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Abstract 
 

Introduction 

Globally, atherosclerosis is one of the most 
deadly diseases (31% of global mortality).1 

Atherosclerosis is a disease in the coronary 

arteries, where the vessel walls are affected by 
the build-up of lipid plaques or solid sheet-like 

deposits of calcium. Imaging and quantifying 

these calcifications enables risk stratification.2 

Proper risk stratification results in adequate 
follow-up which can prevent disease 

progression. At the moment the CT-modalities 

are not used to their full potential for the 
quantification of coronary calcium. Therefore, 

the aim of this study is to design an 

anthropomorphic coronary artery calcium 
phantom which will provide the same values as 

the human body in CT-values but also result in 

similar CT-fingerprints. Which means that the 

atomic composition of the materials used is the 
same. This can be verified using CT-

fingerprinting. 

 

Methods & Materials 

A literature study was performed as a first step 

in this study to verify the necessary materials for 

a anthropomorphic coronary artery. The criteria 
were that these articles had to be related to the 

coronary artery. With this criteria the different 

topics about atherosclerosis related to CT-

imaging were looked into. So first the theory of 
the disease was looked into, after that the 

scoring method which is used for 

characterization of the calcium present in the 
coronary artery. Next, the present CT-

modalities were looked into to be able to 

compare the properties of these modalities with 
the current way of characterization. At last was 

the research to current artificial coronary 

arteries which were reviewed to provide insight 

in what had to be improved about these 
phantoms.   The smallest diameter is now 

0.5mm for calcifications and the resolution of 

CT-scanners is already 0.25mm. So the 
calcifications should have a similar size as the 

resolution. Moreover, the build-up of 

atherosclerosis should be mimicked which is 

not done in current designs to make material 
decomposition possible. Most important is to 

make the new design anthropomorphic. The 

results obtained from new phantoms should be 

similar to results of human tissue.   
 

As the CT-modalities have improved, the 

possibilities of characterizing coronary 
calcifications has increased and has to be 

studied with a novel anthropomorphic coronary 

artery phantom as the current phantoms do not 

challenge the possibilities. Therefore, three 
different designs are made to be able to do this.  

 

During this study it was not possible to 
manufacture one of the designs, that is why a 

proof of concept was scanned. This consisted of 

a modified artificial soft plaque coronary artery 
with a hydroxyapatite plaque attached on the 

outside of this phantom with cling foil. This was 

done to include all the materials which are 

present in the design and be able to make a CT-
fingerprint of these materials. An human carotid 

was scanned to compare the materials of the 

phantom with real human tissue. 
 

Results 

In Figure 1 is one of the main results depicted. 

Here can be seen that the materials used in a 
anthropomorphic soft plaque coronary artery do 

not comply with the human tissue what is 

present in the corresponding structures.  

 

 

 

 

 

 

 

 

 

 

Conclusion & Discussion 

From this study a new design for an artificial 

coronary artery is obtained, but from current 

phantoms which were scanned can be 
concluded that the anthropomorphic phantoms 

are not really anthropomorphic. The materials 

used have to be improved if new CT-modalities 
will be tested with phantoms. 

Figure 1: On the left image the human carotid where the soft 

tissue is selected and on the right image the region which 

complies with the soft tissue on the left image 

1. Soft tissue carotid 

2. Soft tissue QRM  
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Introduction 
 
Atherosclerosis is one of the most deadly diseases worldwide.1 Annually, 17.5 million people pass away 
due to a disease related to a form of vascular disease, which is equal to 31% of the global mortality. 

Atherosclerosis is a disease in the coronary arteries, in which the vessel walls are affected by the buildup 

of fatty plagues, or solid sheet-like deposits of calcium. Imaging and quantification of these 
calcifications enables risk stratification of the disease.2 Correct risk stratification leads to proper 

interventions, which in turn can prevent the disease from becoming worse.  

 

Nowadays, Computed Tomography (CT) scans are used for characterization of coronary calcifications.3 
By using these scans, coronary artery calcium (CAC) is quantified using CAC-scores. These scores use 

the CT-values of the scans, expressed in Hounsfield Units (HU). A minimum pixel value of 130 HU is 

used to identify CAC-score. Coronary calcium on CT is most commonly quantified using the Agatston 
score.4 This scoring method, together with its acquisition settings, was defined in the late 1980s and has 

hardly been changed since then. This is in contrast to improvements in imaging modalities. The original 

Agatston scoring is based on electron beam tomography, however since then new modalities as CT, 
Dual-Energy CT (DECT) and Photon-Counting CT (PCCT) have been developed. Moreover, different 

parameters for CT have been improved, both for acquisition and reconstruction of raw data. The slice 

thickness can be reduced to values much smaller than 3 mm, which may improve detection of smaller 

calcifications. For these calcifications this could lead to a CAC-score of zero in the 3 mm slice 
thickness.5  

 

Over the years a lot of improvements in reconstruction methods and kernels have been made. For 
example, Iterative Reconstruction (IR) and kernels help reducing the applied dose given to the patient 

while scanning.6 In phantom studies, IR methods has shown that the applied radiation dose can be 

reduced while a similar Agatston score is obtained, if the protocols’ guideline is followed.7,8 Recently, 

Siemens published an article about a kernel that could reduce the applied tube voltage to 90kVp, and 
thus the dose. When using a tube voltage of 90kVp the obtained CAC-score would be different, however 

by using this specific kernel the CAC-score is similar to the score obtained with the tube voltage of 

120kVp.9  Nonetheless, these novel possibilities are not fully exploited with the use of the Agatston 
score. New scoring methods have been developed but they have never replaced the Agatston score. 

These new scoring methods are CAC-volume and CAC-mass. For these scoring methods no specific 

parameter guideline is set, as CAC volume is the number of voxels times the volume of them. The CAC 
mass is calculated as the product of the concentration of calcium present.10 Contrarily, to the Agatston 

score, these scoring methods exploit more technical possibilities of new CT-modalities. Although the 

Agatston score is questioned, the current phantoms are not developed based on these new scoring 

methods like CAC mass scoring and CAC volume. Therefore, no further proper study can be done.11 
 

The most important settings of the Agatston score are the tube voltages of 100kVp or 120kVp together 

with a slice thickness of 3mm.12,13 Following the Society of Cardiovascular Computed Tomography 
(SCCT) guidelines (SCCT guidelines for the performance and acquisition of coronary computed 

tomographic angiography (2016)) 120kVp is the standard, but a tube voltage of 100kVp can be used 

more often as reconstruction methods improve as described. Nowadays, 100kVp is used with IR when 
a patient is under 100kg and has a BMI (Body Mass Index) lower than 30kg/m3.14 The SCCT provides 

evidence-based guidelines for cardiovascular CT and is devoted exclusively to cardiovascular CT in 

which it addresses all issues pertaining to the field. 

