevertheless, several areas of improvement remain, which might form the
foundation for a future project.
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APPENDIX

DEFINITIONS OF THE ARTERIAL SEGMENTS

Table 13. Definitions of the arterial segments present in the final phantom based on Dodge et al. (1992), and a comparison
with the reporting system of the American Heart Association (AHA).

Segment AHA! Description?

Right coronary artery

RCA-1 1 From its origin to the first RMA.
RCA-2 2 From the first to the third RMA.
RCA-3 3 From the third RMA to PDA.

RCA-4 - From the PDA to the end of the RCA.

Posterior descending artery
PDA 4 Proximal most inferior wall branch that arises from
junction of RCA —3 and RCA — 4.

Left coronary artery

LCA 5 From ostium to bifurcation of LCA into LAD and LCx.
Left anterior descending artery

LAD-1 6 From its origin at the LCA to the first septal artery.

LAD -2 7 From the first to the third septal artery.

LAD-3 8 From the third septal artery to the cardiac apex.
Diagonal branches

D1 9 The first large branch arising from the LAD to supply

the left ventricular anterior free wall.
D2 10 The second large branch arising from the LAD to

supply the left ventricular anterior free wall.

Left circumflex artery

LCx—-1 11 From its origin at the LCA to the first LMA
LCx -2 13 From the first to the second LMA.
LCx -3 13 From the second LMA to the end of the LCx.

Left marginal artery
LMA 12 The first large branch arising from the LCx.

1A comparison with the definitions used in the AHA reporting system, see Austen et al. (1975); 2These definitions originate
from Dodge et al. (1992) and are based on a right dominant heart.




DATA PROCESSING SCRIPT — UNIAXIAL TENSILE TEST

1 %Written by Bjorn Huegen
2 %11-10-2023

3

4 clc

5 clf

6 clear all

7

8 %Parameters of the linear model for calibration of the load cell
9 a = 1.8183;
10 b = -0.0120;
11

12 %Initial sample dimensions

13 Lo = 25; %Test length of the dumbbell sample [mm]

14 t = 2.0; %Thickness of the dumbbell sample [mm]

15 W = 6.4; %Width of the narrow part of the dumbbell sample [mm]

16 AQ = t*W; %The initial cross-sectional area of the dumbbell sample [mm~2]

18 dx = 10; %Translation of the linear stage in which we are interested [mm]

20 %Load the data
21 d_© = load("Data/Measurements/1 - 1.mat");

22

23 run_@ = d_0.(subsref(fieldnames(d_0),substruct('{}"',{1}))).Y(5).Data;
24 X_0 = d_0.(subsref(fieldnames(d_0),substruct('{}"',{1}))).Y(2).Data;
25 F © = d_0.(subsref(fieldnames(d_0),substruct('{}',{1}))).Y(1).Data;
26

27 %The starting index is based on the stRun vector
28 i start = find(run_@, 1, "first");

30 %The ending index is based on when the linear stage has reached a certain
31 %position. Not on stRun, since the measurement might be manually stopped.
32 i_end = find(x_© < x_0(i_start)-dx, 1, "first");

34 %Crop the position and force data
35 X_0 = x_0(i_start:i_end);
36 F @ = F_O(i_start:i_end);

38 %Recalculate load cell output to force and applying a moving average filter
39 F _cal = a*F_©@ + b; %N
40 F_cal = movmean(F_cal, 150);

42 %Engineering stress
43 Stress_eng = F_cal / Ao; %MPa

45 %Engineering strain
46 L = -1*(x_0-x_0(1)) + Lo;
47 Strain_eng = (L - LO) / LO;

49 %True strain
50 Strain_true = log(1l + Strain_eng);

52 %True stress (assuming incompressibility and all deformation occurring in
53 %the narrow part of the dumbbell sample)
54 Stress_true = Stress_eng .* (1 + Strain_eng);

56 %Find the last index of the region of interest (ROI)
57 i = find(Strain_true > 0.10, 1, "first");




58
59
60
61
62
63
64
65

66
67
68
69
70

71
72
73

%Make a linear approximation of the ROI
[P, S] = polyfit(Strain_true(1:i), Stress_true(1:i), 1);

%Plot the true stress vs. true strain + initial linear section
figure(1)

hold on

plot(Strain_true, Stress_true, 'LineWidth', 1.5)

Line = line([@, ©.1], [P(2), P(1)*@0.1+P(2)], 'color', 'red', 'LineWidth',
1.5);

Line.Color(4) = 0.75;

sgtitle("True stress-strain curve (150 moving average)")
xlabel("True strain")

ylabel("True stress [MPa]")

legend('True stress vs true strain', 'linear approximation up to 0.1
strain')

%Young's Modulus
YoungsModulus = P(1)

46
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ABSTRACT

Percutaneous coronary intervention (PCl) is a medical procedure aimed at revascularizing the coronary
arteries. Since the introduction of PCl, significant technological and medical advancements have been
made. To aid the development and pre-clinical trials of novel medical instruments, a coronary artery
network phantom could serve as a beneficial tool. The use of a phantom would not only reduce the
need for biological tissue, but also provide a more controlled and standardized testing environment.
Despite the potential benefits, no literature exists that presents an overview of tissue mimicking
materials (TMM'’s) that could be utilized during the development of such a phantom. Therefore, the
aim of this literature review is to provide researchers with an overview of TMM'’s that could be used
throughout the development of a coronary artery network phantom, designed for testing novel
medical instruments and technologies developed for (complex) PCI.

Both the mechanical and imaging properties of coronary arteries have to be identified, in order to
compare them with potential TMM’s. More specifically, the elastic modulus in the longitudinal and
circumferential direction and the degree of X-ray attenuation, expressed as a Hounsfield Unit (HU), are
considered in this review. Systematic search methods were employed to retrieve relevant literature on
these two properties. Based on the findings, the elastic moduli in longitudinal direction of healthy and
atherosclerotic human coronary arteries ranges from 0.28 to 2.94 MPa and 0.4 to 5.63 MPa
respectively. The elastic moduli in circumferential direction of both healthy and atherosclerotic
coronary arteries ranges from 0.78 to 1.68 MPa and 1.13 to 4.11 MPa respectively. Only atherosclerotic
coronary arteries were considered when identifying the imaging properties, since there was no
literature available on healthy arteries that met the inclusion criteria. These atherosclerotic lesions are
categorized as either lipid-rich, fibrotic or calcific. The Hounsfield units for these lesions ranges from
34 to 104 HU, 67 to 106 HU and from 377.2 to 1160 HU for lipid-rich, fibrotic and calcified lesions
respectively.

