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1. In calcium scoring a high temporal resolution is advocated to decrease the 

susceptibility to cardiac motion and increase the accuracy of the measure

ment. ( this thesis) 

2. Dual source CT is, contrary to single source CT, more accurate as well as 

in absolute as in relative measurements of cardiac function than MRI. (this 

thesis) 

3. There is a negative correlation between heart rate and the image quality of 

coronary artery stems. (this thesis) 

4. A smaller slice thickness in calcium scoring improves the performance of the 

calcium score. (this thesis) 

5. The mass score is the best known algorithm to quantify the amount and den

sity of coronary calcium present in the coronary arteries. 

6. A single-sector reconstruction should be used to reconstruct image data of 

coronary artery stems. (this thesis) 

7. A threshold adjusted calcium score is a better approximation to the physical 

value compared to the standard score. (this thesis) 

8. Voor voorspellers van de verwachte zeespiegelstijging in de 21e eeuw, gaat 

geen zee te hoog. 

9. Rondom het UMCG zou een rookvrije zone van 100 meter moeten bestaan, 

naar analogie van het Rikshospitalet te Oslo, Noorwegen. 

10. In tegenstelling tot de algemene opvatting, bevat een Ikea-bouwpakket eerder 

te veel dan te weinig onderdelen. 

11. Hoewel de frustraties hoog kunnen oplopen, is het oplossen van een weten

schappelijke puzzel een genoegen. 
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General introduction and outline 
of the thesis 



•. t Chapter 1 

Imaging the heart 

Medical technology nowadays offers many different ways of assessing the morphology 
and function of the heart. An important role is played by imaging techniques, such as 
ultrasound, coronary angiography, intravascular ultrasound, x-ray, magnetic resonance 
imaging (MRI) and computed tomography (CT ) [1-5]. The two full three dimensional 
volumetric imaging modalities are currently CT and MRI. Both imaging techniques are 
able to image not only anatomical structures of the heart, but also to determine func
tional properties of the heart. To be able to function accurately in obtaining anatomical 
and/or functional data, the imaging modality should have a high spatial as well as a high 
temporal resolution. 
The spatial resolution refers to the ability of imaging modalities to detect small objects, 
given in millimeters (mm). If an imaging modality has a higher spatial resolution, it will 
be able to resolve finer details within the scanned volume. In cardiac imaging, spatial 
resolution is important to properly visualize certain structures of the heart. The highest 
spatial resolution in CT is in the order of 0.5-0.6 mm and depends mostly on the size of 
the detectors [6]. The spatial resolution of MRI is in the order of 1.0 mm and depends 
on different properties such as the strength of the magnetic field and the radio frequency 
energy used. 
The temporal resolution refers to the amount of time it takes to acquire the data for the 
images, given in milliseconds (ms). If an imaging modality has a higher temporal resolu- • • 
tion, the image data is acquired faster. A high temporal resolution is required in cardiac 
imaging to reduce motion artefacts in image data of the moving heart. The temporal 
resolution of CT is related to the rotation time and is 50, 83 and around 165-185 ms for 
EBT, DSCT and 64-slice MDCT, respectively [ 6]. With the use of special reconstruc-
tion techniques, the temporal resolution can be reduced depending on the heart rate of 
the patient [7]. For MRI the temporal resolution depends heavily on the sequence which 
is being used for data acquisition. Reducing the temporal resolution usually increases 
scan time or reduces the spatial resolution. The balance between spatial and temporal 
resolution in MRI depends on the information desired by the physician. 
The most important property of the heart when it comes to imaging, is that the heart 
beats. The human heart moves in a complex three dimensional pattern [8, 9]. This pat
tern is repeated every heart cycle. During every heart cycle there are two phases with 
relative low or no motion of the heart; the end-diastolic phase and the end-systolic 
phase. During the diastolic phase, the heart gradually fills up with blood and expands in 
size. During the systolic phase, the heart contracts and forces blood into the aorta and 
the pulmonary artery. The duration of the diastolic phase is longer than the duration of 
the systolic phase. However, with increasing heart rates the diastolic phase is shortened 
whereas the length of the systolic phase remains constant or is shortened only slightly. 

•. t 12 



•· 

General introduction and outline of the thesis t • • 
R 

Figure 1-1: The ECG-gating technique. The detected R-peaks are indicated with the let
ter "R': data obtained during the period of the green boxes are used for reconstruction. 

The phenomenon that the heart exhibits less or no motion twice during each heart cycle 
can be exploited to improve image quality in cardiac scanning [10]. The muscles of the 
heart contract because of a depolarization of the heart muscle cells. Using electrodes 
this depolarization can be detected. This is known as an Electrocardiogram (ECG). The 
ECG shows a large peak, known as the R-peak, each heart cycle. This peak can be used 
to synchronize the heart and the scanner, by linking the ECG signal to the scanner. 
The scanner detects the R-peak and is able to identify the start of the heart cycle. Because 
the diastolic and systolic phase occur at the fixed moments during each heart cycle, the 
amount of motion during the scan can be reduced by acquiring data at the appropriate 
phase or by reconstructing only data from the appropriate phase (Figure 1-1). The phase 
from which the data is used for reconstruction is known as the reconstruction interval 
[11]. The reconstruction interval can be stated as a percentage of the RR-interval or be 
stated as an absolute number given in milliseconds. 
A second method to reduce cardiac motion is the admission of beta-blockers. Beta
blockers reduce a patient's heart rate thus reducing the amount of motion during data 
acquisition [12]. However, for certain patients beta-blockers are contra-indicated due to 
allergies or other medical reasons. 

Simulating the heart 

For a proper simulation of a human heart a phantom should mimic one or more proper
ties of the human heart. As stated in the previous paragraph the most important prop
erty of the heart when it comes to imaging is that the heart beats. So for an appropriate 
simulation of the heart the phantom should exhibit some sort of movement that simu
lates heart motion. Next to simulated cardiac motion, the phantom should be made of 
materials which are equivalent to the in vivo situation in terms of relevant properties. In 
case of CT, that means densities approximating the densities in vivo. 
In this thesis two different phantoms were used to mimic a human heart. The first phan
tom is best suited for the simulation of heart frequency, whereas the second phantom is 
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•. t Chapter l 

best suited for simulation of heart motion. In the following paragraphs the two phan
toms will be presented in detail. 

ORM-phantom 

The first phantom is a phantom which can simulate motion for image quality assess
ment and optimization in cardiac imaging (QRM-PC Controlled Phantom Device, 
QRM, Mohrendorf, Germany). The phantom is intended to be used for oscillating 
small cardiac inserts in order to simulate realistic situations in cardiac imaging. The 
QRM phantom consists of different parts; a motor unit, a base plate, a lever and a water 
container (Figure 1-2). The setup can be completed with a thorax phantom (QRM
Thorax, QRM, Mohrendorf, Germany). A software package accompanies the phantom 
to edit, import and export motion curves. 
The main component is the motor unit, which holds a brushless DC motor, the control 
buttons and the connection for the lever. The motor unit can be connected to a com
puter to load programmed motion curves. These motion curves can be edited with the 
software package. The motion curves can be programmed by defining a deflection as a 
function of time. The maximum amplitude of the deflection is 25 mm, so in total 50 
mm can be spanned by the motion curves. In total seven motion curves can be uploaded 
to the motor unit and the appropriate motion curve can be selected using the appropri-
ate buttons. • I 
Based upon the programmed motion curve, the lever connection moves accordingly, 
driven by the DC motor. The lever allows for connection of small cardiac inserts, usu-
ally in the form of cylinders, composted of different materials or densities. The motor 
unit is placed on the polyethylene based plate and can be rotated. The orientation of the 
connection for the lever can be modified as well, so different orientations of the cardiac 
inserts relative to the direction of motion are possible. The lever and cardiac inserts move 
inside a water container. The water container is made of polymethylmethacrylate. To 
complete the setup, the water container can be positioned inside a thorax phantom. The 
thorax phantom has an oval shape and comprises artificial lung lobes, a spine insert and 
a shell of soft tissue equivalent material, mimicking a patient's thorax. ECG synchroni-
zation is supported as well. At the start of each motion curve, an ECG device connected 
to the motor unit generates a trigger pulse similar to the R-peaks of an ECG-signal. 
The QRM phantom does not exactly mimic a human heart, but it simulates the move-
ment of the coronary arteries. The phantom can be programmed with any motion curve 
that is desired, which is one of the strong advantages of this phantom. With proper 
motion curves the influence of heart frequency can be investigated systematically. The 
use of motion curves permits the investigator to exactly know the position and speed of 
the insert which is being scanned. This aids the use of optimal reconstruction intervals 
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Figure 1-2: The QRM-phantom consisting out of the motor unit (A), the base plate (not 
in the image), the lever (B), the water container (C) and the QRM-thorax (D). 

through the ECG synchronization. The programmable motion curves also allow the 
investigator to assess other motion related features such as the influence of linear speeds 
or offsets. 
Another advantage of this phantom is that the experimental setup completed with the 
thorax phantom is a very good approach to the in vivo situation. Whereas other phan
toms are lacking the influence of the human body or thorax or simulate the body with 
PMMA plates or something similar, the thorax phantom comprises a higher density 
spine and low density lung lobes which increase the similarity between in vitro and in 
vivo situation. 
Although the QRM phantom offers many advantages which make the phantom very 
suitable for cardiac imaging assessment, it has disadvantages in some other aspects. A 
disadvantage is that the motion of the lever is one-directional. Although the orientation 
of the motion path can be modified relative to the motor unit and/or base plate, the mo-
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tion itself is always in one direction only. This reduces the imitation of the in vivo situa
tion, because the coronary arteries exhibit a complex three dimensional pathway during 
each heart cycle. However, by basing the motion curves upon motion data obtained 
from patients, a good approximation can be made in terms of speed and amplitude; the 
two most determining parameters for cardiac motion of coronary arteries. This results 
in a good simulation of human coronary arteries. 
A second disadvantage of the QRM phantom is that is made of metal. Because metal 
objects can be hazardous when in close proximity of an MRI scanner, the phantom is 
not suited for imaging in a MRI scanner. Therefore comparison studies between CT and 
MRI cannot be performed with this phantom. 

Anthropomorphic heart phantom 

The second phantom is a custom-build phantom, consisting of different parts (Figure 
1-3). The main part is an artificial anthropomorphic heart phantom made out of silicon 
material. The phantom is hollow, in contrast to the human heart in which four different 
chambers are present. Artificial coronary arteries are attached to the phantom. These 
arteries are made of silicon as well. The phantom and the arteries are placed in a Perspex 

• • 4116 

Figure 1-3: Three dimensional 
rendering of the anthropomor
phic heart phantom as imaged 
with a 64-slice MDCT. Posi
tioned on top of the phantom are 
the artificial coronary arteries . 
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container. The phantom is positioned onto two rubbers so the movement of the phan
tom is not constrained. A respirator functions as a motor to move the heart phantom. 
By setting the respirator to a certain frequency, different heart rates can be simulated. 
The respirator also controls the inflation of the phantom to keep the amplitude of the 
motion constant throughout the different heart rates. A second function of the respira
tor is to produce an ECG-signal. The ECG-signal can be used for synchronization with 
a CT or MRI scanner. 
The anthropomorphic heart phantom offers several advantages. The big advantage of 
the phantom is that movement of the heart phantom is similar to movement of the hu
man heart. The movement is three dimensional so it is very suitable for investigating the 
influence of heart motion on different cardiac parameters. A second advantage of the 
phantom is that the phantom is made of silicon materials. Because metal is not used in 
the phantom it is suitable for MRI scanning. A disadvantage of the anthropomorphic 
phantom the motion of the heart is not exactly known. Whereas the QRM phantom 
uses pre-programmed motion curves, the motion of the heart phantom is more com
plex. Not all areas of the heart phantom move in the same direction and speed. Off 
course this is more similar to the in vivo situation. So, the motion of the anthropomor
phic heart phantom is a better simulation, although the precise pattern of motion is not 
exactly known. The movement of the heart phantom is not exactly the same as a human 
heart. The anthropomorphic heart phantom shows the opposite behaviour in terms of 
different phases. The diastolic phase in which the phantom is inflated is relatively short, 
whereas the deflation of the heart phantom in which the air is pressured out due to the 
elastic properties of the silicon in the systolic phase is relatively large. In short, the systo
lic phase is comparable to the diastolic phase in a human heart. 

Simulating the coronaries 

Next to simulating the heart, the coronary arteries need to be simulated as well. There 
are three main coronary arteries, the Left Anterior Descending Artery (LAD), Right 
Coronary Artery (RCA) and the Circumflex Coronary Artery (Cx). The coronary arter
ies are small, usually with a diameter of 4 to 5 mm. Side branches originate from these 
three main arteries and have even smaller diameters, usually between 1 to 2 mm. All 
coronary arteries are displaced during the cardiac cycle. The RCA exhibits a rapid mo
tion, approximately 80 mm/s, the Cx moves with 50 mm/s and the LAD moves least, 
approximately 20 mm/s [7]. For heart visualization usually only the three main arteries 
are of interest, the side branches are of less importance. For instance, when an obstruc
tion occurs in a main coronary artery this might be lethal, whereas an obstruction in a 
side branch will be less influencing since the blood supply can be overtaken by another 
vessel. 
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In cardiac scanning a scan can be performed with or without contrast fluid. Contrast 
fluid for CT has a relative high density, whereas contrast fluid for MRI has different 
kinds of relaxation times. In calcium scoring CT scans are performed without contrast 
to ensure a proper depiction of the calcified plaques in the coronaries. If contrast is 
used during the scan, it is very difficult to separate the calcifications from the contrast 
because both materials have a high density. Blood without contrast has a hounsfield unit 
(HU)-value around 50 HU. The arteries in the calcium scoring studies were simulated 
with small cylinders with a density of 50 HU at 120 kV. The diameter of the cylinders 
was 4 mm. Different small parts of the cylinder were denser to simulate calcifications 
within the artery. 
In stent visualization contrast media are usually administered to enhance the visibility 
of the coronaries. Visibility of coronary stents is not hampered by the contrast media 
because the metal of the stems has a much higher HU-value than the contrast fluid. 
The metallic stent struts have HU-values in the order of 1000 HU, whereas contrast
enhanced blood has HU-values between 200-300 HU. In order to simulate contrast 
filled arteries, plastic tubes were used. The tubes were filled with contrast fluid diluted 
to a HU-value of approximately 200 HU. To improve the simulation, fat was added to 
the experimental setup. This fat simulated pericardia! fat, which normally surrounds the 
pericardium. 

Coronary Calcium 

The first cardiac parameter of the thesis is calcium in the coronary arteries. The amount 
of calcium present in coronary arteries is related to the risk of coronary artery disease 
such as myocardial infarction and sudden death [13-15]. Furthermore, the absence of 
calcium in the coronary arteries is believed to indicate the absence of coronary artery 
disease [16]. Due to the high density of calcium, x-ray tomographic techniques are very 
suitable for imaging calcium, which is presented by bright spots in tomographic images. 
Electron Beam Tomography (EBT) is established as the gold standard for determining 
the amount of coronary calcium and assessing the extent and progression of calcified 
plaques [13, 17]. However, EBT is becoming obsolete. Multi-detector computed tom
ography (MDCT ) has become a commonly used alternative to determine the amount of 
coronary calcium, due to the general availability of this modality. Using the image data 
obtained from EBT or MDCT, the amount of calcium can be quantified. The amount 
of coronary calcium is reflected by a calcium score, the first cardiac parameter of this 
thesis. 
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Calcium scoring algorithms 

At present, three different algorithms exist to determine the calcium score from CT im
ages. The first algorithm is the Agatston score, proposed in 1990 by Agatston et al [18]. 
Originally, the Agatston score (AS) was determined from twenty contiguous EBT slices 
of the heart with a thickness of 3 mm for each slice. Nowadays the amount of slices is 
adjusted to the size of the heart. To calculate the Agatston score of an individual calcifi
cation, the area of that calcification is determined by selecting pixels above a threshold 
of 130 HU and ignoring structures smaller than 1 mm2

• The area is then multiplied by 
a weighting factor (w) which depends on the maximum HU number (HUmaJ inside the 
calcification. This procedure is performed per slice. 

where 

11 if 130 HU::; HUmax ::; 200 HU 
2 if 200 HU � HUmax ::; 300 HU 

wi = 3 if 300 HU ::; HUmax ::; 400 HU 
4 if 400 HU ::; HUmax 

(Equation 1-1) 

The total Agatston score is calculated by summing up the scores of the individual calci
fications in all slices. 

AS,ota/ = � ASi 
i 

(Equation 1-2) 

The second algorithm is the Volume score (VS), proposed several years after the Agat
ston score to reduce variability of calcium scoring [19]. The Volume score of a calcifica
tion is defined by the number of interconnected voxels (N) in that calcification which is 
above a threshold of 130 HU multiplied by the volume of one voxel (V). 

(Equation 1-3) 

The total Volume score is calculated by summing up the scores of all individual calcifi
cations and reflects the total volume of the calcifications present in the coronary arteries 
given in mm3• 
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VStotal = � VS
i 

j 
(Equation 1-4) 

The third algorithm is the Equivalent Mass or Mass score [20]. The Mass score of a 
calcification is defined by the number of interconnected voxels (N) in that calcification 
which is above a threshold of 130 HU multiplied by the volume of one voxel ( V), the 
averaged HU number (HUmea) of that calcification and a calibration factor (c) .  

MS
i = M; • V: • HUmean, i • C (Equation 1-5) 

The calibration factor (c) relates a CT density (HU value) to a calcium density (mg/cc). 
The calibration factor is scanner-specific and defined by: 

(Equation 1-6) 

The calibration factor can be obtained by scanning a calcified object with a known den
sity of calcium hydroxy apatite (;HA), determining the mean CT number (CT HA) of that 
calcification, and correcting for the mean CT number of water ( CT:au,) [21, 22]. A per
patient calibration of the scanner is not useful, because the determined calibration factor 
will only be influenced by the table height [23]. Correction of the determined calibra
tion factor according to the table height yields a consistent calibration factor. Therefore 
in accordance to guidelines a monthly calibration seems sufficient [24]. The total Mass 
score is calculated by summing up the scores of all individual calcifications and reflects 
the total mass of the calcifications present in the coronary arteries given in mg. 

MStotal = � MS
i 

j 
(Equation 1-7) 

Equation 1-1 shows that the Agatston score depends on the area of the calcification, 
Equations 1-3 and 1-5 show that the Volume score and Mass score both depend on the 
volume of the calcification. Thus all three scoring algorithms depend on the size of the 
calcification. 
Apart from the size of the calcification, both the Agatston score as the Mass score de
pend on the density of the calcification. For the Agaston score this is reflected by the 
weighting factor w, for the Mass score this is reflected by the HUmean (Equations 1-1 and 
1-5). 
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So, all three scoring algorithms quantify the amount of calcium in the coronary arteries 
based upon the volume and the density. However, the clinical standard is still the Agat
ston score. Agatston scores range from O for patients without coronary calcium, up to 
more than 3000 for patients with severely calcified arteries. 

Problems in calcium scoring 

The major problem in calcium scoring is the partial volume effect (PYE), which is re
lated to the point spread function of the scanner, which defines the spatial resolution. 
The PYE is the effect wherein the HU value of a voxel is determined by a mixing of 
different tissues within that voxel. An increase in spatial resolution leads to a decrease in 
PYE and visa versa. The problems arising from the PYE in calcium scoring are reflected 
by under- or overestimation of the volume and or mass of the calcification as compared 
to the actual volume and or mass. For calcifications with a high density the voxels at the 
edges of the calcification are exaggerated due to the PYE. Combined with the standard 
threshold of 130 HU this leads to an overestimation of the volume of the calcification. 
For calcifications with a low density the reverse effect is observed. The voxels at the edges 
of the calcification are undervalued. Combined with the standard threshold of 130 HU 
this leads to an underestimation of the volume of the calcification. 
A second problem in calcium scoring is cardiac motion. Cardiac motion influences 
the HU values of the calcification and thus the volume and the HU mean· Depending on 
the density of the calcification, the volume of the calcification will increase or decrease 
with increasing motion. With increased heart rate the volume score of the high density 
calcification is increased whereas the volume score of the low density calcification is 
decreased. 

Functional parameters 

The second cardiac parameter of the thesis is function of the heart. Functional param
eters of the heart indicate the condition and functioning of the heart. There are different 
kinds of global functional parameters such as the stroke volume, diastolic and systolic 
volumes, the ejection fraction and the cardiac output. These functional parameters can 
also be determined for the entire heart but also for the left or right ventricle. Other func
tional parameters are regional parameters such as the condition of the ventricular wall 
or flow measurements. The ventricular function of the heart presents direct quantitative 
information about cardiovascular status of the heart and may add prognostic value in 
the evaluation of the heart. A reduced ventricular function is related to the risk of car
diovascular mortality [25, 26]. 
There are different imaging techniques available to assess functional parameters of the 
heart. A commonly used modality is echocardiography. However, this technique de-
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pends on the experience of the operator and is hampered by poor contrast [27]. A bet
ter approach would be the use of imaging techniques capable of producing true three 
dimensional volume sets, for assessment of the functional parameters. Currently MRI is 
the standard technique to obtain such data sets of the heart [28-30]. The temporal reso
lution of MRI is very good, whereas the spatial resolution is reasonable despite occurring 
slice gaps [31]. An alternative to MRI might be the use of MDCT. To obtain functional 
parameters out of a cardiac scan, the entire heart must be scanned throughout the entire 
RR-interval. Therefore, ECG-pulsing cannot be used, although for volumetric determi
nations, scans with lower image quality are sufficient. 
Obtained data sets can be analyzed with the use of dedicated software packages. Current 
software offers manual or automatic analysis [32]. For a manual assessment of the func
tional data set, contours indicating the edge of the lumen of the ventricle must be drawn 
by hand. Because a data set comprises of several different transverse sections a manual 
assessment can be very labor intensive. The alternative to manual assessment is the use of 
automatic contour detection. The software generates, based on edge detection, the con
tours at every transverse section and afterwards the user is able to correct possible errors 
by editing the contours. Both assessment methods are dependent on a proper delinea
tion of the ventricular lumen. Whereas in a manual assessment the user can indicate the 
border of the lumen in images with poor image quality, automatic assessment requires a 
good image quality to be able to use edge detection. This need for required image quality • t 
indicates one of the problems in assessment of functional parameters. It is very impor-
tant to get a proper separation between the blood within the ventricular wall and lumen. 
This can be achieved by a proper use of contrast fluid. A second method to improve the 
separation between wall and lumen is to reduce motion artefacts. The ventricular wall 
moves and will appear blurred on the acquired images. For images acquired with higher 
temporal resolutions the amount of blurring will be reduced. 
Most functional parameters depend on the volumes as measured by the imaging mo
dalities. Therefore it is of great importance that the measure volumes are accurate. To 
determine a volume accurately, a high spatial resolution is required. This shows the pos
sible advantage of CT in comparison to MRI. The spatial resolution of CT is higher, and 
MRI data sets are further reduced in spatial quality due to slice gaps. The higher spatial 
resolution of CT might offer more accurate volume determination. 
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Coronary stents 

The third cardiac parameter of the thesis is coronary stenting. Coronary stems are not a 
variable of the heart, but they are related to stenosis of the coronary arteries. A stenosis is 
an obstruction of the coronary artery which blocks the arterial blood flow. To overcome 
this obstruction, coronary stenting can be performed. The coronary artery stem forces a 
dilatation of the artery, hereby re-establishing the arterial blood flow [33]. However, res
tenosis may occur. Different patient studies show a clinical incidence of restenosis after 
coronary stenting of 20 to 35% for bare metal stems. For drug-eluting stems the inci
dence is lower, 5 to 10% [34-36]. For a solid follow-up after coronary stenting, proper 
visualization of the coronary stem is crucial. In order to obtain a complete visualization 
of the coronary stem, the imaging modality must overcome certain problems. 

Problems in visualization of coronary artery stents 

A number of different reasons cause problems in visualizing coronary artery stems. First 
of all, the dimensions of coronary artery stems are very small. The lengths of stems vary 
from 1 0  mm up to combinations of multiple stems spanning more than 50 mm of the 
coronary artery. The diameters of coronary artery stems are different as well. The diam
eters are between 2 and 5 mm, where a diameter of 3 mm is most common. The struts 
of the coronary artery stems are very thin. The thickness of stem struts is usually in the 
order of 0. 1 mm. In theory the spatial resolution of 0.5-0.6 mm of CT scanners should 
be sufficient to image the lumen of a coronary artery stem of typical dimensions, with
out a proper imaging of the stem struts. Research already showed that a higher spatial 
resolution is beneficial for the visualization of the lumen of coronary artery stems [37]. 
For imaging small restenosis higher spatial resolutions might be necessary [38]. 
A second problem in the visualization of coronary artery stems is cardiac motion. Due 
to cardiac motion, coronary artery stems experience a lot of movement during scanning. 
Similar to motion artefacts in calcium scoring the image of the coronary artery stents, 
like the image of a calcification, is blurred due to cardiac motion. Due to this blurring 
the image of the coronary stem is vague, hampering a proper visualization of the stem 
lumen. The blurred image reduces the possibility of a sharp delineation of the stem 
struts and partly obscures the stem lumen. 
Another problem in the visualization of coronary artery stems are metal artefacts. Both 
MRI as CT are hampered by metal artefacts. For MRI, coronary stems could even pose 
danger to the patient. Due to the external high density magnetic field the coronary 
artery stem might dislocate and rupture the artery. Furthermore, the image quality is 
degraded due to the distortion of the magnetic field causing severe image artefacts. For 
CT, the metallic struts of coronary artery stems pose a problem as well. Due to the high 
density of the stem material, x-ray photons are scattered increasingly, increasing scatter 
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at the location of the stent. The consequence is that blooming artefacts occur. These ar
tefacts are expressed by exaggeration of the stent dimensions by large white spots in the 
CT image. The effect is comparable to the exaggeration of high density calcifications. 
Due to blooming, the lumen of coronary artery stents is partly obscured hampering a 
proper visualization of the stent lumen. Therefore re-stenosis is difficult to measure, 
because of difficult stent delineation and the obscured lumen [39] . 
The metallic stent struts can cause a second image artefact as well. The high density 
metal of the stent struts can act as a filter for the x-ray photons in the beam of the CT 
scanner. The photons of the lower energy part of the spectrum are filtered out and only 
higher energy photons proceed to the detector of the CT scanner. Because the detected 
photons have a higher energy the reconstructed HU values are decreased. This effect is 
known as beam hardening and occurs in every scan. The effect can be reduced by the 
use of additional reconstruction filters. However, the coronary artery stents aggravate 
the beam hardening effect. Beam hardening effects are expressed by large streaks of dark 
bands. 