 
Previous studies have shown that CAC quantifications can be improved, both in patient radiation dose 

and in absolute quantification. The improvements can be made by various methods. The first 

improvement can be seen in a study where fixed settings (tube voltage and tube current) were changed 
in order to obtain dose reduction. The effect of this improvement was visible on the CAC-score.2 

Reducing the tube voltage increased the noise, which makes the quantification of the calcifications 

inaccurate and created an overestimation of the CAC-scores. This could be prevented by performing IR, 



which results in no significant difference when lowering the tube voltage to 80kVp. Similarly, when the 

tube current is reduced the noise increases, but with a reduced tube current the energy of the photons are 
not affected and therefore has no effect on the attenuation of calcium. Also, by reducing the tube current 

the images obtained were more constant across different body sizes. The CAC-scores are not affected 

as the attenuation remains the same. A second improvement would be decreasing the slice thickness of 
the CT-scan, which would increase the noise again. However, as a solution IR can be used to reduce 

this. Furthermore, decreasing the slice thickness will lead to more detailed images where smaller 

calcifications can be quantified. In the paper of Vonder et al. 28 studies were included, 11 of them were 

phantom studies.2 Phantom studies are performed due to the advantage of having no dose limitations. 
Therefore, the use of artificial coronary arteries is a very helpful tool in the improvement of clinical 

quantification of atherosclerosis. Currently, artificial coronary arteries containing calcium offer great 

insight, by providing improvements of the characterization in the clinic and giving insight in the way 
these calcifications are imaged.11   

 

Unfortunately, with the current designs of artificial coronary arteries containing calcium, the new CT-
modalities cannot be studied. A new design should contain smaller calcifications than currently present 

in artificial coronary arteries. The smallest diameter is now 0.5mm while the resolution of CT-scanners 

is already up to 0.25mm. So the calcifications should have a similar size as the resolution. Next to this, 

the build-up of atherosclerosis should be mimicked, which is not done in current designs to make 
material decomposition possible. Most important is to make the new design anthropomorphic. The 

results obtained of this new phantom should be similar to results of human tissue.   

 
Current designs either contain too large calcifications, which are nowhere near the resolution of the new 

CT-modalities (Appendix V), or only provide one kind of plaque at a plaque site in the phantom. Since 

current designs only consist of one material at a plaque site, they miss multiple phases of the build-up 

of atherosclerosis. At least the combination of plaque and calcifications has not been designed for an 
artificial coronary artery. Therefore, to be able to study new CT-modalities properly, new calcium 

containing artificial coronary arteries have to be designed. These phantoms need to be designed 

following the build-up of atherosclerosis in a really early stage of the disease and need to be 
anthropomorphic. Anthropomorphic phantoms offer great possibilities for researchers to mimic the real-

life situation multiple times without using patients/humans. Unfortunately, at the moment such an 

anthropomorphic artificial coronary artery which mimics the build-up of atherosclerosis does not exist 
yet. In the early stage of atherosclerosis very small calcifications are present in combination with plaque. 

These small calcifications form a very interesting application for the novel CT-modalities. Development 

of such an application is necessary to improve novel CT-modalities and being able to use them for 

characterization of plaques and calcifications in a clinical environment. As well as provide a proper 
more accurate risk indication of these plaques in a very early stage of coronary disease. 

 

Therefore, the aim of this study was to design an anthropomorphic coronary artery calcium phantom 
which will behave like the human body in CT-values but also result in similar photoelectric effect 

coefficients and Compton scattering coefficients. Which means that the atomic composition of the 

materials used is the same. 

  



Theory 
 

Atherosclerosis 

 
Most occurring acute cardiac events are plaque-related.1 Calcified plaque of atherosclerosis starts with 

micro-calcifications (0.5 – 15.0μm) which grow into larger calcifications encapsulated by lipid and 

fibrous tissue deposits which are called plaque.15 Plaques are formed inside the coronary artery lumen 
at sites where the endothelium of the lumen is damaged and cholesterol can attach to these sites. This 

damage occurs in most cases due to too many lipids, especially LDL-cholesterol and toxins in the blood 

vessel and hypertension. Thanks to the cholesterol build-up in the damaged endothelium, inflammation 

occurs and monocytes emerge at the inflammation site. These monocytes change into macrophages and 
will attack the cholesterol. When these macrophages have attacked the cholesterol and are filled with it 

they transform into foam cells. This will lead to the first plaque, known as a lipid plaque. Underneath 

the endothelium, smooth muscle cells migrate from their layer into the lipid plaque. Their reaction will 
lead to a cap of fibrous tissue around the lipid plaque. Also, the smooth muscle cells in reaction with the 

dying foam cells deposit calcium into the plaque.16,17 With the information about the build-up of 

atherosclerosis a proper design for a new artificial coronary artery can be made. This design needs to be 
anthropomorphic so what is inside the phantom has to mimic the tissue in a real coronary artery.       

 

Agatston score 

 

As CAC is a strong predictor for future cardiovascular events it is important that the quantification of 
CAC is done properly. Since the late 1980s the Agatston score is used to determine the CAC. The 

Agatston score is a standard method where data is acquired with a CT scanner at a tube voltage of 100 

or 120 kVp. This CAC score is divided into different risks of severity, as is shown in Table 1 in very 

low risk, mild risk, moderate risk and moderate to severe risk, based on the maximum CT number 
contained in a calcified region.18 So, the severity of CAC increases with an increase in the maximal 

HU-value over an area.19 Furthermore, for most CAC score scans the Agatston score had a threshold 

set at 130HU with a size ≥1mm2 to be recognized as a calcific lesion. This minimum area is used to 
prevent calcium scoring of noise, where one voxel ≥130HU. The Agatston score is calculated as the 

sum of the scores for all individual calcified lesions in all coronary arteries extending through the z-

axis of the heart.6,19 The settings of the CT has to follow a strict protocol. The tube voltage  is 

mentioned before at 100 or 120kVp with a slice thickness of 3mm.12,13 The standard tube voltage is 
120kVp, following the SCCT guidelines. Mentioned in SCCT guidelines for the performance and 

acquisition of coronary computed tomographic angiography (2016) the tube voltage can be reduced to 

100kVp due to the fact that reconstruction methods improve as described. The slice thickness of the 
Agatston method has not been adjusted over the years and is therefore not up to date with the 

technology used nowadays. Tube voltage and slice thickness are not the only parameters which 

influence the images for determining the CAC. CT parameters have to be taken into account for every 
patient to be able to obtain the best image. E.g. the size of the patient, heart rate which can be 

monitored by ECG to scan at the right moment.20 Also, the dose to what the patient is exposed to 

needs to be as low as reasonably possible (ALARA). While the tube voltage is set for the Agatston 

score, the tube current can be adjusted to lower the dose. Keeping in mind that lowering the current 
will increase the noise of the image which affects the CAC when <20HU.20 Furthermore, the 

kernel/Field of View (FoV), IR and software has to be taken into account as these parameters can 

influence the CAC-score as well. The resolution of most used CT-scanners is 0.5mm - 0.6mm. There 
is an exception for the Canon Aquilion Precision21 which has the same resolution as a PCCT 0.25mm.  

 

 
 

 

 



 

 
The new generation CT-scanners are much more accurate than is nowadays used by performing the 

Agatston score. So as the Agatston score already gives a good prediction of future cardiovascular 

events, this scoring method could be improved along with the CT-modalities. 