According to several review articles, six different TMM’s are nowadays commonly used for the
development of soft tissue phantoms, namely agar, agarose, gelatine, PVA, PVC and silicone. Additional
searches were employed to find relevant literature on the mechanical and imaging properties of these
materials. The findings suggest that all included materials could be used to mimic the HU values of
lipid-rich, fibrotic and calcified lesions. In the case of the latter, additives should be utilized to increase
the HU values of the TMM'’s. Contrary to the imaging properties, not all materials are suited to mimic
the in-vivo mechanical properties of human coronary arteries. Only PVC and silicone could be used to
mimic the complete ranges of elastic moduli in longitudinal and circumferential direction of healthy
and atherosclerotic arteries. Agar, agarose and PVA can be used to mimic the elastic moduli in
longitudinal direction of healthy and atherosclerotic human coronary arteries. Agarose can also mimic
the elastic modulus in circumferential direction of healthy coronary arteries. Gelatine was the only
included material that had insufficient mechanical properties to mimic the elastic moduli of the healthy
and atherosclerotic coronary arteries in any direction. Based on these results, silicone, PVC, PVA, agar
and agarose can all be used for the development of an anthropomorphic coronary network phantom
with realistic mechanical and imaging properties.
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1. INTRODUCTION

Coronary artery disease (CAD) is the leading cause of mortality worldwide (Ralapanawa & Sivakanesan,
2021). In 2015 alone, CAD resulted in approximately 8.9 million deaths (Zhang et al., 2018). This
imposes a large burden on the global healthcare sector and has a significant economic impact. CAD is
typically caused by an accumulation of plague within the tunica intima of the arterial wall, commonly
known as atherosclerosis. This accumulation of plaque leads to a narrowing, or stenosis, of the lumen.
Significant stenosis of the coronary arteries will lead to a reduction or a complete stop of the flow of
oxygen to the myocardium and other anatomical structures, including the superior vena cava and the
semilunar valves (Burris & Shoukfeh, 2015). Myocardial ischemia will in turn lead to malfunctioning of
the heart and, in severe cases, complete heart failure.

Percutaneous coronary intervention (PCl) is one of the two main coronary revascularization
procedures. The other revascularization procedure is known as coronary artery bypass grafting (CABG).
Based on the 2018 guidelines on myocardial revascularization and the 2021 guideline for coronary
artery revascularization, four clinical indications can be identified that qualify for PCI. These indications
are stable coronary artery disease (SCAD), unstable angina, non-ST-elevation myocardial infarction
(NSTEMI) and ST-elevation myocardial infarction (STEMI) (Lawton et al., 2022; Neumann et al., 2019).
The primary aim of PCl is to dilate or open a stenosed or occluded coronary artery respectively. This is
usually achieved by inflating a balloon within the affected artery, balloon angioplasty, followed by
implanting a stent to ensure that the artery stays open.

Since the introduction of PCl, significant technological and medical advancements have been made.
Some of these advancements led to a reduction of the post-procedural risks, such as the introduction
of the drug-eluting stent (Piccolo et al., 2019). Other advancements enabled the treatment of more
complex lesions, including but not limited to, bifurcation, calcified and thrombotic lesions. During the
development and pre-clinical trials of these novel medical instruments, a coronary artery network
phantom could serve as a beneficial tool. The use of such a phantom would reduce the use of animal
and human tissue, providing a more ethical alternative. Furthermore, it could provide a more
controlled and standardized testing environment. However, commercially available phantoms may
have disadvantages, including high prices, lack of customizability or incorrect material properties. As
such, researchers might want to design and develop their own in-house phantom. Currently, there is
no literature review available that provides researchers with an overview of the tissue mimicking
materials (TMM'’s) that could be used during the development of a coronary artery phantom. Such an
overview could help researchers make a more informed decision regarding which material to use and
reduce the required research time. Because of these advantages, the aim of this literature review is to
provide an overview of TMM’s for the development of an anthropomorphic coronary artery network,
by answering the following research question:

What different tissue mimicking materials can be used in the development of an
anthropomorphic coronary artery network phantom, designed for testing novel medical
instruments and technologies developed for (complex) PCI?



2. METHOD

In order to answer the main research question, the following three sub-questions have been
formulated:

l. What is the elastic modulus in longitudinal and circumferential direction of healthy and
atherosclerotic human coronary arteries?
Il What is the degree of X-ray attenuation, expressed as a Hounsfield Unit, of atherosclerotic
human coronary arteries?
Il. What different tissue mimicking materials are currently used for the development of soft tissue
phantoms?
The first sub-question is related to the required mechanical properties of the tissue mimicking
materials. Although there are several different mechanical properties that could be considered, this
review focuses on the elastic moduli in the longitudinal and circumferential direction of the coronary
arteries. This property was chosen, because it can quantify the relationship between the stresses
applied during a medical procedure and the strain of the arterial wall. Moreover, this property can be
measured with ease and is frequently utilized when describing material properties. The latter is
important, since the findings have to be compared with the mechanical properties of different TMM’s.

The second sub-question focuses on the degree of X-ray attenuation of atherosclerotic human coronary
arteries, expressed as a Hounsfield Unit (HU). It is essential to have knowledge of the degree of X-ray
attenuation, since X-ray based imaging techniques (e.g., fluoroscopy and coronary CT angiography
[CCTA]) are commonly employed during PCI. The amount of X-ray attenuation can be expressed using
different metrics, including a linear attenuation coefficient or the Hounsfield scale. The latter is actually
based on the linear attenuation coefficient and was chosen for this review, since it is commonly used
in literature. Initially, the aim was to consider the imaging properties of healthy human coronary
arteries, as well as atherosclerotic ones. However, a minimal amount of literature on healthy arteries
was found throughout the search phase and none that also met the inclusion criteria. As a result,
healthy coronary arteries have been excluded from this sub-question.

The aim of the final sub-question is to provide an overview of TMM'’s that are currently utilized for the
development of soft tissue phantoms. Information on both the elastic moduli and HU value of these
TMM'’s will also be included in this section. Including this information, allows one to compare the
properties of the TMM'’s with the mechanical and imaging properties required to mimic either healthy
or atherosclerotic human coronary arteries.

2.1 Mechanical properties

A systematic search method was employed in order to retrieve the required literature for answering
the first sub-question. This search method minimizes the chance of missing relevant articles related to
the sub-question. Three multidisciplinary databases were utilized for the retrieval of literature, namely
Google Scholar (GS), Scopus and Web of Science Core Collection (WoS). The following search string was
used across all three databases:

("elastic modulus" OR "young's modulus" OR "tensile modulus" OR "stiffness") AND
("human coronary arteries")

All the results from Scopus and WoS were evaluated for relevance, based on the inclusion criteria listed
below. Because of the large number of results that GS provided, only the articles from the first five
pages, sorted by relevance, were evaluated.




Inclusion criteria

Table 1 presents a complete overview of the inclusion criteria used to assess the found literature, based
on their relevance. Given the limited number of relevant results and the fact that measurements of
elastic moduli are not susceptible to becoming outdated, a relatively large search window was utilized.
This search window was initially set to 20 years, but this did not result in enough relevant literature on
the elastic moduli in the circumferential direction. As a results, the search window was increased to 25
years, which provided an additional study. It should be noted that the elastic modulus of human
coronary arteries can differ significantly from that of animals. For example, a study conducted by van
Andel et al. (2003) showed large differences between the stress-strain curves of human and porcine
coronary arteries, both in the longitudinal and circumferential direction. Hence, only literature that
focuses on human coronary arteries was included in this systematic literature review. Furthermore, the
included literature had to focus on the general elastic modulus of the arteries. Studies that focused on
the local mechanical properties, as determined by micro-indentation tests, or mechanical properties
of the individual layers of the arterial wall were excluded. Two examples of such studies are those by
Holzapfel et al. (2005) and Rezvani-Sharif et al. (2019). This criterion was based on the assumption that
most anthropomorphic coronary artery network phantoms will only simulate the general mechanical
properties, due to the technical difficulties associated with developing a phantom with varying local
mechanical properties. Finally, the included studies must provide a clear description of their
measurement method and results. This is essential in order to assess the scientific value of a particular
study.

Table 14: Inclusion criteria used for evaluating the literature on mechanical properties.