Purpose and outline 
The focus of this thesis is on cardiac parameters as measured by imaging modalities. Dif
ferent cardiac parameters are used for this thesis, each with its own problems in obtain-
ing an accurate measurement of the concerned parameter. • 41 
In chapter 2, different imaging modalities, EBT, 64-slice MDCT and DSCT, are com-
pared in the assessment of coronary calcium. The main difference between the imag-
ing modalities is their temporal resolution. The difference in temporal resolution will 
mainly have an impact on how much the calcifications are blurred in the CT images due 
to cardiac motion. This will influence the calcium score. The temporal resolution is an 
important influencing factor in the following chapter as well. 
In chapter 3, different imaging modalities, MRI, 64-slice MDCT and DSCT, are com
pared in the assessment of the volume of a moving heart phantom. Due to the move
ment of the wall of the phantom, the edge of the lumen will be blurred. Due to blurring 
a sharp delineation of the lumen of a moving heart phantom can be difficult. Whereas 
MRI is the standard imaging modality for functional assessment of the heart, CT is pro
posed as an alternative. Imaging modalities with a higher spatial resolution are expected 
to be more accurate and approximate the physical volumes better. 
In chapter 4, influences of spatial and temporal resolutions are investigated when visu
alizing coronary artery stents. Using 64-slice MDCT different coronary artery stents are 
visualized under influence of cardiac movement of the anthropomorphic heart phan
tom. 
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General introduction and outline of the thesis t • • 
In chapter 5, the thesis returns to coronary calcium and assesses the influence of differ
ent scanning parameters on the calcium score in relation to cardiac motion using 64-
slice MDCT. The influence of a thinner slice thickness, increasing the spatial resolution 
is assessed. In addition, the influence of heart frequency is assessed. 
In chapter 6, the thesis returns to coronary stents, in which a different, more objective 
approach is used to analyze the lumen visibility of coronary artery stems using 64-slice 
MDCT. Using this new approach the influence of cardiac motion and temporal resolu
tion are evaluated for different coronary artery stents. 
Finally, in chapter 7 a new approach is suggested in calcium scoring. By adjusting the 
standard threshold for calcium scoring to the individual calcification, a better approxi
mation to the physical properties of the calcifications is expected. 
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Abstract 
Purpose 

To assess calcium scoring (Ca-scoring) on a 64-slice multi-detector computed tomog
raphy (MDCT) scanner, a dual-source computed tomography (DSCT) scanner and an 
electron beam tomography (EBT) scanner with a moving cardiac phantom as a function 
of heart rate, slice thickness and calcium density. 

Methods and materials 

Three artificial arteries with inserted calcifications of different sizes and densities were 
scanned at rest (0 beats per minute) and at 50-110 beats per minute (bpm) with an 
interval of 10 bpm using 64-slice MDCT, DSCT and EBT. Images were reconstructed 
with a slice thickness of 0.6 and 3.0 mm. Agatston score, volume score and equivalent 
mass score were determined for each artery. A cardiac motion susceptibility (CMS) in
dex was introduced to assess the susceptibility of Ca-scoring to heart rate. In addition, 
a difference (�) index was introduced to assess the difference of absolute Ca-scoring on 
MDCT and DSCT with EBT. 

Results 

Ca-score was relatively constant up to 60 bpm and started to decrease or increase above 
70 bpm, depending on scoring method, calcification density and slice thickness. EBT • ti 
showed the least susceptibility to cardiac motion with the smallest average CMS-index 
(2.5). The average CMS-index of 64-slice MDCT (9.0) was approximately two and a 
half times the average CMS-index of DSCT (3.6). The use of a smaller slice thickness 
decreased the CMS-index for both CT-modalities. The �-index for DSCT at 0.6 mm 
(53.2) was approximately 30% lower than the �-index for 64-slice MDCT at 0.6 mm 
(72.0). The �-indexes at 3.0 mm were approximately equal for both modalities (96.9 
and 102.0 for 64-slice MDCT and DSCT, respectively). 

Conclusion 

Ca-scoring is influenced by heart rate, slice thickness and modality used. Ca-scoring 
on DSCT is approximately 50% less susceptible to cardiac motion as 64-slice MDCT. 
DSCT offers a better approximation of absolute calcium score on EBT than 64-slice 
MDCT when using a smaller slice thickness. A smaller slice thickness reduces the sus
ceptibility to cardiac motion and reduces the difference between CT-data and EBT-data. 
The best approximation of EBT on CT is found for DSCT with a slice thickness of 0.6 
mm. 

Keywords 

Calcium score; Dual source CT; 64-Slice MDCT; Electron beam CT; Heart rate 
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Introduction 

The presence of calcium in coronary arteries is known to be a strong indicator for coro
nary artery disease (CAD) [1]. It has been shown that quantification of coronary calcium 
enables the assessment of cardiac event risk stratification [ 1]. In 1990, Agatston et al. de
scribed a method which determines the amount of coronary calcium from tomographic 
images [2]. This method, known as the Agatston score (AS), depends on the area and 
the maximum CT density of the calcification detected by electron beam tomography 
(EBT). Since then, EBT is generally accepted as the gold standard for determining the 
amount of coronary calcium. Alternative scoring methods have been proposed, such as 
volume scoring (VS), depending on the volume of the calcification, and equivalent mass 
(EM) scoring, which depends on the volume and the average density of the calcification 
[3-5]. 
Calcium scoring (Ca-scoring) on EBT is known to be less susceptible to cardiac motion 
compared to other CT-modalities, because of its relatively high temporal resolution. 
However, since the appearance of multi-detector computed tomography (MDCT ), scan
ners of this type are also widely used for Ca-scoring as an alternative to EBT. Although 
the temporal resolution of MDCT is lower than EBT, the spatial resolution is much 
higher (0.4 vs. 1.0 mm), enabling the detection of smaller lesions. Whereas Ca-scoring 
on EBT can only be used in sequential scanning mode, MDCT facilitates Ca-scoring in 
sequential and spiral mode. Spiral mode scanning has shown to decrease the variability 
of Ca-scoring when compared to sequential mode scanning [ 6]. With the development 
of dual source computed tomography (DSCT) in 2006, CT is finally approaching the 
temporal resolution of EBT combined with a high spatial resolution [7]. 
In order to use Ca-scoring as a useful diagnostic test, it must be demonstrated as ac
curate, clinically relevant and reproducible. Monitoring of coronary atherosclerosis by 

10 

Figure 2-1: Left: the cardiac phantom. Right: schematic figure of the artificial artery, 
the dimensions are given in millimeters. 
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A rri hc ial a rtery Conccntrc1tio n  [mgl-IA/cm 'J Density [g/crn '] 

HDC 796 1.58 
MDC 401 1.30 
LDC 197 1.16 

Table 2-1 :  1he three artificial coronary arteries HDC, MDC and LDC with the prop
erties of the inserted calcifications as specified by the manufacturer. HDC=high density 
calcification; MDC=medium density calcification; LDC=low density calcification 

repeated scans is advocated by Callister et al. to test the response to lipid-lowering phar
macologic therapy [8] and Budoff et al. [9] showed that statin therapy induced a 61 % 
reduction in coronary calcium progression rate. Therefore a highly reproducible scan
method independent of in vivo conditions to test the accuracy of Ca-scoring is desirable. 
In this study a cardiac phantom was used to investigate the influence of cardiac motion 
on the absolute Ca-score for different kinds of scanners. To our knowledge no previous 
study has systematically investigated the influence of the heart rate on the absolute Ca
score using EBT, 64-slice MDCT and DSCT. 
The purpose of this study was therefore to assess Ca-scoring on 64-slice MDCT and • t 
DSCT versus EBT on a moving cardiac phantom as a function of heart rate, slice thick-
ness and calcification density using three different Ca-scoring methods. 

Materials and methods 
Cardiac phantom 
A moving cardiac phantom (QRM, Mohrendorf, Germany) was used to simulate the 
movement of the coronary arteries (Figure 2-1, left) [7, 10]. The phantom consists of 
a robot arm which performs a pre-programmed motion (Figure 2-2). The robot arm 
moves in a water container inside a thorax phantom (QRM, Mohrendorf, Germany) 
[11]. Different inserts can be attached to the robot arm. The motion curves used in this 
study were based on velocity curves for the LAD given in literature in order to simulate 
the human coronary motion as realistically as possible [12]. Three different artificial 
arteries were investigated which were custom built by QRM. The artificial arteries were 
made of hydroxyapatite (HA) with a diameter of 4 mm and a length of 55 mm (Figure 
2-1). Each artery contained three artificial calcifications with a length of 10 mm, a spac
ing of 5 mm and a thickness of 0.5, 1.0 and 2.0 mm, respectively. The density of the 
calcifications was different in each artery, one with high density calcifications (HDC), 
one with medium density calcifications (MDC) and one with low density calcifications 
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H R  [bpm] 
64-sl icc M DCT-plmc [%l] 

DSCT-phasc [%] 

50 
76 
83 

60 70 80 
74 60 58 
82 70 69 

90 100 110 
56 53 51 
69 67 66 

Table 2-2: Phases used for reconstruction of the images in percentage of the beat time at 
different heart rates used in beats per minute (bpm). HR=heart rate 

(LDC) . The concentration and density of the calcifications in the three artificial arteries 
is given in Table 2-1. The artificial artery had a density of 50 Houndsfield Units (HU), 
simulating human blood. 
Data acquisition 

The phantom was positioned at an angle of 45 degrees relative to the center axis of the 
scanner. Every scan was repeated five times with a small random translational (approxi
mately 2 mm) and small random rotational repositioning (approximately 2 degrees) of 
the phantom after each scan. The ECG signal from the phantom was recorded during 
scanning to enable synchronization with the scanner. The scan parameters on the 64-

t • slice MDCT (Somatom Sensation 64, Siemens, Forchheim, Germany) were: tube volt
age 120 kV, tube current 250 mAs effective, collimation 64 x 0.6 mm and rotation time 
330 ms. A DSCT (Somatom Definition, Siemens, Forchheim, Germany) was used with 
similar scan parameters: tube voltage 120 kV, tube current 100 mAs/rot (equivalent to 
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Figure 2-2: Motion curve 
of the phantom at 70 bpm. 
The curve is defined by 
the time-deflection points 
(black dots). The start and 
end of the reconstruction 
intervals of the 64-slice 
MDCT, DSCT and EBT 
are indicated by the red, 
blue and orange lines, re
spectively. Other heart rates 
are obtained by a time scal
ing of the time points. 

33 t e . 



•. t Chapter 2 

the tube current of 64-slice MDCT), collimation of 64 x 0.6 mm and rotation time 
330 ms. A spiral scanning mode was used on both scanners for a better reproducibility. 
A standard hospital calcium scoring protocol was used on the £BT-scanner (e-Speed, 
GE !matron, San Francisco, USA). This protocol uses a sequential mode with a tube 
voltage of 130 kV, a tube current of 44 mAs, a collimation of 3.0 mm and a scan speed 
of SO ms. 
A standard calcium scoring kernel (B35f) was used for reconstruction of the CT-data. 
Images were retrospectively reconstructed with a slice thickness of 0.6 mm (increment 
0.4 mm) and 3.0 mm (increment 3.0 mm) for both CT scanners. The phases with mini
mal motion were selected from the motion curves of the coronary arteries (Figure 2-2) 
and used for reconstruction of the raw data (Table 2-2). The data from the £BT-scanner 
were reconstructed with a slice thickness of 3.0 mm (increment 3.0 mm) at 40% of the 
RR-interval with a standard calcium kernel according to the standard calcium scoring 
protocol used in our hospital. 

Data analysis 

Two root mean square measures were used to analyze the scoring results. The first meas
ure quantifies the susceptibility of the calcium score to cardiac motion. The second 
measure quantifies the deviation of the calcium score from the reference value. 
We defined a cardiac motion susceptibility (CMS) index in order to assess the suscepti- • t 
bility to cardiac motion of the Ca-scoring methods: 

l N l CMS = N - l L (xo - x) 2 -
i =  I Xo 

(Equation 2-1) 

in which x0 is the Ca-scoring result at 0 bpm, X; is the scoring result at heart rate i and 
N is the total number of heart rates used. In the equation for the CMS-index a factor 
1 lx

0 
is introduced to make the index independent of the absolute score which enables 

comparison of Ca-scores obtained at different slice thicknesses and with different scor
ing methods as a function of cardiac motion. A small CMS-index is equivalent to a low 
susceptibility of Ca-scores to cardiac motion. 
A second measure was introduced to compare the calcium score results of the two CT 
scanners to the results of the EBT scanner. The deviation of the calcium score on CT 
versus the reference value on EBT is defined using a Li-index: 

fl = 
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in which J; is the EBT-score at heart rate i, Z; is the CT-score at heart rate i and Yav is 
the average EBT-score over all heart rates. The normalization factor 1/yav was inserted 
to make the Li-index independent of the absolute score and to enable comparison of 
Li-indexes obtained with different Ca-scoring methods and slice thicknesses. A low 
Li-index is equivalent to a small difference between Ca-scores on CT and EBT. The 
delta-index, as defined in Equation 2-2, is used to quantify the difference in Agatston 
and volume scores on CT and EBT. For these scoring methods EBT provides the ref
erence value. For the equivalent mass score, however, the reference value is given by 
the physical mass. The use of a phantom enables the possibility of calculating the true 
amount of calcium. Therefore the equivalent mass scoring results have been compared 
to the true values instead of the EBT-values, thus J; is the true value and Z; is the CT/ 
EBT-score at heart rate i. 
Noise levels were measured using a standard Region of Interest (ROI) technique. The 
ROI was placed in a section of a slice containing only water. The standard deviation of 
the measured HU-values within the selected ROI was considered to be a measure for 
the noise level. 
All measurements are considered to be normally distributed. Mean and standard devia
tion are given for each measurement. 

� • Results 
The Ca-scoring results of the different arteries obtained with 64-slice MDCT, DSCT 
and EBT are shown in Figure 2-3 as a function of slice thickness and heart rate using the 
three different scoring methods. The scoring results are relatively constant at low heart 
rates (50-60 bpm). At heart rates higher than 60 bpm, however, the scores deviate from 
the values at lower heart rates and an increase or decrease of scoring results is observed 
depending on modality, slice thickness, calcification density and scoring method. 
The results show a general underestimation of the Ca-score for Ca-scoring obtained at 
3.0 mm slice thickness when comparing CT-data and EBT at all heart rates except for 
the Agatston and volume score of the high density calcifications at 70 and 80 bpm. In 
general, the Ca-scores obtained with 0.6 mm slice thickness on CT are overestimated 
compared to the EBT-data or are similar to the EBT-data at all heart rates. 
The scores obtained with EBT (black squares) increased at heart rates above 90 bpm for 
the artery containing the high density calcifications (Figure 2-3, left column), whereas 
the artery containing the medium density calcifications remained relatively constant 
throughout the whole range of heart rates (Figure 2-3, middle column). The artery con
taining the low density calcifications showed decreased scoring results at higher heart 
rates (Figure 2-3, right column). 
The 64-slice MDCT with a slice thickness of 3.0 mm (solid red lines with triangles) 
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Figure 2-3: Agatston score (AS), volume score (VS) and equivalent mass (EM) as a 
function of heart rate in beats per minute using 64-slice MDCT at 0. 6 mm ( dashed 
red lines), 64-slice MDCT at 3. 0 mm (solid red lines), DSCT at 0. 6 mm ( dashed blue 
lines), DSCT at 3. 0 mm (solid blue lines), EBT (solid black lines of artificial arter
ies HDC, MDC and LDC. The dashed black lines in the figures represent the physical 
amount of calcium. 
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showed increased Ca-scores for the Agatston score at 70-90 bpm and for the volumes 
score at all heart rates for the high density calcification, whereas the equivalent mass 
score showed a slight decrease. The medium and low density calcification also showed a 
decrease in scoring results at higher heart rates. 
The 64-slice MDCT with a slice thickness of 0.6 mm (dashed red lines with circles) 
showed highly increased Ca-scores above 70 bpm for the high density calcification for 
all scoring methods. This is also seen for the medium density calcification for the volume 
score, whereas the equivalent mass and Agatston score showed a peak in- Ca-scores at 80 
bpm. The low density calcification showed diminished results at higher heart rates for 
all scoring methods. 
The Ca-scores of the medium and low density calcification obtained with DSCT with 
a slice thickness of 3.0 mm (solid blue lines with triangles) were decreased at elevated 
heart rates. The results of the high density calcification were relatively constant over the 
whole range of heart rates. 
Finally DSCT at 0.6 mm (dashed blue lines with circles) showed increased results for 
Agatston and volume score of the high density calcification. The Agatston score of the 
medium density calcification showed a small decrease and relatively constant results 
were observed for the equivalent mass score of the high density calcification and volume 
and equivalent mass score of the medium density calcification. Diminishing results with 
increasing heart rate were observed for all methods for the low density calcification. 
The influence of cardiac motion on the Ca-score (CMS-index) using the different scor
ing methods is calculated using Eq. 2-1 and is summarized in Figure 2-4 for all scanners 
and slice thicknesses. Looking at the results of the Agatston score, the average CMS
index for EBT was approximately similar to the CMS-index of DSCT at 0.6 mm, which 
was for its part approximately 60% smaller than the CMS-index of 64-slice MDCT at 
0.6 mm. The CMS-index of DSCT at 3.0 mm was approximately 50% higher than the 
CMS-index at 0.6 mm. The CMS-index of 64-slice MDCT at 3.0 mm was approxi
mately twice as large as the index of DSCT at 3.0 mm (Figure 2-4, top). The results 
of the susceptibility to cardiac motion using volume and equivalent mass score were 
similar to the results obtained with the Agatston score, except for the relatively small 
CMS-index for 64-slice MDCT at 0.6 mm using for equivalent mass score. The abso
lute CMS-indexes using equivalent mass were approximately I 0% lower compared to 
the other two methods. The CMS-indexes averaged over scoring method, slice thickness 
and calcification density were 2.5 for EBT, 3.6 for DSCT and 9.0 for 64-slice MDCT. 
The difference between the scoring results using Agatston and volume score of 64-slice 
MDCT and DSCT compared to EBT are calculated using Equation 2-2 and are shown 
in Figure 2-5. For Agatston score (Figure 2-5, top), the best Li-index was observed for 
DSCT with a slice thickness of 0.6 mm (35.9 ± 10.0 averaged over all densities). A 
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Figure 2-4: Cardiac Motion Susceptibility-index (see text) determined with Agatston 
score (AS) (upper left), volume score (VS) (bottom left) and equivalent mass (EM) (up
per right) for the high, medium, low density lesions and the average using 64-slice 
MDCT (with slice thickness of 3. 0 and 0. 6 mm), DSCT (with slice thickness of 3. 0 
and 0. 6 mm) and EBT (with slice thickness of 3. 0 mm). A small CMS-index represents 
a low susceptibility to cardiac motion. The standard deviations of the CSM-index are 
indicated by error bars. 64S=64-slice MDCT; DS=Dual Source CT 

L'.1-index approximately twice as large was observed for 64-slice MDCT at 0.6 mm (65.7 
± 9.0 averaged over all densities). Both CT-modalities at 3.0 mm had a L'.1-index ap
proximately two times the L'.1-index of DSCT at 0.6 mm (91.0 ± 10.1 and 88.4 ± 9.1 
for DSCT and 64-slice MDCT respectively averaged over all densities). Comparable 
results were observed for the volume score measurement (Fig. 2-5, middle), although 
the L'.1-indexes for the measurements at 0.6 mm were higher with the highest L'.1-index for 
64-slice MDCT at 0.6 mm. 
A L'.1-index was calculated for all scanners comparing the equivalent mass results to 
the theoretical true values. The results are shown in Figure 2-5, bottom. The small-
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Figure 2-5: !J-index (see text) determined with Agatston score (AS) (upper left), volume 
score (bottom left) (middle) and equivalent mass (EM) (upper right) for the high, me
dium, low density lesions and the average using 64-slice MDCT and DSCT, both with 
slice thicknesses of 3. 0 and 0. 6 mm. The equivalent mass measurement includes the EBT 
as well. A small !J-index represents a good correspondence with the EBT results or physi
cal mass. 64S=64-slice MDCT; DS=Dual Source CT 

est Li-index was observed for 64-slice MDCT (55 .9 ± 6.8) followed by higher indexes 
for DSCT (68.3 ± 8.3) and EBT (71.3 ± 7.9) both with a slice thickness of 0.6 mm, 
however the indexes of 64-slice MDCT and DSCT and the indexes of EBT and DSCT 
are within each margins of error shown by the error bars. Both CT-modalities at 3 .0 
mm showed Li-indexes approximately twice as large compared to the results at 0.6 mm 
( 140 .1 ± 7. 8 and 131.1 ± 8. 5 for DSCT and 64-slice MDCT respectively averaged over 
all densities) . 
The Li-indexes were 53.2 for DSCT and 72.0 for 64-slice MDCT both with a slice 
thickness of 0.6 mm averaged over the scoring methods and densities. The Li-indexes at 
3 .0 mm were 102.0 for DSCT and 96.9 for 64-slice MDCT averaged over the scoring 
methods and densities. 
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Noise levels were as follows: 64-slice MDCT showed 36.1 ± 2.9 HU and 13.2 ± 1.2 HU 
for 0.6 and 3.0 mm slice thickness, respectively. DSCT showed 43.0 ± 1.6 HU and 16. 1 
± 1.0 HU for 0.6 and 3.0 mm slice thickness, respectively. EBT with a slice thickness 
of 3.0 mm showed a noise level of 20.5 ± 0.8 HU. The noise did not vary at different 
heart rates. 