 

PCCT & DECT 

 

Different versions of CT scanners are available and PCCT and DECT are two modalities where the 

features could very well be used to characterize plaque and calcifications. These modalities have 
improved properties regarding mono-energy (monoE) CT, which is a scan at a single constant tube 

voltage, but are not used to characterize coronary plaque and calcifications replacing CAC scores.  

Making use of an energy integrating detector (EID), the resolution of the DECT is 0.5mm-0.625mm for 
most vendors.22 However, Canon received in 2018 their FDA for the Canon Aquilion Precision and this 

system uses a detector with a resolution of 0.25mm. This shows that EID detectors improve as well. The 

EID detects the overall x-ray energy deposit in the detector over a measurement interval. The PCCT 

makes use of photon counting detector (PCD) which measures not an overall energy deposit but single 
photons. The resolution of this CT modality is 0.25mm, which is obviously a great improvement with 

respect to the DECT with EID.22 Obviously, the spatial resolution needs to be as large as possible to be 

able to detect the smallest calcifications. 
 

The CAC scores which make it possible to quantify the calcifications in the coronary artery are 

performed using CT. Through ongoing research the use of CT is improved. Nowadays a Dual Source 
CT (DSCT) is used which makes the scan time even lower. 23 Furthermore, when scanning with a DECT 

it is possible to scan at two different tube voltages. Using two energies at the same time will provide the 

possibility to do material decomposition. Material decomposition is used to define what kind of tissue 

is present in de region of interest. Using this every tissue can be isolated and characterized. All human 
body tissues have different CT-values for different tube voltages. 24  

 

When characterizing soft plaque using CT calcium fragments are easy to visualize due to the high 
density of it with respect to the surrounding tissue. The calcifications which size are about the size of 

the resolution of the CT are big enough to quantify, but the characterization of different materials inside 

the plaque falls short. For single energy CT, differences in tissues are resembled by different HU-

values.24 However, some materials have HU values which are close to each other, which makes it hard 
to discriminate between these tissues.  Soft plaques (lipid- and fibrous plaque) have almost the same 

CT-value for every tube-voltage. Due to this shortcoming of single energy CT, DECT was developed 

and is able to distinguish different materials as it can scan a volume with different energies.23 Using 
DECT small differences in the change of CT-values for different tube voltages can be distinguished. 

Only performing monoE makes it harder to recognize the difference in soft plaques. 

 
DECT uses often iodine as contrast agent to scan coronary arteries and can therefore be used to perform 

material decomposition. However, this is not necessary if the tissue present in the region of interest has 

obvious different CT-values.23 For PCCT other contrast agents can be used with high atomic number 

such as gold. Also to perform material decomposition which could be a new method of quantifying 
plaques. When performing this material decomposition, the k-edge of the material that has to be filtered 

out needs to be within the tube-voltage range of the CT-scanner. When the tube-voltage is adjusted to 

the k-edge of a certain material, the attenuation will increase radically.25 Using this, a certain material 
can be recognized because a k-edge is material specific.    

Risk CT-value (HU) 

Very low 0 

Mild 1-99 

Moderate 100-299 

Moderate to severe ≥300 

Table 1 – CAC-scores  



 

Artificial coronary artery design 

 
Before designing such an artificial coronary artery, some requirements and wishes are proposed from a 

team of specialists in the field of CT-imaging and atherosclerosis. The artificial coronary artery will for 

example be manufactured by QRM which is a company specialized in manufacturing phantoms for 
medical imaging modalities such as CT. Within QRM the phantoms are manufactured using machines 

which have a very high accuracy. Producing similar phantoms in the manufacture site of the UMCG is 

a second option. When producing it there the phantoms will be made by hand. A tube of PMMA will be 
used where the plaques are put in and when that is done the tube will be closed. Besides the tube of 

PMMA, 3D printing could also be an option. However, as the possibility of having a lumen where 

contrast medium could be injected into is a major factor in the design of this phantom 3D printing would 

not be the best option. This was concluded after discussions about the manufacturing process with the 
head of the manufacture site at the UMCG and S.M. Smits (ing.) of the University of Twente (UT). The 

supporting material what should be used in the lumen at first during the 3D printing process was difficult 

to remove when the lumen is very small. The aim is to let the designed phantom be manufactured by 
QRM as this company has a lot of experience with it and the UMCG also has a lot of phantoms produced 

by them which are of very good quality. 

 
The decision of applying a lipid plaque instead of a fibrous plaque surrounding the calcifications has to 

do with the build-up of atherosclerosis. A lipid plaque is the first kind of plaque that is constructed by 

the human body.16  The size of the calcifications is decided with respect to the outcome of an earlier 

research, carried out by Van der Werf NR. In his research he scanned an D100 phantom of QRM which 
had as outcome that calcifications of 0.5mm with a density of 190mg HA/cm3 were still 

characterizable.30 Therefore this phantom will aim on quantifying very small calcifications with a high 

density. Density of atherosclerotic calcified plaques have a density of ±1.46 g/cm3.31 This means ± 
460mg HA/cm3 when expressed in hydroxyapatite which is used in phantoms to mimic these coronary 

artery calcifications. The expectation is that the density has no limitation in the visualization of the 

calcification. Only the size, which relies on the resolution of the system, will become the limiting factor 

in the quantification of the calcification. The density of the calcifications influence the CT-value. The 
higher the density, the higher the attenuation coefficient, the higher the CT-value. However, when 

calcifications get smaller the resolution of the system comes in play. Obviously, when smaller than the 

resolution the calcifications get harder to visualize and to quantify properly. Proven in earlier research 
by Van der Werf NR, calcifications with a density of 190mg HA/cm3 were quantified as a risk (CT-

value ≥130HU). So when using a density of 800mg HA/cm3 for this design, the calcification have to be 

quantified as a risk. Only the size can cause that the CT-value will be less than 130HU and therefore not 
a risk. 

 

CT-fingerprinting 

 
As the production of the designed artificial coronary artery cannot be manufactured by QRM, exactly 
as proposed in Design 1, the opportunity rises to test a new CT-modality. This new modality is CT-

fingerprinting. At the moment, to be able to execute CT-fingerprinting an DECT-scan has to be made. 

For example 80kVp and Sn 150kVp. CT-fingerprinting is based on the fact that the two main reaction 

in radiology have different properties. These two main reaction are photoelectric effect and Compton 
scattering. Where the photoelectric effect and Compton scattering are one of the important interactions 

in radiology.26 Due to these different interactions and the different properties they bring along, they can 

be used to analyze materials in a new way which can help in clinical diagnostics. Photoelectric 
coefficient depends strongly on the atomic number of a material, this can be used to indicate what the 

composition of a certain object is. Compton scattering coefficient depends on the electron density which 

can be seen proportional to the mass density of most materials. 27  
 



These two interactions help to perform the CT-fingerprinting analysis. For this method the complete 

energy dependent information has to be obtained. This is described in an article from 1976 of R. Alvarez 
and A. Macovski(27). The CT-fingerprinting can be performed in two steps. The first step is to represent 

the complete attenuation coefficient function at every energy with the help of the two interactions 

described above, which will be constants for each material. The second step will be to calculate these 
constants at every point within the cross-section of the object that is scanned. This is done using DECT. 