Inclusion criteria

e Published between 1998 and March of 2023

e Written in English

e Complete access to the article

e Journal article (including reviews) or conference paper

e The study focuses on healthy and atherosclerotic
human coronary arteries.

e The study focuses on the general elastic modulus, in
either the longitudinal or circumferential direction.

e The study provides a clear description of the
measurement method and results.

2.2 Imaging properties

Once again, a systemic search method in combination with the three aforementioned multidisciplinary
databases was employed in order to retrieve the required literature for the second sub-question. The
following search string was used across all three databases:

("Hounsfield unit" OR "CT number" OR “X-ray attenuation” OR “radiodensity”) AND
("human coronary arteries")

All the results from Scopus and WoS were evaluated for relevance, based on the inclusion criteria listed
below. Because of the large number of results that GS provided, only the articles from the first five
pages, sorted by relevance, were evaluated.




Inclusion criteria

Table 2 presents a complete overview of the inclusion criteria used to assess the found literature, based
on their relevance. A search window of 20 years was utilized, in order to retrieve sufficient literature.
There are various CT scan parameters that can influence the measured HU value. Two particularly
important parameters are the tube potential and tube current. Only studies that utilized a tube
potential of 120 kV during their measurements were included in this review. At such a high tube
potential, the tube current has a negligible effect on the measured HU value (Afifi et al., 2020). It is also
important to focus on only a single tube potential, since this parameter in itself has a substantial effect
on the HU value (Afifi et al., 2020). Moreover, 120 kV is a typical value for the tube potential during CT
scans of the heart, making it a suitable criterion (Feuchtner et al., 2010; Tanami et al., 2010). Finally,
the included studies must provide a clear description of their measurement method and results. This
is essential in order to assess the scientific value of a particular study.

Table 15: Inclusion criteria used for evaluating the literature on imaging properties.

Inclusion criteria

e Published between 2003 and March of 2023

e Written in English

e Complete access to the article

e Journal article (including reviews) or conference paper

e The study focuses on atherosclerotic human coronary
arteries.

e The study conducted their measurements with a tube
potential of 120 kV.

e The study provides a clear description of the
measurement method and results.

2.3 Materials

For this section of the review, no systematic search method was employed, since such a method would
presumably not provide added benefit when compared to a more general search method. Instead,
several review articles were used in order to provide an overview of the most important and widely
utilized TMM’s in the development of soft tissue phantoms. These review articles were retrieved from
GS, by utilizing the following search string:

“Tissue mimicking materials”

The results were sorted by relevance and filtered to only include review articles from 2018 to March of
2023, to ensure that the information would be current. The following search strings were utilized as a
first step for finding literature on the elastic moduli and HU value of the found TMM'’s:

e ("elastic modulus" OR "young's modulus" OR "tensile modulus" OR "stiffness") AND
("phantom") AND (“... type of material ...”)

e ("Hounsfield unit" OR "CT number" OR “X-ray attenuation” OR “radiodensity”) AND
("phantom") AND (“... type of material ...”)
If necessary, additional and more specific search strings were used to retrieve relevant information
about a particular TMM.




3. RESULTS

The search methods described in the previous chapter were employed to find relevant studies on the
respective topics. This chapter aims to provide the reader with a short overview of the found literature,
including possible methods, results and conclusions. For more in-depth information of these studies,
one should always consult the original source.

3.1 Mechanical properties

The search method for the mechanical properties of human coronary arteries as described in the
method section of this review, resulted in eight unique scientific studies. After further assessing these
studies, it was determined to exclude one of them from this literature review. This study was conducted
by Kural et al. (2012) and measured the elastic modulus in both the longitudinal and circumferential
direction by means of a biaxial tension test. The results deviated much from the other studies and the
paper did not provide an in-depth discussion of possible reasons which could explain this. One such
reason could be the use of engineering stress and engineering strain to calculate the Young’s moduli,
as opposed to true stress and strain values. This would result in lower moduli, although it is unlikely
that this explanation fully accounts for the deviation. Furthermore, the study conducted measurements
on a small sample size and there is no simple relationship between the uniaxial and biaxial elastic
moduli for non-linear materials (Kural et al., 2012). As such, the study was excluded from this review.
From the remaining studies that were included in this overview, four focused exclusively on the elastic
modulus of the coronary arteries in the longitudinal direction, two focused exclusively on the
properties in the circumferential direction and one study conducted measurements in both directions.
Table 3 and 4 present an overview of the found Young’s moduli in the longitudinal and circumferential
direction respectively.

Longitudinal direction

All of the studies that measured the elastic modulus of coronary arteries in the longitudinal direction,
utilized a uniaxial tensile test setup for this. The strain was measured using video cameras, and some
studies combined this with digital calliper measurements. In order to increase the repeatability of the
stress-strain curves, most studies employed a mechanical preconditioning protocol. Only the study
conducted by Karimi et al. (2013) did not describe the use of such a preconditioning routine. All tissue
samples were preserved in a saline solution and most of these were stored at 4-5 °C. Only Jankowska
et al. (2015) did not provide information about the temperature at which the samples were stored. All
but one study explicitly stated that the samples were harvested within 5 hours post-mortem. Again,
Jankowska et al. (2015) did not provide any information about this. Both Jankowska et al. (2015), Karimi
et al. (2013) and Karimi et al. (2017b), stated that the measurements were conducted within 24 hours
after excision. Furthermore, all studies used relatively low strain rates, from 1 up to 5 mm/min. Karimi
et al. (2017a) also performed measurements with higher strain rates, up to 50 mm/min, to study the
influence of the strain rate on the elastic moduli of human coronary arteries.

Jankowska et al. (2015) measured a total of 27 samples of the left and right coronary arteries (LCA and
RCA respectively) without side branches. These samples were harvested from 18 patients, aged
between 50 and 84 years old. All samples were categorized based on visual and histological
observation. These samples were either categorized as healthy (in the study referred to as ‘SAD 0’), or
atherosclerotic. The atherosclerotic samples were further divided into three groups with increasing
severity, ranging from ‘SAD I’ to ‘SAD IlI’ (corresponding with ‘atherosclerotic — mild’ to ‘atherosclerotic
- severe’ in table 3). The stress-strain curves were obtained from the true stress (i.e., Cauchy stress)
and engineering strain values. The tangent moduli of elasticity were determined in a low and high
stiffness region (i.e., E; and E; respectively), which were separated by a transition point on the curve.
This transition point was located at a point on the curve which has the maximum normal distance to




an imaginary line drawn between the origin and the end of the curve. The exact point within these
regions at which the tangent moduli are determined is unknown.

Table 16: Overview of the Young’s moduli in longitudinal direction of healthy and atherosclerotic human coronary arteries
found during the systematic search. The Young’s moduli are expressed as a mean # SD; E, = low stiffness region; E; = high
stiffness region; 1 = refers to the number of donors, since the exact number of samples per donor was unknown; 2 = this value
was not explicitly mentioned in the paper, but instead determined based on an included graph.

Study Tissue type Description Sample size Young’s Modulus
[MPa]

(Jankowska Healthy E 1 2.85
et al., 2015) En 20.96
Atherosclerotic — mild E 7 0.40+0.20

Ei 4.51+4.29

Atherosclerotic — moderate  E 6 0.56 £ 0.30

Ei 5.63+3.44

Atherosclerotic — severe Ei 13 1.45+1.79

En 3.31+2.84

(Karimi et al.,, Healthy Physiological 14 1.48+£0.24
2013) Maximum 1.55+0.26
Atherosclerotic Physiological 8 3.77 £0.38

Maximum 4.53+0.43

(Karimi et al., Healthy 5 mm/min 3 0.282
2017a) 20 mm/min 0.55+0.06
50 mm/min 1.20°

Atherosclerotic 5 mm/min 3 5.152

20 mm/min 1.42?