Discussion 
An assessment was made of Ca-scoring on 64-slice multi-detector computed tomog
raphy and dual-source computed tomography versus electron beam tomography on a 
moving cardiac phantom as a function of heart rate, slice thickness and calcification 
density using three different Ca-scoring methods. From the results it can be concluded 
that the Agatston, volume and equivalent mass scores depend on heart rate, slice thick
ness and the CT-system used. Furthermore DSCT is approximately 50% less susceptible 
to cardiac motion as 64-slice MDCT in Ca-scoring. 
It has been shown in previous studies that the amount of calcium in coronary arteries 
is generally underestimated in MDCT with respect to the gold standard EBT. Stanford 
et al. showed an underestimation of coronary calcium with 4-slice MDCT compared to 
EBT [16] and the same effect was reported by Horiguchi et al. using 16-slice MDCT 
[14, 1 7]. Our results showed underestimation as well, but only for 3.0 mm slice thick-
ness, whereas 0.6 mm showed an overestimation at all heart rates. • 41 
Surprisingly the Agatston scores of the medium density calcification at rest using 3.0 
mm slices are different for the 64-slice MDCT and DSCT, while similar scores are ex-
pected (approximately 165 for 64-slice MDCT and 135 for DSCT). The same effect is 
observed for heart rates of 50 and 60 bpm. A possible explanation for this phenomenon 
lies within the scoring algorithm of the Agatston score. For each calcification the maxi-
mum HU value within the calcification is obtained. Based on this maximum value the 
area of the calcification is multiplied by a weighting factor. For a maximum of more than 
400 HU this factor is 4, for a maximum between 300 HU and 400 HU this factor is 3 
[2]. The medium density calcification has a CT density of 400 HU. The difference in 
scoring results can be explained by a small difference in HU between the two scanners. 
Where the maximum CT density within the medium density calcification could be over 
400 HU using the 64-slice MDCT, the maximum CT might have been below 400 HU 
using the DSCT. If this explanation is applied, the score obtained using 64-slice MDCT 
is more similar to the score obtained using DSCT (165*3/4 = 124). Although the dif-
ference in HU is very small, the weighting factor of the Agatston algorithm can cause a 
large difference in scoring result. 
At heart rates above 70 bpm Agatston, volume and equivalent mass score differ from 
the results at rest and at low heart rates. This difference depends on the density of the 
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Figure 2-6: Theoretical estimated CT profiles for two objects (black lines) with high 
(X) and low density (}? exhibiting a relatively low (red/blue solid lines) and high (red/ 
blue dashed lines) movement. The dashed black line represents the standard Ca-scoring 
threshold of 130 HU. 

calcification as can be seen in Figure 2-3: calcifications with a high density show elevated 
scoring results, whereas low density calcifications are associated with diminished scoring 
results. A decrease of Agatston and equivalent mass score on increased heart rates us
ing a calcification of 400 HU has also been reported by Ulzheimer et al. using a 4-slice 
MDCT in accordance with our results [ 11]. We considered the influence of image blur
ring on the Ca-score as a function of the calcification density in Figure 2-6 for a pos
sible explanation for this effect. Two calcifications of identical size are shown by black 
lines, one with a high density (X) and one with a low density (Y). The corresponding 
apparent images at a relatively low and high heart rate are given by the solid grey and 
dashed grey line, respectively. In addition, the default Ca-scoring threshold of 130 HU 
is shown by the dashed black line. At the level of the threshold the apparent width at 
high heart rates is larger than the apparent width at low heart rates for the high density 
object. The reverse effect is observed for the low density object; at high heart rates the 
apparent size is reduced compared to the apparent size at low heart rates. From this 
analysis it can be concluded that at high heart rates the apparent volume of high density 
objects is increased and the apparent volume of low density objects is decreased. With 
this model we can explain the increase of calcium score on increasing heart rate for high 
density calcifications, and a decrease of calcium score on increasing heart rate for low 
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density calcifications, as observed in Figure 2-3. Decreasing scoring results with increas
ing movement have previously been reported on 4-slice CT [15] . 
The susceptibility of calcium score on heart rate has been assessed by the CMS-index 
using the three different scoring methods available. The results show that the CMS
index of EBT is the lowest for all methods. Therefore it can be concluded that EBT is 
the least susceptible to cardiac motion. The CMS-index of DSCT is approximately half 
the CMS-index of 64-slice MDCT, showing a reduction of 50% of the influence of 
cardiac motion on Ca-scoring on DSCT with respect to 64-slice MDCT. These results 
can be explained with the improved temporal resolution of DSCT compared to 64-
slice MDCT (83 vs. 165 ms). A reduction of the slice thickness also results in a lower 
CMS-index. Therefore we conclude that the use of a small slice thickness reduces the 
susceptibility to cardiac motion for both 64-slice MDCT and DSCT. 
The difference between CT-data and EBT-data has been assessed by the Li-index using 
the Agatston and volume score, the equivalent mass results have been compared to the 
physical amount of calcium. The results show the lowest Li-index for DSCT with a slice 
thickness of 0.6 mm for Agatston and volume score. The CT modalities at 0.6 mm and 
EBT showed similar Li-indexes for the approximation to the physical mass. A reduction 
of the Li-index was observed comparing the two CT-modalities at 0.6 mm and 3.0 mm. 
The best resemblance between EBT and CT was observed for DSCT with a slice thick
ness of 0.6 mm. 
The use of a smaller slice thickness has some disadvantages although it was beneficial 
to the scoring results in this phantom study. The noise measurements showed increased 
noise levels for the 0.6 mm slices compared to 3.0 mm slices. It is expected that for pa
tient scanning the noise levels at 0.6 mm are too high to guarantee a reliable outcome 
of the Ca-scoring. To overcome these increased noise levels the tube current can be in
creased. However, this increases the patient dose as well. Although dose-reduction tech
niques have been investigated leading to dose-reductions up to 57% [18-21] , a good 
balance between patient dose and accuracy of calcium scoring needs to be found. 

Limitations 

The EBT-data acquisition of this study was performed with a standard hospital protocol 
using a tube voltage of 130 kV, whereas CT scanning was performed with a tube voltage 
of 120 kV. Although higher energies tend to show less density, Nelson et al. reported 
very small differences between EBT at 130 kV and CT at 120 kV [22] . Therefore we 
expect that the influence of the difference in tube voltage can be neglected. 
The pre-programmed movement of the calcified coronary arteries was one dimensional 
in contrast with the in vivo situation where the motion of human coronary arteries is 
three dimensional and the direction and orientation of the human coronary arteries can 
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vary. In our study the movement of the calcified coronary arteries was in the (x,z) plane 
with a 45° angle relative to the z-direction of the scanner. We expect that movement 
more perpendicular to the z-direction of the scanner will cause more blurring in the 
(x,y) plane and reduce blurring in the z-direction. In addition, we expect that movement 
more parallel to the z-direction of the scanner will be more subject to partial volume 
effects when using thick slices. Thin slices will be less subject to the PYE due to the iso
tropic resolution of 0.6 mm. The motion of the robot arm was programmed according 
to patient data [ 11] and therefore we expect that our analysis shows a good correspond
ence with a clinical situation, but a clinical validation is advocated. 
The coronary artery we used for our simulation, the LAD, exhibits lesser motion than 
the LCX and especially the RCA, which exhibits very large motion swings especially in 
systole. In our study we, however, wanted to show the influence of motion on the coro
nary calcium score independent of a specific major coronary artery. We therefore have 
used motion curves with velocities similar to the LAD to simulate the motion, because 
if a dependency of calcium score on coronary motion could be proven for the lowest 
velocity of the LAD, we expect an even stronger dependence for the higher velocities of 
the LCX and RCA. In our study we have shown that for higher heart rates the under- or 
overestimation of the calcium score increases as a function of calcification density, inde
pendently of the absolute velocity of the artery, but depending on the relative heart rate 
difference from 0 bpm. Because this motion dependent effect is pronounced visible for 
the relative low velocity of the LAD, we expect that the results can also be applied to the 
vaster moving other major arteries. 

Conclusion 

The results of Ca-scoring are influenced by heart rate, slice thickness and modality used. 
DSCT is approximately 50% less susceptible to cardiac motion than 64-slice MDCT 
using a robot phantom. Susceptibility is further reduced with a smaller slice thickness. 
DSCT gives a better approximation of the absolute calcium score on EBT than results 
obtained with 64-slice MDCT when using a smaller slice thickness (0.6 mm). The two 
modalities show similar results when using larger slice thicknesses (3.0 mm). In general, 
the use of a smaller slice thickness further reduces the difference between CT-data and 
EBT-data. The best approximation to the physical amount of calcium was found using 
a small slice thickness, where 64-slice MDCT and DSCT show similar results. The best 
approximation of Ca-scoring on EBT is observed for DSCT with a slice thickness of 
0.6 mm. 
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Abstract 
Purpose 

To compare Magnetic Resonance Imaging (MRI), 64-slice Multi Detector Computed 
Tomography (MDCT ) and Dual Source Computed Tomography (DSCT ) in assessing 
global function parameters using a moving heart phantom. 

Methods and materials 

A moving heart phantom with known volumes (215-258 ml) moving at 50-100 beats 
per minute was examined by three different imaging modalities using clinically imple
mented scanning protocols. End-diastolic and end-systolic volumes were calculated by 
two experienced observers using dedicated post-processing tools. Ejection fraction (EF) 
and cardiac output (CO) were calculated and mutually compared using Bland-Altman 
plots. 

Results 

MRI underestimated the ejection EF by 16.1 % with a Bland-Altman interval (B-A) of 
[-4.35 (-2.48) -0.60] . 64-slice MDCT overestimated the EF by 2.6% with a relatively 
wide B-A interval of [-3.40 (0.40) 4.20] . DSCT deviated the least from the known 
phantom volumes underestimating the volumes by 0.8% with a B-A interval of [-1. 17 

(-0.13) 0.91] . CO analysis showed similar results. Furthermore, a good correlation was • • 
found between DSCT and MRI for EF and CO-results. 

Conclusion 

MRI systematically underestimates functional cardiac parameters, ejection fraction and 
cardiac output of a moving heart phantom. 64-slice MDCT underestimates or overes
timates these functional parameters depending on the heart rate due to a limited spa
tial resolution. DSCT deviates the least from these functional parameters compared to 
MRI, EBT and 64-slice MDCT. 

Keywords 

Functional parameters; MRI; 64-slice MDCT; DSCT; Phantom; Global cardiac func
tion 
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Introduction 

Functional parameters of the left ventricle, such as the ejection fraction and the cardiac 
output, are closely related to cardiac morbidity and mortality. These parameters can pre
dict the prognosis of coronary artery disease in individual patients and in entire cohorts 
if assessed accurately [1-4] . The current standard of reference to assess functional pa
rameters is short-axis Magnetic Resonance Imaging (MRI) using Steady State Free Pre
cession (SSFP) sequences [5-1 OJ . The main advantage of MRI is its excellent temporal 
resolution without the need to expose the patient to ionising radiation or nephrotoxic 
contrast agents. However, MRI is contra-indicated in a substantial number of patients 
for various reasons e.g. non-MR compatible implants or claustrophobia [11] . 
As an alternative to MRI, Multi Detector Computed Tomography (MDCT ) can be 
used to assess functional parameters of the left ventricle. Although MDCT has a low
er temporal resolution (165 ms), its spatial resolution (voxelsize 0.6x0.6x3.0 mm) is 
higher than MRI (voxelsize I .7xl .7x6.0 mm). An other CT technique, Dual Source 
CT (DSCT), has a temporal resolution more similar to the temporal resolution of MRI 
(83 ms). DSCT combines this relative high temporal resolution with a relative high 
spatial resolution (voxelsize 0.6x0.6x3.0 mm) [12] . These given resolutions are based 
upon clinically implemented scan protocols. Although these resolutions can be further 
optimized this could influence negatively other aspects of the scan such as scan duration, 
patient dose or noise levels. 
Since CT is now used more frequently in clinical practice than MRI, it is relevant to 
assess its diagnostic accuracy for analysis of functional parameters of the left ventricle, 
since these parameters can easily be calculated from the raw data of a gated CT exami-

Figure 3-1: The moving 
anthropomorphic heart 
phantom. 
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nation of the heart. Whereas CT is the preferred modality for assessing morphology of 
the heart and the coronary arteries, CT might also play an important role in functional 
assessment as well. 
Therefore the purpose of this study was to compare MRI, 64-slice MDCT and DSCT in 
assessing the ejection fraction and cardiac output of an anthropomorphic moving heart 
phantom at a range of different heart-rates. 

Materials and methods 

An anthropomorphic moving heart phantom (Limbs & Things, Bristol, UK) with 
known volumes was connected to a gas-pump with variable flow-settings (Figure 3-1). 
The gas-pump also generated a trigger signal which enabled synchronized ECG gat
ing of the imaging modalities with the movement of the phantom. The phantom was 
designed and adjusted for CT and MRI applicability [13]. Heart rates of 50-100 beats 
per minute (bpm) with an interval of 10 bpm were simulated. The known phantom 
volumes were used as the reference. The reference value for the end-diastolic volume 
(EDY) was determined by filling the phantom with water. This value was considered to 
be constant at varying heart rates. The reference end-systolic volume (ESV) was calcu
lated by determination of the stroke volume (SV) using a gas flow analyzer (VT Plus HF, 
Fluke, Everett, USA) and using the relation SV = EDV - ESV. 
The anthropomorphic moving heart phantom was positioned along the z-axis of the • t 
scanner and scanned with three different imaging modalities using clinically imple-
mented scanning protocols: MRI, 64-slice MDCT and DSCT. The parameters for 1.5 
Tesla MR (Siemens Magnetom Sonata, Erlangen, Germany) were: TR/T E 57 .46/1.10 
ms, CJ. 59°, POV 284x350 mm, matrix 125x192 mm, voxelsize l .7xl .7x6 mm, interslice 

Figure 3-2: Axial slices of the heart phantom as obtained with MRI, 64-slice MD TC 
and DSCT. 
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gap 4 mm with a retrospectively gated cine steady state free precession sequence. The 
parameters for 64-slice MDCT (Siemens Somatom Sensation 64, Erlangen, Germany) 
were: rotation time 330 ms, slice thickness 3.0 mm increment 3.0 mm, tube voltage 
120 kV, tube current 250 ms. The parameters for DSCT (Siemens Somatom Definition, 
Forcheim, Germany) were: rotation time 330 ms, slice thickness 3.0 mm, increment 3.0 
mm, tube voltage 120 kV, tube current 120mAs/rot, a protocol similar to that of the 
64-slice MDCT. 
After data-acquisition the 64-slice MDCT- and DSCT-images were reconstructed with 
a medium smooth kernel at every 10% of the RR-interval. A bi-segmental reconstruc
tion was used for the 64-slice MDCT data for heart rates over 65 bpm as suggested by 
the manufacturer and a single-segmental reconstruction was used for the DSCT data. 
Then, the reconstructed axial images were analyzed by two independent experienced 
observers. Both observers had more than three years experience in analyzing and post
processing clinical cardiac MRI and CT scans. Two dedicated post-processing tools, 
using the same algorithm and the same visual interface, were used for this analysis. 
The volume analysis of the MRI- and DSCT-data was performed using QMass (Me
dis, Leiden, the Netherlands). The volume analysis of the 64-slice MDCT-data was 
performed using CardIQ (GE Medical Systems, Milwaukee, Wisconsin, USA). In the 
volume analysis, the end-diastolic volume (EDV) and the end-systolic volume (ESV) 
were calculated. Since the phantom was scanned along the z-axis, short-axis images were 
obtained automatically. Apical and basal slices were defined as the first and last slice in 
which the ventricular lumen was present. The diastolic phase for the EDV was defined 
as the phase with the greatest luminal cavity. The end-systolic phase for the ESV was 
defined as the phase with the smallest luminal cavity. The observers manually traced 
the area of the cavity in each slice in the appropriate phases, defining the total volume. 
The obtained volumes of the analysis were used to calculate the Stroke Volume (SV), 
Ejection Fraction (EF) and Cardiac Output (CO) at every heart rate. Stroke volume is 
calculated as SV = EDV - ESV. The ejection fraction is calculated as EF = (SV/EDV) * 
100%. The cardiac output is calculated as CO = HR * SV. 

Data analysis 

The functional parameters of the imaging modalities were compared to the functional 
parameters of the reference and assessed using an over- or underestimation and a rela
tive difference. The over- or underestimation is defined as the difference in functional 
parameter between one of the four modalities and the reference. The relative difference 
is defined as the over- or underestimation in functional parameter by a modality as a 
percentage of the functional parameter of the reference. 
The method of Bland and Altman was used to display the average over- or underestima-
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tion and limits of agreement between the imaging modalities and the reference [14]. 
The results are shown in the form of [average - 2x standard deviation (average) average + 
2x standard deviation]. A small over- or underestimation indicates a high accuracy and 
small limits of agreement indicate a high precision. 
A paired t test was used to asses the differences in the measured volumes by the two 
observers. The same statistical test was used to asses the over- and underestimations in 
EF and CO as a function of HR by the different modalities. A p-value < 0.05 was con
sidered to be significant for the test. 

Results 
Volumetric data 

The reference maximum volume, end-diastolic volume (EDY), of the heart phantom 
was 258± 1 ml. The reference minimum volume, end-systolic volume (ESV), of the heart 
phantom varied at different heart rates. The ESV increased with increasing heart rates, 
ranging from 215.0 ml at 50 bpm to 223.7 ml at 100 bpm. 
Averaged EDY values were between 263.2 and 269.6 ml for MRI, between 274.6 and 
283.2 ml for 64-slice MDCT and between 256.9 and 261.7 ml for DSCT, showing 
exaggerated EDVs compared to the reference for all modalities except for DSCT. Aver
aged ESV values were between 229.0 and 236.9 ml for MRI, between 230.2 and 248.4 
ml for 64-slice MDCT and between 219.8 and 220.6 ml for DSCT, showing exagger- • -
ated ESVs compared tot the reference for all modalities except for DSCT again. The 
measured volumes are given in detail in Tables 3-1 a and 3-1 b and axial slices of the heart 
phantom obtained with the three imaging modalities are shown in Figure 3-2. 
The volumes were used to calculate the different functional parameters. The ejection 

50 258 267.4 263.0 279.2 285.1 262.1 261.4 
60 258 267.3 267.0 279.8 284.7 262.1 261.3 
70 258 270.5 268.0 274.3 280.2 261.2 260.7 
80 258 267.2 265.2 279.3 287.0 260.0 259.4 
90 258 263.2 263.8 274.6 274.7 257.8 257.0 

100 258 265.9 273.2 280.3 278.7 257.3 265.4 

Table 3-la: End-diastolic volumes of the moving heart phantom as measured by the 
different imaging modalities. 
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fraction (EF) of the reference was smaller at higher heart rates, a pattern observed with 
the three modalities as well (Figure 3-3) . The EF by MRI was underestimated compared 
to the reference at all heart rates. The average relative difference of - 16. 1  % to the refer
ence for MRI, was significant (p<0.01 ) .  The EF by 64-slice MDCT was overestimated 
compared to the reference except at heart rates of 60 and 100 bpm. However, the aver
age relative difference of2.6% to the reference was not significant (p = 0.62) . The EF by 
DSCT showed a small underestimation at lower heart rates and a small overestimation 
at higher heart rates. The average relative difference of 0.8% to the reference was not 
significant as well (p = 0.57) . 
In contrast to the EF, the cardiac output (CO) of the reference was larger at higher heart 
rates, a pattern observed for all three investigations (Figure 3-4) . The CO by MRI was 
underestimated compared to the reference at all heart rates. The average relative differ
ence of - 12.7% to the reference for MRI, was significant (p<0.02) . The CO by 64-slice 
MDCT was overestimated compared to the reference except at heart rates of 60 and 
100 bpm. However, the average relative difference of 10.7% to the reference was not 
significant (p = 0. 15) . The CO by DSCT was underestimated except at a heart rate of 
100 bpm. The average relative difference of 0.3% to the reference was not significant as 
well (p = 0.84) . The relative differences to the reference for each modality are given in 
Table 1 . 

The accuracies (size of over- or underestimation) and precisions (range of limits of agree
ment) of the different imaging modalities in assessing the EF are shown using Bland
Altman plots (Figure 3-5) . The accuracy and precision of MRI were both moderate in 
assessing the EE The accuracy of 64-slice MDCT was much better, but the precision 

50 2 15 .0 233 .0 229.0 220.3 2 19.3 228.4 232.9 
60 215 .9 23 1 .4 226.7 220.3 219.3 241 .9 238.2 
70 216.9 235 .4 228.5 221 .2 2 19. 1 235 .6 230.6 
80 2 17.6 234.2 232.4 220.8 2 19.2 23 1 .2 23 1 .7 
90 220.8 230.3 230.3 221 . 1  2 19.4 232.3 228. 1 
100 223 .7 234.0 234.0 221 .8 219.4 25 1 .0 245 .9 

Table 3-1 b: End-systolic volumes of the moving heart phantom as measured by the dif 
ferent imaging modalities. 
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Figure 3-3: Ejection Fraction (EF) as function of heart rate (HR) obtained with the 
reference (black line with ♦ ), MRI (red line with • ), 64-slice MDCT (blue line with 
l..) and DSCT green line with ■) 
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Figure 3-4: Cardiac Output (CO) as function of heart rate (HR) obtained with the 
reference (black line with ♦ ), MRI (red line with • ), 64-slice MDCT (blue line with 
l..) and DSCT (green line with ■) 
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was relatively low. The accuracy and precision of DSCT were both high. The precise 
Bland-Altman limits for the different modalities in assessing the EF were [-4.35 (-2.48) 
-0.60] for MRI, [-3.40 (0.40) 4.20] for MDCT and [-1.17 (-0.13) 0.91] for DSCT. 
The accuracies and precisions found in the analysis of the CO results were different from 
the previous EF results (Figure 3-6). MRI and 64-slice MDCT both showed a moderate 
accuracy. However, the precisions were different. The precision of MRI was high, but 
the precision of 64-slice MDCT was low. DSCT showed again a high accuracy and a 
high precision. The precise Bland-Altman limits for the different modalities in assessing 
the CO were [-0.72 (-0.37) -0.02] for MRI, [-0.58 (0.31) 1.20] for MDCT and [-0.18 
(0.01) 0.20] for DSCT. The accuracy of each modality is given in Table 3-2. 

In ter-observer data 

Finally, the inter-observer analysis showed that, overall, the difference in volumes, as 
determined by the two observers were not significantly different (p>0.08). However, 
when analyzing the difference in EDY and the difference in ESY separately, the differ
ence in EDY was not significant (p>0.90), whereas the difference in ESY was significant 
(p<0.01). 

Discussion 

Our results show that MRI underestimates functional parameters, ejection fraction and • • 
cardiac output, of a moving heart phantom. 64-slice MDCT underestimates or overes-
timates these parameters depending on the heart rate. DSCT deviates least from these 
parameters compared to MRI and 64-slice MDCT. 
The different imaging modalities inevitably used slightly different scan protocols in this 
study. Although it would have been possible to use more similar parameters, such as 
comparable slice thicknesses and increments, it was considered to be more clinically 
relevant, to use typical protocols used in daily clinical practice. 
MRI overestimated the end-diastolic volume (EDY) and end-systolic volume (ESV) 
structurally, like Mao et al. found as well [15]. This resulted in a structural underestima
tion of the ejection fraction (EF) and cardiac output (CO). The structural overestima
tion of the physical volumes might be the result of the limited spatial resolution of MRI. 
For MRI, the section thickness was 6 mm, a reduced spatial resolution compared to the 
other modalities, explaining this overestimation. Sequences with higher spatial resolu
tion are available for MRI and it is expected that using these optimized sequences will 
improve the results. However, the duration of the scan will be increased. 
64-slice MDCT is not hampered by a limited spatial resolution; however, its temporal 
resolution is low. This low temporal resolution causes increased blurring in the CT 
images, making a proper delineation of the luminal cavity more difficult. Therefore an 
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observer might easily over- or underestimate a volume at an individual heart rate (e.g. 
the rather large deviation at 80 bpm), whereas the average measurement over all heart 
rates has a high accuracy. This explains the variable results with large limits of agreement 
for 64-slice MDCT. The average measurement is accurate but it shows large outliners. 
Similar results were reported previously; data acquired with a temporal resolution of 165 
ms showed large limits of agreement, whereas data acquired with a temporal resolution 
of 83 ms showed very small limits of agreement [16] . Although the temporal resolution 
can be improved with multi-segment reconstruction, leading to better reproducibility 
in a phantom study [17], it was shown that this technique did not improve results for 
studies in human subjects [18]. 
DSCT with a high temporal and a high spatial resolution approximated the physical 
volumes the best. Another phantom study by Mahnken et al. showed also good approxi
mations to the physical volumes with DSCT [16]. In vivo studies have also reported 
on the use of DSCT for functional assessment. However, these studies only result in a 
comparison between DSCT and usually MRI, because physical values are not known. 
The reported correlations between DSCT and MRI are very good [19-21]. 
There were no clinically significant differences in image quality for both CT systems, 
with respect to delineation of the ventricular cavity (Figure 3-2). It should be noted 
that the smooth surface of the ventricular cavity in the heart phantom is not necessarily 
representative of the situation in vivo. The human left and right ventricular cavity are 
lined with varying degrees of inhomogeneous porous myocardial tissue, often referred 
to as trabecularisation [22]. Furthermore, the contrast between blood and myocardial 
tissue in vivo is different than the contrast between artificial material and gas in the heart 
phantom. Therefore, the aspect of contrast and image-quality could no be fully taken 
into account in the present study. 
The measured EDVs and ESVs resulted in very low EFs and COs. Such low EFs and 
COs are uncommon in clinical practice. Besides these uncommon EFs and COs, there 
are two more aspects which make this phantom study deviate from clinical practice. 
First, the moving heart phantom has a fixed ejection fraction and cardiac output at a 
certain heart rate, whereas in patients the functional parameters may vary. Second is the 
phenomenon of trabecularisation of the left ventricle which makes exact delineation 
of the endocardial border in patients more dependent on visible contrast between the 
blood pool and the ventricular wall as stated previously. Despite these shortcomings the 
use of a moving heart phantom offered the advantage of ensuring highly reproducible 
conditions at each of the three imaging modalities, whereas studies in human subjects 
intrinsically suffer from lack of consistency due to different variables, such as physiologi
cal non-constant heart rates caused by breathing or fluctuations in fluid-status. 
Although the moving heart phantom has some shortcomings and deviates from clinical 
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practice, the results might be extrapolated to EFs and COs more common in clinical 
practice. The small over- and underestimations of the functional parameters of the left 
ventricle might argue for interchangeable results for different imaging modalities. How
ever, these over- and underestimations are due to the fact that the simulated functional 
parameters were relatively small as well. If these results are extrapolated to values as
sociated with normal EFs and COs [23, 24], the over- and underestimations might be 
around 10% for the EF and around 0.9 I/min for the CO. 
In addition to the use of different imaging modalities resulting in different values of 
functional parameters, human error might increase this difference. Surprisingly, there 
was a significant difference in the ESV between the two observers, whereas the EDV 
showed no difference. These differences can not be explained by visual selection of dif
ferent phases or systematic differences in delineation. These differences are most likely 
explained by larger differences in terms of percentage between the intrinsically lower 
quantitative values for ESV compared to EDY. 

Limitations 

Reconstructions were made at every I 0% of the RR-interval, although smaller intervals 
are possible. Smaller intervals, for example intervals of 5%, have been used in previous 
studies [25, 26]. However, reconstructions at intervals of 10% are thought to be ad-
equate for clinical use according to Suzuki et al. [27]. In addition, it was reported that • t 
DSCT and MRI show similar differences in functional parameters when ten or twenty 
phases are used for reconstruction of the DSCT data [28]. 
Different post-processing tools were used for the volume analysis, because the individual 
post-processing tools could only process CT or MR data and not both. Furthermore not 
all post-processing tools were available throughout the entire study and since the DSCT 
data were added in a later stadium it could not be analyzed using CardIQ. However, all 
post-processing tools were developed by the same company (Medis, Leiden, The Neth
erlands) and use the same algorithm and visual interface. Therefore, the differences in 
end-diastolic and end-systolic volumes are not considered to be influenced by using the 
different post-processing tools. 

