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Chapter 1 | General introduction and outline of the thesis

GENERAL INTRODUCTION

According to the World Health Organization, ischemic heart disease remains the
main cause of death worldwide.! Moreover, the relative number of deaths from
this type of cardiovascular disease is rising, especially in developed countries.
Ischemic heart disease is most commonly caused by the occlusion of one or more
main coronary arteries. These occlusions occur when atherosclerotic lesions
prevent adequate blood flow through the coronary artery.> A common feature of
atherosclerosis is ectopic bone formation, whereby calcified structures are formed
in the coronary arteries.?

Early detection of atherosclerosis allows for appropriate medical treatment strategy.
For selected asymptomatic individuals, computed tomography (CT) coronary
artery calcium (CAC) detection and quantification is recommended by several
guidelines to improve clinical risk prediction.*” The reason for this interest in CAC
detection and quantification is related to the strong relationship between CAC at
CT, total coronary atherosclerosis, and future adverse cardiovascular events.® In
addition, risks of adverse events increases with increasing CAC quantities over
multiple subsequent CT scans, which is closely associated with progression of
atherosclerosis.’

Clinically, the CAC quantification methodology described by Agatston et al in 1990
remains the reference standard.*'* However, patient specific parameters are known
to hamper stable CAC quantification using the Agatston score methodology. One
of these parameters is patient size, which may reduce Agatston scores by 50% for
larger patients."* Another parameter which introduces variability in Agatston scores
is related to motion of the coronary arteries during the CAC CT acquisition.'>"
The extent of motion is directly related to the heart rate.'*'s

To further optimize CAC detection and quantification, many technical advances in
CT, which were developed over the last three decades, are available. These technical
advances include for example tube voltage reduction, X-ray spectrum shaping
with tin filtration, novel reconstruction algorithms like iterative or deep learning
reconstruction, thin slice acquisitions or acquisitions with photon counting
detectors (PCD).>'¢"'® However, the Agatston scoring method’s original parameters
(3 mm slice thickness, 120 peak kilovolt (kVp)) — which are in fact not even based
on CT data, but on electron beam tomography (EBT) data - are still used in daily
practice. In turn, modern CT technology has the potential to reduce variability in
CAC scores and reduce radiation dose burden, however this potential is currently
not realized.
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OUTLINE

The general aim of the current thesis is to further improve diagnostic performance
of CAC identification and quantification with CT. First, sources of CAC scoring
variability are identified and studied. These sources include patient specific factors,
acquisition & reconstruction parameters, and post-processing of reconstructed
images (Figure I). For each of these, solutions are presented to reduce CAC scoring
variability, improve the prognostic value of CT examinations and/or reduce
radiation dose exposure for patients by employing novel technical improvements
for CT.

Acquistion and Reconstruction: Patient specific:

CT-manufacturer GAY - 9 Patient size

CT-system L Heart rate
Tube potential

Radiation dose reduction

CT detector technology
Iterative reconstruction
Deep-learning reconstruction Post-processing:
Calcium-aware kernel g Vendor-neutral Agatston scores

Slice thickness | Scoring methodology

Figure 1 Potential sources of variation in coronary artery calcium (CAC) assessment which were
assessed in this thesis. At the center, an example CAC CT image is shown

This thesis consists of three parts, whereby each part is related to one of the before
mentioned source of CAC scoring variability. Part 1 is related to patient specific
factors. In chapter 2 the influence of heart rate on CAC scores obtained with state-
of-the-art CT systems from all main CT manufacturers is systematically assessed.
In chapters 3 & 4 CT motion artefacts for CAC of different densities are corrected
for with the use of a deep learning algorithm.

Part 2 focusses on both acquisition and reconstruction parameters. First, in chapter
5, a systematic literature review is presented which explores several dose reduction
techniques used for CAC scoring. In chapter 6, a technical argument for a new
CAC scoring method is presented. In chapters 7 & 8 the influence of iterative
reconstruction on CAC scores is assessed for moving CAC. First, changes in CAC
scores for different levels of iterative reconstruction (IR) at different heart rates are

13
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studied. Second, the influence of the combination of dose reduction and iterative
reconstruction on CAC scores is assessed. In chapters 9 & 10 a novel photon
counting CT (PCCT) detector system is evaluated. First, the CAC scoring potential
of this new system is compared with a conventional CT system. This conventional
CT scanner uses energy-integrating detector (EID) elements for the detection of
incoming x-ray photons. Subsequently, the radiation dose reduction potential of
PCCT for CAC scoring is assessed, again in comparison with conventional EID
CT. In chapters 11 & 12, a calcium-aware reconstruction kernel is assessed. This
kernel potentially enables using patient-specific tube voltages to acquire raw data.
In the reconstruction process, the resulting CT numbers for CAC are converted
from the patient-specific tube voltage value, to the value which would have been
obtained at the normal CAC scoring energy of 120 kVp. The potential of this novel
reconstruction kernel is assessed with both static and dynamic phantoms. In
chapter 13, the influence of a novel deep learning-based reconstruction method
on detection and quantification of CAC is considered. For this, a comparison is
made with filtered back projection (FBP), hybrid IR and model-based IR from
the same manufacturer. Finally, in chapter 14, an update for the international
standard for CAC quantification is presented. The main goal of this new standard
is to improve reproducibility of CAC scoring within CT systems as well as between
different CT vendors at a reduced radiation dose, by using reduced tube voltage
and smaller slice thicknesses.

In part 3, post-processing parameters for CAC scoring are investigated. Chapter
15 is focused on a vendor neutral Agatston score (vnAS), for which a calculator
is developed. In this chapter, the impact of the vnAS on patients’ management
and outcome is assessed using data from the Multi-Ethnic Study of Atherosclerosis
(MESA) study. Lastly, in chapter 16, a fully automated quantification method of
CAC in an international standardized anthropomorphic phantom is presented.