50 mm/min 13.1+0.64

(Karimi etal., Healthy 8! 8.33
2017b) Atherosclerotic 8! 14.277
(Karimi et al., Healthy 6 2.94+261
2019) Atherosclerotic 6 0.75+0.58

Karimi et al. (2013) measured 14 healthy and 8 atherosclerotic human coronary arteries, harvested
from proximal or distal branchless segments. The mean age of the two groups was 38.07 + 8.58 and
65.50 + 10.33 years respectively. Both true stress and true strain values were used to obtain the stress-
strain curves. Based on these stress-strain curves, a physiological and maximum elastic modulus were
determined. The physiological modulus was derived from a part of the curve between 80 and 120
mmHg (corresponding to approximately 10.6 and 16 kPa), which is almost linear (Duprey et al., 2010).
The maximum elastic modulus corresponded to the maximum slope of the curve. According to the
study, the atherosclerotic arteries had significantly higher physiological and maximum Young’s moduli
compared to that of healthy coronary arteries (p < 0.05).

The aim of the study conducted by Karimi et al. (2017a) was to investigate the potential effect of the
strain rate on the stiffness of coronary arteries, as measured with uniaxial tensile tests. In total, 9
healthy and 9 atherosclerotic samples were used. Both groups were further divided into three equally
sized groups, each subjected to a different strain rate. The stress was defined as a Cauchy or true stress.
Based on the article, it was unclear which definition for the strain was used. The elastic modulus was
obtained from a region referred to as the “elastic deformation region”, which is bounded by the origin
and 30% of the strain failure. Finally, this study showed that the strain rate can have a significant effect
on the measured stiffness of atherosclerotic human coronary arteries (p < 0.05).




Karimi et al. (2017b) measured both the longitudinal and circumferential stiffness of samples harvested
from 8 healthy and 8 atherosclerotic male donors, with a mean age of 43.8 + 18.4 and 59.1 + 14.1
respectively. The exact number of samples that were collected per donor is not mentioned in the paper.
True stress and engineering strain were used to obtain the stress-strain curves of the measured
samples. Subsequently, the Young’s modulus was determined on the basis of the initial linear section
of the respective curve. Karimi et al. (2017b) concluded that atherosclerotic coronary arteries are
significantly stiffer than healthy ones, regardless of the loading direction (p < 0.005).

The final paper included in this section of the review is that of Karimi et al. (2019). The samples
originated from 6 healthy and 6 atherosclerotic male individuals, aged 51 + 12 and 56 + 13 years
respectively. A single sample was retrieved per donor. It is unknown which definition for strain was
used. The stress values were expressed as true stress values and the elastic modulus was determined
based on the initial slope of the stress-strain diagram. The results of this study showed that healthy
coronary arteries are significantly stiffer than that of atherosclerotic arteries (p < 0.05).

Circumferential direction

There were three studies that measured the stiffness of human coronary arteries in the circumferential
direction. Karimi et al. (2017b) was analysed in the previous section and will therefore not be covered
in this one. Both Tajaddini et al. (2005) and Kasjanovs et al. (1999) used a test setup in which the arteries
were pressurized and subsequent change in the arterial diameter was measured. Such a measurement
is also known as a distensibility test and the results can be used to calculate a circumferential elastic
modulus. During the measurements, the intravascular pressure was increased from 0 to 260 mmHg
(Tajaddini et al., 2005), or from 0 to 240 mmHg (Kasjanovs et al., 1999) in steps of 20 mmHg. Between
the 20 mmHg increments, the arteries were given time to stabilize. As with most uniaxial tensile tests,
the arteries were preconditioned to obtain a more repeatable mechanical response. Throughout the
tests, the arteries were mounted inside a chamber containing a saline solution at approximately 37°C,
in order to replicate in vivo conditions. Finally, both studies measured their samples within 24 hours
post-mortem.

Tajaddini et al. (2005) measured 51 samples of moderately occluded (i.e., a plaque burden < 50%), non-
calcified atherosclerotic left anterior descending (LAD) arteries. The results of the hyperglycaemic
group were excluded from this review. Therefore, only the results of 32 samples are considered, 17 of
which belonged to a young group with a mean age of 43.8 + 3.3 and 15 belonged to an older group
with a mean age of 58.8 + 8.6 years. These LAD arteries were not removed from their extravascular
tissue. Instead, a portion of myocardium that contained the LAD was dissected from the heart. During
the measurements, the myocardium acted as a natural support structure for the LAD arteries. Based
on the results of the distensibility tests, the mid-wall circumferential stress was calculated using an
equation for thick-walled cylinders. The circumferential strain was defined as the change of the mid-
wall radius in comparison to the initial mid-wall radius. This was calculated within a physiological
pressure range from 60 to 140 mmHg. Next, the Young’s modulus was determined from the stress-
strain curve within the physiological pressure range. The results revealed that the arterial wall of
moderately occluded atherosclerotic LAD arteries was significantly stiffer in the older group compared
to the young group (p < 0.05).

The study conducted by Kasjanovs et al. (1999) included 121 male and 84 female donors, which were
divided into 6 groups according to their age. The three youngest groups, ranging from 0 to 19 years old,
did not show signs of atherosclerosis. The three older groups, ranging from 20 to 80 years old, did show
signs of atherosclerosis. On average, the atherosclerosis development progressed from mild to more
severe with the increasing group age. In the paper it is stated that the mechanical properties of the
proximal and distal parts of the RCA and LAD artery were tested for each donor. Despite this, only the




mean elastic moduli of the proximal parts of both arteries in men were explicitly stated in a table. The
elastic moduli of both arteries for the female groups were included in a graph, although it is unclear
whether these values represent measurements for the proximal or distal parts. Contrary to Tajaddini
et al. (2005), the circumferential stresses were calculated using an equation for thin-walled cylinders.
The circumferential stretch ratio was used to express the strain. All elastic moduli were determined at
a circumferential stress of 0.1 MPa, which corresponded to an intravascular pressure of 200 to 240
mmHg.

Table 17: Overview of the Young’s moduli in circumferential direction of healthy and atherosclerotic human coronary arteries
found during the systematic search. The Young’s moduli are expressed as a mean + SD; M = male; F = female; 1 — 6 = refers to
the different group ages used in the study; LAD = left anterior descending (artery); RCA = right coronary artery; ! = refers to
the number of donors, since the exact number of samples per donor was unknown; 2 = this value was not explicitly
mentioned in the paper, but instead determined based on an included graph.

Study Tissue type Description Sample size Young’s modulus
[MPa]

(Tajaddini et Atherosclerotic - moderate  Young 17 1.41+£0.72
al., 2005) old 15 3.09+2.47
(Karimi et al., Healthy 8! 4.14?
2017b) Atherosclerotic 8! 15.38
(Kasjanovs et  Healthy M, 1, LAD 9 1.17 +0.41
al., 1999) M, 1, RCA 1.06 £0.24
M, 2, LAD 15 1.12+0.26

M, 2, RCA 1.64 £0.28

M, 3, LAD 15 0.90+0.48

M, 3, RCA 1.22+0.68

Atherosclerotic — mild M, 4, LAD 34 1.57 £0.58

M, 4, RCA 2.00+0.78

Atherosclerotic— moderate M, 5, LAD 27 2.19+0.74

M, 5, RCA 2.08 £ 0.64

Atherosclerotic — severe M, 6, LAD 21 4.11+0.89

M, 6, RCA 2.85+0.76

Healthy F 1, LAD 5 1.212

F, 1, RCA 1.122

F, 2, LAD 5 0.80°

F, 2, RCA 0.782

F, 3, LAD 5 0.90?