As the attenuation coefficient changes in a different rate for different materials. This is used so that 

materials can be characterized in the CT-fingerprint. The diagnostic information can then be derived 

from these scans or the linear attenuation coefficient at any energy can be reconstructed, within the 
diagnostic range.  

 

The following equation are mentioned in the article of R. Alvarez and A. Macovski to calculate the 
photoelectric coefficient and Compton scattering coefficient. 

 

µ(𝐸) =  𝛼1

1

𝐸3
+ 𝛼2𝑓𝐾𝑁(𝐸) 

  
The attenuation coefficient (µ) as a function of energy (E). Here 1/E3 approximates the dependence of 

the photoelectric interaction and fKN(E) gives the energy dependence of the total cross-section for 

Compton scattering. 

 

𝑓𝐾𝑁(𝛼) =  
1 + 𝛼

𝛼2
[
2(1 + 𝛼)

1 + 2𝛼
−

1

𝛼
ln(1 + 2𝛼)] +

1

2𝛼
ln(1 + 2𝛼) −

(1 + 3𝛼)

(1 + 2𝛼)2
 

 

fKN(E) is the Klein-Nishina function where α =E/510*975keV. α1 and α2 are depicted below where the 

parameters can be calculated by K, a constant, the density of the material (ρ), the atomic weight (A) and 

the atomic number (Z). 

 

𝛼1 ≈  𝐾1

𝜌

𝐴
𝑍𝑛, 𝑛 ≈ 4 

 

𝛼2 ≈  𝐾2

𝜌

𝐴
𝑍 

 

Incorporating these formulas into CT it is important that these comply with the fact that in CT the 
measurements made are line integrals of the function that is reconstructed. Therefore the linear 

attenuation coefficient is:  

 

∫ 𝜇(𝑥, 𝑦; 𝐸)𝑑𝑠 

 

𝜇(𝑥, 𝑦; 𝐸) =  𝛼1(𝑥, 𝑦)
1

𝐸3
+ 𝛼2(𝑥, 𝑦)𝑓𝐾𝑁(𝐸) 

 

 

∫ 𝜇(𝑥, 𝑦; 𝐸)𝑑𝑠 =  𝐴1

1

𝐸3
+ 𝐴2𝑓𝐾𝑁(𝐸) 

 

 

 

 
 

 

 
 



Where the line integrals are represented: 

 

𝐴1 =  ∫ 𝛼1(𝑥, 𝑦)𝑑𝑠 

 

𝐴2 =  ∫ 𝛼2(𝑥, 𝑦)𝑑𝑠 

 
After that a general form of the following equation was used with undetermined coefficients. They were 

experimentally determined by doing scans with materials where the transmission through this material 

was known. 
 

𝐼1(𝐴1, 𝐴2) = 𝑇 ∫ 𝑆1(𝐸)𝑒𝑥𝑝 [−
𝐴1

𝐸3
− 𝐴2𝑓𝐾𝑁(𝐸)] 𝑑𝐸 

& 

𝐼2(𝐴1, 𝐴2) = 𝑇 ∫ 𝑆2(𝐸)𝑒𝑥𝑝 [−
𝐴1

𝐸3
− 𝐴2𝑓𝐾𝑁(𝐸)] 𝑑𝐸 

 

Where I1 and I2 are the total energies, S1 and S2 are the photon number spectra and T is the total 
measurement time. 

 

The equations above are transformed into a general form.  
 

 

ln I1 =  𝑏0 + 𝑏1𝐴1 + 𝑏2𝐴2 + 𝑏3𝐴1
2 + 𝑏4𝐴2

2 + 𝑏5𝐴1𝐴2 + 𝑏6𝐴1
3 + 𝑏7𝐴2

3
 

& 

ln I2 =  𝑐0 + 𝑐1𝐴1 + 𝑐2𝐴2 + 𝑐3𝐴1
2 + 𝑐4𝐴2

2 + 𝑐5𝐴1𝐴2 + 𝑐6𝐴1
3 + 𝑐7𝐴2

3
 

 
For these equations the coefficients b and c are determined by calculating I1 and I2 for various values of 

A1 and A2. These coefficients were determined experimentally by measuring the transmission through 

materials where the values of A1 and A2 are known. With the known total energies the line integrals A1 
and A2 can be calculated. Then with these equations the reconstructions are made and the reconstruction 

of α1 are related to the photoelectric part and α2 is related to the Compton scattering part. These two 

coefficients can be plotted against each other and will give the CT-fingerprint. 

 

In summary the representation of the attenuation coefficient is done by combining the photoelectric 
coefficient and Compton scattering coefficient. Adding these two coefficients up will give the complete 

attenuation coefficient as a function of energy. As X-ray system measure line integrals of the linear 

attenuation coefficient, two independent pieces of information are available at each point in space. For 
this, two equations are used to calculate the total energies, with the integrals of the coefficients used for 

the photoelectric effect and Compton scattering and different energy spectra. These constants are energy 

dependent so when these are plotted against each other, different materials can be distinguished from 
another.  

 

To be able to perform a CT-fingerprinting analysis, the molecular structure of the materials scanned are 

necessary to know. Therefore a pathologist, professor A.J.H. Suurmeijer, was consulted to verify the 
molecular structure of the soft plaque in the coronary artery. The soft plaque consisted of fatty plaque 

and fibrous plaque, the fatty plaque consisted of LHD-cholesterol and the fibrous plaque consisted of 

collagen. These molecules will be found in these plaques mostly, but they consist of other molecules as 
well as these plaques are heterogeneous.    
 
 

 



Methods & materials 
 

Design of a novel artificial coronary artery 

 

To design a new artificial coronary artery, several steps were undertaken. First, a literature study was 

performed.  The criteria was that these articles had to be related to the coronary artery. With this 
criteria the different topics about atherosclerosis related to CT-imaging were looked into. So first the 

theory of the disease was looked into, after that the scoring method which is used for characterization 

of the calcium present in the coronary artery. Next, the present CT-modalities were looked into to be 

able to compare the properties of these modalities with the current way of characterization. At last 
research to current artificial coronary arteries which were reviewed to provide insight in what had to 

be improved about these phantoms was done. From previous phantom studies the size of calcifications 

which were already studied became known and this was used for the design of the novel artificial 
coronary artery.  This provided insight in the size of the to be designed calcifications for the novel 

artificial coronary artery. The research to atherosclerosis gave insight in the build-up of the plaques 

which was also used in the design of the novel phantom. 

 
Second, experts were asked what their requirements and wishes were for a new artificial coronary 

artery. These expert were a radiologist in training, a radiology resident, an engineer medical physics 

and a medical physicist. (Table 2).  

 

 

 

Proof of concept of a novel artificial coronary artery 

The first step in the process of manufacturing a proof of concept new artificial coronary artery was to 
find out what the tissue properties were of current available anthropomorphic phantoms. Could the tissue 

used in these current phantoms be compared to real human tissue and therefore be used in a new design. 