14
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ABSTRACT

Purpose

To evaluate the influence of heart rate on coronary calcium scores (CCS) using a
dynamic phantom on four high-end computed tomography (CT) systems from
different manufacturers.

Methods

Artificial coronary arteries were moved in an anthropomorphic chest phantom
at linear velocities, corresponding to <60, 60-75 and >75 beats per minute (bpm).
Data was acquired with routinely used clinical protocols for CCS on four high-
end CT systems (CT1-CT4). CCS, quantified as Agatston and mass scores were
compared to reference scores at <60 bpm. Influence of heart rate was assessed for
each system with the cardiac motion susceptibility (CMS) index.

Results

At increased heart rates (>75 bpm), Agatston scores of the low mass calcification
were similar to the reference score, while Agatston scores of the medium and high
mass calcification increased significantly up to 50% for all CT systems. Threefold
CMS increases at >75 bpm in comparison with <60 bpm were shown. For medium
and high mass calcifications, significant differences in CMS between CT systems
were found.

Conclusion

Heart rate substantially influences CCS for high-end CT systems of four major
manufacturers, but CT systems differ in motion susceptibility. Follow-up CCS CT
scans should be acquired on the same CT system and protocol, and preferably with
comparable heart rates.
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INTRODUCTION

Despite advances in treatment, atherosclerotic cardiovascular disease remains the
main cause of mortality worldwide.! For the determination of the prognosis of
future cardiovascular disease, risk categories based on the amount of coronary
calcium are increasingly used.” Coronary calcium can be quantified with computed
tomography (CT) as coronary calcium scores (CCS), including Agatston scores,
mass scores and volume scores.” Correct and reproducible CCS are essential
consideringtheirusein theguidelines."*Ifrisk-based treatmentdecision is uncertain
after quantitative risk assessment, the 2013 guidelines recommend repeated CCS
measurements. Also, CCS progression in repeated CCS measurements has recently
been associated with heart failure.®

Several studies have demonstrated the dependence of CCS on motion.®* Motion
artifacts can result in incorrect Agatston scores, which may thereby lead to
incorrect risk classification. Depending on heart rate and anatomical location,
coronary arteries move at velocities of 10 to 30 mm/s during the acquisition phase,
whereas coronary arteries are often erroneously assumed to be stationary during
CT acquisition.'*""2

Previously published studies on the influence of heart rate on CCS have only
focused on CT systems from a single manufacturer.”'®* Recently, substantial
differences in CCS between new generation CT systems were demonstrated.
Willemink et al found differences in Agatston scores between CT systems of up
to 43.9% for static calcifications.” However, the effect of heart rate on CCS for
different state-of-the-art CT systems remains unknown. The aim of the current
study was therefore to determine the influence of heart rate on CCS for the high-
end CT systems from four major manufacturers at routinely used clinical protocols
with a dynamic phantom.

MATERIAL AND METHODS

Phantom

A computer-controlled lever (QRM-Sim2D, QRM, Mohrendorf, Germany) moved
anartificial coronary artery in a water container in the center of an anthropomorphic
chest phantom (QRM-Chest, QRM, Mohrendorf, Germany) (Figure 1). The chest
phantom consisted of artificial lungs, a spine insert and a shell of tissue equivalent
material. An extension ring (QRM-Extension Ring, QRM, Mohrendorf, Germany),
made of fat equivalent material, was used to increase the size of the phantom to
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Figure 1 Anthropomorphic chest phantom with extension ring and motion controller (QRM,
Moehrendorf, Germany). An artificial coronary artery moved in the horizontal plane inside the water
tank in the center of the chest phantom

400 x 300 mm, in order to mimic an average sized patient. The artificial artery
was moved at constant linear velocities of 0, 10, 20 and 30 mm/s in the horizontal
plane, perpendicular to the scan direction. Artificial calcified coronary arteries
were used, which contained cylindrical calcifications of calcium hydroxyapatite
(HA) (Figure 2). The dimensions of the calcifications were 5.0+0.1 mm in diameter
and 10.0+0.1 mm in length. Three calcification densities were used: 196+3, 408+2
and 800+2 mg HA/cm’. These densities were categorized as low (38.5+1.7 mg),
medium (80.1+3.3 mg) and high (157.1+6.5 mg), corresponding to mild, moderate
and severe calcified coronary plaque burden, respectively.

Image acquisition and evaluation

In order to assess the influence of heart rate on CCS in a clinical setting, routinely
used clinical CT CCS protocols were used (Table I). The protocols were equal to the
manufacturer recommended protocol if available or were adapted from the factory
settings based on recommendations by the specific manufacturer consultants.
Four high-end CT systems from the main four CT manufacturers were used
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Figure 2 The cylindrical artificial coronary artery contained two calcified inserts with a diameter of
5.0£0.1 mm and a length of 10.0+0.1 mm as indicated

Table 1 Acquisition and reconstruction parameters used on CT system CT1 to CT4.

CT system CT1 CT2 CT3 CT4
Tube voltage [kV] 120 120 120 120
Tube current per rotation [mA] 175 50 80 80
Collimation [mm] 64 x 0.625 128 x 0.625 128 x 0.6 320x0.5
Rotation time [ms] 350 270 280 350
Temporal resolution* [ms] 175 135 75 175

Slice thickness [mm)] 2.5 3.0 3.0 3.0
Increment [mm] 2.5 3.0 3.0 3.0
Kernel Standard XCA B35f FC12
Calcium scoring software Smartscore 4.0 Heartbeat-CS Syngo.via  Vitrea FX 6.5.0

* As defined in the isocenter

(CT1-CT4): Discovery CT 750 HD (GE Healthcare, Waukesha, Wisconsin, USA),
Brilliance iCT (Philips Healthcare, Best, The Netherlands), Somatom Definition
Flash (Siemens Healthcare, Forchheim, Germany) and Aquilion One (Toshiba
Medical Systems, Otawara, Japan), respectively.