F, 3, RCA 0.90?

Atherosclerotic — mild F 4, LAD 28 1.222

F, 4, RCA 1.132

Atherosclerotic— moderate  F, 5, LAD 22 1.322

F, 5, RCA 1.632

Atherosclerotic — severe F, 6, LAD 19 1.622

F, 6, RCA 3.492




3.2 Imaging properties
The search method for the imaging properties of human coronary arteries as described in the method
section of this review, resulted in seven unique scientific studies. Six of those studies conducted
measurements on ex vivo tissue, while only Obaid et al. (2013) performed in vivo measurements. Table
5 presents an overview of the found literature and corresponding results. The results presented in the
table are either expressed as mean + standard deviation (SD), or median (minimum —maximum) values,
depending on the notation used in the respective study. In this review, the different atherosclerotic
lesions are preferably categorized as either lipid-rich, fibrotic or calcific. All but one of the included
studies used this classification directly, or utilized the classification of the American Heart Association
(AHA) described by Stary et al. (1995). According to the classification of the AHA, type Vb (or VII) lesions
correspond to calcified lesions and type Vc (or VIII) to fibrous ones. Type IV, Va (or V) and VI lesions are
considered to be lipid-rich, which is similar to the classification used by Galonska et al. (2008).

Table 18: Overview of the Hounsfield units of different types of atherosclerotic human coronary arteries found during the
systematic search. The Hounsfield units are expressed as mean + SD, or median (min. — max.) values, depending on the
notation that was used in the respective study; ! = this value was not explicitly mentioned in the paper, but instead
determined based on an included graph.

Study Tissue type Description Sample size Hounsfield unit
(Halliburton et al.,  Noncalcified Pre-enhanced 22 -3.4+31.2
2006) Peak enhanced 82.9+81.6
Mixed calcified Pre-enhanced 8 195.9 £ 307.6

Peak enhanced 222.9 £ 296.6

Densely calcified  Pre-enhanced 2 234.9 +60.2

Peak enhanced 377.2+£10.7

(Galonska et al., Lipid-rich Type IV 4 50 (33 -59)
2008) Type V 24 44 (26 — 63)
Type VI 5 40 (36 - 67)

Fibrous Type VIII 21 67 (37 - 124)

Calcified Type VII 82 1089 (333 — 1944)

(Tanami et al., Lipid-rich 39 23.1+7.2
2010) Fibrotic 30 27.1%5.0
Calcified 24 780 £ 574

(Chopard et al., Lipid-rich 20 70+£41
2010) Fibrous 42 83135
Calcified 21 966 + 473

(Henzler et al., Lipid-rich Type IV 7 34 (19 -43)!
2011) Type Va 12 45 (26 — 70)*
Calcified Type Vb 31 1160 (430 — 1895)?

(Leschka et al., Lipid-rich Type IV 25 55+12
2010) Type V 66 34+19
Type VI 20 104 + 84

Fibrous Type VIII 43 91+16

Calcified Type VI 60 501 + 402

(Obaid et al., 2013) Lipid-rich Necrotic core 35 39 (-35-159)
Fibrous 34 106 (0 —294)

Calcified 39 770 (358 — 1587)




All of the studies that used ex vivo tissue for their measurements, classified the lesions based on
histopathological analysis. The study conducted by Obaid et al. (2013) classified the lesions with means
of virtual histology intravascular ultrasound (VH-IVUS), since histopathological analysis of in vivo tissue
is not possible. Most studies explicitly stated that they tried to minimize the time between passing of
the donors and conducting the measurements, to avoid changes of the tissue properties. Contrast
agent was also widely employed among the included literature. Only Tanami et al. (2010) conducted
measurements without perfusing the coronary arteries with contrast agent. Based on the mean and
median values found in the studies, the attenuation within the coronary lumen ranged from 276 to 364
HU across the studies that employed a contrast agent. Moreover, different reconstruction kernels were
used among the studies.

Halliburton et al. (2006) measured both the pre-enhanced and peak-enhanced HU values of
atherosclerotic coronary arteries. Based on the findings it was concluded that the pre-enhanced HU
values were significantly lower compared to the peak-enhanced HU values, of both non-calcified and
densely calcified lesions (p < 0.0001 and p = 0.0274 respectively). This effect was not found for mixed
calcified lesions. Galonska et al. (2008) found a significant difference in attenuation between non-
calcified lesions (i.e., lipid-rich and fibrous lesions) and calcified lesions (p < 0.001). The calcified lesions
displayed higher HU values than the non-calcified ones. The same study also found a significant
difference in attenuation between lipid-rich and fibrous lesions, despite the overlap between the two
ranges (p < 0.001). In this case, the HU values for lipid-rich lesions were on average lower than that of
fibrous ones. Obaid et al. (2013) also found significant differences between the three types of lesions
while performing in vivo measurements (p <0.01). Both Chopard et al. (2010) and Leschka et al. (2010)
only found significant differences in attenuation between the calcified and non-calcified lesions (p <
0.05 and p < 0.001 respectively), but not between lipid-rich and fibrotic lesions.
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3.3 Materials
According to literature, the following six TMM'’s are nowadays widely used for the fabrication of soft
tissue phantoms (P. Li et al., 2018; McGarry et al., 2020; Rajeshkumar et al., 2020):

e Agar
e Agarose
e Gelatine

e  Polyvinyl alcohol (PVA)

e Polyvinyl chloride (PVC)

e Silicone
These TMM'’s can be classified as biopolymers or synthetic polymers. Biopolymer-based (i.e., agar,
agarose and gelatine) materials commonly have high fractions of water. Because of this, they have
relatively similar mechanical properties to soft tissues (McGarry et al., 2020). However, these high
water contents make the TMM'’s prone to bacterial growth and dehydration (McGarry et al., 2020;
Rajeshkumar et al., 2020). Bacterial growth can be prevented by irradiating a phantom and thereby
sterilizing it, or utilizing an antifungal agent such as benzalkonium chloride (De Brabandere et al., 2006;
Souza et al., 2016). Dehydration of the TMM could be prevented or decelerated by storing the phantom
properly. For example, one could store an agar phantom in distilled water for up to three months with
minimal changes in mechanical properties (Manickam et al., 2014b).

PVA is a synthetic polymer, but unlike the other synthetic polymers (i.e., PVC and silicone), it is dissolved
in water to fabricate a TMM. It therefor shares a lot of its properties with the biopolymers. Both PVC
and silicone based TMM'’s are generally more stable over time, since they are not dissolved in water.
The downside of these materials is that their mechanical properties, such as the friction coefficient,
differ more from that of soft tissues compared to the materials that are dissolved in water (W. Li et al.,
2016). Both biopolymers and synthetic polymers can be mixed with additives, to modify the properties
of the TMM. For instance, barium sulphate or calcium carbonate can be used to increase the x-ray
attenuation of a TMM (Lai et al., 2022; Litt & Brody, 2001; Sun et al., 2021).