This was done so that the properties for every tube voltage was known and from that was concluded if 
the material was anthropomorphic for different energies as well. Currently used phantoms were designed 

to be anthropomorphic at 120 kVp. However, as the new phantom was designed to be used for DECT 

and PCCT, tissue properties had to be consistent for different tube voltages (40 – 200 kVp). As the 
Agatston score is performed at 120kVp the material was tested with a tube voltage of  120kVp.  

 

As a first proof-of-concept the materials needed for the manufacturing of a novel artificial coronary 

artery were produced at the RUG. For this, calcifications with a size around 0.2mm were manufactured 
with hydroxyapatite  with a grain size of 0.075mm – 0.180mm, and 3 different densities (0.4g HA/cm3, 

0.5g HA/cm3 and 0.8g HA/cm3). Also a plaque of 0.4g HA/cm3 was produced.  

 

Table 2 – Requirements and wishes design artificial coronary artery 

Requirements Wishes 

Multiple different sites with plaque combined with 

a different amount of stenosis 

Depending on the amount of calcifications, the 

density of the calcifications should be varied. When 

possible all Agatston groups should be addressed 

Size calcifications 0.2mm – 0.4mm (0.5mm is 

already known to be visible at the PCCT which is 
double the resolution) 

 

Size coronary lumen 2.5mm – 4.5mm  

The possibility to fill the phantom with contrast 

medium, e.g. iodine and when possible gadolinium 
 

Plaque size ≥3mm in length15  



As mentioned above, the manufactured hydroxyapatite calcifications have different densities but have 

the same size as all the hydroxyapatite calcifications were produces out of the same container. The 
calcifications have a size of 0.075mm – 0.18mm. The calcifications were produced within a hydrogel. 

To produce this hydrogel 2% alginate w/w and 3% calcium-chloride (CaCl2) w/w were used. The 

densities were defined according to the ratio of it in 2% alginate, which was used to solve the 
hydroxyapatite in. For the 0.4g HA/cm3 4 gram of hydroxyapatite was solved in 10ml of 2% alginate, 

0.5g HA/cm3 5 gram of hydroxyapatite was solved in 10ml of 2% alginate and for 0.8g HA/cm3 8 gram 

of hydroxyapatite was solved in 10ml of 2% alginate. This solution was stirred until a smooth substance 

was obtained. After obtaining the smooth substance it was pipetted in a tubule from a height of 
approximately 10cm above it. This tubule was filled with 3% CaCl2. The combination of alginate and 

CaCl2 gave rise to a hydrogel which contained calcifications with sizes ranging from 0.075mm – 

0.18mm.   
 

The scans of these hydrogel structures are shown in Appendix III. The hydrogel consists of cross-linked 

polymer strings which encapsulate the calcification in the cavities between the polymer strings. An 
illustration of the cross-linked polymers with the calcification in the cavities between the strings is 

shown in Figure 2. Visibility of these calcifications was assessed using a Siemens Definition Flash 

(Siemens Healthcare, Forchheim, Germany). Acquisition setting were as follows: tube voltage 120kVp, 

the tube current 1800mAs, the FoV 250mm and the slice thickness 0.6mm. The manufacturing of these 
calcifications using a hydrogel was not very accurate as the sizes of the calcifications have a region of 

0.075mm – 0.180mm. For this design the specific sizes of the calcifications were also unknown. Known 

was that the sizes of the calcifications were inside the region of  0.075mm – 0.180mm. 
 

 

 

 
 

 

 

 

 

 

 

Also a second proof-of-concept was made, based on an existing phantom a prototype version of the 

novel artificial coronary artery was . This included an already existing soft plaque artificial coronary 

artery of QRM which was a little bit altered to include all the materials that would be used in the new 
design. The phantom lacked calcifications as it was a soft plaque phantom, therefore a calcified plaque 

was attached to the outside of the phantom with cling foil. Also the lumen of the phantom was filled 

with contrast medium. As iodine is often clinically used as contrast medium for imaging coronary 
artery, iodine was the contrast medium used in the form of iomeron350.28  

 

The artificial coronary artery was filled with contrast medium. In this case the contrast medium is 

iomeron 350 mg I/mL. This was diluted with NaCl up in a ratio of 1/16. The contrast medium was first 
heated up to 37°C which contained 1000mL NaCl together with the iomeron 350 which had a volume 

of 62.5mL. Warming up the solution it became less viscous and therefore was it easier to fill the phantom 

with the solution. This ratio was chosen as this would obtain a CT-value around 400HU, which is used 
as a clinical value for the coronary artery. 29 The phantom was filled in a box with the solution of contras 

medium. The phantom was placed underneath the surface of the solution and then the caps on both sides 

were released. By moving the phantom quickly from one side to the other side inside the solution the air 

inside the phantom was replaced by contrast medium. Then when the phantom did not float anymore, 
the lumen was filled with contrast medium and the caps were placed back on the phantom ends.  

 

Figure 2: On the left image the hydroxyapatite hydrogels, from left to right: plaque (0.4g HA/cm3), calcifications 

(0.4g HA/cm3), calcifications (0.5g HA/cm3) and calcifications (0.8g HA/cm3). On the right image an illustration 

of the hydroxyapatite hydrogels with the cross-linked polymers and the positioning of the calcifications.  



At the moment the caps are back on the phantom the outside was cleaned with water to remove contrast 

medium what could be attached to the outside of the phantom. After this the hydroxyapatite plaque was 
attached with cling film to the phantom. The phantom itself can then be attached to the robot which 

positioned the phantom inside the thorax phantom of QRM, Figure 3. This thorax phantom is an 

anthropomorphic phantom of QRM. The cavity of the thorax phantom is where the water tank comes 
through the thorax and was filled with water. This gives an anthropomorphic situation. As the phantom 

was too large to fit inside the thorax phantom fully, the artificial coronary artery was scanned twice. 

First the first part of the phantom then the second part and the plaque was moved along the artery as this 

has to be inside the thorax all the time. 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

  

Figure 4: Contrast medium and the artificial coronary artery with 

the plaque attached 

Figure 3: On the left image the PC controlled phantom device is 

shown and on the right image the thorax phantom is shown. 



Setup scan of phantom 

 
In the setup, Figure 5, used for this study the water tank was filled with water to mimic the human body 

as good as possible. This water tank was positioned inside cavity of the thorax phantom. To position the 

artificial coronary artery into the thorax, the artery was attached to the PC controlled phantom device 
with screw-thread.  

 

 
Figure 5: Total phantom setup included a PC controlled phantom device [1] (QRM-Sim2D, QRM, Moehrendorf, 

Germany), an arm to position the artificial coronary artery [2], an anthropomorphic thorax phantom [3] (QRM-Cardio-

Phantom, QRM, Moehrendorf, Germany), a water tank [4] and a prototype of the designed anthropomorphic artificial 

coronary artery[5].  

The scans were made on the Siemens Force CT-scanner in the UMCG. The settings of the CT-scan was 
a dual energy scan with tube voltage levels of 80kVp and Sn150kVp. The slice thickness was 0.6mm, 

which was as small as possible. The FoV was 250x250mm. As this is a proof of principle analysis, the 

tube current used was higher than for a normal scan to prevent noise from interfering with the result. 
Therefore a current of 500mAs was used which was the maximum value what the scanner allowed for 

that scan. This scan was performed a single time. 