For each velocity the phantom was scanned five times, with a small random
translation (2 mm) and rotation (2 degrees) between the scans by repositioning
of the phantom. An electrocardiographic trigger output of the motion controller
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was used for electrocardiographic triggering of the CT systems to ensure that data
was acquired only during linear motion of the phantom (Figure 3). Data were
reconstructed with filtered back projection (FBP) on each CT system using the
kernels listed in Table 1. CCS was quantified as Agatston score and mass score
using the routinely used manufacturers’ software with a default threshold for
calcium scoring of 130 Hounsfield units (HU). The mass score calibration factor
was calculated as described by McCollough et al.'® One observer performed the
measurements with a semi-automatic method by selecting the calcification. For
each individual calcification, median and range from the five measurements were
calculated for both the Agatston score and mass score.

Figure 3 Example profile for 30 mm/s (>75 bpm) movement of the Sim2D motion controller. The
red dot resembles the ECG triggering point, after which acquisition was started. For all CT systems,
acquisition was in the acquisition phase (AP), as indicated in the figure. Therefore, all acquisitions were
during constant motion of the motion controller

In order to interpret the results in terms of heart rate dependent CCS, the linear
velocities of the artificial coronary arteries were converted to corresponding heart
rates. Averaged over all coronary arteries at a cardiac cycle phase of 70% of the RR-
interval, the average velocity of the coronary arteries during the acquisition phase
is approximately 10, 20 and 30 mm/s for heart rates of <60, 60-75 and >75 beats per
minute (bpm), respectively."

26



Influence of heart rate on coronary calcium scores | Chapter 2

Statistical analysis

Wilcoxon signed rank tests were used to compare Agatston and mass scores to
the reference scores at <60 bpm, and to compare mass scores to the physical mass.
A p-value smaller than 0.05 was used to indicate significant differences. Motion
susceptibility was assessed with the cardiac motion susceptibility (CMS) index, as
described by Groen et al.”” This index gives a measure of the median deviation of
the calcium scores over all heart rates from the CCS at rest. The CMS index was
calculated with the following equation:

In this equation, x, is the CCS at 0 bpm. The total number of heart rates is given
by N, and the CCS at heart rate i by x. A smaller CMS value signifies a lower
motion susceptibility of CCS to cardiac motion. Kruskal Wallis tests were used to
assess differences between calcium masses for each CT system and between CT
systems, with a p-value smaller than 0.05 indicating significant differences. All
statistical analyses were performed with SPSS for Windows, version 22.0 (IBM
corp., Armonk, NY, USA).

RESULTS

CCS for the reference heart rate of <60 bpm are listed in Tables 2 and 3. At the
reference heart rate, mass scores underestimated physical mass significantly for all
calcification masses and all CT systems, except for the high (p=0.500) and medium
(p=0.221) mass calcification for CT 2 and CT4 respectively. Example CT images
for the high mass calcification at >75 bpm for all CT systems are shown in Figure 4.

Influence of heart rate on Agatston score

The influence of increasing heart rates on Agatston scores for low, medium and
high mass calcifications is shown in Table 2 and Figure 5A. For the low mass
calcification and all CT systems, Agatston scores at increasing heart rates were not
significantly different from the reference Agatston score at <60 bpm, regardless of
the CT system. For the medium mass calcification at >75 bpm, significant increases
in Agatston scores were shown for all CT systems. Significant increases up to 50%
were also found for the high mass calcification. The influence of heart rate on the
Agatston scores was different depending on the particular CT system.
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For example, at increased heart rate, CT3 showed an increase in Agatston score of
22% for the high mass calcification, while differences of 45% to 50% were found
for the other CT systems.

&

\.710/127 )

Figure 4 Example images for all CT systems of the high mass (157 mg) calcification at >75 bpm. Agatston
/ mass scores are given for each CT system

Table 2 Reference Agatston scores at <60 bpm and percentage deviation from this reference as a
function of heart rate for low mass (38 mg), medium mass (80 mg) and high mass (157 mg)
calcifications. Results are indicated as median and total range values between brackets. Significant
deviations from the reference Agatston scores are indicated by asterisks

CT  Calcification  Reference 60 - 75 bpm >75 bpm
mass Median Median Median
(range) % (range) p-value % (range) p-value
CT1 Low 99 (95-136) 7(31;2) 0.144 21 (-31;6) 0.078
Medium 351 (344-375) 4 (-4; 30) 0.176 32(11;33) 0.043*
High 515 (450-553) 3(-11;41) 0.686 50 (41; 58) 0.043*
CT2 Low 105 (79-120) -6 (-21; 30) 0.893 -9 (-38;11) 0.279
Medium 315 (267-347) 11 (1;39) 0.043* 33(7;67) 0.043*
High 421 (387-459) 14 (2;48) 0.043* 49 (19; 70) 0.043*
CT3 Low 103 (89-117) -10 (-20; 28) 0.686 6 (-18;23) 0.893
Medium 304 (295-340) 4(-2;9) 0.225 9 (3;19) 0.043*
High 424 (406-443) 4(0;12) 0.043* 22 (9; 28) 0.042%
CT4 Low 108 (105-132) -5(-17; 15) 0.345 -10 (-21; 1) 0.080
Medium 367 (320-377) 33 (23;34) 0.042* 26 (14; 45) 0.043*
High 505 (472-544) 38 (36; 53) 0.043* 45 (44; 54) 0.043*
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Influence of heart rate on mass score

Mass scores as a function of heart rate for the low, medium and high mass
calcification are shown in Table 3. At 60-75 bpm, significantly different mass scores
in comparison with the reference at <60 bpm were only shown for CT1 with the low
mass calcification. At >75 bpm, CT1 showed significantly different mass scores for
the low mass and high mass calcification. The low mass and high mass calcification
also showed significantly different mass scores for CT2. For CT3, all mass scores at
>75 bpm were similar to the reference scores. CT4 showed significantly different
mass scores for the low mass and high mass calcification.