Agar and agarose

Agar is a biopolymer derived from algae and is used for a wide range of applications across multiple
professional fields. For the development of a phantom, agar is typically dissolved in deionized water
and poured into a mould. The concentration of agar in a solution has a significant impact on the elastic
modulus of the material. Manickam et al. (2014a) conducted uniaxial compression tests on multiple
TMM samples, with varying concentrations of agar. A strain rate of 0.5 mm/min was utilized during the
uniaxial tests and the Young’s moduli were determined in the initial linear region of the engineering
stress-strain curves. The agar concentrations ranged from 1.7 to 6.6 wt% and the elastic modulus
increased from 50 to 450 kPa respectively. Samples with a higher concentration of agar were not
included in the study, since they were too brittle to withstand the maximum strain of 15% applied
throughout the measurements.

Agarose is one of the two main components that make up agar, the other being agaropectin. Similar to
agar, agarose is typically dissolved in deionized water. Furthermore, a TMM made from agarose also
becomes stiffer and more brittle with increasing concentrations of agarose (Teixeira & Martins, 2020).
Subhash et al. (2011) conducted measurements of different agarose samples, using a uniaxial tensile
testing setup. The samples had agarose concentrations ranging from 1.5 to 4.0 wt% and the elastic
modulus increased from approximately 0.2 to 1.0 MPa. However, unlike the elastic modulus, the HU
value exhibits only slight changes with increasing concentrations of agarose. Litt and Brody (2001)
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demonstrated that the HU value ranged from approximately 20 to 35 HU for samples with agarose
concentrations of 0.7 to 6.0 wt%.

Gelatine

Gelatine is commonly derived from collagen through a process known as hydrolysis. For many, gelatine
might be known as a thickening agent used in the food industry, but it is also frequently used for the
fabrication of phantoms. Like all the other biopolymers, gelatine is typically dissolved in deionized
water and the elastic modulus of a sample increases as the concentration of gelatine increases. Shaaer
et al. (2021) employed ultrasound elastography to determine the Young’s modulus of multiple samples
with varying concentrations of gelatine. The study found that the stiffness ranged from 7 up to 100 kPa
for samples with 3 to 12 g of gelatine per 100 ml of water. However, these samples also contained small
amounts of graphite and it is unknown what effect this may had on the findings. Another study,
conducted by Hall et al. (1997), found comparable results by measuring the elastic modulus using a
uniaxial compression test. The elastic modulus ranged from 4.8 up to 158 kPa for gelatine
concentrations from 30 g/L up to 180 g/L. In addition to gelatine, these samples contained
formaldehyde, which was shown to increase the stiffness of the tested samples. Finally, Anugrah et al.
(2020) demonstrated that the CT numbers, measured with a tube potential of 120 kV, for composite
hydrogels containing 16 to 28% gelatine were approximately 80 HU. Besides gelatine, these composites
also consisted of PVA and particle board.

PVA

PVA is the only synthetic polymer included in this list that is dissolved in water in order to fabricate a
TMM. It therefor shares a lot of its properties with the biopolymers. Two important parameters that
influence the stiffness of a TMM made from PVA, are the concentration of PVA in the solution and the
number of freeze-thaw cycles. An increase in either one of these parameters results in an increase of
the stiffness. Malone et al. (2020) conducted uniaxial tensile tests of 10 and 15 wt% PVA samples that
underwent two freeze-thaw cycles. The Young’s modulus was determined based on the initial linear
section of the engineering stress-strain curves. The elastic modulus was found to be approximately 62
kPa for the 10 wt% sample, while this increased to a mean of 320 kPa for the 15 wt% samples. Lai et
al. (2022) measured the X-ray attenuation of 4% PVA solutions. The average attenuation value of these
samples was 3 HU. Based on the article, it is unclear which CT scan parameters were used during these
measurements.

PVC

A TMM based on PVC typically comprises a mixture of PVC and a softener, such as diethyl hexyl adipate
or dioctyl terephthalate. Hungr et al. (2012) measured the elastic modulus in compression of various
premixed polymer-softener mixtures, from which the exact mixing ratio was not provided by their
supplier. The stiffest mixture was found to have a Young’s modulus of 200 kPa, based on the initial linear
section of the stress-strain curve. The Hounsfield units ranged from -20 for the softest mixture to 110
for the second stiffest mixture. He et al. (2019) also conducted uniaxial measurements of PVC samples,
but unlike Hungr et al. (2012), they prepared their own polymer-softener solutions and measured the
elastic modulus in tension. It was found that the elastic modulus increased from 7.65 to 12.38 MPa as
the PVC-softener ratios increased from 10.9 to 16.7 g of PVC per 100 ml of softener. A tube voltage of
120 kV was utilized, to determine the CT number of the PVC samples. It was found that the HU value
increased from -10 to 110 as the PVC-softener ratios increased from 7.9 to 23.1 g of PVC per 100 ml of
softener.
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Silicone

There are many different types of silicone available, covering a wide range of mechanical properties.
An important mechanical property that indicates the hardness of a silicone, is the shore value. Although
there is no unique and exact relationship between the shore value and the elastic modulus, an
estimation can be made based on the results of different studies. Some studies that can be used for
this purpose are those by Gent (1958), Meththananda et al. (2009) and Qi et al. (2003). Based on these
studies, one could conclude that the different types of silicone also cover a wide range of elastic moduli
(i.e., less than 1 MPa to well over 10 MPa). Some studies have measured the elastic modulus of a
silicone directly. For example, Engers et al. (2020) used a silicone known as ‘Dragon Skin 30’ to fabricate
a vein for a venepuncture phantom. The Young’s modulus of this materials was determined to be 797
kPa. Another study measured the X-ray attenuation expressed as a Hounsfield unit of a platinum-cured
silicone. These measurements were conducted with a tube potential of 120 kV and the results showed
that the material had a HU value of 65 (Mgrup et al., 2022).
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4. DISCUSSION

The aim of this chapter is to critically evaluate and merge the findings presented in the previous
chapter. Through this process, potential topics for future research and improvements have been
identified. This information is especially suitable for researcher that are going to conduct future
studies on mechanical and imaging properties of human coronary arteries. Furthermore, the
limitations of this review and their implications for the interpretation of the results are also
discussed.

4.1 Mechanical properties

When testing the mechanical properties of biological tissues, it is important to ensure that the ex vivo
tissues closely resemble the in vivo properties. The studies included in this literature review employed
several measures to maintain the in vivo mechanical properties and increase the repeatability of the
measurements. For instance, most studies minimized the time between excision and measurement, as
prolonged refrigeration time has a significant influence on the elastic modulus of arterial tissue
(Stemper et al., 2007). It was also common practice to minimize the time between passing of the donor
and excision. Furthermore, the included studies commonly prevented the samples from dehydrating
throughout testing, by spraying or fully immersing them in a saline solution. Karimi et al. (2017a)
showed that strain rate can also have a significant effect on the elastic modulus of atherosclerotic
human coronary arteries during uniaxial tensile testing. As such, it is beneficial that all included studies
used slow and comparable strain rates. Additionally, preconditioning routines were frequently
employed to ensure repeatable results.

Longitudinal direction

Despite the measures described above, it remains very difficult to compare the results of different
studies directly. One reason for this is the existence of different definitions for stress and strain. For
instance, true stress values are always higher than their engineering equivalent, while true strain values
are lower than their engineering equivalent. Consequently, elastic moduli calculated using true stress
and strain values are higher than those calculated using engineering stress and strain values. Since both
healthy and atherosclerotic human coronary arteries can be considered incompressible, it is not
difficult to approximate the true stress values during uniaxial tensile tests (Karimi et al., 2016).
Moreover, the strain in tensile testing of coronary arteries can become quite large, thus making true
strain the more accurate definition to use. It might therefor be beneficial to standardize the use of true
stress and strain when conducting uniaxial tensile tests of coronary arteries in future studies.