 

  

Figure 6: Artificial coronary artery attached to the arm of the PC controlled 

phantom device 
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Analyzing the prototype of the new phantom 

 
CT-fingerprinting, as described above, was used to analyze the prototype of the new artificial coronary 

artery. This method helped identifying what materials were present inside the phantom. In this study 

CT-fingerprinting was the best method to analyze the materials. This is due to the lack of information 
about the tissue of QRM used to manufacture phantoms. With the CT-fingerprint the difference 

between materials can be observed very well as materials provide a connected line or a hotspot within 

this fingerprint. Other methods cannot provide this information. However material decomposition with 
dual energy can be used, but then only two materials can be filtered. With CT-fingerprinting also 

unknown materials can be distinguished. The dual energy scans of the modified soft plaque artificial 

coronary artery in the test setup were first reconstructed into monoE scans using syngo.via, namely 

70kVp and 120kV. The original dual energy scans have a filter of Siemens and when obtaining monoE 
reconstructions of this scan using syngo.via the images give better results using CT-fingerprinting with 

the system of the UMCU. In the CT-fingerprint Compton scattering coefficient is plotted against the 

photoelectric effect coefficient of the scan. The coefficients change due to different voltages and can 
be observed in the CT-fingerprint. One material will never provide coefficients that are not connected, 

meaning that a material has a clear form in the CT-fingerprint. This can be a hotspot or a line of 

slowly changing coefficients. The more voxels in the scan are filled with a certain material, the clearer 

the CT-fingerprint displays this material. Using this method the materials present in the images can be 
characterized by selecting certain region of the image which corresponds to a hotspot or line in the 

CT-fingerprint. This was used to compare the tissue of humans are which are known for a CT-

fingerprint with the findings from this setup if the materials were the same. 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

  



Results 
 

New artificial coronary artery phantom design 

Based on the literature study, a novel artificial coronary artery should mimic the build-up of 

atherosclerosis. Moreover, as the current phantoms already have calcifications in them up to 0.5mm the 

novel artificial coronary artery have to include smaller calcifications. Most important would be that the 
materials used have the same atomic structure as similar human tissue which will give similar CT-

fingerprints. 

 

In Appendix I can be observed that the material was tested with tube voltage ranging from 70kVp to 
Sn150kVp the used tissue between the calcifications has similar behavior as human tissue and therefore 

can be used for the design of the new coronary artery phantom. This material should give a CT-value of 

around 0HU which would represent water/surrounding tissue. Also, for every tube voltage the same CT-
value was found.  

 

This study provides 3 different designs of novel artificial coronary arteries. All designs can be used to 

study the possibilities of the new CT-modalities. As atherosclerosis is build-up in multiple layers, not 
only one design could capture all the different states of this disease. 

 

These are the designs that can be manufactured in order to mimic atherosclerosis. The artery diameter 
will be 3-4mm. 

 

 
1. 5 different plaque sites in the phantom of lipid tissue and one fully calcified plaque. 

• Different calcification sites inside the lipid tissue are calcifications placed of 

different sizes. The plaque sites will all be of the same size 1.5mm in height and 

5mm  in length.  

• The calcification will have a size of 0.2mm, 0.3mm and 0.4mm. Using a density of 

800mg HA/cm3. The fully calcified plaque will be 4mm in length and 1.5mm in 
height as well. The density used for this plaque is the same as the other calcifications 

in this phantom, 800mg HA/cm3.  

• The fifth plaque inserted in this phantom will be a fully lipid plaque with a CT-

value of 25HU ± 19HU.32,33 25HU is at 120kVp. The surrounding tissue is made of 
material that remains at 0HU at every energy level which mimics the behaviour of 

water.  

• Lumen can be injected with contrast medium and the concentration can be managed 

by the user. This phantom is to determine what can be seen when more tissue 
materials are present in the artery and at what size the calcifications become visible.  

 
 

2. This phantom will contains 3 different plaque sites with 3 different combinations of tissue.  

• The calcification size will all be the same at every plaque site. A density of 450mg 

HA/cm3 will be used for calcification with a size of 0.3mm (0.027mm3). The mass 
of the calcification will then be 0.0392mg.  

• In the first plaque the calcification will be surrounded by a lipid plaque (25HU ± 

19HU) of 0.5mm in height and 5mm in length. This plaque will then be surround 

by another plaque, which is a fibrous one (88 HU ± 18HU). This plaque will be 

1.5mm in height and 10mm in length. 32,33  

• The second plaque site will contain the calcification which will be surround by only 
a fibrous plaque of 0.5mm in height and 5mm in length.  

• The third plaque will consist of the above described calcification and will be 

surrounded by a lipid plaque of 0.5mm in height and 5mm in length. In this phantom 



the calcification have such an high density that they can be observed for certain in 

all different imaging modalities.  

• For this phantom the lumen can be injected with contrast medium according to the 
users preferences in concentration.  

• This phantom has the purpose to determine what a calcification looks like in 

different kinds of plaque. 

 
Sheet like plaques are build inside the coronary lumen and are at least 3mm in length.15 The diameter 

corresponds to the amount of coronary artery the plaque blocks inside the lumen. In this design the size 

of the plaque is related to the size of the calcification. I.e. the amount of plaque-tissue will not be in an 

odd ratio with respect to the calcification.  

 
3. Another  new artificial coronary artery design is one with multiple plaque sites and 

calcifications in it.  

• This design has 6 plaque sites of the same size and tissue. This would be a lipid 

plaque (25HU ± 19HU) as this is the tissue where the calcifications of an 
atherosclerotic artery is positioned. 32,33 

• In Table 4 is defined what the calcifications will look like. 

 

Size (mm) Density (mg HA/cm3) 

0.2 800 

0.2 450 

0.3 800 

0.3 300 

0.4 450 

0.4 200 
Table 3 - Calcifications sizes with corresponding density 

• Total length of the artificial artery will be 75mm. The plaque sites will be 5mm in 

length and 1 mm in width.  

• Gaps between the plaque sites will be 5mm as well and at the ends the distance will 

be 10mm from plaque to end.  
 

The designs are illustrated in Appendix II. 

 

Eventually, consulting Marcel Greuter, Niels van der Werf and Robbert van Hamersvelt, the artificial 

coronary artery that will be manufactured by QRM for this study is design 1, Figure 7. This does not 

mean that the two other designs are less interesting to manufacture, but this design would be a very good 

first step in the study to the possibilities of the new CT-modalities. 



 

 

During the period of this study QRM was not able to manufacture a new coronary artery and therefore 
a proof of concept was tested. First as mentioned in the method calcifications made at the RUG were 

tested. Despite the effort, also this was not the solution of manufacturing small calcifications. As can be 

seen in the scans in Appendix III, the calcifications were not visible. 
 

Another, second proof of concept was used. An artificial soft plaque coronary artery contained all the 

materials what the designed artery would have had as well. Also as it was made by the same company, 

QRM, the materials used would be the same for the new as well as the current arteries.  
 