Table 3 Reference Mass scores at <60 bpm and percentage deviation from this reference
as a function of heart rate for low mass (38 mg), medium mass (80 mg) and high mass
(157 mg) calcifications. Results are indicated as median and total range values between brackets.
Significantly different mass scores, in comparison with the physical mass, are indicated by an .
Significant deviations from the reference mass scores are indicated by asterisks

CT Calcification Reference 60 - 75 bpm >75 bpm
mass Median Median Median
(range) p-value % (range) p-value % (range) p-value
CT1 Low 31 (28-35) 0.078 -26 (-33;-18) 0.043* -27(-33;-4)  0.041%
Medium 76 (74-78)  0.043t -6 (-21; 3) 0.080 -9(-22;1) 0.078
High 145 (127-153)  0.043% -8(-25,-6)  0.042* -19(-21;-7)  0.043*
CT2 Low 25 (23-26) 0.279 0(-12;13) 0.785 -13(-22;-4)  0.043%
Medium 75(68-79)  0.043t 1(0;10) 0.102 8(0;19) 0.068
High 158 (152-167) 0.043t 3(0;15) 0.068 15(7;21) 0.043*
CT3 Low 20 (18-23) 0.893 -11 (-165 5) 0.221 -11 (-13;0) 0.066
Medium 61(59-64)  0.043% 0(-2;5) 0.461 2(-58) 0.892
High 128 (127-132) 0.042% 1 (0; 6) 0.066 4(-2;13) 0.078
CT4 Low 28 (26-30) 0.080 -7 (-18;12) 0.276 -18 (<205 -12)  0.042*
Medium 81 (77-84)  0.043t 4(2;12) 0.042 1(-5;5) 0.683
High 170 (167-175) 0.043t 12 (65 12) 0.039* 9(4;11) 0.043*

In comparison with the physical mass, for all CT systems, mass scores for the
low mass calcification were underestimated significantly (p<0.05) by 19% to
48% averaged over all heart rates (Figure 5B). For the medium mass calcification
at 60-75 bpm, CT4 showed an accurate approximation of the physical mass
(deviation 7%, p=0.080), whereas the other CT systems showed significant
underestimations (p<0.05) up to 23%. At >75 bpm, both CT2 and CT4 showed
an accurate approximation of the physical mass (deviations 1% (p=0.686)
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Figure 5 A) Agatston scores of the four artificial coronary arteries as found on CT-systems CT1 to CT4
for calcification masses 38 (left), 80 (middle) and 157 mg (right) B) Mass scores of the four artificial
coronary arteries as found on CT-systems CT1 to CT4 for calcification masses 38 (left), 80 (middle)
and 157 mg (right). Physical mass of the calcification is represented with solid lines

and 2% (p=0.080), respectively), whereas CT1 and CT3 underestimated the physical
mass by 11% (p=0.043) and 21% (p=0.043). For the high mass calcification, CT1
and CT3 underestimated the physical mass significantly (p<0.05) up to 24% for
60-75 and >75 bpm. Significant overestimations were found for CT2 and CT4 at
increased heart rates. At 60-75 bpm, mass scores deviated by 5% (p=0.043) and
20% (p=0.043) for CT2 and CT4 respectively, while differences of 15% (p=0.043)
and 19% (p=0.042) were found at >75bpm.

CMS analysis

Susceptibility of the Agatston and mass scores to motion, as expressed by CMS
values, were smaller for mass scores, which indicates a smaller motion susceptibility
of the mass score in comparison with the Agatston score (Figure 6). Averaged over
all calcification masses, the CMS value of CT3 was the smallest. Comparison of
the CMS values of the three calcification masses per CT system showed significant
differences between these values for CT1 (p=0.009) and CT4 (p=0.002). The
motion susceptibility of the Agatston score for CT1 and CT4 therefore depends on
the calcification density. For CT2 (p=0.114) and CT3 (p=0.054) CMS values of the
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Figure 6 CMS index for Agatston and mass scores for all CT systems and for the low (38 mg), medium (80
mg) and high (157 mg) mass calcification. Lower values indicate a smaller susceptibility to differences
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three masses were not significantly different. Statistical analysis of the mass score
CMS values showed similar results. Significant differences between CMS values of
the different calcification masses were found for CT1 (p=0.008) and CT4 (p=0.005,
whereas CT2 (p=0.432) and CT3 (p=0.050) did not show significant differences.

Differences in motion susceptibility between CT systems were significant. For the
low mass calcification, susceptibility to motion as expressed in CMS values of the
Agatston scores were comparable (p=0.564) between CT systems, whereas CMS
values of the mass scores showed significant differences (p=0.009). The medium
mass calcification showed significantly different (p=0.043) Agatston score CMS
values, while mass score CMS values were comparable (p=0.687). For the high mass
calcification, significant differences were shown for both the Agatston (p=0.006)
and mass score (p=0.004) CMS values.