Arteries exhibit a nonlinear stress-strain relationship, which makes it difficult to compare Young’s
moduli across different studies. This is due to the fact that each study can calculate the moduli at
different stress or strain levels, resulting in varying values. According to literature, the nonlinear stress-
strain curve obtained from tensile testing arteries commonly has a J-shape (Claes et al., 2010). One
could differentiate between two regions within this curve, an initial compliant and almost linear region
at lower strain values and a stiffer region at higher strain values (Holzapfel, 2006). Jankowska et al.
(2015) determined the elastic moduli in both the low and high stiffness region. It is assumed that the
physiological moduli determined by Karimi et al. (2013) are based on the low stiffness region, while the
maximum moduli are based on the high stiffness region. The other three studies determined their
elastic moduli based on the initial section of the curve. As such, these moduli are considered to be
determined in the low stiffness region.

The elastic moduli in the longitudinal direction of healthy and atherosclerotic human coronary arteries
found in literature ranged from 0.28 to 20.96 MPa and 0.4 to 14.27 MPa respectively. For further
analyses and discussion, certain results will be excluded from these ranges. First, the results based on
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a single healthy sample of Jankowska et al. (2015) will be excluded, due to the small sample size and
high value of the measured modulus. Second, the measurement conducted by Karimi et al. (2017a) of
an atherosclerotic coronary artery at a strain rate of 50 mm/min is excluded. This is based on the
conclusion that such a high strain rate has a significant impact on the measured results of
atherosclerotic coronary arteries (Karimi et al., 2017a). Finally, the results of Karimi et al. (2017b) are
also assumed to be outliers, since the found moduli are more than twice as large as the next largest
modulus. The article has been thoroughly checked for possible reasons that could explain these results,
but none were found. Therefore, it was determined to exclude this study as well. The elastic moduli in
the longitudinal direction of healthy and atherosclerotic human coronary arteries found in the
remaining literature ranged from 0.28 to 2.94 MPa and 0.4 to 5.63 MPa respectively. These ranges
include results that are based on the low and high stiffness region of coronary arteries.

Circumferential direction

In order to calculate the circumferential stress based on the results of a distensibility test, either an
equation for thin or thick-walled cylinders could be used. The equation for thin-walled cylinders is
generally utilized when the ratio between the diameter and the thickness of the wall is greater than
20. If this ratio is less than 20, the variation of circumferential stress in the radial direction of the wall
is assumed to be significant. Since coronary arteries commonly have a diameter to wall thickness ratio
of less than 20, the equation for thick-walled cylinders would be better suited for calculating the
circumferential stress (Dodge et al., 1992; Fayad et al., 2000; Gradus-Pizlo et al., 2003; Raut et al., 2017).
It is unclear why Kasjanovs et al. (1999) utilized the thin-walled equation for calculating the
circumferential stresses, but this can be considered as a valid point of criticism.

The elastic moduli in the circumferential direction of healthy and atherosclerotic human coronary
arteries found in literature ranged from 0.78 to 4.14 MPa and 1.13 to 15.38 MPa respectively. However,
the results of Karimi et al. (2017b) will be excluded from these ranges, since the moduli were more
than twice as large as the next largest modulus. Based on the remaining literature, the elastic moduli
in the circumferential direction of healthy and atherosclerotic human coronary arteries ranged from
0.78 to 1.64 MPa and 1.13 to 4.11 MPa respectively.

The findings suggest that atherosclerotic human coronary arteries are generally stiffer than healthy
ones in both the longitudinal and circumferential direction, although there is an overlap between the
ranges of the two groups. This is consistent with the results found by Karimi et al. (2013) and Karimi et
al. (2017b). However, it should be noted that the age difference between the healthy and
atherosclerotic groups in these studies was quite large. This could have influenced the results, since
arterial stiffness also increases with age, independently of atherosclerotic disease (Boesen et al., 2015;
Tajaddini et al., 2005). In contrast, Karimi et al. (2019) concluded that healthy coronary arteries are
stiffer than atherosclerotic ones. Therefore, caution should be exercised when interpreting these
results. Nevertheless, a large review study does show that atherosclerotic carotid arteries are
significantly stiffer than healthy carotid arteries (Boesen et al., 2015). These combined findings, might
suggest that atherosclerotic coronary arteries are indeed stiffer than healthy ones. This assumption
could be used by researchers during the development of a coronary artery network phantom. However,
one should have some reservation regarding this statement and always evaluate their phantom
through expert judgement.
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4.2 Imaging properties

All the included studies that measured the HU value of ex vivo tissue, classified the lesions using
histopathological analysis. This method for classifying lesions is generally considered to be the gold
standard for post-mortem classification (Chopard et al., 2010; Halliburton et al., 2006; Henzler et al.,
2011; Nikolaou et al., 2004; Obaid et al., 2013; Schroeder et al., 2004). Only one of the included studies
measured the imaging properties of in vivo tissue. In such a case, it is not possible to classify the lesion
using histopathological analysis. Instead, VH-IVUS was utilized to classify these lesions. In a second part
of the study, ex vivo tissue was classified using both VH-IVUS and histopathological analysis to compare
the results and determine the accuracy of VH-IVUS. The findings indicated that VH-IVUS was able to
correctly identify lesions with an accuracy equal to or greater than 74%, depending on the type of
lesion. While this is a reasonable level of accuracy, it could still have impacted the results of the study.
For instance, the study found significant differences in HU values among the three types of lesions
during in vivo measurements (p <0.01). Perhaps this result is due to the limited accuracy of VH-IVUS.

There are different parameters that can influence the measured HU value during a CT scan. Previous
studies have found that the tube potential, tube current, use of contrast agent and type of
reconstruction kernel can all have a significant effect on the degree of attenuation (Achenbach et al.,
2010; Afifi et al., 2020; Barreto et al., 2008; Cademartiri et al., 2005, 2007; Davis et al., 2018a;
Halliburton et al., 2006). In order to increase the comparability of the results, only studies that utilized
a tube potential of 120 kV were included in this review. Additionally, at such a high tube potential the
tube current seems to have a minimal effect on the measured attenuation value (Afifi et al., 2020). The
effect of the different reconstruction kernels was not considered in this review. However, by comparing
the results of different studies and the findings in this review, it is assumed that the influence of the
reconstruction kernel on the attenuation value is relatively minor. Gantry rotation time and collimation
were also not considered in this review, as they did not have a significant influence on the measured
results (Davis et al., 2018b; Jeong et al., 2019). It should be noted that, despite the efforts made to
identify the main parameters that influence the attenuation values during a CT scan, there remains the
possibility that other relevant parameters may have been overlooked.

Based on the found mean and median HU values, the ranges for lipid-rich, fibrotic and calcified lesions
were 23.1to 104 HU, 27.1 to 106 HU and 234.9 to 1160 HU respectively. The results of the noncalcified
and mixed calcified group from the study conducted by Halliburton et al. (2006) were excluded from
these ranges, since they did not correspond to the preferred categorization used in this review. One
could also consider the ranges without including the results from Tanami et al. (2010) and the pre-
enhanced densely calcified results from Halliburton et al. (2006), since the use of contrast agent
significantly influences the measurements. In that case, the ranges for lipid-rich, fibrotic and calcified
lesions would be 34 to 104 HU, 67 to 106 HU and 377.2 to 1160 HU respectively. These ranges are
considered throughout further discussion.