Conclusion 

Our results show that a clinically implemented MRI protocol structurally underesti
mates functional parameters, ejection fraction and cardiac output, of a moving heart 
phantom. A clinical implemented protocol using 64-slice MDCT underestimates or 
overestimates these functional parameters depending on the heart rate. A clinical proto
col using DSCT deviates the least from these functional parameters compared to MRI 
and 64-slice MDCT. 
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Abstract 
Objective 

Evaluation of the image quality of coronary artery stems at various heart rates using 
Multi Detector Computed Tomography (MDCT). 

Methods 

Nine different coronary stents were attached to a moving heart phantom and scanned 
using a 64-MDCT with a rotation time of 330 milliseconds (ms). The heart rate of 
the phantom was varied between 0 and 115 beats per minute (bprn). Two independ
ent methods were used to investigate image quality. After reconstruction the average 
Houndsfield Unit (HU) value in the stent lumen was measured in the longitudinal and 
the cross-sectional plane. The stem images were then presented to two radiologists. The 
radiologists were asked to rank the images from good to bad based on lumen visibility 
and overall image quality. A second ranking was obtained using the CT density values. 
Finally two rankings were compared. 

Results 

Compared to the value for air, the HU-values measured in the lumen increased by 50 
to 700 HU. Average slope value in the longitudinal plane was 1.7 ± 0.6 HU/bpm, and 
the average slope value in the cross-sectional plane was 1.7 ± 0.8 HU/bpm. This shows • • 
increased attenuation with increasing heart rate and thus a negative correlation between 
image quality and heart rate in both planes for all stents. The ranking acquired from the 
radiologists resembled the measured results as they also showed a negative correlation 
between the two variables. Using the results of the CT density measurements an analysis 
was done on multi-segment reconstruction (MSR). 

Conclusion 

A negative correlation between the heart rate and image quality of coronary stents was 
found by two independent methods. MSR showed no benefit for image quality in this 
study. 

Keywords 

MDCT; Heart phantom; Image quality; Coronary stent; Multi-segment reconstruc
tion 
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Introduction 

Intracoronary stent implantation is a successful method to treat stenosis in coronary 
arteries, however, within six months, approximately in 15 to 20% of the patients in 
stent restenosis occurs [1,2]. Therefore, non-invasive diagnosis of in-stent restenosis is 
an important issue in the follow-up after coronary stent placement. Promising results 
have been obtained with multidetector computed tomography (MDCT ) in the field of 
coronary artery imaging. Despite the introduction of 16-slice MDCT scanners which 
have an improved temporal and spatial resolution compared to 4-slice CT, limitations 
for stent lumen evaluation occur; such as motion artefacts and blooming due to the 
metal in the coronary stents [3,4]. The 64-MDCT has mainly increased temporal reso
lution compared to 16-slice MDCT due to a reduced rotation time and may therefore 
improve the image quality. 
Until now stent imaging research in vivo as well in vitro has been concentrated on 
4-slice MDCT and 16-slice MDCT [5-9]. The purpose of this study is to evaluate im
age quality of coronary stents on 64-slice MDCT in a heart phantom. In contrast to 
previous studies we have used a moving heart phantom and air-filled stents to analyze 
the influence of heart rate on image quality. Although air-filled stents do not resemble 
the in vivo situation, a good comparison between the different heart rates was possible 
due to the use of the moving heart phantom. 

Figure 4-1: Measuring the HU-value. Left: measurements in the cross-sectional plane, 
Lekton at 90 bpm. Right: measurements in the longitudinal plane (picture is cropped), 
Multi-link Zeta at 90 bpm. Calculated by the Aquarius workstation are mean HU
value, standard deviation and size of ROI. 
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Materials and methods 
Data Acquisition and Reconstruction 

A variety of nine different, clinically used, coronary stents was used. Average stent length 
was 14.8 ± 5 mm with an average diameter of 3.0 ± 0.1 mm. The specific properties 
of all stems are listed in Table 4-1. Stent dimensions were obtained using a digital cal
liper. 
During scanning the stents were attached to a moving heart phantom [ 4]. This phantom 
is made of silicon and has artificial arteries. The movement of the phantom is controlled 
using an external respiration device and the heart rate can be set ranging from O to 115 
bpm. The heart rate of the phantom was synchronized to the MDCT-unit using ECG
gating. Stems were scanned at seven different heart rates: 0, 50, 60, 70, 80, 90, and 100 
bpm in a small tube, which was attached to the left anterior descending artery (LAD) 
of the phantom. 
Measurements have been performed on a 64-slice MDCT (Somatom Sensation 64, 
Siemens, Forchheim, Germany). The scan protocol for the phantom studies was 120 kV, 
120 mAs, 330 ms rotation time and 64x0.6 mm collimation. Images were reconstructed 
using the Siemens B35f kernel with a reconstruction slice width of 0.75 mm at 50% of 
the RR-interval of the cardiac cycle. A two-segment reconstruction was used for heart 
rates above 61 bpm. 

Image Evaluation 

Two different image evaluation methods were used. The first method was to calculate 
the mean HU-value in the stent lumen. To compare the measured results 2 experienced 
radiologists were asked to independently rank the reconstruction images per stent from 
good to bad, this was the second evaluation method. Hereafter, the images were given a 
grade based on their position in the ranking, 7 for the image with the best image quality 
to 1 for the image with the poorest quality. 
Measurements of the HU-values in the stent lumen were performed using an Aquarius 
workstation version 3.3 (TeraRecon Inc., San Mateo, USA). The HU-values were meas
ured in two planes, a longitudinal plane and a cross-sectional plane (Figure 4-1). A 
standard region-of-interest (ROI) technique was used to obtain the mean HU-value. A 
circular region was used in the cross-sectional plane. The area of the region was variable 
depending on the size of the stent. Average ROI area in the circular plane was 3 ± 1 
mm2• In the longitudinal plane a rectangular ROI was used. The width of the ROI used 
with all stents was 1.25 mm, the length varied per stent, depending on the length of the 
stent. For each ROI the mean value, standard deviation and area size were provided by 
the Aquarius workstation. 
After plotting the CT density measurements versus the heart rate, the slope values for all 
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Bx Sonic A Cordis SS 3 16L 10.6 ± 0.3 3.0 ± 0. 1 
Multi-link Zeta B Guidant SS 3 1 6L 1 5 .7 ± 0.3 3. 1 ± 0. 1 
Taxus C Boston Scientific SS 3 1 6L 12.5 ± 0.3 3.2 ± 0. 1 

Lekton Motion D Biotronik SS 3 1 6L SC coat- 19.7 ± 0.3 3.0 ± 0. 1 ing + markers 

Lekton E Biotronik SS 3 16L + PTFE 13.5 ± 0.3 3.4 ± 0. 1  graft 

Lekton* F Biotronik SS 3 16L SC coat- 1 2.7 ± 0.3 3.0 ± 0. 1 ing + markers 
Jostent Stent- G Jomed SS 3 1 6L + PTFE 14.8 ± 0.3 2.8 ± 0. 1 graft graft 
Cypher H Cordis SS 3 1 6L 17.7 ± 0.3 2.7 ± 0. 1 
Micro II I AVE SS 3 1 6L 1 5 .5  ± 0.3 3.6 ± 0. 1 

Table 4-1: Commercial name, manufacturer, material, length an diameter of the stents 
used in this study. SS=stainless steel; PFTE=polytetrafluorethylene; SC=silicon carbide, 
*this stent will be named Lekton2 throughout the chapter 

stents are calculated for better comparison between the stents.For calculating the slope 
values, the standard deviation of the slope values and the correlation coefficient Micro
soft Excel (Microsoft Corporation, USA) and SPSS 12.0.2 for Windows (SPSS Inc., 
Chicago, USA) were used. The CT density measurements were also used to analyze the 
MSR. The analysis of the MSR results is done in the discussion, since it is not a direct 
result obtained from the measurements. 

Results 
HU-value Measurements 

HU-values were measured far outside the stent lumen to obtain the mean HU-value 
for air. This value was measured to be -1022 ± 2 HU. All HU-values, which have been 
measured in the stent lumen, are given in Tables 4-2 and 4-3. These data are then plot
ted in Figures 4-2 and 4-3. Error bars, depicting the standard deviation, are omitted in 
those two plots to improve readability and interpretation. The standard deviations are 
depicted in brackets in Tables 4-2 and 4-3. 
All stents show increasing attenuation values with increasing heart rate. Slope values 
(Table 4-4) are in the same range apart from the Taxus (C) stent, the Cypher (H) stent 
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Stent o bprn '10 bpm 
A -796 (98) -671 ( 146) 
B -892 (72) -828 (72) 
C -894 (71)  -783 (79) 
D -9 17  (47) -820 (83) 
E -964 (26) -946 (27) 
F -9 1 8  (43) -834 (94) 
G -89 1 (83) -830 ( 124) 
H -635 ( 146) -556 ( 124) 
I -938 (57) -903 (33) 

60 bpm 
-659 ( 1 54) 
-932 (8 1 )  
-736 (76) 
-859 ( 109) 
-958 (42) 

-8 1 5  ( 1 1 9) 
-857 (95) 
-480 ( 19 1 )  
-88 1  (60) 

70 bpm 
-61 1 ( 162) 
-747 ( 123) 
-872 (64) 
-759 (1 03) 
-883 (47) 

-803 (1 03) 
-788 (133) 
-412 (23 1)  
-839 (78) 

80 bpm 
-556 ( 1 39) 
-742 (72) 
-765 ( 1 02) 
-746 ( 139) 
-950 (56) 
-803 ( 1 32) 
-722 ( 100) 
-3 14  ( 178) 
-84 1 (93) 

90 bpm 1 00 bpm 
-5 17 (128) -508 ( 1 59) 
-68 1 ( 123) -778 ( 1 00) 
-883 (56) -834 ( 148) 
-843 (102) -730 (83) 
-782 (64) -866 (57) 
-713 ( 162) -858 ( 124) 
-726 (94) -767 ( 123) 
-323 (1 56) -364 (212) 
-772 (1 1 1 ) -907 (96) 

Table 4-2: Measured HU-values (in parentheses: standard errors) in the stent lumen in 
the longitudinal plane. 

800 
-Er A 

700 -Er B 
600 -Er C 

E. 500 -Er 
C 

B 400 -Er 

C -Er i 300 
F 

<( 

200 
-Er G 

-Er 
1 00 -Er 

1 0  20 30 40 50 60 70 80 90 1 00 

Heart rate [bpm] 

Figure 4-2: Measured attenuation in the stent lumen in the longitudinal plane. Errors 
bars are omitted to make the figure more interpretable, measurement errors for this data 
can be found in Table 4-2 in parentheses. 
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Srcnt o bpm 50  bpm GO 6pm �o bpm 80 bpm 90 6pm 1 00 bpm 

A -678 ( 171 )  -560 (148) -470 ( 192) -584 ( 19 1 ) -487 (99) -306 ( 1 59) -322 ( 179) 
B -763 (129) -716 ( 104) -724 ( 137) -706 1 13() -576 ( 141 )  -593 (1 14) -688 {204) 
C -800 (141)  -689 (121)  -650 ( 120) -666 ( 161 )  -639 ( 1 1 9) -640 (204) -69 1 ( 1 83) 
D -826 (96) -786 ( 107) -834 ( 102) -705 ( 109) -741 (87) -864 (57) -790 (61) 
E -944 (2 1) -923 (48) -952 (59) -857 (23) -902 (77) -752 (1 13) -903 (49) 
F -884 (65) -827 (8 1 )  -769 ( 136) -741 ( 1 52) -832 ( 120) -694 (1 1 1 ) -784 ( 139) 
G -843 ( 1 5 1 )  -800 ( 130) -733 (241 )  -796 (97) -570 ( 197) -552 ( 164) -692 ( 1 86) 
H -561  ( 170) -471 ( 158) -550 (143) -472 (129) -252 (1 50) -389 (99) -442 ( 126) 
I -874 ( 1 16) -842 (77) -826 (79) -728 (146) -8 1 3  (1 19) -628 (1 50) -766 ( 1 66) 

Table 4-3: Measured HU-values (in parentheses: standard errors) in the stent lumen in 
the cross-sectional plane. 

800-----------------------....-----

700◄----t---+-----t--+---+---+----+--+--...---�J 

600-+---+---+-----11---+---+---+-----+=--�:::;;.._-+----:=i.. 

� 500-+---+----t:=---....e=;F---+--�......,::;-+-----+--+---=�..::::;;..-I 
C 
0 
B 400-t---+---+�-=+--=1i,..-=-+---t---+--�--ffi�� 
::) 
C 
2 300-F---+---+-�!-:-----=-t=��-=::;;afit.:::;;;_-f,;��k----t==---i 
< 

200 

1 00 

o ....... --+----+-......... �-+---+----+----+--+----+---t 
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Figure 4-3: Measured attenuation in the stent lumen in the cross-sectional plane. Errors 
bars are omitted to make the figure more interpretable, measurement errors for this data 
can be found in Table 4-3 in parentheses. 
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Stene Slope i n  longi tud inal plane S lope in  cross-sectional plane 

A 3.0 (0.2) 3.5 (0.9) 
B 1.8 (0.9) 1.4 (0.7) 
C 0.4 (0.8) 1.4 (0.4) 
D 1.6 (0.6) 0.3 (0.7) 
E 1.3 (0.7) 1.1 (0.8) 
F 1.2 (0.6) 1.3 (0.6) 
G 1.7 (0.5) 2.5 (1. 1) 
H 3.4 (0.7) 1.9 (1. 1) 
I 1.0 (0.6) 1.7 (0.8) 

average 1.7 (0.6) 1.7 (0.8) 

Table 4-4: Calculated slope values for all the stents (in brackets: standard error). All 
stents show a linear relation between the heart rate and the attenuation. 

and the Bx Sonic (A) stem; these stems are not within the region of error of the average • t slope value. The slope for the Taxus stem is less steep than the average slope and for the 
Cypher stem and the Bx Sonic stem slope is steeper than average. 
In the cross-sectional plane a similar pattern as in the longitudinal plane was measured. 
Again, all stems show increased attenuation for higher heart rates. Apart from the Le
kton Motion (D), which has a flatter slope compared to the average slope value, and the 
Bx Sonic (A) and the Jostent StentGraft (G), which both show a steeper slope than the 
average slope value. However all stem slopes are in the same region. The three deviant 
stems are not within the margins of error of the average slope value. All calculated slope 
values are shown in Table 4-4. As in the longitudinal plane, the Cypher (H) and Bx 
Sonic (A) show increased attenuation compared to the other stems, although they differ 
more than in the longitudinal plane. The stems with markers show the least attenuation, 
which effect is not noticeable in the longitudinal plane. 
Average slope value in the longitudinal plane is 1.7 ± 0.6, in the cross-sectional plane 1.7 
± 0.8. In order to determine the goodness-of-fit for the calculated slope values, R2 was 
calculated for each slope. The average value for R2 in the longitudinal plane was 0.53 
with 3 values smaller than 0.4, 2 values between 0.4 and 0.6 and 4 values larger then 
0.6. The cross-sectional plane showed an average R2 of 0.43 with 4 values smaller then 
0.4, 3 values between 0.4 and 0.6 and 2 values larger then 0.6, showing the fits in the 
longitudinal plane to be better than the cross-sectional plane . 
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Figure 4-4: Relation between the attenuation and the stent diameter for various heart 
rates. 

Because multiple stents with different diameters were used the relation between the 
stent diameter and the measured HU-value in the stent lumen was investigated. For 
increased stent diameters the attenuation decreased (Figure 4-4). 

Ranking by Radiologists and Measurements 

The results were ranked by two radiologists (Table 4-5). The HU-value in the stent lu
men was also used to rank the stents using the same grading. 
The rankings of both radiologists and according to the HU-value are plotted in Figure 
4-5. The measurement at rest (0 bpm) has been omitted. This, since the heart rate was 
not set in a linear manner, because the heart frequencies from 10 to 40 bpm have not 
been measured and the grading of the ranking has not been adjusted to those missing 
heart rates. The average value for 0 bpm is in good accordance with the theoretical value 
of 7, being 6.9 in the radiologists' scoring and 6.8 in the measurements' scoring. In just 
one out of eighteen cases (5.5 %) the rest state was considered not to provide the best 
result. 
Both ranking results show the same inverse proportionality as the HU-value measure
ments. Relative high values for 100 bpm in the measurements scoring are noticed. Ad
justment of the plot by omitting the heart rate of 100 bpm shows a highly increased 

73 t. • 



•. t Chapter 4 

0 7 7 7 7 7 7 6 7 7 7 7 7 7 7 7 7 7 7 6.9 (0.2) 

6 7 6 5 6 6 6 5.7 (0.9) 

60 4 5 4 5 4 4 6 4 5 4 4 4 4 .4 (0.9) 

70 5 6 3 2 5 6 5 4 4 4 2 5 4.3 ( 1 .3) 

0 3 2 3 2 3 3 3 4 2 2 2.2 (1 .0) 

0 5 4 4 3 3 2 3 3 3 2.4 ( 1 .3) 

100 2 2 2 2 2 3 2 2 4 3 2 2 2. 1 ( 1 . 1) 

Table 4-5: Results far the blind ranking by two independent radiologists. Notice the 
relative high average value far 90 bpm, although its error is larger as well. 

7-------------...-------r------------

6----------------------------

:::t:I= 4-+-------+-....;;;a���+------+------+------1 

a 3-+-------1------f�--�--+���--=--I-----� 

-e-
-e-

o ◄------..-----....... --------....... -----...... ------

so 60 70 80 90 l OC 

Heart rate [bpm] 

Figure 4-5: Results far the different methods of ranking. The red line represents a linear 
fit to the ranking by measurements, the blue line represents a linear fit to the ranking by 
radiologists and the orange line represents a fit of the measurements without 100 bpm. A 
score of 7 showed the highest image quality and a score of 1 the poorest image quality. 
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similarity between measurement scoring and radiologists scoring, and an improved R2 

value for the fit, 0.55 with 100 bpm, 0.94 without 100 bpm. The R2 value for the radi
ologists fit is 0.86. The image quality for 80, 90 and 100 bpm scores approximately 2 
points lower than the other heart beats, showing a difference between the image quality 
at heart rates 0-70 and the heart rates 80- 100. 

Discussion 
One of the major challenges in cardiac MDCT imaging is to obtain a good quality of 
the images despite of motion artefacts [ 10]. The movement of the coronary arteries 
results in blurring of the CT image and a smaller apparent lumen of stents, because of 
partial volume effects and metal blooming artefacts [5, 1 1 , 1 3]. 
In this study we have investigated the relation between cardiac movement, the heart 
rate, and the image quality of coronary artery stents by scanning different coronary 
stents at multiple heart rates. 
The results of the HU-value measurements in the lumen show a negative correlation in 
both planes. Nieman et al. investigated the visualization of a complete heart in relation 
to the heart rate and observed a similar inverse relationship [3]. 
The second method used to investigate the relation between heart rate and image qual
ity, the scoring by two radiologists and by lumen measurements, showed the same pat
tern as the lumen measurements. Again, an inverse correlation was found. Image quality 
degradation at higher heart rates expressed itself by weak or absent delineation of the 
stent or increased exaggeration of width of the stent struts. 
Additionally, the relation between the stent diameter, the attenuation and the heart rate 
was investigated. As expected, attenuation was decreased with increasing diameter for all 
heart rates and the influence of the heart rate diminished with larger diameters. 
Cardiac CT imaging is hampered by a limited temporal resolution. To improve the tem
poral resolution, multi-segment reconstruction (MSR) was developed [ 14, 1 5]. Using 
this reconstruction method, the temporal resolution depends on the heart rate and the 
number of sectors used in the reconstruction process [ 15]. A second factor, which is de
pendent on the temporal resolution, is the image quality: the faster the scan rate, the less 
movement artefacts will distort the image. A relation between the image quality and the 
heart rate can be calculated, as is shown in Figure 4-6. If the MSR has a large influence, 
image quality depends on the heart rate as depicted by the blue line. However, when 
comparing the results of the attenuation measurements (Figure 4-2 and Figure 4-3) to 
the theoretical relation between the image quality and the heart rate (Figure 4-6), the at
tenuation measurements show much more resemblance to the red line (small influence 
of MSR) then to the blue line (large influence of MSR). It can be concluded that MSR 
does not show an improvement on image quality in our phantom study. 
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50 60 70 80 90 1 00 
Heart rate [bpm] 

Figure 4-6: Theoretical relation between the image quality and the heart rate. The 
figure has been obtained by inverting the figure for the relation between the temporal 
resolution and the heart rate which can be found in the literature [4, 14}. 

For reconstruction a medium kernel was used, B35f, although a sharp kernel is advisable 
for stent imaging. This kernel was chosen because it is used in the hospital protocols 
regarding cardiac imaging. The fact that the B35f-kernel was used does not hamper the 
study since stent images are compared with themselves with the varying factor being the 
heart rate and all stents were reconstructed using the same kernel, keeping initial condi
tions for all stents alike. 

Conclusion 

We conclude that image quality of coronary artery stents show an inverse correlation on 
heart rate. We have shown this relation by HU-value measurements in the stent lumen 
in two planes, and by scoring of image quality by two radiologists and lumen measure
ments. The use of multi-segment reconstruction was not beneficial on image quality at 
heart rates up to 115 bpm. 
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Abstract 
Objective 

The purpose of this study was to investigate the influence of heart rate, slice thickness, 
and calcification density on absolute value and variability of calcium score using 64-slice 
multidetector computed tomography (MDCT). 

Methods and Materials 

Three artificial arteries containing each three lesions with varying density were scanned 
using a moving cardiac phantom at rest and at 50 to 110 beats per minute (bpm) at 10-
bpm intervals on a 64-slice MDCT. Images were reconstructed at slice thicknesses (in
crement) of 0.6 (0.4), 0.75 (0.5), 1.5 (1.5), and 3.0 (3.0) mm. The amount of calcium 
was expressed as an Agatston score, volume score, and equivalent mass. 

Results 

Absolute coronary artery calcium (CAC) scores decreased [average -37% for low density 
calcification (LDC)] or increased [average +32% for high density calcification (HDC)] 
at heart rates over 60 bpm depending on slice thickness and scoring method. Thinner 
slice thicknesses yielded higher CAC scores. Variability of the CAC scores increased with 
increasing heart rates especially for low density calcifications (8% at rest vs. 50% at 110 
bpm). Variability also increased for thicker slices (average 6% for 0.6 mm vs. 18% for • t 
3.0 mm). Variability was lower for HDC compared with LDC (,-,5% for HDC vs. 27% 
for LDC at 70 bpm, averaged over all methods and slice thicknesses). 

Conclusion 

CAC-scoring is strongly influenced by cardiac motion, calcification density, and slice 
thickness. CAC scores increase for high density calcifications and decrease for low den
sity calcifications at increasing heart rates. Heart rate should be reduced on 64-slice 
MDCT to obtain a lower degree of variability of CAC-scoring, preferably below 70 
bpm. A thinner slice thickness further enhances the reproducibility. 

Keywords 

Calcium-scoring; Heart rate; 64-slice MDCT; Slice thickness; Variability 
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Introduction 

According to a recent World Health Report by the World Health Organization, in to
day's world most deaths are attributable to noncommunicable diseases (32 million) and 
just over half of these (16.7 million) are the result of cardiovascular disease (CVD); more 
than one-third of these deaths occur in middle-aged adults [ l J .  Every year, > 1 million 
people in the United States experience a sudden cardiac event (acute coronary syndrome 
or sudden cardiac death or both) of which a large portion of this population has no prior 
symptoms [2J . The amount of coronary artery calcium (CAC) can be used to identify 
people with a higher risk of a cardiac event, because the amount of CAC is known to be 
strongly related to the risk of myocardial infarction and sudden cardiac death [3-SJ . 
Because calcium strongly attenuates x-rays due to its high atomic number, x-ray tech
niques are especially suitable for the detection and quantification of coronary calcifica
tions. In 1990 Agatston et al reported the first quantification of coronary calcium us
ing electron beam tomography (EBT) [ 6J Since then, EBT is generally accepted as the 
standard for the detection and quantification of CAC. In addition to the Agatston score 
(AS), other calcium scores (CAC scores) have been proposed as volume score (VS) [7J 
and equivalent mass (EM) [ 8 J .  
Since the appearance of multidetector computed tomography (MDCT) in 1993 with 
cardiac MDCT starting in 1998, quantification of coronary calcium has been used on 
these modalities using either prospective electrocardiogram (ECG)-triggering or retro
spective ECG-gating [9J . Although the protocol for CAC-scoring on EBT is very well 
standardized, the settings for CAC-scoring on MDCT are still under discussion [10-
1 SJ. It has been shown on 4-slice and 16-slice MDCT that the temporal resolution and 
heart rate of the patient have a strong influence on the obtained CAC score [16-19J . In 
addition, the slice thickness has been shown to have influence on the obtained Agatston 

10 

Figure 5-1: The cardiac phantom {left) and a schematic drawing of the artificial arteries 
(right). All dimensions are given in mm. The HU-value for the different lesions can be 
found in Table 5-1. 
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and volume scores on CT and EBT systems [14, 20]. With the appearance of 64-slice 
MDCT and rotation times as low as 330 milliseconds (ms), the temporal resolution of 
MDCT improved to 83 to 165 ms, depending on the reconstruction algorithm and the 
heart rate of the patient. 
Monitoring the development of coronary calcium and the efficiency of patient therapy 
usually consists of a series of patient scans; therefore a highly reproducible scan-method 
independent of in vivo conditions is desirable. To our knowledge, no validation of CAC 
score is available yet with a systematic study of the influence of slice thickness and heart 
rate on the Agatston, volume, and equivalent mass scores using 64-slice MDCT. In this 
study a cardiac phantom was used to investigate the influence of cardiac motion on the 
absolute CAC score and its variability. Different slice thicknesses were assessed to inves
tigate their influence on absolute CAC-scoring and variability. 
The purpose of our study was therefore to investigate the influence of heart rate, slice 
thickness, and calcification density on absolute value and variability of CAC score using 
64-slice MDCT. 