A CT-fingerprinting analysis was performed on the already existing artificial coronary artery, the 

artificial soft plaque coronary artery showed in Figure 6 and Appendix V, Figure 24. This resulted in an 
outcome what can be seen in  

 

 
 

 

 

 

 

 

 

 

 

Figure 7: Design 1, top of the image shows the side view of the novel artificial coronary artery. Bottom of the 
picture shows the front views for every plaque slice. 



 

Figure 8. The material used in the artificial coronary artery is, as can be concluded from the first scans, 

the same in CT-values for the human body as in the artificial coronary arteries. When scanning according 
to the Agatston properties and every other monoE scan. However, the CT-fingerprinting shows that the 

material used in the artificial coronary artery is not the same atomic structure as in a human body.  

 
Every CT-fingerprint has the photoelectric coefficient on the y-axis and the Compton scattering 

coefficient on the x-axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: CT-fingerprint of the artificial soft plaque coronary artery 

 
In Figure 9 and Figure 10 can be seen that the region selected in the CT-fingerprint of the scan also 

consists of the same artificial fat material what is used in the thorax phantom to mimic fat. The soft 

plaques that should be present in this artificial artery were not observed. In Appendix V the phantom is 
shown in Figure 24, here is shown what kind of plaques are positioned in the soft plaque phantom. 

  

 

 
 

 

 

 
 
 
 
 
 
 
 
 
 

Human fat 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 
 

 

 
The region of water in the CT-fingerprint is left out in Figure 10. Observing the left pictures, the 

scans, clearly can be seen that the water tank is no longer green. The sides what is the artificial fat of 

the thorax phantom, is still green which indicates that the region for that material is found. Observing 

the artificial coronary artery, it can be seen that the soft plaque area is less dense green than when 
water was still present as selected region. It can also be seen that the human fat is not present in the 

scan of the artificial soft plaque coronary artery. 

 

Water Artificial fat Water tank Soft-plaque phantom Thorax phantom; artificial fat 

Figure 9: Selected region in CT-fingerprint of water and artificial fat on the left 

and on the right the corresponding areas in the image of scan. 

Water Artificial fat Water tank Soft-plaque phantom Thorax phantom; artificial fat 

Figure 10: Selected region in CT-fingerprint of the artificial fat on the left and on 

the right the corresponding areas in the scan. 

Human fat 

Human fat 

Human fat 



After the CT-fingerprint of the phantom setup also a human carotid was scanned. The CT-fingerprint 

of this image is shown in Figure 11 and Figure 12. Here the focus was on determining where the 
human tissue of a calcified plaque and the soft tissue lie in the CT-fingerprint.  

 

 
 

 

 

 
 
 

 

 
 
 
 
 

 

 

 

 

 

As is shown in Figure 11 the soft tissue is selected and this has a whole other structure and position in 

the CT-fingerprint than the material what is used for the artificial soft plaque coronary artery. In 

Figure 12 can be seen that the calcified plaque has the same structure in the CT-fingerprint as the 

manufactured calcified plaque at the RUG. 

  

Figure 11: On the left image the human carotid where the soft tissue is selected and on the right image the 

region which complies with the soft tissue on the left image 

1. Soft tissue carotid 

2. Soft tissue QRM 

phantom 

1. 
2. 

Figure 12: On the left image the selected calcified plaque is green which complies to the area within the green lines 

on the right image 



Conclusion & discussion 
 
This study provides a design of a novel artificial coronary artery with properties that will explore the 

possibilities of new CT-modalities regarding coronary plaque characterization. With this study can be 

concluded that the materials used to mimic human tissue in current phantoms do not comply with 
corresponding human tissue which makes it not anthropomorphic. This is necessary when studying and 

improving the use of new CT-modalities. 

 

CT-fingerprinting is a new analyzing method which is still being studied, but no papers are published 
which discusses this method. The software used in this report was used and is owned by the UMCU 

where it is still studied. The owners want to publish articles about their software and therefore was asked 

not to publish anything involving the CT-fingerprint analysis obtained by their software.  
 

The current anthropomorphic phantoms are not really anthropomorphic as can be concluded from this 

study. In literature these phantoms are still used and stated as anthropomorphic. However, in almost all 

papers the manufacturer of the phantoms is not stated. Therefore cannot be concluded for those studies 
that they have used a phantom that is also not anthropomorphic. It could be that the manufacturers of 

those phantoms did mimic the atomic structure of human tissue. As the phantoms of QRM were thought 

to be anthropomorphic this could be for other manufacturers as well. This has to be tested first before a 
conclusion can be drawn for other manufacturers.  

 

The designed novel artificial coronary artery is a proper thought of design to be able to study the new 
CT-modalities for CAC-scores. Within this phantom very small calcifications were placed which will 

not be seen if the Agatston score remains the leading scoring method as the slice thickness is 3mm. The 

size of the calcifications have not been studied in literature. Manufacturing these calcifications in an 

artificial coronary artery was not found in literature either. Therefore this design can be called a novel 
artificial coronary artery. New CT-scanners are capable of reconstructing up to a slice thickness of 

0.25mm. Combining the new CT-modalities and the fact that the Agatston score will not visualize the 

smaller calcifications, new methods for calcium scoring have to be developed to keep up with 
innovations in the medical world.   

 

From the CT-fingerprints in Figure 10 and Figure 11 can be seen that the area where fatty tissue can 

normally be observed when a human body is scanned does not coincide with the fatty tissue that is 
scanned from the artificial coronary artery and thorax phantom. From Appendix I can be concluded that 

the CT-values of the phantoms are behaving in the same way as tissue in the human body would do for 

different energy levels. However, from the CT-fingerprint can be concluded that the phantoms are not 
anthropomorphic at all. The phantoms of QRM can therefore not be used to improve CT-fingerprinting 

analysis regarding the coronary artery and the thorax phantom. The material used for the fat tissue in 

the thorax phantom is also used in the artificial soft plaque coronary artery to mimic the soft plaque. 
This is what was expected as soft plaque is either a lipid plaque or a fibrous plaque. But as is shown in 

Figure 11, the soft tissue of the carotid artery does not comply with the soft tissue used for the artificial 

soft plaque coronary artery. Regarding the CT-values of the materials used for the phantoms of QRM it 

can be concluded that these materials do mimic the human body. Except for the soft plaque artificial 
coronary artery as the soft plaque material was not found in the scans made. However, based on the 

findings in the CT-fingerprints the atomic structure of the materials used in the phantoms differ a lot 

with real human tissue. This is showed in Figure 11. In this CT-fingerprint can be seen that the soft 
tissue of the human carotid can be found in a region in this fingerprint and the soft tissue material used 

by QRM is a hotspot. From this can be concluded that the current phantoms manufactured are not really 

anthropomorphic. 
 

Using CT-fingerprinting in this study is used to define whether the materials used for the artificial 

coronary artery and thorax is similar to the human body. This is obviously not its function in a clinical 

setting. In a clinical setting it can be used to define which materials are present in the region of interest. 
A good example of this is when a stent is placed in the coronary artery and the artery is starting to leak. 