DISCUSSION

This dynamic phantom study showed that for high-end CT systems of four major
CT manufacturers coronary calcium scores were substantially, but not equally,
influenced (up to 50%) by heart rate. Motion susceptibility depends on both
calcification mass and CT system. At increased heart rates, the stability of the mass
score is superior to Agatston score stability.
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The most important findings in this study were as follows. First, we found that
no modern CT system is capable of completely mitigating the influence of heart
rate on Agatston score or calcification mass. Second, CMS index analysis showed
significant differences for both Agatston and mass scores between four high-end CT
systems. Also, different heart rates were found to differentially affect calcification
masses for two CT systems. Thus, for these CT systems the influence of heart rate
on CCS depends on calcification density.

For follow-up imaging a valid and precise scoring method is essential, therefore
subsequent scans should be made with the same CT system and heart rates should
be comparable. For low mass calcifications, voxels above the 130HU threshold at
low heart rate might fall below this threshold as a result of motion blurring. As a
result of this effect, CCS will decrease for these calcifications. For medium and
high mass calcifications, the number of voxels above the 130HU threshold will
increase as a result of motion blurring, thereby increasing CCS. The registered
calcification size is smaller for CT systems with a higher temporal resolution, which
is demonstrated in Figure 4 for CT3 in comparison with the other CT systems.
However, many other parameters, including acquisition and reconstruction
parameters, also influence the registered calcification size.' In addition, technical
advances, including dual-energy CT in combination with mono-energetic
reconstructions, may influence the registered calcification quantification. With
these mono-energetic reconstructions, it has been shown that blooming artefacts
can be reduced."” Although especially for high density calcifications improved size
registration is expected, the influence of these reconstructions on motion artefacts
is unknown at this time. Third, the stability of the mass score is clearly superior to
the stability of the Agatston score. This can be explained from the different way
of calculating the mass score in comparison with the Agatston score. While the
Agatston score considers the highest HU value in the lesion, the mass score can
be thought of as a weighted average, which is therefore more robust to the effects
of motion blurring. We found that the use of modern, state-of-the-art CT systems
still results in substantial deviation from the true physical mass.

Our results are in line with a study conducted by Groen et al, who found decreased
CCS for low mass calcifications and increased CCS for high mass calcifications
at increased heart rates.” However, this study focused on only one CT system,
while we used four high-end CT systems in the current study. Our findings are in
agreement with the studies of Greuter et al and Groen et al, who also showed the
superior stability of mass scores in comparison to Agatston scores.*” These studies,
however, were only performed on CT systems from one manufacturer. Tigges et
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al used explanted coronary arteries mounted on a cardiac motion phantom to
examine the influence of heart rate on CCS.® The explanted coronary arteries were
subdivided into categories based on their respective Agatston score. The study
showed a decrease in CCS with increasing heart rates, independent of calcification
mass. For low mass calcifications these results correspond well to our results,
whereas the high mass calcification results differ from our results. This difference
in results probably originates from a difference in calcification density, because a
high Agatston score can be the result of either a large calcification or a high density.
The density of the calcification was not specified in the study of Tigges et al.

The current study has limitations. First, the artificial coronary arteries used in this
study were translated at constant linear motion, whereas complex 3D motions
are observed in-vivo. This 3D motion is patient and artery specific. Nevertheless,
the scan times were relatively short as a result of fast rotation times, whereby the
constant linear motion of our phantom was deemed sufficient as a model of the
complex in vivo motion of coronary arteries. Second, linear velocity was converted
to heart rates based on only one available study.' This limitation was accepted
because of large variation in heart rates within the chosen heart rate groups (<60,
60-75 and >75 bpm). Third, slice thickness and increment were not the same for
all CT systems. Previous studies demonstrated increased CCS for decreased slice
thicknesses.?*! However, the current study focusses on CCS from clinically used
CCS protocols to evaluate the influence of heart rate within each CT system. Also,
the deviating slice thickness and increment for CT1 in comparison with the other
systems is in line with protocol recommendations as described previously by
McCollough et al.' With the clinically used CCS protocols, CCS were acquired with
routine CT manufacturers’ software. However, it was demonstrated by Weininger
et al that different types of CCS scoring software resulted in similar CCS.%

In conclusion, the current dynamic phantom study showed that heart rate
substantially influences CCS for the high-end CT systems of the four major CT
manufacturers. Therefore, this study suggests that heart rate should be taken
into account when interpreting the clinical impact of patients’ calcium scores.
Moreover, it is essential to acquire CCS scans on similar CT systems between
follow-up studies, preferably at comparable heart rates. Also, mass scores were
found to be more stable then Agatston scores.
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ABSTRACT

Objective

To classify motion-induced blurred images of calcified coronary plaques so
as to correct coronary calcium scores on nontriggered chest CT, using a deep
convolutional neural network (CNN) trained by images of motion artefacts.

Methods

Three artificial coronary arteries containing nine calcified plaques of different
densities (high, medium, and low) and sizes (large, medium, and small) were
attached to a moving robotic arm. The artificial arteries moving at 0-90 mm/s were
scanned to generate nine categories (each from one calcified plaque) of images with
motion artefacts. An inception v3 CNN was fine-tuned and validated. Agatston
scores of the predicted classification by CNN were considered as corrected scores.
Variation of Agatston scores on moving plaque and by CNN correction were
calculated using the scores at rest as reference.

Results

The overall accuracy of CNN classification was 79.2+6.1% for nine categories.
The accuracy was 88.3+4.9%, 75.9+6.4% and 73.5+5.0% for the high-, medium-
and low-density plaques, respectively. Compared to the Agatston score at rest,
the overall median score variation was 37.8% (1st, 3rd quartile: 10.5%, 68.8%) in
moving plaques. CNN correction largely decreased the variation to 3.7% (1.9%,
9.1%) (p<0.001, Mann-Whitney U test), and improved the sensitivity (percentage
of non-zero scores among all the scores) from 65% to 85% for detection of coronary
calcifications.