Methods and materials 

A moving cardiac phantom (QRM, Mohrendorf, Germany) was used to simulate the 
movement of the heart (Figure 5-1, left). The phantom consists of a moving robot arm, 
which is capable of performing programmed deflections as a function of time in one • t 
dimension (Figure 5-2). The motion curves of the robot arm were based on published 
values for human coronaries arteries to simulate in vivo cardiac motion as realistic as 
possible [21]. Artificial arteries can be attached to the robot arm. Three artificial arteries, 
with high density calcifications (HDC), medium density calcifications (MDC), and low 
density calcifications (LDC), were attached to the robot arm, each containing threed-

Arti ficial Concentration 
coronary a rtery [mgHA/cn1'] 

HDC 
Ml)C 
Ll )C 

401 
1 97 

Dens i tv 
[a/cnr'l ::, 

1.58 (high) 
1.30 (medium) 

1. 16  (low) 

Total vol ume Tora! calc ium mass 
[mm'] [mg] 

93.2 37.4 

93.2 1 8 .4 

Table 5-1: Properties of the calcifications in the artificial coronary arteries HDC, MDC 
and LDC used in this study, with concentration in mgHA/cm3 and density in glcm3 

specified by the manufacturer. HDC=high density calicification; MDC=medium density 
calcification; LDC=low density calcification 
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Figure 5-2: Motion curve of the phantom at 1 1 0  bpm (blue) and 70 bpm (red), other 
heart rates are obtained by time scaling data points. 

ifferent-sized calcifications. The CT-density of the artificial artery itself is 50 HU at a 
tube voltage of 120 kV. The properties of the arteries and calcifications are summarized 
in Table 5-1 and Figure 5-1 (right). The arteries are moved in a water container inside a 
thorax phantom (QRM, Mohrendor£ Germany). 
The phantom was positioned at an angle of 45 degrees relative to the centerline of the 
scanner to mimic the worst case of anatomic orientation of a body structure in terms 
of image acquisition and reconstruction (Figure 5-1 ,  left). Scanning was performed on 
a 64-slice MDCT (Somatom Sensation 64, Siemens, Forchheim, Germany). The scan 
parameters were 120 kV, 250 mA.s, 330 ms rotation time, and 64x0.6 mm collimation. 
Each scan was repeated 5 times to assess the interscan variability with a small translation 
(--2 mm) and rotation (--2 degrees) of the phantom between each scan. Regarding meas
urement of variability, we estimated that five repeated measurements would provide 
us sufficient accuracy for variability assessment. Image reconstruction was performed 
using a standard calcium-scoring kernel (Siemens B35f). Four different reconstruction 
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0 50 60 70 80 90 100 110 
50 76 74 60 58 56 53 51 

Table 5-2: Phases used far reconstruction of the images in percentage of the beat time at 
different heart rates (HR) used in beats per minute (bpm). 

slice widths or increments were used in this study. First, a standard CAC-scoring pro
tocol comparable to an standard CAC-scoring protocol on EBT (3.0/3.0 mm); second, 
a standard CAC-scoring protocol with thinner slices to increase the visualization of 
smaller lesions ( 1 .5/1.5 mm); and finally, two submillimeter protocols using the best 
spatial resolution available together with overlapping slices to enhance the reproduc
ibility (0.75/0.5 and 0.6/0.4 mm). 
The ECG signal from the phantom was recorded and used for image reconstruction. 
Single segment reconstruction was used at all heart rates in combination with retrospec
tive ECG-gating to ensure a constant temporal resolution of 165 ms. The motion curves 
of the three artificial coronary arteries at the different heart rates were used to find the 
optimal reconstruction phase where the movement of the artificial coronary arteries is 
minimal (the time period around the positive peak of the curve). The reconstruction • t 
phases that were used for each heart rate are listed in Table 5-2. 
CAC-scoring was performed on all reconstructed data-sets using CAC-scoring soft
ware (CaScore, Siemens, Forchheim, Germany). The Agatston score, volume score, and 
equivalent mass were determined for each calcification, where a threshold of 130 HU 
was used for the analysis. The total CAC score per artery was calculated because for a 
few scans at heart rate (HR) >60 beats per minute (bpm), the individual lesions inside 
the artificial arteries HDC, MDC, and LDC could not be detected separately in the 
reconstructed images. 
We defined the variability (var) of the CAC scores as 

2 � � J xi - xJ j var (HR, s) = N(N - l )  i�L�1 xi + xJ 
(Equation 5-1) 

where xi is the ith of the N measured CAC scores using HR at slice thickness s. This 
definition is an extension for N variables to the variability defined in other studies for 2 
variables [14,19]. The variabilities per HR and slice thickness were averaged to obtain 
the mean variability per CAC-scoring method. 
The noise of each slice thickness and HR was assessed by placing a region of interest of 
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Method 
AS ------------VS - ----------

+43 +32 +17 +20 +18 +10 -5 -23 -28 -41 -62 

EM - +11 +7 0 +l  -1 -4 -12 -27 -33 -40 -58 

Table 5-3: Change in terms of percentage in absolute CAC-scorefor Agatston score (AS), 
volume score (VS) and equivalent mass (EM) in the heart rate range of 70 -1 10  beats 
per minute (bpm) versus the heart rate range of 0-60 bpm. Statistically insignificant dif 
ferences (p>0. 05) between the two HR-groups have a grey background. HDC=high den
sity calcification; MDC=medium density calcification; LDC=low density calcification 

,..,4 cm2 in the water and measuring the standard deviation. This was performed in ten 
slices at different HR. All measurements are given as value ± SD. 
Statistical analysis was performed using two different statistical tests. Differences be
tween scoring results obtained at different HR groups were analyzed with an unpaired 
t-test. A paired t test was used to analyze the differences in variability as a function of 
HR of the different densities and to analyze the differences in variability as a function of 
slice thickness of the different densities. The same statistical test was used to assess the 
differences in absolute scoring results at different slice thicknesses. A value for p<0.05 
was considered to be significant. Differences in variability of the different densities were 
analyzed with a paired t-test. 

Results 

Absolute CAC-Scoring 

The absolute results for Agatston score, volume score, and equivalent mass measure
ments are shown in Figure 5-3. The scores are plotted for each artificial artery and each 
slice thickness separately. All methods showed relative constant scores for HR of 0, 50, 
and 60 bpm. A decrease or increase of absolute CAC scores depending on density of the 
calcification, the slice thickness, and the scoring method was observed at HR >60 bpm. 
Therefore the scoring results have been analyzed by comparing the average CAC score 
for HR of O to 60 to the CAC score for HR of 70 to 110. Differences between the two 
HR groups were significant for 28 of 36 (78%) of the comparisons. Other HR separa
tions were statistically investigated as well but the separation between HR of O to 60 and 
70 to 110 showed largest amount of significant differences between the two groups. The 
result of that analysis is shown in detail in Table 5-3, where a gray background depicts a 
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Figure 5-3: Agatston scores {top left), volume scores (bottom left) and equivalent mass 
{top right) as a function of heart rate in beats per minute (bpm) for the arteries con
taining high density calcifications (HDC) ( diamonds), medium density calcifications 
(MDC) (squares) and low density calcifications (LDC) (triangles) as listed in Table 5-1 

for a slice thickness of 0. 6 (red), 0. 75 (green), 1.5 (blue) and 3. 0 mm (black). 

statistically insignificant difference (p>0.05) between the two HR groups. 
Accuracy 

An overestimation of the calcium volume was observed when comparing the physi
cal values to the measured values for the HDC and the MDC. The LDC showed an 
underestimation of the calcium volume. For the calcium mass, an underestimation was 
observed in the comparison of physical and measured values for the HDC and LDC, 
whereas the MDC showed similar results. Thinner slices showed a better approximation 
to the physical calcium mass than thicker slices, but the calcium volume was better ap
proximated using thicker slices. 
The influences of calcification density and slice thickness on the outcome of CAC
scoring are shown in Table 5-4. The influence of the density was obtained by averaging 
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Artihc ial coro nary artery S l ice th ickness [mm] 

Method 
AS -
vs + 1 1 + 1 4  + 1 1 - 17 
EM +8 -4 -39 -4 -8 - 12 -23 

Table 5-4: Change in terms of percentage in absolute CAC-score for Agatston score 
(AS), volume score (VS) and equivalent mass (EM) in the heart rate range of 70 to 
110  beats per minute (bpm) versus the heart rate range of 0 to 60 bpm averaged over 
all slice thicknesses (columns 2-4) and averaged over all calcification densities (columns 
5-8). HDC=high density calcification; MDC=medium density calcification; LDC=low 
density calcification 

out the slice thickness (Table 5-4, columns 2-4). When the AS results at 0 to 60 bpm 
and 70 to 1 10 6pm were compared, an increase was observed for the artery with the 
HDC of 28%, a decrease of 9% for the MDC, and a decrease of 48% for the LDC. The 
same behavior was seen for the VS results with an increase of 34% for the HDC and a 
decrease of 39% for the LDC. The MDC showed, however, an increase of 1 1  %. Finally 
the EM results showed again an increase for the HDC of 8% and a decrease of 39% for 
the LDC. The MDC showed again a decrease of 4% in scoring results. 
The influence of the slice thickness was obtained by averaging out the calcification den
sities (Table 5-4, columns 5-8). When the AS results at O to 60 bpm and 70 to 1 10 bpm 
were compared, a reduced score was observed for increasing slice thicknesses (1 %, -3%, 
- 10%, -27% for 0.6, 0.75, 1 .5, and 3.0 mm respectively). Similar behavior was observed 
for the EM results. The VS results deviated from the other two methods with an increase 
for the two smallest slices, no change for 1 .5 mm slice thickness, and a decrease for 3.0 
mm slice thickness. On average the two submillimeter slices showed the least relative 
change in terms of percentage between the HR of 0 to 60 bpm and 70 to 1 1 0 bpm. 
Apart from a difference in the relative change between the HR of 0 to 60 bpm and 70 
to 1 1 0 bpm, the slice thickness also influenced the CAC scores absolutely. Figure 5-3 
clearly shows increased absolute CAC scores at thinner slices compared with thicker 
slices. The differences in CAC scores at different slice thicknesses were statistically sig
nificant. This effect was independent of scoring method and HR. 
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Figure 5-4: Variability as function of heart rate in beats per minute (bpm) for the arter
ies HDC (circles), MDC (square) and LDC (triangle) as listed in Table 5-1 for different 
scoring methods AS (red), VS (green) and EM (blue). The exponential regression lines for 
the different scoring methods averaged over all densities are shown with lines. 
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Table 5-1 . 
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Variability 

The influence of the HR on the variability of CAC-scoring can be found in Figure 5-4. 
The variability for each method and density is plotted for each heart rate. The data was 
averaged over slice thickness and fitted to an exponential curve to serve as a guide to the 
eye. The three lines depict the average variability using AS (red), VS (green), and EM 
(blue). 
The variability was increased at higher heart rates for all methods, ,...5% at rest versus 
18% to 25% at 110 bpm. Furthermore the variability of LDC was significantly higher 
than the variability of the other calcifications at all HR (p<0.01). 
The influence of slice thickness on the variability of CAC-score can be found in Figure 
5-5. The variability of each density and the average variability are given for each method 
and slice thickness. The data was averaged over all HR. The lowest variability was found 
for the thinnest slice thickness, ,...6% to 7% at 0.6 mm versus 17% to 20% at 3.0 mm. 
Furthermore, the variability of LDC was higher significantly than the variability of the 
other calcifications at all slice thicknesses (p < 0.001). 
The noise assessment showed a noise level of 36. l ± 2.9 HU for 0.6 mm, 27.0 ± 3.3 HU 
for 0.75 mm, 19.5 ± 1.6 HU for 1.5 mm, and 13.2 ± 1.2 HU for 3.0 mm slice thickness 
independent of heart rate. 

Discussion 

The progression of calcium-scoring in coronary arteries can be used as an indicator of 
the atherosclerotic process [22]. Based on the amount of coronary calcium detected, 
patients are categorized in different groups which correspond to different risks of a car
diac event [23]. Therefore a high reproducibility of CAC-scoring is of high clinical 
importance. In this study we investigated the influence of calcification density, slice 
thickness and heart rate on the absolute outcome of CAC-scoring on 64-slice MDCT. 
Furthermore the influence of these parameters on the reproducibility of CAC-scoring 
was investigated by calculating the variability of the measurements. We observed that 
the absolute CAC-score is either increased or decreased at higher HR, depending on the 
density of the calcification and the scoring method. The variability of CAC-scoring is 
increased at higher HR and for thicker slices. 
The three CAC-score methods show an increase for lesions with higher density because 
a higher density results in higher CT numbers, increasing the CAC-scores. Although VS 
does not depend on CT numbers, i t  shows the same behavior as  the other two methods. 
This effect can be explained by examination of the partial volume effect (PVE), which 
causes an overestimation of the actual volume of the lesion [24]. Higher CAC-scores 
are measured for lesions with higher density, because their apparent volumes are larger 
and all three scoring methods depend on the measured volumes of a lesion. This fur-
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High density object Low density object 

Detector 

Figure 5-6: Theoretical estimated CT profiles for two objects (black lines) with high 
(X) and low density (}? exhibiting a relatively low (red/blue solid lines) and high (red/ 
blue dashed lines) movement. The dashed black line represents the standard Ca-scoring 
threshold of 130 HU. 

thermore explains the difference between the physical and measured calcium volumes 
and masses. The volumes of the calcium were overestimated for the HDC and MDC, 
whereas the LDC showed an underestimation consistent with the PYE. The masses of 
the calcifications were underestimated for the HDC and the LDC, whereas the MDC 
showed a good approximation to the physical values. This can be explained by the fact 
that the EM, in contrast to the VS, does not depend on the volume alone but also on 
the density of the calcification. 
The influence of heart rate on CAC-score depends on the density of the calcification. We 
observed that scoring results of lesions with a high density were elevated at increasing 
heart rates, whereas lesions with a low density showed a decreasing tendency. This effect 
is explained in Figure 5-6, where two objects and their obtained images are given. On 
the left there is an object with high density (X), on the right an object with identical size 
but with low density (Y). The corresponding theoretical CT profiles as obtained with 
the scanner are given for low movement (solid red/blue) and for high movement (dashed 
red/blue). The apparent width of the high density object at the CAC-scoring threshold 
of 1 30 HU (black dashed line) is larger than the actual width of the object itself at low 
movement, whereas a reverse effect can be observed for the object with a relatively low 
density. This effect is increased for objects with high movement, as shown by the dashed 
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colored lines. The width of the theoretical CT profile therefore increases with increased 
motion for an object with high density, exaggerating the CAC-score at higher heart 
rates; the reverse effect is observed for low density objects. 
Ulzheimer et al also reported decreased AS and EM with increasing heart rates using 
4-slice MDCT, using a calcification of 400 HU, similar to our MDC and are in good 
agreement with our results [16]. 
The results show an increase of absolute CAC-score with decreasing slice thicknesses for 
all densities. This increase in scoring might be due to the fact that the detection efficien
cy of small lesions decreases with increasing slice thickness due to the PYE. A second 
factor is the increasing noise levels for smaller slice thicknesses. Noise can be mistaken 
for a real lesion, increasing the CAC-score. Previously, increasing AS and EM with de
creasing slice thickness have been reported using 4-slice MDCT by Ulzheimer et al [ 16]. 
The same effect was observed using 16-slice MDCT by Miihlenbruch et al [25]. 
The reproducibility of the CAC-score is also influenced by the three parameters (HR, 
slice thickness, and density) we have investigated. The variability is the highest for cal
cifications with low density at all HR. The variability of CAC-scoring increases with 
increasing HR for all methods and slice thicknesses. A large increase of variability in 
CAC-score is observed especially for the low density calcifications. In contrast to our 
results, Horiguchi et al found no effect on variability of calcium scoring between HR of 
60 and 85 bpm using 16-slice MDCT in a phantom study [17]. In our study a distinc- • • 
tion was made between HR above and below 60 bpm, confirmed by statistical analysis. 
In another study by Hong et al using 4-slice MDCT and a boundary set at 70 bpm, a 
significant increase of variability was found for HR above 70 bpm compared with HR 
below 70 bpm, consistent with our results [18]. In addition we found a variability that 
was on average lower than the variability found by Hong et al (,.., 10% and 20%--40% 
for low and high heart rates respectively vs. ,..,8% and 15% for low and high heart rates 
in our study) [18]. 
Despite increased noise levels, the variability is improved at thinner slice thicknesses. 
Vliegenthart et al showed decreased measurement variation when using a slice thickness 
of 1.5 mm compared with 3.0 mm using the VS for CAC-scoring on EBT [20]. The 
same effect was also observed in studies with 16-slice MDCT comparing 1 to 3 mm and 
1.25 mm to 3 mm [25,26]. Reduced measurement errors were also reported for 0.625 
compared with 1.25 and 2.5 mm slice thickness using 16-slice MDCT [27]. 
Although the reduction of the variability seems an advantage of thinner slices, the in
creased noise levels associated with thinner slices remain a disadvantage. The obtained 
noise levels for thinner slices exceeded the noise levels recommended by the manufac
turer for CAC-scoring. To obtain the same noise levels in thin slices as in thick slices, 
tube current has been increased leading to increased patient dose. Although several dose-
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reducing methods have been investigated, such as automated attenuation-based tube 
current adaptation, [28] ECG-modulation, [29] body weight-adapted examination pro
tocols, [30] and the use of a low tube voltage protocol, [31] leading to dose reductions 
up to 57%, the effect has to be investigated further before thin slice protocols can be 
established as a screening tool for CAC. 

Limitations 

The preprogrammed movement made by the robot arm is one dimensional; whereas the 
motion of human coronary arteries exhibits a pathway in 3 three dimensions [ I  6]. De
spite this discrepancy the movement curves of our phantom closely resemble the average 
motion of in vivo human coronary arteries and are therefore considered to be a good 
approximation of the clinical situation [ 16]. 
Reconstruction with overlap was used only for submillimeter slice thicknesses to reduce 
the increased noise levels associated with submillimeter scanning. Thicker slices show 
less noise compared with thinner slices, as was shown in this study with the noise level 
assessment. It has been shown before that overlap decreases variability of CAC-scoring 
[14]. Therefore a reduction of the variability can also be expected when an overlapping 
reconstruction algorithm is used for the thicker slice thicknesses as well. 
The presence of calcifications with the same density but different sizes in our artificial 
arteries enables the possibility of investigating the effect of lesion size as well. However 
due to motion artifacts, the individual lesions inside a single artery were imaged as one 
blurred lesion, eliminating the opportunity for this analysis. An adaptation of the scor
ing threshold can overcome this effect, but it has been shown that this influences the 
CAC-scoring results as well [32]. 

Conclusion 

Our investigation shows that Agatston, volume, and equivalent mass CAC-scoring is 
highly influenced by cardiac motion up to 110 bpm, slice thickness, and calcification 
density on 64-slice MDCT. Therefore heart rate, slice thickness, scoring method, and if 
possible calcification density should be taken into account when interpreting the out
come of calcium score determination in clinical practice. To obtain a higher degree of 
reproducibility, heart rate should be reduced, preferably below 70 bpm, when perform
ing CAC-scoring in patients using 64-slice MDCT. Furthermore the use of a thinner 
slice thickness shows advantages in variability, especially submillimeter slices, compared 
with the standardized 3.0 mm, although increased noise levels are to be expected. The 
use of a slice width of 1.5 mm is a good balance between increased noise levels and de
creased variability. 
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Abstract 
Purpose 

Coronary artery stent lumen visibility was assessed as a function of cardiac movement 
and temporal resolution with an automated objective method using an anthropomor
phic moving heart phantom. 

Materials and methods 

Nine different coronary stents filled with contrast fluid and surrounded by fat were 
scanned using 64-slice multi-detector computed tomography (MDCT) at 50-100 beats 
per min with the moving heart phantom. 
Image quality was assessed by measuring in-stent CT attenuation and by a dedicated 
tool in the longitudinal and axial plane. Images were scored by CT attenuation and 
lumen visibility and compared with theoretical scoring to analyse the effect of multi
segment reconstruction (MSR). 

Results 

An average increase in CT attenuation of 144 ± 59 HU and average diminished lumen 
visibility of 29 ± 12% was observed at higher heart rates in both planes. A negative 
correlation between image quality and heart rate was non-significant for the majority 
of measurements (p>0.06). No improvement of image quality was observed in using • f 
MSR. 

Conclusion 

In conclusion, in-stent CT attenuation increases and lumen visibility decreases at in
creasing heart rate. Results obtained with the automated tool show similar behaviour 
compared with attenuation measurements. Cardiac movement during data acquisition 
causes approximately twice as much blurring compared with the influence of temporal 
resolution on image quality. 

Keywords 

Coronary stent; Image quality; 64-slice MDCT; Heart phantom; Lumen visibility 
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Introduction 

The introduction of multi-detector computed tomography (MDCT) has permitted the 
non-invasive visualisation of coronary arteries with sufficient temporal and spatial reso
lution. Moreover, MDCT has been used to research the assessment of coronary artery 
stent patency and discrimination between the presence of in-stent stenosis. Re-stenosis 
occurs in a substantial amount of patients which have been treated with stent implanta
tion [1]. It has been shown that no direct visualisation of coronary in-stent re-stenosis is 
feasible using 4-slice MDCT due to partial volume effects and beam hardening caused 
by metal artifacts of the stents [2-6]. Recently it was shown that despite some limita
tions 16-slice MDCT is sufficiently useful for the assessment and detection of in-stent 
restenosis in patients with a high accuracy in comparison with conventional coronary 
angiography [7]. With the emergence of 40 and 64-slice MDCT systems the assessment 
of lumen visibility and diagnostic accuracy of in-stem restenosis has been improved 
considerably with respect to the 16-slice MDCT systems [8, 9]. The artificial lumen 
narrowing shows a decrease of approximately 5% and the CT attenuation is reduced by 
approximately 35 HU [10]. 
Visualisation of the in-stent lumen with 16-slice MDCT allows for the assessment of 
coronary artery stent patency based on the measured enhancement of contrast [11]. 
It has been shown that the best diagnostic quality images are obtained with a sharp 
edge-enhancing reconstruction kernel, although the quality of the obtained images is 
hampered by increased noise levels compared with standard kernels [11-13]. The results 

Figure 6-1: Left: schematic figure showing the experimental setup of the contrast fluid 
filled tube surrounded by horse fat in the axial plane. The numbers depict the HU-values 
of the different relevant structures. Right: moving anthropomorphic heart phantom with 
artificial coronary arteries. 
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originate from the comparison of the lumen visibility images pairs, which are recon
structed with different reconstruction kernels. The apparent lumen width is measured 
using a digital measuring tool included in the visualisation software. This method, how
ever, is subjective to the observer and it is difficult to determine the exact boundary of 
the stents in the gradient part of the image. In addition, the image quality of the stents 
is very sensitive to the movement of the heart and image quality diminishes at heart rates 
higher than 75 beats per min (bpm) [14, 15]. 
In previous studies, a patient population was used to investigate image quality of coro
nary artery stents at high and low heart rates on 4- and 16-slice MDCT [14, 15]. To our 
knowledge no systematic study has been published about the image quality of coronary 
artery stents on 64-slice MDCT. In this study, we therefore aimed at describing the cor
relation of image quality of coronary artery stents and heart rate using 64-slice MDCT 
in an ex vivo setting by using an anthropomorphic moving heart phantom. 
The purpose of our study was to assess the lumen visibility of coronary artery stents at 
various heart rates with an automated objective method using a moving heart phantom 
on a 64-slice MDCT system. 

Theory 

Coronary imaging is hampered by motion artefacts originating from the relative large 
velocity scale of the coronary arteries within the cardiac cycle compared with the tern-

I--k.ut rate Acquis i t ion t ime Segmems 
1heoretical score ll1eorcric1l score 
based upon AT b.1sed upon MS 

[6pm] [ms] [#] 
(g = 0) (g = 1 )  

0 185 1 7 7 
50 185 1 2 6 
60 185 1 1 5 
70 117 2 5 4 
80 175 2 3 3 
90 1 12 2 6 2 

100 140 2 4 1 

Table 6-1: Acquisition times for a 64-slice MDCT with 370 ms rotation time, number 
of cycles used and theoretical scores for every heart rate used in this study. AT =acquisition 
time; MS=the amount of movement of the imaging target 
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poral resolution of the MDCT acquisition technique [16]. This movement results in 
motion artefacts in the reconstructed images, expressed as blurring. The amount of blur
ring depends on ( I )  the amount of movement of the imaging target (MS) and (2) the 
acquisition time (A]).  The amount of movement of the coronary artery is a function of 
the heart rate (HR) of the patient. The temporal resolution of a MDCT system is a func
tion of the reconstruction method used and HR [17, 18]. This means that the resulting 
image quality (IS) can be expressed as 

IS = g • MS (HR) + ( 1  - g) • AT(HR) (Equation 6-I) 

in which MS describes the amount of movement of the coronary artery as a function of 
heart rate, AT describes the acquisition time as a function of heart rate and g is a weight 
factor. The heart rates can be ranked from low to high. With this ranking, a relative 
grading can be made for the function MS. In addition, the acquisition times can be 
ranked from high to low. With this ranking, a relative grading can be made for the func
tion AT. The results of this grading are shown in Table 6-1, where a high score implies 
a high image quality. Since there is no cardiac movement at 0 bpm, this heart rate was 
graded with the highest score for both factors. 