With a CT-fingerprint this can be observed and detected without having to make an incision again. 

Moreover, CT-fingerprinting can be used to quantify plaques. The amount of plaque can be calculated 
but also the percentage of the plaque which is calcified and what the density of this calcified plaque is.  

 

The designed artificial coronary artery is still a good phantom and, as can be read in the introduction, is 
well thought of. Unfortunately, during this study QRM made clear that the necessary size of the 

calcifications could not be manufactured by them. QRM was only able to receive small particles as 

intended with CaCO3 raw material, instead of pure hydroxyapatite, with a sieve. This meant that the 

exact dimensions of the calcifications remained unknown, which was not intended in our artificial 
coronary artery. Therefore was sought further to obtain an artificial coronary artery with calcifications 

around 0.2mm. At first CT-values were the most important factor when designing a novel artificial 

coronary artery. However, when new CT-modalities are studied and especially for CT-fingerprinting 
the atomic structure of the materials used is more important. These have to be similar and behave like 

human tissue. From the contact with QRM manufacturing calcifications smaller than 0.7mm was not 

possible despite the fact that they manufactured a D100 phantom with calcifications of 0.5mm of the 
same material. For now the design of the artificial coronary artery could not be manufactured by QRM. 

No other company was approached as the contact of the UMCG and QRM was very good. As a 

suggestion other companies could be approached if anyone is already capable of designing calcifications 

that small. Also the material used to mimic soft plaque should be questioned as it was clearly not 
behaving like human tissue. Therefore it is necessary to do more research to artificial materials. 

Moreover these material have to be improved them so dual energy CT scans would be able to be 

compared with human tissue. 
 

   

  



Ethics paragraph 
 
Performing research to CAC scores is done so that the imaging methods can be improved and can be 
used in clinical situations.  This is important for providing a better prediction for future cardiovascular 

events.  

 
Improving this scoring method would give the best results compared to the clinical situation when it is 

done by scanning human or animal coronary arteries. The downside on that is that the plaques and/or 

calcifications are not known and therefore the researcher will not be sure what to look for. That is one 

of the reasons why a phantom is used in this study. Also during a CT-scan X-rays are emitted which 
exposes the body to radiation. This is very harmful for a living species and the researcher may not 

enter the scanning room. Despite the fact that scans will always be performed following the “As Low 

As Reasonably Achievable” (ALARA) concept, living species will always receive dose. This can be 
prevented using a phantom and that is why a phantom is used in this study. 

 

Besides that a phantom was used during this study, also a human carotid artery was scanned. This was 
not a carotid of a living human, but a carotid artery which was donor material. This cannot just be 

taken from a person and as this was executed in the Erasmus MC the rules they apply to donor 

material were followed.  From this study there is no insight in the study performed at the Erasmus MC. 

Why human carotid arteries are scanned, but the fact that they do and the regulations of the Erasmus 
MC for obtaining the artery and doing research with it are very strict. They follow the rules and 

regulations of “Human Tissue and Medical Research: Code of conduct for responsible use (2011)" 

which are described by the Dutch Federation of Medical ScientificSocieties (FMWV).  This federation 
also uses the Code Goed Gebruik as is used in the UMCG for performing studies with human tissue. 

So this carotid artery is obtained with an informed consent of the person it belonged to. 

 

Another issue was the collaboration for this study with specialists of the UMCU. In this study software 
was used which is programmed by these specialists. This software is still used for new research at the 

UMCU and therefore was asked to protect the data that was obtained using this software. This study 

can therefore not be published without agreement of the specialists at the UMCU. The agreement of 
using the data obtained from the human carotid at the Erasmus MC was that the data can be used but 

not shared with other research groups.  

 
This study was done without exposing humans to radiation. Using a phantom and a donor carotid 

artery was a perfect solution and gave results that can be used to improve the characterization of 

coronary artery calcium. With this study the phantoms can be improved and therefore research to 

coronary artery calcium can improve as well which will lead to more accurate characterization in 
clinical situations. 

 
These references are ethically important regarding my study.34–36 

  

http://www.federa.org/code-goed-gebruik-van-lichaamsmateriaal-2011
http://www.federa.org/


Appendixes  



Appendix I 

 

Scanning protocol CT 
 

Is the HU-value that will be obtained in the material surrounding the calcifications in the coronary 

artery phantom at different energy levels 0HU? 

 
 

In the human body will water give a HU-value of 0 at different energy levels. Therefore it is important 

that the phantom is a good resemblance of the human body and that it mimics the materials as good as 
possible. This is true for the calcifications as well as for the surrounding tissue. The parts of the coronary 

artery phantom which resemble the calcifications give rise to similar values at different energy levels as 

they would in a human body.  

 
Know is that the surrounding tissue gives a value of 0HU at an energy level of 120kV. If the coronary 

artery phantom will resemble the human body as good as possible should it give rise to a similar value 

when comparing the human body with the phantom. Therefore it should give a value of 0HU for different 
energy levels. 

 

5 scans will be made; 70kV,  80kV, 100kV, 120kV and 150kV 
 

This will be done by fixating the coronary artery phantom to the pc controlled phantom device. The 

device will not be used to move it inside the thorax phantom. Its only purpose is to position the coronary 

artery phantom in the thorax phantom. 

 

Results: 
 

As can be determined from Figure 13, the HU-values of the surrounding tissue will give a similar HU-

value at different energy levels. This means that this material can be used as surrounding material in the 

to be designed coronary artery phantom. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Measured in the coronary artery phantom 

every uneven measurement. Every even measurement was 

measured in the water tank. 



 

Figure 14: Measurement at 120kV 

 

 

Figure 15: Measurement at 100kVp 

 



 

 

 

Figure 16: Measurement at 80kVp 

 

Figure 17: Measurement at 150kVp 



 

 

 

 

Figure 18: Measurement at 70kVp 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix II 

 

Design 1: 
 

 
 

Design 2: 
 

 



Design 3: 

 
 

 

  



Appendix III 

 
Figures of the CT-scans of the hydrogel balls with calcifications and the plaque made at the UMCG 
with the help of Patrick van Rijn. 
 
 

 
Figure 19: Scan calcifications within hydrogel and the plaque 

 
 
 

 
 
    
 
 

 
 
 
 

  

Figure 21: 0.8g HA/cm3 calcifications 

spread out on a  mesh 

Figure 20: Hydroxyapatite used to 

manufacture the calcifications 



Appendix IV 
 
CT- fingerprinting of the scan with the soft plaque phantom, water tank and soft plaque phantom with 

calcified plaque. With adjusted contrast to make certain stripes more visible. 

 

 

Figure 22: CT-fingerprint of scanning setup with artificial soft plaque coronary artery 
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Figure 23: CT-fingerprint of scanning setup with artificial soft plaque coronary artery 

 



Appendix V 

 

 

  

Figure 24: Artificial soft plaque coronary artery phantom 

Figure 25: Phantom design QRM with different sizes of CaHA-plaque. 



 

 

 

Figure 27: Phantom design QRM with circular stenosis. 

Figure 26: Phantom design QRM with different plaques. 



Figure 28: Phantom design QRM with circular stenosis. 
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