Conclusion

In this experimental study, CNN showed the ability to classify motion-induced
blurred images and correct calcium scores derived from nontriggered chest CT.
CNN correction largely reduces the overall Agatston score variation and increases
the sensitivity to detect calcifications.
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INTRODUCTION

Coronary artery calcium is well known as a specific marker for atherosclerosis.' The
burden of coronary calcium is traditionally expressed as an Agatston score derived
from computed tomography (CT) and is generally regarded as an independent
risk factor for coronary artery disease.>® Therefore Agatston scores are implied
to evaluate cardiovascular risk in asymptomatic populations at intermediate
risk.* However, because the heart rhythmically moves, the CT images are blurred
by motion artefacts which hamper an accurate determination of the amount
of coronary calcium.® Prospective electrocardiographic (ECG)-triggering or
retrospective ECG-gating techniques are generally used to minimize motion of the
coronary arteries during CT acquisition.® Although minimized, coronary arteries
have been shown to move at typical velocities of 10-30 mm/s during acquisition
with peaks up to 90 mm/s.”®

Compared with ECG-triggering or -gating CT, nontriggered chest CT is extensively
used worldwide. With the implementation of lung cancer screening, large datasets
of patients are acquired with nontriggered chest CT.° As heavy smoking is, in
addition to lung disease, also associated with cardiovascular disease, quantification
of coronary artery calcification plays an active role in the identification of individuals
atrisk for adverse cardiovascular events.!® Because this information is obtained from
already acquired CT scans, radiation dose and costs might be effectively deduced.
Recent guidelines provide a Class I indication for the evaluation and report of at
least qualitative coronary calcium scores on nontriggered chest CT examinations."!
However, in a nontriggered chest scan, it is difficult to avoid motion artefacts of
calcified plaques, which might result in considerable variation in calcium scores.
And although proven to be efficient to identify high risk patients with high calcium
scores in nontriggered CT, motion artifacts play a more important role in patients
with lower calcium scores as changes in calcium score more easily lead to patient
risk reclassification to different calcium score categories.”'? Efforts have been made
to correct calcium scores of calcified plaques in motion. Ma et al. suggested that
motion artefact metrics may be useful for developing and evaluating methods to
reduce motion in cardiac CT images."

Convolutional neural networks (CNN) allow for computational models composed
of multiple processing layers which can learn image features and classify images."
This might drastically improve the performance in computer vision and many
other domains. Recently, CNN algorithms have been applied to recognize medical
images by extracting internal features of lesions, such as classification of giant cell
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tumor of bone, skin cancer and lung nodules."*'” Sprem et al. proposed a CNN-
based method to enable identification of scans affected by severe cardiac motion.'®
Before correcting calcium scores in a clinical scenario, we intend to perform
an experimental study to evaluate the CNN’s classification accuracy of motion-
induced blurred images of calcified coronary plaques. The CNN architecture was
trained by a large dataset of image motion artefacts generated by a moving robotic
arm.

METHODS

Robotic arm and phantom

The moving cardiac phantom (Sim2D, QRM GmbH) consisted of a computer-
controlled motion unit and a water container. The cardiac phantom was placed
inside a chest phantom (Thorax, QRM GmbH) to simulate a chest environment
(Figure 1a). A lever on the motion unit moved at a linear velocity programmed at
0-90 mm/s (Figure 1b), which was within the velocity range of in-vivo coronary
arteries.”® An ECG signal was simulated by the motion unit, and synchronized
with the lever movement cycle.

Three artificial coronary arteries with calcified lesions made of hydroxyapatite
were investigated (Figurelc and Figure 1d). Three densities of the calcified lesions
were simulated, including high density of 800 Hounsfield Units (HU), medium
density of 400HU and low density of 200HU, all at 120kV. Lesions of the same
density were assembled to one artificial artery, containing three sizes (Online Table
I). These densities and sizes resembled the density and size of in-vivo coronary
calcifications.”** The background CT density of the artificial arteries was 50HU at
120kV, made of polyurethane resin, resembling in-vivo CT attenuation of blood.
The lever with one attached artificial artery was placed inside the water container
which was subsequently inserted into the chest phantom. The artificial artery was
positioned parallel to the central axis of the CT examination bed (z-axis) and
moved in the x-y plane (perpendicular to the z-axis). Each artificial artery was
imaged one by one to avoid any overlapping artefacts.

CT imaging

Chest CT examinations were performed using two 64-slice CT systems (CT-A:
Somatom Sensation 64, Siemens; CT-B: Brilliance 64, Philips). The acquisition
protocol was derived from the Dutch-Belgian randomized lung cancer screening
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Figure 1. A. The moving robotic arm with a chest phantom, comprising of (a) a computer controlled
motion unit, (b) a water container, (c) a chest phantom, (d) a lever, and (e) an artificial coronary artery
B. Position of the artificial coronary artery as a function of time, for velocities of 10, 30, 50, 70 and
90 mm/s. The image acquisition windows of CT-A and CT-B in ECG-triggered acquisition mode are
indicated, starting at 370ms and with a width of 330ms and 267ms, respectively, ensuring acquisition
without turning points of the artificial coronary artery C. Artificial arteries with calcified lesions of high
(800 Hounsfield Units [HU]), medium (400 HU) and low density (200 HU) in large, medium and small
size. Schematic drawing of an artificial artery, the black shadows indicate the artificial calcified lesions,
the size (in mm) and orientation of the artificial calcified lesions are indicated. D. Photograph of the
three artificial arteries

trial (NELSON).* In order to scan the artificial coronary arteries at a constant
motion velocity to avoid lever backtracking, the data acquisition was started at 37%
of the moving cycle (Figure 1b). The two CT systems were routinely calibrated each
working day. Details about image acquisition protocol are shown in Online Table 2.
Each examination was repeated six times on both CT systems. Between each
acquisition, the phantom with a robotic arm was moved by approximately 5 mm
and rotated by approximately 5 degrees to simulate interscan variability.