Materials and methods 

Nine commercially available stents were used and stent dimensions were measured using 
a digital calliper. The stent properties are summarised in Table 6-2. 
The stents were inserted into plastic tubes and the tubes were filled with contrast fluid 
(Visipaque 320, Amersham Health, Little Chalfont, UK) diluted to an attenuation value 
of approximately 200 HU simulating contrast enhanced blood. The tubes were wrapped 
in horse fat with an attenuation value of -100 HU to simulate the in vivo situation of 
epicardial fat (Figure 6-1, left). Next, the stents were attached to a silicon, moving, an
thropomorphic heart phantom (Limbs & Things, Bristol, UK) with artificial coronary 
arteries (Elastrat, Geneva, Switzerland) (Figure 6-1, right). The phantom was connected 
to a respirator, which was used to control the heart rate. The heart rate was set at values 
of 0, 50, 60, 70, 80, 90 and 100 bpm. 
Measurements were performed on a 64-detector CT-scanner (Somatom Sensation 64, 
Siemens, Forchheim, Germany). The scan parameters were 120 kV, 120 mAs, 370 ms 
rotation time and 64x0.6 mm collimation. Image reconstruction was performed using a 
sharp convolution kernel (Siemens B46f) with a reconstruction slice width of 0.75 mm 
and a 0.5 mm increment. ECG-gating was used during scanning and the images were 
retrospectively reconstructed at 25% of the RR-interval corresponding to maximum 
expansion of the heart phantom. 
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Bx Sonic A Cordis SS 316L 10.6 ± 0.3 3.0 ± 0.1 

Multi-link Zeta B Guidant SS 316L 15.7 ± 0.3 3.1 ± 0.1 

Taxus C Boston Scientific SS 316L 12.5 ± 0.3 3.2 ± 0.1 

Lekton Motion D Biotronik 
SS 316L SC coat-

19.7 ± 0.3 3.0 ± 0.1 
ing + markers 

Lekton E Biotronik 
SS 316L + PTFE 

13.5 ± 0.3 3.4 ± 0.1 
graft 

Lekton* F Biotronik 
SS 316L SC coat-

12.7 ± 0.3 3.0 ± 0.1 
ing + markers 

Jostent Stent- G Jomed 
SS 316L + PTFE 

14.8 ± 0.3 2.8 ± 0.1 
graft graft 

Cypher H Cordis SS 316L 17.7 ± 0.3 2.7 ± 0.1 

Micro II AVE SS 316L 15.5 ± 0.3 3.6 ± 0.1 

Table 6-2: Commercial name, manufacturer, material, length an diameter of the stents 
used in this study. SS=stainless steel; PFTE=polytetrafluorethylene; SC=silicon carbide, 
*this stent will be named Lekton2 throughout the chapter 

1.1ean· 2 1 4  75 HU 
SDev: 94.84 HU 
Area: 2.42 mm".2 

Figure 6-2: Measuring the CT-attenuation in the lumen. Left: Axial plane, Lekton Mo
tion at 60 bpm. Right: Longitudinal plane, Lekton2 at 90 bpm. Calculated are mean 
HU-value, standard deviation SDev and Area of ROI. 
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Afterwards the scents were visualised on an Aquarius workstation version 3.3 (Terar
econ, San Mateo, USA). We used two independent methods to asses the lumen visibility 
of the scents in the reconstructed images. In the first method, the average HU-value 
in the stent lumen was manually measured with a standard region of interest (ROI) 
technique. A window level/width of 300/800 was used for visualisation with an average 
ROI of 5.0 mm2 and 3.9 mm2 in the longitudinal and axial plane, respectively (Figure 
6-2). The lumen measurements were used to calculate the mean CT attenuation in the 
scent lumen. In the second automated method, screenshots were taken from every scent 
in the longitudinal and the axial plane with a window level/width of 512/2,048. The 
screenshots were used to perform the automated lumen visibility measurements using a 
dedicated tool. 
The automated lumen visibility measurements were performed with an Automatic Stent 
Visibility Calculation (ASVC), a custom-build Matlab tool (The Mathworks, Natick, 
USA). The tool constructs the average attenuation profile through the stent in the lon
gitudinal and axial plane. The calculation of the average attenuation profile in the lon
gitudinal plane is done as follows; attenuation profiles are calculated from position A 
to B for every image line perpendicular to the stent central axis, where the position A 
and B are determined by the user (Figure 6-3, left). The average longitudinal profile is 
calculated from the individual longitudinal profiles. The calculation of the average at
tenuation profile in the axial plane is doen as follows: after determination of the centre 
of the scent by the user, 180 attenuation profiles are calculated evenly distributed around 
the centre (Figure 6-3, right). The average axial attenuation profile is calculated from the 
individual axial profiles. 

Figure 6-3: Stents images 
(Left: J ostent Stent Graft at 
60 bpm, Right: Taxus at 80 
bpm) showing the positions 
of the individual profiles for 
calculation of the average 
stent profile in the longitu
dinal plane (left) and the 
axial plane (right) . A and B 
indicate the start and end of 
the stent. 
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Figure 6-4: Figure showing 
the profile of the Bx Sonic 
at 80 bpm with the dif 
ferent variables which are 
determined by the ASVC, 
the dashed blue lines depict 
the error margins of the 
profile. TW=total width; 
D=depth; FWHM=fall 
width half min imum 

The profile depth of the lumen (D), the full width at half maximum (FWHM) and the 
total width ( TW') are calculated from both average profiles (Figure 6-4). We define the 
percentual width ( Wp) as a percentage of the FWHM and TW 

(Equation 6-2) 

The percentual width is used instead of the absolute width to compensate for different 
magnifications of the stent images. From the profile depth (D) and �' the lumen vis
ibility (Lv) is defined by 

D • W 
LV = IOOO P (Equation 6-3) 

If the left and right edge of the attenuation profile are at different heights, D is calculated 
from the average height. 
The stent images at individual heart rates were ranked according to their CT attenuation 
(7 =least attenuation, 1 =most attenuation), FWHM (7 =largest width, 1 =smallest width) 
and D (?=largest depth, l =smallest depth) in the axial and longitudinal plane. 
The difference between the CT attenuation values in the axial and longitudinal plane 
were compared using the Wilcoxon test at a significance level of 5%. The correlation 
between heart rate and CT attenuation, and the correlation between heart rate and LV, 
were analysed by calculating the Spearman rank correlation coefficient at the signifi
cance level of 5%. 
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Results 

CT attenuation in the stent lumen 

The results for the HU-value measurements are summarised in Tables 6-3 and 6-4 for 
the longitudinal and axial plane, respectively. The CT attenuation in the stent lumen 
was calculated for each heart rate and the results are shown for the longitudinal and 
axial plane in Figures 6-5 and 6-6, respectively. The error margins have been omitted to 
improve readability of both figures. 
All stents showed increased attenuation with increasing heart rate in the longitudinal 
plane. The CT attenuation in the longitudinal plane showed an increase from O to 100 
bpm between 75 and 221 HU for the Taxus (C) and Bx Sonic (A), respectively. The 
average increase was 139 ± 49 HU. The average Spearman coefficient for all stents was 
0.66. 
All stents showed increased attenuation with increasing heart rates in the axial plane. 
The CT attenuation in the axial plane showed an increase from O to 100 bpm between 
76 and 252 HU for the Bx Sonic (A), Multi-link Zeta (B) and the Jostent (G), respec
tively. The average increase was 148 ± 69 HU from O to 100 bpm. The average Spearman 
coefficient in the axial plane was 0.58. The average increase of CT attenuation over both 
planes was 144 ± 59 HU. 
Using the ASVC, the FWHM and depth of the stent profile were determined. The 
results for the FWHM are summarised in Tables 6-5 and 6-6; the results for the profile 
depth are summarised in Tables 6-7 and 6-8. The standard deviation for every measure
ment is given in parentheses. 
The LV was calculated using Equations 6-2 and 6-3 at each HR using the measured 
width FWHM and depth D. The data are plotted in Figures 6-7 and 6-8 for the longi
tudinal and axial plane, respectively, and have been fitted to a line. Error margins have 
been omitted to improve readability. 
All stents showed decreasing LV with increasing heart rate in the longitudinal plane. 
The LV decreased from O to 100 bpm between 7.5% and 48.6% for the Taxus (C) and 
Cypher (H) stent respectively. The average decrease in LV was 26.8 ± 13.4%. The aver
age Spearman coefficient was 0.47. All stents showed decreasing LV with increasing 
heart rates in the axial plane. The LV decreased from O to 100 bpm between 19.8% and 
48.8% for the Lekton (E) and Multi-link Zeta (B) stent respectively. The average de
crease in LV was 30.9 ± 10.4%. The average Spearman coefficient was 0.58. The average 
decrease of LV over both planes was 29 ± 12%. 

Image scoring 

The measurements are shown in Figure 6-9 after grading and averaging as described in the 
methods section. From a least squares fit, we found an optimal value of g=0.63±0.06. 
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Stent 0 bpm 'SO bpm 60 bprn 70 bpm 80 bpm 90 bprn 1 00 bpm 
A 20 1 (75) 261 ( 1 1 3) 334 ( 147) 527 ( 1 35) 292 ( 1 8 1 )  403 (237) 332 ( 1 55) 
B 205 (55) 237 ( 167) 292 ( 127) 492 (204) 238 (2 1 5) 4 18  (212) 333 ( 178) 
C 210 (96) 223 (72) 293 (83) 249 ( 1 57) 245 (95) 268 ( 128) 322 ( 136) 
D 242 ( 1 16) 280 ( 1 1 8) 343 (70) 338 ( 108) 339 ( 1 1 1 ) 377 (68) 29 1 (219) 
E 263 ( 121 )  297 ( 135) 3 1 6  ( 1 60) 374 ( 125) 360 ( 1 67) 482 ( 1 59) 341 ( 1 3 1) 
F 565 (269) 640 (237) 798 ( 1 65) 699 (285) 693 ( 167) 750 (236) 697 (382) 
G 334 (2 18) 399 ( 1 97) 404 (21 2) 464 ( 1 79) 489 (282) 504 (255) 564 (232) 
H 267 (71 )  293 ( 1 8 1 )  290 ( 1 35) 3 17  ( 149) 326 ( 1 39) 386 ( 1 87) 299 ( 1 52) 
I 235 (71 )  255 (84) 324 ( 1 23) 341 ( 14 1 )  435 (34) 308 ( 148) 309 ( 168) 

Table 6-3: HU-value measurements in the longitudinal plane. The standard deviation for 
each measurement is given between parentheses. 

700 
-e- A 

600 -e- B 

500 -e-
-e-

C 400 
-e- E 

300 C -e- F +-+-

200 -e- G 

1 00 -e- H 

-e-

1 0  20 30 40 50 60 70 80 90 1 00 
Heart rate [bpm] 

Figure 6-5: CT attenuation measured in the stent lumen at various heart rates in the 
longitudinal plane. 
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SrL'nt 0 bpm ')0 bpm 60 6pm 70 bpm 80 bpm 90 bpm 1 00 hpm 
A 234 (1 00) 202 (92) 301 (87) 307 ( 1 14) 280 (1 50) 376 (88) 409 ( 109) 
B 253 (78) 463 (228) 5 13 (309) 4 16  (176) 428 (349) 463 (1 99) 577 (244) 
C 198 (55) 1 94 (57) 309 (59) 202 (55) 276 (86) 296 (9 1)  32 1 (73) 
D 2 1 5  (95) 380 ( 141 )  401 ( 1 53) 433 ( 125) 424 ( 133) 45 1 ( 1 14) 368 ( 132) 
E 3 1 1 ( 145) 391 ( 1 5 1 )  4 15  ( 1 52) 49 1 ( 107) 438 ( 1 82) 52 1 ( 1 50) 455 ( 175) 
F 533 (200) 725 (224) 843 ( 19 1 )  8 1 9  ( 19 1 )  8 18  ( 161 )  769 (140) 756 (170) 
G 49 1 (220) 500 (2 12) 482 (2 16) 657 (232) 498 (261)  415 (209) 660 (290) 
H 363 ( 138) 428 (255) 440 (222) 47 1 ( 1 87) 375 ( 192) 499 (175) 442 (1 88) 
I 447 (1 97) 508 (209) 5 1 9  (207) 452 ( 1 19) 53 1 ( 10 1 )  492 (2 14) 549 ( 168) 

Table 6-4: HU-value measurements in the axial plane. The standard deviation for each 
measurement is given between parentheses . .  

700 
-e- A 

600 -e- B 

500 -9-

-e-
C 400 

-e- E 
300 C -e- F +-+-

200 -e- G 

1 00 -e- H 

-e-

1 0  20 30 40 60 70 80 90 1 00 
Heart rate [bpm] 

Figure 6-6: CT attenuation measured in the stent lumen at various heart rates in the 
axial plane. 
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Stent  o bpm 50  6pm 60 bprn 70 bpm 80 6pm 90 bpm 1 00 6pm 
A 63.3 ( 1 . 1 ) 65.3 ( 1 .0) 58.5 ( 1 .6) 6 1 .0 ( 1 .5) 64.0 ( 1 .8) 58.3 (2.0) 60.2 ( 1 .2) 
B 64.2 (L3) 58.9 (L6) 57.9 (2.7) 60. 1 (7.2) 6 1 .8 (2.3) 59.0 (2.9) 6L5 (5 .2) 
C 65 . 1  ( 1 .5) 63.3 (L6) 54. 1 (L9) 60. 1 ( 1 .8) 65. 1 (2.3) 6L7 (LO) 64.8 (2.9) 
D 59.6 (L4) 57.3 (3.5) 57.3 (5.5) 56.4 (2.4) 50.0 (5.8) 57.8 (3.5) 56. 1 (2.9) 
E 59.4 (2. 1 )  55 . 1 (3.4) 57.5 (3.0) 56.9 (2.6) 57.3 ( 1 .2) 55.8 ( 1 .7) 56.0 (7.6) 
F 53.5 (3. 1) 53.6 (4.9) 54.0 (6.8) 53.0 (7.5) 50.0 (5 .9) 53.3 (3.8) 53.3 (7. 1 )  
G 57.0 ( 1 .6) 54.2 (L6) 52.8 (3.2) 55.5 (3.0) 50.9 (3 .0) 56.4 (L7) 57.5 (5 . 1) 
H 63. 1  (LO) 59. 1 (0.8) 56.0 (4.8) 60.8 (2.2) 54.3 (2.6) 59.9 (2.3) 59. 1 (3.2) 
I 60.8 (L3) 56.3 (2.3) 56.3 (2. 1 )  62.2 ( 1 .7) 54.0 (8.0) 6L6 (2. 1 )  54.4 (2.3) 

Table 6-5: Results of the measured FWHM in the longitudinal plane. 

S ten t  0 6pm 50  bpm 60 bpm 70 6pm 80 bpm 90 bprn 1 00 6pm 
A 63.4 (L6) 6L4 (2. 1 )  55.0 (L5) 56.8 (7.2) 60.0 ( 1 .8) 56. 1 (L8) 57.5 (2.2) 
B 6L5 (1 .8) 56.6 (2.6) 54.8 (4. 1 )  59.8 (2.5) 60.4 (0.2) 59.7 (6.6) 57.2 ( 1 .7) 
C 62.4 (2.5) 63.7 (2. 1 )  54.5 (2.4) 59.9 (2. 1 )  59.3 (2.0) 59.3 ( 1 .2) 58.5 (2.5) 
D 58.4 (2.0) 58.4 (L6) 56.7 (2.3) 50.4 ( 1 .6) 50.0 (2.6) 54.2 (3.9) 53.5 ( 1 .7) 
E 59.4 (2.2) 53.9 (2.7) 54. 1 (2.2) 56.0 (3.5) 54.6 ( 1 .8) 57.4 (5 .2) 52.9 (2. 1 )  
F 54.7 (5 .0) 53.5 (7.0) 48.2 (8.3) 52.9 ( 1 6.4) 50.4 ( 1 5 .6) 6L5 (6.8) 54. 1 (2.6) 
G 56.5 ( 1 .7) 52.9 (2.4) 56.0 (L5) 59.4 (6.7) 52.5 (2.3) 49.0 (3.5) 5 1 .2 (3.0) 
H 64.8 (L9) 57.8 ( 1 .8) 55 . 1 ( 1 .5) 55.9 (2.9) 54.7 (2.6) 54.2 (3.3) 58.7 ( 1 .5) 
I 6 1 .2 (2.6) 55 . 1  ( 1 .9) 43.9 ( 1 .7) 55.0 (3. 1 )  57.7 (6. 1) 50.4 (2.6) 55. 1 (2. 1 )  

Table 6-6: Results of the measured FWHM in the axial plane. 

Discussion 

Coronary artery stenting is a successful method to treat stenosis. However, restenosis in 
the stent may happen after the procedure. This makes check-ups a necessary procedure 
to perform [ 19, 20] . MDCT is one the candidates for visualisation of the lumen of 
coronary artery stents. 
Although the results look promising, the image quality is hampered by cardiac move
ment and metal artefacts [2 1 ,  22] . This may result in blurred images and an exagger
ated thickness of the stent struts compromising the visibility of the lumen. The 64-slice 
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Srcnr 0 6pm 50 6pm 60 bpm 70 6pm 80 6pm 90 bpm 1 00 bpm 
A 846 (3 1)  925 (29) 761 (35) 831  (46) 9 1 5  (5 1 )  810 (57) 7 16  ( 109) 
B 93 1 (42) 825 (77) 829 (88) 587 ( I  1 8) 897 ( 106) 691 ( 104) 742 ( 1 1 7) 
C 662 (3 1)  642 (36) 496 (41 )  622 (62) 598 (50) 6 1 8  (43) 584 (38) 
D 579 (46) 501  (58) 457 (53) 385 (45) 302 (72) 526 (55) 44 1 (67) 
E 742 (30) 657 (39) 717 (46) 6 12  (59) 667 (44) 662 (65) 5 13 ( 129) 
F 802 (56) 426 (8 1 )  39 1 (80) 370 ( 1 50) 392 (98) 603 ( 100) 369 ( 1 29) 
G 984 (32) 7 17  (28) 841 (71)  9 10  (1 06) 696 (86) 804 (80) 5 12 ( 138) 
H 655 (36) 7 1 1 (3 1)  494 (1 1 8) 680 (47) 623 (60) 64 1 (56) 662 (73) 
I 606 (36) 5 1 3  (64) 493 (41 )  55 1  (83) 275 (90) 442 (59) 442 (72) 

Table 6-7: Results of the measured profile depth in the longitudinal plane. 

Srcn r  o bpm 50  bpm 60  bpm 70  bpm 80 bpm 90 6pm 1 00 bpm 
A 1237 (23) 837 (8) 1070 ( 14) 6 13  (22) 8 1 8  ( 12) 878 ( 12) 754 ( 14) 
B 88 1 (1 1 )  680 (8) 576 (8) 643 (39) 825 ( 13) 4 10  ( 17) 662 (22) 

C 688 (28) 653 ( 1 9) 596 ( 13) 700 (5) 626 ( 1 1 )  539 (14) 6 17 ( 14) 
D 524 ( 13) 555 ( 14) 446 ( 16) 424 ( 1 5) 48 1 ( 16) 337 (2 1)  475 ( 12) 
E 690 (20) 6 1 5  ( 1 8) 747 ( 13) 458 (33) 680 ( 12) 429 (35) 663 ( 1 3) 
F 697 (22) 671 (46) 305 (44) 455 (48) 381  (48) 488 (47) 664 (38) 

G 985 ( 1 5) 793 ( 1 8) 882 (26) 63 1 (43) 965 (38) 803 ( 17) 784 ( 19) 
H 772 (22) 786 ( IO) 832 (8) 68 1 ( 13) 730 (9) 654 ( 16) 738 ( 1 3) 
I 678 ( 14) 648 (8) 506 ( 13) 582 ( 14) 377 (31 )  3 1 1  (25) 521 (23) 

Table 6-8: Results of the measured profile depth the axial plane. 

MDCT scanner has increased spatial and temporal resolution compared with previous 
CT scanner generations [23, 24] and increased LV of coronary stents is expected with 
these new scanners. Although 64-slice MDCT imaging of coronary artery stents show 
an improved image quality with respect to previous CT scanners, the images still show 
blooming artefacts and blurring [9]. 
The apparent width is measured in a generally accepted method to assess the stent lu
men, but this method is very subjective to the user [25]. In contrast, our method, de
veloped in this study to analyse the stent lumen, is an automated method. It enables the 

1 1 1  t • • 



•. t Chapter 6 

80 

70 

60 . , --
50 

( ,--------
40 'vi ·s;: 

C: 
30 

' ...__  
II 
I ---

IL  --=---
I 

E 
20 

10 

0 
0 1 0  20 

-------
,, 

-
� II 7 

� 

-

( :), I 
() 

--ii· 

C) 
() 

,-_ _J I L ---
\ --, � ' \ 

.!.. -
� ' J iJ 

:r--.,_ ( ) ..___ 
(� ti\ c > --� 

, <f> 

30 40 50 60 70 80 90 
Heart rate [bpm] 

n ---., 
\ii 

-

n 
-i, 

1 00 

Figure 6-7: Lumen visibility plotted versus heart rate in the longitudinal plane. 
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Figure 6-8: Lumen visibility plotted versus heart rate in the axial plane. 
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Figure 6-9: The measured IS (green line), the theoretical IS for g=0. 63 (blue line), the 
theoretical IS for g=O ( dashed red line), the theoretical IS for g= 1 ( dashed orange line). 

possibility of a systemic evaluation of the stent lumen at various heart rates. The in vivo 
conditions were approached as much as possible using contrast fluid and fat. 

Influence of increasing heart rate 

To our knowledge there have been no previous studies systematically investigating the 
relation between heart rate and image quality of coronary stents using 64-slice MDCT. 
There are, however, some studies with 16-slice MDCT assessing coronary arteries, which 
concluded that for successful cardiac imaging a heart rate below 75 or 70 bpm is neces
sary [14, 15, 26-29]. In a study with 40-slice MDCT by Gaspar et al. [8], patients were 
given an oral beta-blocker if their heart rate was higher than 65 bpm, and in a study with 
64-slice MDCT, patients were given beta-blockers if their heart rate was higher then 
70 bpm [30]. Ferencik et al. [23, 30] concluded that a low heart rate is an important 
prerequisite for excellent image quality. 
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ASVC 
Two different methods were used to assess the relationship between heart rate and image 
quality of coronary stents. The first method, the CT attenuation measurement, is a com
monly used method. The second method, the ASVC technique, is a new approach. Both 
methods show a negative correlation between image quality and heart rate as expressed 
by the linear fits. The fits, however, show small significance. This small significance can 
be explained by the fact that the image quality does not depend entirely on heart rate, 
which shows a linear behaviour, but also on temporal resolution, which shows a non
linear behaviour, as can be seen from Figure 6-9. Despite the poor quality of the fit, the 
results obtained with this new ASVC method are in agreement with previous studies 
using generally accepted methods as stated before. Therefore, we conclude that the tool 
we developed is a valid method for the analysis of coronary stent lumen. 

Image scoring 

The image scoring results (Figure 6-9) show a varying resemblance between the theoreti
cal scoring and the measured scoring. This resemblance depends on the proportion g 
and varies between 0 (IS completely depending on AT ) and 1 (IS completely depending 
on MS). The best resemblance was found for g=0.63. This implies that the cardiac move
ment causes almost twice as much blurring in the CT image compared with blurring 
caused by the limited temporal resolution of the acquisition method. Multi-segment re- • t 
construction (MSR) has been developed to further increase the temporal resolution [ 6, 
18, 32]. The data acquisition at a rotation time of 370 ms and a HR >65 bpm has been 
performed during two consecutive heart cycles using a two-segment MSR. At heart rates 
of 70 and 90 bpm, the data acquisition is approximately evenly distributed over two 
consecutive heart cycles. At 80 and 100 bpm, however, the majority of data is acquired 
in the first heart cycle, and the remaining portion in the second heart cycle. From Figure 
6-9, we can deduce that for HR of 70 and 90 bpm the measured IS is smaller than the 
theoretical IS. For HR of 80 and 100 bpm, the measured IS is larger than the measured 
IS. From this we can conclude that it is beneficial to the image quality to acquire dur-
ing one cycle and that the MSR technique is not beneficial to image quality. In contrast 
to this, Halliburton et al. [31] showed that MSR is beneficial for 16-slice MDCT. Two 
other studies concluded that MSR was not beneficial to the image quality for 4-slice 
MDCT, in accordance with our results [31, 32]. This can be explained by the fact that 
the coronary artery has to be in exactly the same position in the two heart cycles for 
the MSR algorithm to work properly. However, in general the starting position of the 
arteries at the beginning of the heart cycle will not exactly be the same as in the previous 
heart cycle. This phenomenon will introduce additional motion artefacts which result in 
extra blurring to the image, as has been shown before by Greuter et al [33]. 
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Reducing blurring 
Cardiac movement and limited temporal resolution will introduce blurring in CT im
ages of coronary arteries. The results for image scoring showed that the influence of 
cardiac movement is almost twice as large as the influence of the temporal resolution. 
To reduce blurring, it is therefore more efficient to reduce the heart rate than to increase 
the temporal resolution. 

Limitations 
These results have been obtained using a moving heart phantom. It remains uncertain 
how well these results are applicable to patients. However, a previous study showed that 
the movement of the heart phantom is a good approximation to the in-vivo situation 
[ 18]. Furthermore, in order to approach the in-vivo situation as close as possible, con
trast fluid and fat were used, with CT attenuation values equal to those in-vivo. 
Screenshots captured with the visualisation software were used to perform LV meas
urements. A loss of information is expected due to image compression used in the jpg 
format of the screenshots. However, a comparison between the screenshot method and 
direct analysis using dicom files showed no observable difference in results. 