Five of the included studies reported a significant difference between the HU values for non-calcified
and calcified lesions, which is also evident from the findings in this review. None of the included studies
contradicted these results. However, the literature is not as clear about the difference in HU values
between lipid-rich and fibrotic lesions. Both Galonska et al. (2008) and Obaid et al. (2013) reported
significantly lower HU values for lipid-rich lesions compared to fibrotic ones. In contrast, Tanami et al.
(2010), Chopard et al. (2010) and Leschka et al. (2010) did not find significant differences between the
two types of lesions. The results in this review also showed a large overlap in HU values between the
two groups, although the average value is somewhat higher for the fibrotic group. These results
suggests that the HU value of fibrotic lesions might be significantly larger than that of lipid-rich ones,
however the difference would be rather small.
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4.3 Materials

Before discussing the different materials included in this review, it is important to note that the
information presented in this section is by no means complete and should therefore only serve as a
guidance or starting point for further research. For example, only six different materials have been
considered in this review. Although these six materials are widely used for the development of soft
tissue phantoms, there are other materials and many additives that one could also consider.
Furthermore, some studies even developed composite hydrogels in order to combine properties of
different materials. Another limitation of this review, is the fact that the fabrication process of the
materials has not been considered. Parameters such as temperature, time and mixing rates may
influence the imaging and mechanical properties of a material. Finally, the information in this review
was limited by the available literature. For instance, no literature was found on the elastic modulus of
samples with a PVA concentration of more than 15%. This deficiency of literature can make it difficult
or even impossible to draw conclusions, but it also creates opportunities for future research.

The found HU values for the various materials were all within the acceptable range to mimic lipid-rich
and fibrotic lesions. Not all included studies explicitly stated the CT parameters, specifically the tube
potential and tube current, that were used during the measurements. However, the tube potential and
tube current do not seem to have a large influence on HU values between -20 and 110, as were included
in this study (Afifi et al., 2020). No literature was found on the HU value of an agar solution. Since
agarose is one of the two main components of agar, it is assumed that their X-ray attenuation values
are comparative. There was also no literature found on the HU value of a gelatine and water mixture.
Instead, a study that measured the attenuation of a composite hydrogel containing 16 to 28% gelatine
was included. Again, it was assumed that the results of this study resembled the HU value of a gelatine
and water mixture sufficiently. In order to mimic calcified lesions with the materials included in this
review, one should increase the attenuation values by using an additive such as barium sulphate or
calcium carbonate.

Agar and agarose can be used to mimic the elastic moduli in longitudinal direction of healthy and
atherosclerotic human coronary arteries. Agarose could even be used to mimic the elastic modulus in
circumferential direction of healthy coronary arteries. However, it is likely not practicable to increase
the elastic moduli of an agar or agarose solutions beyond the values stated in this review by only
increasing their concentrations, since both would become too brittle (Manickam et al., 2014a; Teixeira
& Martins, 2020). The found stiffness ranges for gelatine were not high enough to mimic any of the
elastic moduli of either healthy or atherosclerotic coronary arteries. Even the samples that contained
formaldehyde, which increases the stiffness, were not stiff enough. It is unknown whether increasing
the gelatine concentrations beyond that of the included studies will lead to adverse effects.

The stiffest PVA sample found in literature contained 15 wt% PVA, had undergone two freeze-thaw
cycles and its elastic modulus was 320 kPa. This would only be sufficient to mimic the elastic modulus
in the longitudinal direction of healthy coronary arteries. Nevertheless, the stiffness of PVA solutions
increases with the number of freeze-thaw cycles. For example, Malone et al. (2020) showed that the
stiffness of a 10 wt% PVA sample can be increased by more than 100%, by increasing the number of
freeze-thaw cycles from 2 to 6. Based on this, one could assume that with a sufficient number of freeze-
thaw cycles, a 15 wt% PVA sample could also be used to mimic the elastic modulus in the longitudinal
direction of an atherosclerotic coronary artery. Finally, only PVC and silicone could be used to mimic
the complete ranges of elastic moduli in longitudinal and circumferential direction of healthy and
atherosclerotic arteries. These are also the only two materials included in this review that are not
dissolved in water when fabricating the TMM.
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5. CONCLUSION

An anthropomorphic coronary artery network phantom could be a beneficial tool during the
development and pre-clinical trials of a novel medical instrument developed for percutaneous coronary
intervention. The aim of this review was to provide researchers with an overview of different tissue
mimicking materials that could be used throughout the development of such a phantom, by answering
the following research question:

What different tissue mimicking materials can be used in the development of an
anthropomorphic coronary artery network phantom, designed for testing novel medical
instruments and technologies developed for (complex) PCI?

There were three sub-questions formulated, that would assist with answering the main question. The
first sub-question focused on the mechanical properties of healthy and atherosclerotic human coronary
arteries:

What is the elastic modulus in longitudinal and circumferential direction of healthy and
atherosclerotic human coronary arteries?

Based on the found literature, the elastic moduli in longitudinal direction of healthy and atherosclerotic
human coronary arteries ranged from 0.28 to 2.94 MPa and 0.4 to 5.63 MPa respectively. The elastic
moduli in circumferential direction of both healthy and atherosclerotic coronary arteries ranged from
0.78 to 1.68 MPa and 1.13 to 4.11 MPa respectively. The second sub-question focused on the imaging
properties of atherosclerotic coronary arteries:

What is the degree of X-ray attenuation, expressed as a Hounsfield Unit, of atherosclerotic
human coronary arteries?

The different types of atherosclerotic lesions were categorized as either lipid-rich, fibrotic or calcified.
The Hounsfield units for these lesions ranged from 34 to 104 HU, 67 to 106 HU and from 377.2 to 1160
HU for lipid-rich, fibrotic and calcified lesions respectively. The aim of the third sub-questions was to
provide an overview of tissue mimicking materials that are currently used for the development of soft
issue phantoms and include information on both the elastic moduli and HU values for these materials:

What different tissue mimicking materials are currently used for the development of soft
tissue phantoms?

Six different TMM'’s were addressed in this review, namely agar, agarose, gelatine, PVA, PVC and
silicone. All included materials could be used to mimic the HU values of lipid-rich, fibrotic and calcified
lesions. In the case of the latter, additives should be used to increase the HU values of the TMM'’s.
Contrary to the imaging properties, not all materials were suited to mimic the in-vivo mechanical
properties of human coronary arteries. Only PVC and silicone could be used to mimic the complete
ranges of elastic moduli in longitudinal and circumferential direction of healthy and atherosclerotic
arteries. Agar, agarose and PVA can all be used to mimic the elastic moduli in longitudinal direction of
healthy and atherosclerotic human coronary arteries. Agarose can also mimic the elastic modulus in
circumferential direction of healthy coronary arteries. Gelatine was the only included material that had
insufficient mechanical properties to mimic the elastic moduli of the healthy and atherosclerotic
coronary arteries in any direction.

Based on all the results, the main research question can be answered. Silicone, PVC, PVA, agar and
agarose can all be used for the development of an anthropomorphic coronary network phantom with
realistic mechanical and imaging properties. PVA, agar and agarose are probably the more favourable
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options from a mechanical point of view, since they commonly have high fractions of water. As such,
they generally have comparable mechanical properties to soft tissues (McGarry et al., 2020). As a final
remark it is important to note that the information in this review is by no means complete. The list of
possible materials and ways of processing them is too extensive to consider it all. Furthermore, the
information in this review was also limited by the available literature. This review should therefore only
serve as a guidance or starting point for researchers, and further in-depth research on specific materials
might be required.
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