For each calcified lesion, the Agatston, mass and volume score were semi-
automatically quantified using commercially available software (Aquarius
iNtuition, TeraRecon), with a default threshold of 130HU to define a calcification.?
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Data preparation and image processing

The CT images were categorized into nine classes, each corresponding to one
calcified plaque. We converted the DICOM images to grayscale Joint Photographic
Experts Group (JPEG) format using a mediastinum window setting (window
width 350HU, window level 40HU), cropped the images around the calcified
plaque in a square shape of 20mm in side length, and resized them to a resolution
of 299x299 pixels in order to make them compatible to the original Inception v3
network architecture (Figure 2).

Before training the CNN, we firstly augmented the images to increase the number
of training images (the Appendix). By this process, of each image 30 images were
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Figure 2. Representative images of nine classes of calcified plaques
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Grouping outline

In order to evaluate the performance of the CNN model, a 6-fold cross validation
method was used which is widely-applied in machine learning to test the
generalization ability of the model.'®** In six subsequent deep learning procedures,
the images of the five repetitive scans out of six were used as the training (90% of
the images) and the validation (10%) dataset. The images of the other one scan
were considered as the test dataset. The classification performance was calculated
as the pooled result of six non-overlapping test datasets.

After image augmentation, each training dataset included 43,740 images
[9(plaques)x6(speeds)x2(CTs)x 5(repetitive scans)x3(image slices)x30(by image
augmentation)x90%]. Each correspondingvalidation datasetincluded 4,860 images.
The test dataset was not augmented when evaluating the classification performance.
The six test datasets included 1,944 images [9(plaques)x6(speeds)x2(CTs)x6 (by
6-fold cross validation)x3 (image slices) ].

Training algorithm and environment

The deep learning was established based on the pre-trained Inception v3 CNN
architecture, consisting of 316 layers (Figure 3)."* We replaced the classifier layer
from 1,000 to nine categories, and subsequently fine-tuned the parameters with
our training dataset based on a back propagation method across all layers (online
Figure I1). We performed the procedure using the deep learning toolbox (Matlab
R2018b, MathWorks). The program worked on a workstation with a graphics
processing unit (RTX2080Ti, nVidia). The details of deep learning algorithm and
environment were showed in the Appendix.
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Figure 3. Architecture of the GoogLeNet Inception v3 deep convolutional neural network. The network
consists of 316 layers, including convolution, average pool, max pool, concatenation, dropout, fully
connection and softmax layer. An important feature of Inception v3 is factorization, which factorizes
a big kernel into small ones, resulting in less parameters and higher speed in the training process to
avoid overfitting
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Inference method

The CNN inference result for each image of calcified plaque consisted of a one-
dimensional numeric series with a length of nine, representing the matching
probability for nine classifications. Since the length of each artificial calcified plaque
was 10mm (Figure Ic), it encompassed three 3mm CT slices. The classification
associated with the maximum matching probability of these three CT images was
considered as the CNN corrected category.

Subsequently, the CNN corrected calcium score was defined as the score of each
calcified plaque at rest, instead of the one with motion artefacts. A calcification
by CNN correction was considered if the uncorrected score was zero, but the
corrected score was non-zero.

Statistics

The normality of data was assessed by the Kolmogorov-Smirnov test. Data
conforming to a normal distribution was expressed as mean * standard deviation,
otherwise expressed as median (1st, 3rd quartile). The ability of the CNN algorithm
to correctly classify the calcified plaques with motion artefacts on the CT images
was presented in a two-dimensional confusion matrix. This matrix consisted of
actual (y axis) and predicted labels (x axis), and visualized the agreement between
the actual and predicted category. The mean calcium score (Agatston, mass and
volume score) of multiple measurements for each calcified plaque at rest were
considered as the reference score. Measurement variation was calculated as:
variation = |(s-r)/r|x 100%, where s is the calcium score of the calcified plaque at
motion or the CNN corrected score, and r is the score at rest.

A paired-samples t test was used to compare the calcium scores of calcified plaques
at rest and those in motion. A Wilcoxon signed-rank test was used to compare
the calcium scores at rest and those by CNN correction, and to compare the
score variations in motion and those by CNN correction. Sensitivity to detect
calcifications with a CT density threshold of 130HU and by CNN correction was
calculated by the percentage of non-zero scores among all the scores of an artificial
plaque in the velocity range (0-90mm/s). A p-value of <0.05 was considered
statistically significant. Statistical analyses were performed using a software
package (SPSS 17.0, IBM).
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RESULTS

Images of the nine calcified lesions were blurred by motion. The shapes of the motion
artefact differed depending on the size and density of the calcified plaques. Increased
blurring was observed when the velocity increased.

Agreement between actual and predicted label

The confusion matrix showed the agreement of the CNN classification between the
actual and predicted category (Figure 4). The overall accuracy of the CNN classification
was 79.24+6.1% for all nine artificial plaques. With respect to plaque size, the accuracy
to predict the large-, medium- and small-sized plaques was 86.1+5.7%, 72.2+6.6% and
79.3+7.2%, respectively. Regarding plaque density, the accuracy for the high-, medium-
and low-density plaques was 88.3+4.9%, 75.9+6.4% and 73.5+5.0%, respectively. The
large-size high-density plaque showed the highest accuracy of 100%, whereas the
lowest accuracy was 61.1+3.8% for the medium-size medium-density plaque.
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Figure 4. Confusion matrix of the CNN classification algorithm for nine categories of calcified plaques
(velocity from 0 to 90mm/s) by 6-fold cross validation in the pooled test datasets, that visualizes the
agreement between actual (vertical axis) and predicted category (horizontal axis). Each calcified plaque
consists of three CT images. CNN = convolutional neural network
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CNN classification accuracy and motion velocity

The accuracy of the CNN classification tended to decrease when the velocity
increased. The accuracy was 85.6+4.6% for calcified plaques at rest. With increasing
velocity, the accuracy was 80.1%£5.2%, 80.9+4.9%, 81.8+6.0%, 75.5+4.6% and
68.246.5% at velocities of 10, 30, 50, 70 and 90 mm/s, respectively.