I • Conclusion 

We have shown that at increasing heart rates the CT attenuation in the stent increases 
and the lumen visibility decreases. A new approach to asses the stent lumen has been 
described which shows similar results to CT attenuation measurements and previous 
studies. The cardiac movement during data acquisition causes approximately twice as 
much blurring compared with the influence of temporal resolution. We conclude that a 
lowering of the heart rate is more beneficial to image quality than using a multi-sector 
reconstruction technique. In addition, we conclude that it is beneficial to image quality 
to acquire data in one cardiac cycle. 
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Abstract 
Purpose 

To investigate calcium scoring on Computed Tomography (CT) using an adjusted thresh
old depending on the maximum Hounsfield Unit (HU) value within the calcification 
(HUperuJ·  

Materials and methods 

The volume of nineteen calcifications was retrospectively determined on 64-slice Mul
ti Detector CT (MDCT) and Dual Source CT (DSCT) at different thresholds and 
the threshold associated with the physical volume was determined. In addition, ap
proximately 10,000 computer simulations were done simulating the same process for 
calcifications with mixed density. Using these data a relation between the HUpeak and 
the threshold could be established. Hereafter, this relation was assessed by scanning six 
calcifications in a phantom at 40-1 10  beats per minute using DSCT. The influence of 
motion was determined and the measured calcium scores were compared to the physical 
volumes and mass. 

Results 

A positive linear correlation was found between the scoring threshold and the HUpeak of 
the calcifications both for the phantom measurements as for the computer simulations. • t 
Using this relation the individual threshold for each calcification could be calculated. 
Calcium scores of the moving calcifications determined with an adjusted threshold were 
approximately 30% less susceptible to cardiac motion compared to standard calcium 
scoring. Furthermore, these scores approximated the physical volume and mass at least 
1 0% better than the standard calcium scores. 

Conclusion 

The threshold in calcium scoring should be adjusted for each individual calcification 
based upon the HUpeak of the calcification. Calcium scoring using an adjusted threshold 
is less susceptible to cardiac motion and more accurate compared to the physical val
ues. 

Keywords 

Calcium scoring; Threshold; Multi-detector computed tomography 

•. t 120 



Threshold adjusted calcium scoring t • • 
Introduction 

Coronary calcium can play an important role in diagnosing coronary heart disease [1]. 
Because the amount of coronary calcium is related to the risk of coronary heart disease 
[2] an accurate assessment of the amount of coronary calcium is needed. To monitor the 
progression of coronary calcium, an accurate assessment of coronary calcium is needed 
as well. In order to be clinically relevant, the calcium score should be precise and inde
pendent of varying patient parameters such as heart rate and calcification density. 
The amount of calcium in the coronary arteries can be assessed using different algo
rithms. The first algorithm is the Agatston score (AS), which is based on the volume of 
the calcification and the maximum Hounsfield (HU) value within the lesion per slice 
[3]. The second algorithm is known as the volume score (VS) [ 4]. This score depends 
only on the volume of the calcification. The third algorithm is the equivalent mass or 
mass score (MS) and depends on the volume of the lesion, the averaged HU value with
in the lesion and a calibration of the CT scanner [5, 6]. Currently the AS is the clinical 
standard and is widely used. Furthermore the AS is well validated with large patient 
studies, whereas the VS and MS are less validated [1, 2, 7-10]. 
All three algorithms depend on the volume of the calcification, which is a major fac
tor of the calcium score. Currently the segmentation of the calcifications is based on a 
threshold, usually 130 HU [ 11]. However, calcifications can be relatively small high 
density objects which suffer from the partial volume effect. For high density calcifica
tions this might lead to an increased apparent size of the object [12-14]. 
The severity of this effect is related to the density of the object itself The higher the 
density, the larger the object will appear, and visa versa [12, 13]. 
The purpose of this study was to reduce the effect of apparent volume changes due to 
the density of the object and the threshold. To reduce volume changes of calcifications 
we propose a segmentation method using a threshold based on the density of the lesion 
itself We describe how the threshold can be calculated and we present results of calcium 
scores of different calcifications in vitro. 

•s MJI 1 11 fl 
i 

15  15  1 1 1  Us) s 
L-rJ � L...-...r--J ' 

4xl 4x2 4x3 - 1 10  I 
i 

20 20 1 10  1 10 ) 5 ' 
Figure 7-1: schematic drawing of the cylinders of phantom 2. Lengths and diameters are 
given in mm. The grey areas represent the different calcifications. 
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Materials and methods 

This study consisted out of two parts. In the first part of the study, a relation between 
the scoring threshold and the measured volume of a calcification was assessed. For this 
assessment two different approaches were used, a retrospective approach using scan 
data of phantoms containing calcifications and a simulation approach using software 
to simulate different kinds of calcifications. In the second part of the study, the relation 
between the scoring threshold and the HU peak was assessed using scan data of a phantom 
containing different kinds of calcifications. In Table 7-1 different key terms are defined 
which are used throughout the article. 

Relation between threshold and volume - phantom measurements 
To obtain a threshold equation, the proper threshold and HUpeak for various calcifica
tions have to be determined (Table 7-1). The HUpeak is the most appropriate parameter 
of a calcification, because it is independent of the threshold. The proper thresholds 
and HUpe£values of different calcifications were obtained retrospectively from previous 
studies. The retrospective data contained three different kinds of phantoms. 
Phantom 1 contained different calcifications of different size and density (Anthropo
morphic Cardio Phantom, QRM, Mohrendorf, Germany). A detailed description of 
this phantom can be found elsewhere [ 15,16] . The image data was obtained from a 
previous study [15] in which the phantom was scanned on 64-slice MDCT (Siemens • t 
Sensation 64, Siemens, Forchheim, Germany) using a standard hospital protocol for 
calcium scoring (120 kV, 3 mm slice thickness, 3 mm increment, B35f reconstruction 
kernel). 

Key term Definition 

HUpeak Maximum CT number within a calcification given in Houns-
field Units (HU), the HUpeak is independent of the threshold 

standard threshold Standard threshold used in Ca-scoring ( 130 HU) 

proper threshold Threshold which should be used to obtained the physical vol-
ume of the calcification 

adjusted threshold Threshold which depends on the HU peak and is calculated using 
the threshold calculation 

threshold equation Equation which enables the calculation of the adjusted threshold 
for an individual calcification as a function of HU0eak 

Table 7-1: Key terms used in this article 
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Phantom Number Volume [mm '] Mass [mg] Dens i ty [HU] 

1 98.20 78.6 800 
2 98.20 39.3 400 
3 98.20 1 9.6 200 

1 4 2 1 .20 17  800 
5 21 .20 8.5 400 
6 21 .20 4.2 200 

7 0.80 0.6 800 

8 235.62 105.09 800/408/380/1 96 
9 196.35 74.61 380 
10 196.35 38.48 196 

2 1 1  1 96.35 1 57.08 800 
12 1 96.35 80. 1 1  408 
13 1 57.08 70.06 800/408/380/1 96 
14 78.54 35.03 800/408/380/1 96 
1 5  62.80 50.0 1 796 

16  24.60 1 9.56 796 
17* 9.07 7.22 796 

3 
18  62.80 25.20 401 
1 9  24.60 9.85 40 1 
20 62.80 12.38 1 97 

Table 7-2: calcifications used in establishing the threshold equation. *calcification 17 
was only used in the second part of the study. 

Phantom 2 consisted out of three cylinders (QRM, Mohrendorf, Germany). Two cylin
ders contained two different homogeneous calcifications (800, 408 HU and 380, 1 96 
HU) of different size and one cylinder contained three calcifications of mixed density 
(800/408/380/1 96 HU) and size (Figure 7- 1).  The image data was obtained from an
other unpublished study. The phantom was scanned with Dual Source CT (Siemens 
Definition, Siemens, Forchheim, Germany) using a standard hospital protocol for cal
cium scoring ( 120 kV, 3 mm slice thickness, 3 mm increment, B35f reconstruction 
kernel) . 
Phantom 3 consisted out of three cylinders as well, each containing homogenous calcifi
cations of different density and size. A detailed description can be found elsewhere [ 12, 
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13]. The phantom was scanned with the same DSCT scanner and the same protocol 
as the second phantom. During scanning this phantom was wrapped inside fat tissue 
(horse fat) and positioned on an anthropomorphic heart phantom. A description of this 
heart phantom can be found elsewhere [17]. In total nineteen different calcifications 
were used in the first part of this study; six calcifications with a high density (800 HU), 
six calcifications with a medium density (approximately 400 HU), four calcifications 
with a low density (approximately 200 HU) and three calcifications with mixed densi
ties (800/408/380/196 HU). All calcifications differed in size and/or shape. A detailed 
overview of all nineteen calcifications can be found in Table 7-2. 
The volume of each of the nineteen calcifications was determined using dedicated soft
ware (Siemens Syngo CaScore, Siemens, Forchheim, Germany) at different thresholds 
(Figure 7-2). The proper threshold was then determined for each calcification. In addi
tion, HUpeak was determined by the dedicated software for each calcification. The proc
ess of volume, threshold and HUpeak calculation was repeated for all nineteen calcifica
tions. 

Analysis of calcium scoring with adjusted threshold 

In the second part of the study, the threshold equation was assessed. Additional scans 
were made of phantom 3 using the same protocol as was previously used for the DSCT-
scans. The three cylinders of the phantom were positioned on the anthropomorphic • I 
phantom and scanned at 40-110 beats per minute (bpm) with an interval of 10 bpm. 
Each scan was repeated ten times with a small random repositioning ( ..... 1 mm) of the 
heart phantom after each scan. The same standard protocol for calcium scoring as in 
the first part of this study was used for scanning. After scanning, calcium scoring was 
performed on six different calcifications of phantom 3 (Table 7-2). The three remaining 
calcifications of phantom 3 were omitted because they could not be detected properly 
on all scans due to a too small size and/ or density. Calcium scoring was performed twice, 
once with the standard threshold and once with an adjusted threshold determined from 
the threshold equation (scores with adjusted threshold). In addition, the mass score 
was calculated using three methods, a standard mass score with standard threshold, a 
standard mass score with adjusted threshold and an alternative mass score with adjusted 
threshold (using HUpeak instead of the HUmean as a measure of density). To avoid prob-
lems with noise we kept the minimal HUpeak above 100 HU. 
The resulting calcium scores as a function of heart rate were analyzed using two different 
methods. The CMS-index was calculated to asses the susceptibility to cardiac motion. 
The Li-index was calculated to compare the measured volume score and mass score to 
the physical volume and physical mass of the phantom. A description of both analysis 
methods can be found elsewhere [12]. 
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Relation between threshold and volume - computer sim ulations 

In addition to the retrospective analysis of different phantoms containing calcifications, 
computer simulations were performed on inhomogeneous calcifications. In Matlab (The 
Mathworks, Natick, USA) spherical calcifications were simulated with a core and three 
layers. The core had a diameter of 1 mm and each layer had a thickness of 0.5 mm, that 
is, a sphere with diameter of 4.0 mm. This sphere was defined with a voxelsize of 0.01 
x 0.01 x 0.01 mm. Next, four densities between 10-1000 HU were randomly chosen, 
sorted and applied to the core and layers so the densities decreased from core to outer 
layer. The voxels surrounding the simulated calcification were set to a water-equivalent 
value of 0 HU. Next, the resolution was reduced to a voxelsize of 0.6 x 0.6 x 3.0 mm, 
equal to the spatial resolution of both CT scanners. Then, by use of a Matlab script, the 
volume of the sphere was calculated at different thresholds and the proper threshold was 
determined. Furthermore the HU peak was determined. In total 10,000 simulations were 
performed. In addition, the computer simulations were filtered to omit homogeneous 
high density calcifications, which are not expected in vivo. As a criteria for this filtering, 
the density of the outer layer of the calcification was limited to 500 HU (50% of highest 
possible density). To omit homogeneous high density calcifications a filter was applied 
to the phantom measurements to compare the results between phantom measurements 
and computer simulations. 

Statistics 

To analyse the correlation between the HUpeak and the proper threshold the Pearson 
correlation coefficient was calculated. With an expected value of 0.3 and an expected 
error of 33%, a power analysis showed that 10,000 simulations were sufficient to obtain 
a relation between the HUpeak and the proper threshold with an accuracy of 1 % and a 
confidence of 99%. For normally distributed data the average values are given in mean ± 
standard deviation, for non-normally distributed data the median and range are given. 
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Figure 7-2: Example of the volume of 
a calcification with a density of 400 
mgHA/mm3 as function of threshold. 
1he dashed lines indicate the physical 
volume (62. 8 mm3) and the proper 
threshold (J 60 HU).  
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Results 
Relation between threshold and volume - phantom measurements 
All nineteen calcifications showed decreased measured volumes for higher thresholds. 
The volumes of high density calcifications were overestimated whereas the volumes of 
low density calcifications were underestimated at the standard threshold of 130 HU 
compared to the physical volumes. As a result, the standard threshold had to be in
creased for high density calcifications and decreased for low density calcifications. The 
calculated thresholds for all calcifications ranged from 84 HU for large low density 
calcifications to 425 HU for large high density calcifications, the median threshold was 
181 HU. The calculated thresholds and HUpe£values were fitted to a trend line (dashed 
black line, Figure 7-3) with a Pearson correlation coefficient of 0.79. The fit was defined 
by the following equation 

TH
P 

= (0.28 ± 0.04) • HU
peak + (5 1  ± 2 1 ) (Equation 7-1) 

where T HP is the adjusted threshold and HUpeak the maximum HU value within the 
lesion using the phantom measurements. 
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Figure 7-3: The proper threshold associated with the physical volume of a calcification 
as Junction of HU,eak· Two sets of data points are given, phantom measurements (black) 
and the computer simulation (gray). The data is fitted to a linear fit including all calci
fications/simulations (solid lines) and excluding homogeneous high density calcifications 
(dashed lines). HHD=homogeneous high density 
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Analysis of calcium scoring with adjusted threshold 

Next, the relation between the HUpeak and the threshold (Equation 7-1) was assessed 
with a data set obtained from scanning phantom 3 at heart rates of 40-110 bpm. The 
highest threshold for all calcifications decreased at higher heart rates ranging from 301 
HU at 0 bpm to 260 HU at 110 bpm for calcification # 15. The lowest threshold for all 
calcifications decreased at higher heart rates ranging from 117 HU at 0 bpm to 101 HU 
at 110 bpm for calcification #17. The median adjusted threshold was 137 HU over all 
heart rates and densities. 
The absolute calcium scores with adjusted threshold were different from the absolute 
calcium scores with standard threshold. The Agatston score with adjusted threshold 
was lower for the three calcifications with the largest mass, the opposite effect was ob
served for the three calcifications with the smallest mass (Figure 7-4) . The volume scores 
showed this same behaviour for all calcifications. Furthermore the volume scores with 
adjusted threshold deviated less from the physical volumes than the standard volume 
scores (Figure 7-5). The mass scores showed this same behaviour as well. The mass scores 
with adjusted threshold deviated less from the physical mass than the standard mass 
scores. In addition, the mass scores with adjusted threshold and HUpeak deviated the least 
from the physical masses for all three mass score algorithms (Figure 7-6). 
Next to the differences in absolute score, the different algorithms were analyzed with 
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Figure 7-4: Agatston scores of the six different calcifications in phantom 3 with standard 
threshold (red) and adjusted threshold (green). The measured calcification is indicated 
in the figure title. 
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Figure 7-5: Volume scores of the six different calcifications in phantom 3 with stan�ard 
threshold (red) and adjusted threshold (green). The measured calcification is indicated in 
the figure title. The black lines represent the physical volumes of the calcification. 

CMS-index and 11-index. The analysis with the CMS-index showed that the calcium 
scores with adjusted threshold showed smaller CMS-indexes than the standard scores, 
except for the two calcifications with the largest mass (#15, #18) (Figure 7-7). Further
more, the standard deviations of the CMS of scores with adjusted threshold were gener
ally smaller than the error margins of the CMS of standard scores. The average CMS
index (*102

) was 7.4 ± 4.0 for the standard Agatston score and 5.4 ± 3.1 for the Agatston 
score with adjusted threshold, a decrease of 27%. The average CMS-index (*102

) was 
8.4 ± 4.0 for the standard volume score and 5.8 ± 2.9 for the volume score with adjusted 
threshold, a decrease of 31 %. Finally, the CMS-index was 6.9 ± 3.9 for the standard 
mass score, 4.3 ± 2.6 for the mass score with adjusted threshold, a decrease of 38%, and 
7.3 ± 3.5 for the mass score with adjusted threshold and HU peak' an increase of 6%. 
Next to the CMS-indexes, the analysis with the 11-index showed that the scores with 
adjusted threshold showed a lower 11-index than the standard calcium scores (Figure 
7-8). Furthermore the 11-indexes of the mass scores with adjusted threshold and HUpeak 
were smaller than the 11-indexes of the mass score with adjusted threshold except for the 
smallest calcification (#17) and the calcification with the lowest density (#20). Gener
ally, the margins of error of all methods were similar. The average 11-index was 188 ± 12 
for the standard volume score and 95 ± 11 for the volume score with adjusted threshold, 
a decrease of 49%. The average 11-index was 166 ± 7 for the standard mass score, 173 
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FiK!'re 7-6: Mass scores of the six different calcifications in phantom 3 with standard 
threshold (red), adjusted threshold (green) and adjusted threshold combined with H½eak 
(blue) . he measured calcification is indicated in the figure title. The black lines represent 
the physical volumes of the calcifications. 

± 5 for the mass score with adjusted threshold, an increase of 4%, and 150 ± 7 for the 
mass score with adjusted threshold and HUpeak' a decrease of 10%. 

Relation between threshold and volume - computer simulations 
In total approximately 10,000 spheres were simulated. The HUpeak ranged from 901 to 
119 with proper thresholds ranging from 466 to 60, the median threshold was 135 HU. 
The obtained HUpe£values were plotted against the calculated proper thresholds and 
fitted to a trend line (Figure 7-3, dashed green line). The fit was defined by the follow
ing equation: 

T� = (0.25 ± 0.01) • HUptak + (41 ± 2) (Equation 7-2) 

with a Pearson correlation coefficient of 0.53. The computer simulations were filtered 
to remove the high density homogenous calcifications. After filtering, the HUpe£values 
and proper thresholds were again fitted to a trend line (Figure 7-3, solid green line). The 
resulting fit was defined by the following equation: 

THsf = (0.17 ± 0.01) • HUpeak + (64 ± 2) (Equation 7-3) 
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The slope of the trend line was decreased, whereas the offset was increased compared to 
the trend line of the unfiltered computer simulations. Applying a homogeneous high 
density filtering to the phantom measurements yielded a fit defined by the following 
equation: 

TH
p
f = (0. 19  ± 0.04) • HU

peak + (84 ± 1 8) (Equation 7-4) 

Similar to the computer simulations the slope of the trend line was decreased, whereas 
the offset was increased compared to the unfiltered phantom measurements. 

Discussion 

This study showed that calcium scoring with an adjusted threshold depending on the 
HUpcak of the calcification is less susceptible to cardiac motion than when the standard 
threshold is used. Furthermore, this study showed that calcium scoring with an adjusted 
threshold depending on the HUpcak of the calcification gives a better approximation to 
the physical volume and mass of the calcification. 
The reduced susceptibility to cardiac motion was shown by smaller CMS-indexes for 
calcium scores with adjusted threshold. However, a smaller CMS-index was not shown 
for all calcifications. The two calcifications with the largest mass, calcifications # 15  and 
# 18, had a smaller CMS-index when scoring was performed using the standard thresh
old. This can be explained by the fact that the CMS-index is calculated as a percentage of 
the mean absolute score. Because the mean value of the scores with standard threshold 
is almost twice as large as the scores with adjusted threshold, the CMS-index is reduced 
much more for the scores with standard threshold, resulting in a lower CMS-index. 
Apart from a reduced susceptibility to cardiac motion, calcium scores with adjusted 
threshold give a better approximation to the physical properties of the phantom, shown 
by smaller L1-indexes. In agreement with our results, the adjustment of the scoring thresh
old yielded more accurate scoring results in a study by Hong et al. [ 18]. Especially the 
results for volume scoring show a reduction of approximately 50% in L1-index. For the 
mass score, the best approximation to the physical mass is the mass score with adjusted 
threshold and HUpeak' except for the two smallest calcifications. This can be explained 
with the following; the volume used to calculate the mass score with adjusted thresh
old and HUpcak is based upon the volume score, an interpolated volume. However, the 
volume used to calculate the (standard) mass score (with adjusted threshold) depends 
on the number of pixels. Due to this interpolation, the resulting interpolated volume is 
smaller, although more accurate. For very small calcifications the volume which is used 
to calculate the (standard) mass score (with adjusted threshold) is overestimated, while 
the density (HU mean) is underestimated. Multiplication of the overestimated volume and 
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underestimated density leads to a reasonable but accidental approximation of the true 
mass. For mass scores obtained with adjusted threshold and HUpeak' however, the vol
ume is similar to the true volume and the density (HUpeak) is underestimated. Multipli
cation of the accurate volume and an underestimated density leads to an underestima
tion of the true mass, although the individual factors are a better approximation to the 
true values. Phantom 1 has been investigated in a few studies, which all showed only 
small differences between the physical mass and the measured mass of the calcifications 
[ 16,19] . However, these good approximations to the physical mass are the accidental 
result of a multiplication of an underestimated factor (HUmean) and an overestimated 
factor (volume). 
The adjustment of the threshold was based on the maximum CT number (HUpeak) 
within the calcification. For low density calcifications the threshold will be relatively low 
as well. This might be problematic in patients. If the threshold is very low, the analysis 
might be hampered by noise. Raggi et al adjusted the threshold based on the noise prop
erties of the scan, which seemed to result in more appropriate thresholds for individual 
patients but does not eliminate the problem of over- and underestimation the calcified 
volumes [20]. To overcome the problem of noise, a lower limit could be set. We applied 
this method as well, keeping the minimum HUpeak at 100 HU. 
The majority of the measured calcifications was homogeneous. It is expected that ho
mogeneous high density calcifications are not present in patients, instead homogenous 
low density calcifications and calcifications with a high density core are expected [9]. 
Therefore, computer simulations were added to this study. The computer simulations 
simulated different kinds of inhomogeneous calcifications (Figure 7-3). When the fit to 
the phantom measurements and the fit to the computer simulations are compared, it is 
observed that the slopes of both fits are not significantly different. The offsets, however, 
differ, although the difference between the two offsets is within the margins of error of 
both offsets. Based on this comparison, we concluded that the computer simulations 
are a good representation of actual measurements. The computer simulations were also 
filtered to omit unexpected high density homogenous calcifications. In this way the re
sults of the simulation are better applicable to patients. The filtered fit of the simulations 
yielded a fit with a smaller slope and a larger offset. Filtering the phantom measurements 
showed similar results with a smaller slope and a larger offset. 
The absolute calcium scores of calcifications #16 and #19 as a function of heart rate 
(Figure 7-6) show an extraordinary deviation from the standard decreasing behaviour. 
The extraordinary positive and negative peaks occur at 80/90 and I 00 bpm. A possible 
explanation for this phenomenon might be the occurrence of resonances causing the 
movement of the calcifications to be distorted as previously reported [17]. This could 
lead to exaggeration of image artefacts and changes in calcium score. 
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Limitations 

To obtain the relation between the HUpeak and the proper threshold, different kinds of 
phantoms were used. The datasets of these phantoms were obtained with two differ
ent scanners. The correlation between the HUpeak and the proper threshold might have 
been better if only one scanner was used. The advantage of using two different scanners 
however, is that due the mixing of different datasets, the threshold equation is more 
generally applicable. 
A solid validation for patient calcifications is difficult to obtain and can only be resolved 
with scanners with a much higher spatial resolution. So far only microCT is capable of 
such high resolutions but the bore size is too small to be suited for patients. Furthermore 
microCT will only yield a better volume determination. Comparison of HU-values be
tween CT and microCT is not straightforward since the HU-values of microCT differ 
from CT HU-values, although this might be solved by calibration phantoms. 

Conclusion 

We conclude from this study that the threshold in calcium scoring should be adjusted 
for each individual calcification based upon the HUpeak of the calcification. Threshold 
adjusted calcium scores are less susceptible to cardiac motion and yield a better ap
proximation to the physical volume and mass of a calcification. The best approximation 
to the physical mass can be obtained by using the HUpeak of a calcification instead of 
HU mean as a measure of the density of the calcification. 
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In this chapter a summary of the thesis is given. Important findings and results are em
phasized and the connections between the different parts of the thesis are identified. In 
addition, the implications of the different results are elucidated. 

In chapter 1 an introduction of the thesis is given. First an introduction to imaging of 
the heart was presented. For cardiac imaging, two properties of imaging modalities play 
an important role: the spatial and temporal resolution. The spatial resolution refers to 
the ability of an imaging modality to detect small objects. The higher the spatial resolu
tion, the smaller objects can be detected. The temporal resolution refers to the amount 
of time it takes to obtain the data for an image. The higher the temporal resolution, the 
faster an image is acquired. A high temporal resolution enables an imaging modality 
to visualize moving objects, by reducing the amount of motion during data acquisi
tion. ECG-gating is another method to reduce the amount of motion. The technique 
synchronizes the heart rate of the patient with the scanner. Image data is only acquired 
during periods of less or no motion in the RR-interval. 
Two different phantoms were used in this thesis. The first phantom is a robot arm which 
can be programmed with user-defined motion curves. Cardiac inserts can be attached 
to the arm, which moves inside a water container positioned inside a thorax phantom. 
The phantom is very suitable for assessing the influence of heart frequency on cardiac 
parameters. The second phantom is an anthropomorphic heart phantom. It is control- • t 

led by a respirator and is very suitable for assessing the influence of heart movement on 
cardiac parameters. 
Different cardiac parameters were investigated in this thesis; coronary calcium, func
tional parameters and coronary artery stems. Each cardiac parameter is hampered by 
different aspects in acquiring an accurate measurement. 

In chapter 2 different imaging modalities, EBT, 64-slice MDCT and DSCT, were com
pared in the assessment of coronary calcium. Three cardiac inserts with calcifications 
with different densities and sizes were attached to the QRM phantom. The phantom 
was scanned at rest and at 50-110 bpm. The study showed that calcium scores are in
fluenced by heart rate, slice thickness and the imaging modality used for scanning. De
pending on the density, the calcium scores at higher heart rates were either increased, for 
high density calcifications or decreased for low density calcifications. A higher temporal 
resolution was beneficial for the measurement, shown in the fact that 64-slice MDCT 
was most susceptible to cardiac motion, followed by DSCT, which was approximately 
50% less susceptible than 64-slice MDCT. EBT with the highest temporal resolution 
was least susceptible to cardiac motion. A higher spatial resolution was obtained with 
additional reconstructions with a slice thickness of 0.6 mm next to the standard slice 
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thickness of 3.0 mm. The data sets with thin slices were a better approximation to the 
physical properties of the scanned calcifications. DSCT with a high temporal and spatial 
resolution was the best approximation to the calcium scores on EBT, the current gold 
standard for calcium scoring. 
This study shows that calcium scoring should be performed with an imaging modality 
with a high temporal resolution, such as EBT or DSCT. A calcium score obtained with 
an imaging modality with a lower temporal resolution might be far from the truth and 
should therefore be interpreted with caution. 

In chapter 3 two of the same imaging modalities as in the previous chapter were used 
to assess functional parameters of the anthropomorphic heart phantom. In addition to 
the CT modalities, MRI was used, because MRI is the gold standard for functional pa
rameter assessment. Beating at 50-100 bpm the end-diastolic and end-systolic phases of 
the anthropomorphic heart phantom were determined. MRI with a high temporal and 
reasonable spatial resolution, underestimated the functional parameters of the phantom. 
64-slice MDCT, with a low temporal and high spatial resolution, approximated the 
functional parameters fairly, although the margins of error were very large. DSCT, with 
a high temporal and high spatial resolution, deviated least from the known physical 
functional parameters of the phantom. Whereas for calcium scoring a higher temporal 
resolution of the imaging modality enhances the measurement, for functional param
eters assessment a higher spatial resolution enhances the measurement. 
This study shows that assessment of functional parameters using DSCT is feasible and 
that DSCT is, contrary to single source CT, even capable of approximating the true 
values even better than MRI. Therefore, in the future, an import role might be played 
by CT in functional parameter assessment instead of MRI. 

In chapter 4 a comparison was not done between imaging modalities. Instead the per
formance of 64-slice MDCT was assessed in the visualization of coronary artery stents. 
Nine different coronary artery stents were positioned on the anthropomorphic heart 
phantom moving at 50-100 bpm. The lumen visibility of the stents was assessed using 
HU-measurements in the stent lumen and a visual score by two radiologists. The study 
showed that, despite a temporal resolution of 165 ms, there is an inverse correlation 
between the image quality of coronary artery stents and the heart rate. Furthermore, 
although a 64-slice MDCT is capable scanning with sub millimeter voxels, the stent 
lumen is not completely visible due to scatter and motion artifacts. In addition, it was 
shown that the use of multi-segment reconstruction is not beneficial to the visualization 
of coronary artery stents. 
This study shows that accurate visualization of coronary artery stents is not yet feasible 
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with 64-slice MDCT. Therefore it is still advisable to administer beta-blockers to reduce 
the heart rate and enhance the visualization of the coronary artery stent. 

In chapter 5, coronary calcium wadetermined using 64-slice MDCT. The influence of 
cardiac motion was assessed and the chapter also focused more on the influence of slice 
thickness. Four different slice thicknesses were used in this study. The results showed 
that a thinner slice thickness increases the calcium score due to the detection of smaller 
lesions and increased noise levels. Despite the disadvantage of a changed calcium score 
at a thinner slice thickness, thin slices offer the advantage of a reduced variability of 
the calcium scoring. In other words, the calcium score is more reproducible. Another 
disadvantage of thin slices is an increased patient dose to compensate for increased noise 
levels. Therefore a balance between patient dose and reproducibility should be made and 
a slice thickness of 1 .5 mm seems appropriate. Next to the influence of slices thickness, 
cardiac motion influenced the calcium scores as well. 
This study shows that the heart rate of a patient should be reduced, preferably below 70 
bpm, when performing calcium scoring using 64-slice MDCT or probably any single 
source CT system. In addition, the standard slice thickness for calcium scoring of 3.0 
mm should be changed to a thinner slice thickness. 

In chapter 6, coronary artery stents are visualized. Because the standard methods of as- • • 
sessing the lumen visibility are subjective due to a blurred delineation of the stent lumen, 
a new approach was used to evaluate the stent lumen. The method made use of profiles 
of the stent in a longitudinal and axial plane. Software analysis determined objectively 
the lumen visibility of the stent. The method was applied to different coronary artery 
stents positioned on the anthropomorphic heart phantom moving at 50-1 00 bpm. The 
results showed that at increasing heart rates the lumen visibility of the coronary artery 
stents is reduced. Furthermore the influence of cardiac motion in combination with 
temporal resolution was analyzed. The analysis showed that cardiac movement during 
data acquisition causes approximately twice as much blurring compared to the influ-
ence of temporal resolution. Therefore is more beneficial to the visibility of the coronary 
artery stent to reduce the heart rate of the patient. 
This study shows how the visibility of the lumen of coronary artery stents can be de
termined objectively. In addition this study shows that it is beneficial for the visualiza
tion of coronary artery stents to lower the heart rate of the patient when using 64-slice 
MDCT. 

In the final study, chapter 7, a new approach in calcium scoring was investigated. The 
new approach made use of an adjusted threshold for calcium scoring instead of the 
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standard threshold. An adjusted threshold reduced the effect of over- or underestima
tion of calcification properties with respect to the physical properties. The new method 
was assessed using six different calcifications on DSCT. The results showed that the new 
method approximates the physical properties of calcifications better than the standard 
method. In addition, the new method was less susceptible to cardiac motion. By using 
an adjusted threshold, calcium scoring can be enhanced although the temporal and 
spatial properties of the imaging modality might not be sufficient for an accurate meas
urement. 
This study shows that the threshold of standard calcium scoring is hampering an ac
curate measurement of the total amount of coronary calcium. Therefore the threshold 
should be non-rigid and adjusted to the properties of the calcifications. 

In conclusion, phantom studies can clarify the underlying principles involved in meas
uring different cardiac parameters. The different studies show that temporal and spatial 
resolutions are important factors for an imaging modality. The influence of the resolu
tions can be different for every cardiac parameter. Whereas for some cardiac parameters 
a high temporal resolution is required, other parameters require a high spatial resolution 
or both. To obtain an accurate measurement, the used modality should be capable of the 
required resolutions. In other words: adjust the measurement to the required informa
tion. 





Chapter 

Nederlandse samenvatting 



•. t Chapter 9 

Dit hoofdstuk bevat een samenvatting van het gehele proefschrift. Belang
rijke bevindingen en resultaten warden benadrukt en de verbanden tussen de verschil
lende delen van het proefschrift warden duidelijk gemaakt. Daarnaast worden ook de 
implicaties van de verschillende resultaten belicht. 

Hoofdstuk 1 vormt een inleiding van het proefschrift. Eerst werd er een introductie 
over het afbeelden van het hart gegeven. Bij beeldvorming van het hart spelen twee 
eigenschappen van beeldvormende technieken een belangrijke rol: de spatiele resolutie 
en de temporele resolutie. Met de spatiele resolutie wordt de mogelijkheid van een 
beeldvormende modaliteit om kleine objecten te detecteren bedoeld. Hoe hoger de 
spatiele resolutie, hoe kleiner de objecten die gedetecteerd kunnen warden. Met de tem
porele resolutie wordt gedoeld op de hoeveelheid tijd die nodig is voor het verkrijgen 
van de data voor een beeld. Hoe hoger de temporele resolutie, hoe sneller een beeld 
verkregen wordt. Een hoge temporele resolutie stelt een beeldvormende modaliteit in 
staat om bewegende objecten te visualiseren door het verminderen van de hoeveelheid 
beweging tijdens data acquisitie. ECG-gating is een andere manier om de hoeveelheid 
beweging te beperken. De techniek synchroniseert de hartslag van de patient met de 
scanner. Beelddata warden dan alleen verkregen tijdens perioden met minder of geen 
beweging in het RR-interval. 
In dit proefschrift werden twee verschillende fantomen gebruikt. Het eerste fantoom • t 
was een robotarm die geprogrammeerd kan warden met door de gebruiker gedefinieerde 
bewegingscurven. Kleinere arterie fantomen kunnen bevestigd warden aan de arm, die 
in een waterbak beweegt. De waterbak bevindt zich in een thorax fantoom. Het fan-
toom is vooral geschikt om de invloed van hartfrequenties op cardiale parameters te 
onderzoeken. Het tweede fantoom was een antropomorfisch hartfantoom. Het wordt 
bediend via een beademingsapparaat en is vooral geschikt om de invloed van de hartbe-
weging op cardiale parameters te onderzoeken. 
Verschillende cardiale parameters werden onderzocht in dit proefschrift; coronaire kalk, 
functionele parameters en arteriele scents. Diverse aspecten hinderen het nauwkeurig 
meten van een van de desbetreffende parameters. 

In hoofdstuk 2 warden verschillende beeldvormende technieken, 64-slice MDCT, 
DSCT en EBT, met elkaar vergeleken in de evaluatie van coronaire kalk. 
Drie kunstmatige arterien met verkalkingen van verschillende dichtheden en groottes wer
den bevestigd aan het QRM-fantoom. Het fantoom werd gescand in rust en bij 50-110 sla
gen per minuut (beats per minute, bpm). De kalkscores in het onderzoek werden be"invloed 
door de hartfrequentie, de slice dikte en de gebruikte beeldvormende techniek. Afhanke
lijk van de dichtheid waren de kalkscores bij hogere hartslagen verhoogd in het geval van 
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verkalkingen met een hoge dichtheid en verlaagd in her geval van verkalkingen met een 
lage dichtheid. Een hogere temporele resolutie was gunstig voor de meting. Dit bleek uit 
her feit dat 64-slice MDCT her meest gevoelig was voor hartbewegingen, gevolgd door 
DSCT, die ongeveer 50% minder gevoelig was dan 64-slice MDCT. EBT met de hoog
ste temporele resolutie was her minst gevoelig voor hartbewegingen. Een hogere spatiele 
resolutie werd bereikt met extra reconstructies van 0.6 mm naast de standaard slice dikte 
van 3.0 mm. De data sets met dunne slices benaderden de fysische eigenschappen van de 
gescande verkalkingen beter. DSCT met een hoge temporele en spatiele resolutie gaf de 
beste benadering van kalkscores met EBT, de huidige gouden standaard voor kalkscore 
bepaling. 
Deze studie laat zien dat de kalkscore gemeten zou moeten worden met een beeldvor
mende techniek met een hoge temporele resolutie, zoals EBT of DSCT. Een kalkscore 
gemeten met een beeldvormende techniek met een lage temporele resolutie kan veel van 
de echte waarde verschillen en moet daarom met enige voorzichtigheid gei'nterpreteerd 
worden. 

In hoofdstuk 3 worden twee van de beeldvormende technieken uit her vorige hoofd
stuk gebruikt voor de evaluatie van cardiale functieparameters van her antropomorfische 
hartfantoom. Naast de CT modaliteiten wordt MRI gebruikt, omdat dit de gouden stan
daard is voor functieanalyse. 
De einddiastolische en eindsystolische fase van her antropomorfische hartfantoom 
werden gemeten bij hartslagen van 50 tot 100 bpm. MRI met een hoge temporele en 
redelijke spatiele resolutie onderschatte de cardiale functieparameters van her fantoom. 
64-slice MDCT met een lage temporele en een hoge spatiele resolutie benaderde de 
cardiale functie parameters redelijk, hoewel de foutenmarges erg groot waren. DSCT 
met een hoge temporele en hoge spatiele resolutie week het minste af van de fysische 
functieparameters van het fantoom. Bij een kalkscore verbeterde een hogere tempo
rele resolutie de meting, bij functieanalyse verbeterde een hogere spatiele resolutie de 
meting. 
Deze studie laat zien dat de bepaling van cardiale functieparameters uitgevoerd kan 
worden met DSCT. In tegenstelling tot single source CT, kan DSCT zelfs een betere 
benadering geven van de werkelijke waarden dan MRI. Daarom is er in de toekomst 
wellicht een belangrijke rol in functieanalyse weggelegd voor CT in plaats van MRI. 

In tegenstelling tot de voorafgaande hoofdstukken bevat hoofdstuk 4 geen ver
gelijking van beeldvormende modaliteiten. In plaats daarvan zijn de prestaties van 64-
slice MDCT bij het visualiseren van arteriele stems onderzocht. 
Negen verschillende arteriele stems werden op het antropomorfisch hartfantoom 
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geplaatst bij een hartslag van 50-100 bpm. De zichtbaarheid van het stentlumen werd 
onderzocht door middel van HU-metingen en werd visueel gescoord door twee radio
logen. Het onderzoek toonde aan dat er een omgekeerd evenredige correlatie bestaat tus
sen de beeldkwaliteit van arteriele stents en de hartslag, ondanks een temporele resolutie 
van 165 ms. Daarnaast was het stentlumen niet volledig zichtbaar door strooistraling en 
bewegingsartefacten, hoewel 64-slice MDCT in staat is tot scannen met voxels kleiner 
dan een millimeter. Verder hood het gebruik van meerdere segmenten bij de beeld
reconstructie geen voordelen bij het visualiseren van coronair stents. 
Deze studie laat zien dat coronair stents nog niet nauwkeurig kunnen worden gevisuali
seerd met behulp van 64-slice MDCT. Het is daarom aan te raden betablokkers te geven 
om de hartslag te verlagen en zo de visualisatie van de coronair stent te verbeteren. 

In hoofdstuk 5 is de kalkscore bepaald met behulp van 64-slice MDCT. In dit hoofd
stuk wordt de invloed van hartfrequenties onderzocht en daarnaast richt het zich meer 
op de invloed van slice dikte. 
Vier verschillende slice diktes werden gebruikt in dit onderzoek. De resultaten toonden 
aan dat een kleinere slice dikte de kalkscore verhoogde door de detectie van kleinere 
verkalkingen en door het verhoogde ruisniveau. Hoewel de kalkscores door de dunnere 
slices veranderden, was de variabiliteit van de kalkscores met dunnere slices lager. Dir 
duidt op een verbetering van de kalkscore qua reproduceerbaarheid in het geval van • • 
dunnere slices. Het nadeel van dunnere slices is echter een verhoogde stralingsdosis voor 
de patient, om te compenseren voor het verhoogde ruisniveau. Daarom moet er een ba-
lans gevonden worden tussen stralingsdosis en reproduceerbaarheid. Een slice dikte van 
1.5 mm lijkt hiervoor geschikt. Naast de invloed van de slice dikte, be"invloedden ook 
hartfrequenties de kalkscore. 
Deze studie laat zien dat de hartslag van een patient verlaagd moet worden bij het meten 
van de kalkscore, het liefst onder de 70 bpm, bij gebruik van een 64-slice MDCT en 
waarschijnlijk alle single source CTs. Daarnaast zou de standaard slice dikte van 3.0 mm 
veranderd moeten warden naar een kleinere slice dikte. 

In hoofdstuk 6 zijn coronair stents gevisualiseerd. Omdat de standaardmethode voor 
het bepalen van de zichtbaarheid van het stentlumen subjectief is, door een onscherpe 
afbakening van het stentlumen, is er een nieuwe aanpak gebruikt om de zichtbaarheid 
van het stentlumen te bepalen. 
De methode maakte gebruik van profielen van de stent in het longitudinale en het 
axiale vlak. Met behulp van software-analyse werd objectief de zichtbaarheid van het 
lumen bepaald. De methode werd toegepast op negen verschillende coronair stents die 
geplaatsts waren op het met 50-100 bpm bewegende antropomorfische hartfantoom. 
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De resultaten lieten zien dat bij hogere hartslagen de zichtbaarheid van het lumen v� 
coronair stents verminderd was. Daarnaast werd de invloed van de hartbeweging in 
combinatie met de temporele resolutie geanalyseerd. De analyse liet zien dat de invloed 
van hartbewegingen tijdens data acquisitie tot twee keer zo veel onscherpte leidde als de 
invloed van de temporele resolutie. Het is dus nuttig om de hartslag van de patient te 
verlagen, om de zichtbaarheid van het stentlumen te verhogen. 
Deze studie laat zien hoe de zichtbaarheid van het stentlumen objectief kan worden 
bepaald. Daarnaast laat de studie zien dat de visualisatie van coronair stents verbeterd 
kan worden door de hartslag van de patient te verlagen bij het gebruik van 64-slice 

MDCT. 

In het laatste onderzoek, hoofdstuk 7, wordt een nieuwe aanpak in kalkscore 
onderzocht. De nieuwe aanpak maakt gebruik van een aangepaste grenswaarde, in te
genstelling tot de vaste grenswaarde van de standaardmethode. 
Een aangepaste grenswaarde verminderde het effect van over- of onderschat
ting van de fysische eigenschappen van de verkalking. De nieuwe methode werd 
geevalueerd met behulp van zes verschillende verkalkingen gescand met DSCT. De 
resultaten toonden aan dat de nieuwe methode de fysische eigenschappen van de 
verkalkingen beter benaderde dan de standaardmethode. Daarnaast was de nieuwe 
methode minder gevoelig voor hartbewegingen. Door het gebruik van een aangepaste 
grenswaarde kon het scoren van coronaire kalk verbeterd worden, hoewel de temporele 
en spatiele eigenschappen van de beeldvormende modaliteit wellicht niet voldoende 
waren voor een nauwkeurige meting. 
Deze studie laat zien dat de standaard grenswaarde voor kalkscore een nauwkeurige 
bepaling van de hoeveelheid kalk hindert. Daarom zou de grenswaarde niet vast moeten 
liggen, maar aangepast moeten worden aan de eigenschappen van de verkalking. 

Tot besluit kunnen fantoomstudies de onderliggende principes, die betrokken zijn 
bij het meten van verschillende cardiale parameters, verhelderen. De verschillende 
studies laten zien dat de temporele en spatiele resolutie belangrijke factoren zijn voor een 
beeldvormende techniek. De invloed van de resoluties kan verschillend zijn voor iedere 
cardiale parameter. Bij sommige cardiale parameters is een hoge temporele resolutie 
nodig, bij andere cardiale parameters is een hoge spatiele resolutie nodig, of soms beide. 
Om een nauwkeurige meting van een bepaalde cardiale parameter te krijgen, moet de 
beeldvormende techniek gebruikt worden die de benodigde resolutie kan bieden. Met 
andere woorden: pas de meting aan de gewenste informatie aan. 
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Dankwoord 

In de medische wereld vindt een hoop teamwork plaats en ik heh dan ook met veel 
mensen samengewerkt tijdens mijn promotiebezigheden. Een fysicus is een niet 
alledaagse verschijning in een ziekenhuis, maar de samenwerking met de verschillende 
groepen tijdens het gehele traject is altijd plezierig en nuttig geweest. Graag zou ik een 
aantal mensen willen hedanken voor al hun tijd en moeite tijdens mijn promotie. 

Het eerste werk voor dit proefschrift is gedaan tijdens mijn afstudeeronderzoek hij de 
afdeling radiologie van het UMCG. Peter, jou wil ik hedanken voor de mogelijkheid tot 
dit afstudeeronderzoek en je hegeleiding daarhij. 
Marcel, mijn andere hegeleider, jou wil ik speciaal bedanken. Niet voor niets hen jij 
tweede auteur hij veel hoofdstukken van dit proefschrift. Onze samenwerking hegon 
bij het afstudeeronderzoek, werd vervolgd tijdens mijn industriele stage en gaat door 
in mijn opleiding tot klinisch fysicus. Jouw enthousiasme voor onderzoek heeft mij 
ook enthousiast gemaakt, met als resultaat dit proefschrift. De vele discussies en ge
dachtewisselingen zijn altijd erg leuk en nuttig en ik hoop dat onze samenwerking nog 
lange tijd wordt voortgezet. 
Wim Tukker, bedankt voor alle tijd die je in mijn onderzoek heht gestoken, het 
bedienen van de CT en meedenken en bouwen aan diverse experimentele opstellingen. 
Tijdens mijn afstudeeronderzoek hebben de eerste gesprekken over een eventuele pro
motie ook plaatsgevonden. Pro£ Oudkerk wil ik hartelijk bedanken voor het mogelijk 
maken van de gehele promotie en doorzetten van het hele traject. 

Vervolgens is het werk voor dit proefschrift voortgezet tijdens mijn industriele stage 
bij de Physics and Applications Group van Siemens Medical Systems in Forchheim, 
Duitsland. Christoph Suess and Bernhard Schmidt, thank you very much for your su
pervision and cooperation during my pleasant stay at Siemens. 

Het laatste deel van het proefschrift is voltooid tijdens mijn opleiding tot klinisch fy
sicus hij de afdeling radiologie van het UMCG. Hildebrand, mijn directe collega en 
paranimf, jou ben ik ook veel dank verschuldigd. Ik wil je dan ook bedanken voor al je 
hulp en kritisch meedenken bij vele onderzoeken en gezelligheid tijdens de opleiding. 
Stella, hedankt voor alle dingen om de promotie heen en het doorlezen en geven van 
verbeteringen voor veel van mijn manuscripten. 
Daarnaast wil ik graag Wisnu, Paul, Gonda, Mieneke, Allain, Marjolein, Marion, 
Wouter en alle anderen van de afdeling en G2 die bij hebhen gedragen ook 
bedanken voor hun moeite, lunches, taart, drankjes uit de automaat en vooral gezel
ligheid. Bedankt! 
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Alie mede-auteurs wil ik bedanken voor al hun verbeteringen van, aanpassingen in en 
opmerkingen over mijn manuscripten. 

De leden van de beoordelingscommissie, Prof. dr. Prokop, Prof, dr. ir. Verkerke en Prof. 
dr. Zijlstra wil ik graag bedanken voor het beoordelen en goedkeuren van mijn proef
schrift. 

Papa en mama, heel erg bedankt voor al jullie steun, hulp, geduldigheid en interesse de 
afgelopen jaren. Zonder jullie was deze promotie nooit gelukt. Papa, ik ben er trots op 
dat jij mijn paranimf bent. Mama, bedankt voor al je liefde. 

Kaya en Maartje bedankt. Jullie zullen altijd mijn lieve grote zussen zijn en ik zal altijd 
jullie kleine broertje blijven. 

Als laatste, maar wel de belangrijkste. Lieve Fem, bedankt voor al je steun, hulp en 
liefde. Soms is de afstand wel wat groot, maar daar komen we samen doorheen. Nog 
even wachten en dan zijn we samen. Ik hou van je. 
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adjusted threshold - 124, 131, 126 
Agatston score - 18, 31 
anthropomorphic heart phantom - 17 
artificial arteries - 32, 82, 103, 123 
ASVC - 105, 113 

beam hardening - 23 
beta-blockers - 13, 93, 140 
blooming artefact - 23 

C 
CAC-scoring - See calcium scoring 
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,.., scoring - 18 
,.., scoring threshold - 19, 122 

cardiac 
,.., motion - 12 
,.., output - 53, 56 

CMS-index - 34, 37, 39, 127 
computer simulation - 129 
coronary 

,.., arteries - 17 
,.., calcium - 18, 31, 121 
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D 

E 

density - 42, 90 
DSCT - 31, 52, 123 

EBT - 31, 81 
ECG-gating - 13, 84 
ejection fraction - 53, 56 

• •  41 1 58 

F 

end-diastolic volume - 53, 54 
end-systolic volume - 53, 55 
equivalent mass - See mass score 

functional parameters - 21, 51 
G 

g-factor - 102 
H 

heart 

L 

,.., cycle - 12 
,.., rate - 42, 75, 113 

image 
,.., blurring - 42 
,.., quality - 102 
,.., reconstruction - 68, 103 

lumen visibility - 106, 112 
M 

mass score - 19 
MDCT - 31, 52, 68, 81, 101, 122 
metal artefact - 23 
motion 
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N 
noise - 35, 39 

0 
overestimation - 58, 121, 127 

p 
phantom - See anthropomorphic heart 
phantom/QRM-phantom 
profile - 106 

Q 
QRM-phantom - 14, 32 

R 

s 

T 

reconstruction - See image reconstruc
tion 

,.., phase - 33, 60, 84 

scan protocol - 32, 52, 68, 83, 103, 
122 
scatter - 23 
slice thickness - 8 5 
spatial resolution - 12, 58, 140, 147 
stem properties - 68, 104 
stroke volume - 53 

temporal resolution - 12, 58, 140, 147 
u 

underestimation - 58, 127 
V 
variability - 84, 88, 91 
volume score - 19, 31 
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weighting factor - 19 
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