Variation of calcium scores

The Agatston scores for individual calcifications varied with velocity. The average
Agatston scores of calcified plaques at rest, in motion and by CNN correction are
shown in Table 1. The scores in motion were significantly different to those at rest
(all p<0.001). Compared to the reference calcium score at rest, calcium scores for
the large-size high-density lesion were overestimated, while the other lesions were
underestimated (Figure 5). Significantly, the CNN corrected scores were similar to
those at rest (all p>0.05). Despite of CNN correction, the small-size low-density
plaques could not be measured, because its CT density was always under 130HU.

Table 1. Agatston scores of calcified plaques at rest, in motion and by CNN correction

A n scor
o ey A S ion, 21 2
mean + SD mean + SD median value  value
(1st, 3rd quartile)
Low 35.246.2 22.3+13.2 38.0 (32.0, 40.5) <0.001 0.392
Large Medium 125.74£9.0 98.6+29.9 129.9 (118.8,135.6) <0.001 0.371
High 171.5+£3.9 304.7£95.5 171.5(168.8,175.0) <0.001 1.000
Low 12.4+1.4 8.7£3.4 12.3 (12.0, 14.7) <0.001 0.419
Medium Medium 50.5+1.8 27.5%17.1 50.7 (49.1, 52.5) <0.001 0.914
High 74.942.0 49.2421.8 74.5 (73.2,76.5) <0.001 0.778
Low NM NM NM
Small Medium 10.6+0.8 7.0£3.5 10.9 (10.2,11.7) <0.001 0.245
High 14.7£0.7 9.0£4.9 14.7 (14.0, 15.0) <0.001 0.567

Note. P, values were for paired-samples t test, which compared Agatston scores of calcified plaques
at rest and those in motion. P, values were for Wilcoxon signed-rank test, which compared Agatston
scores at rest and those by CNN correction. CNN = convolutional neural network; SD = standard
deviation; NM = not measurable, because the CT value < 130 Hounsfield units

The variation of the Agatston scores of plaques in motion and by the CNN correction
is shown in Table 2. Compared to the Agatston score at rest, the remaining eight
plaques showed an overall median score variation of 37.8% (Ist, 3rd quartile:
10.5%, 68.8%) in velocity range from 10 mm/s to 90 mm/s. After corrected by
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Figure 5. Grouped plots of Agatston score derived from calcified plaques at rest and in motion, and
from CNN motion correction. The majority of CNN corrected scores fell into the scores at rest if the
CNN classification of calcified plaque was correct, but some outliers are shown if the classification was
incorrect. The score of the outlier was incorrectly considered as the score of the misclassified plaque
at rest. Small-size low-density plaque is not measurable, because the CT value is under 130 Hounsfield
units. CNN = convolutional neural network

Table 2. Variation between Agatston scores of calcified plaques in motion and by CNN correction,
using the mean score at rest as reference

Variation in motion,

Variation by CNN correction,

Size Density median median P value
(1st, 3rd quartile) (1st, 3rd quartile)

Low 43.4% (16.3%, 68.8%) 13.9% (7.7%, 19.8%) <0.001

Large Medium 20.5% (9.0%, 36.7%) 7.9% (3.4%, 10.4%) <0.001
High 85.9% (21.0%, 123.0%) 2.0% (0.9%, 2.5%) <0.001
Low 27.2% (10.4%, 53.3%) 7.3% (2.9%, 15.3%) <0.001

Medium  Medium 46.9% (17.7%, 77.3%) 2.8% (1.6%, 5.7%) <0.001
High 39.9% (8.7%, 60.0%) 2.3% (1.7%, 3.3%) <0.001
Low NM NM

Small Medium 32.2% (7.1%, 63.3%) 7.1% (3.9%, 0.7%) <0.001
High 36.8% (5.4%, 71.8%) 3.7% (1.3%, 5.7%) <0.001

Overall 37.8% (10.5%, 68.8%) 3.7% (1.9%, 9.1%) <0.001

Note. P values were for Wilcoxon signed-rank test, which compared variation between Agatston
scores of calcified plaques in motion and those by CNN correction. CNN = convolutional neural
network; NM = not measurable, because the CT value < 130 Hounsfield units
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CNN classification, the overall median variation largely decreased to 3.7% (1.9%,
9.1%) (p<0.001). CNN correction showed a larger decrease in variation in high-
density plaques than in medium- and low-density ones. The greatest impact was
on the large-size high-density plaque, whose score variation declined from 85.9%
(21.0%, 123.0%) to 2.0% (0.9%, 2.5%) (p<0.001).

Compared to the mass score at rest, the overall median score variation was 40.2%
(20.7%, 60.5%). After corrected by CNN classification, the overall median variation
largely decreased to 4.3% (1.8%, 10.1%) (p<0.001) (Online Table 3 and 4). For
volume score, CNN classification largely decreased the score variation from 43.8%
(22.9%, 67.2%) to 4.7% (2.5%, 12.5%) (p<0.001) (Online Table 5 and 6).

Detection of calcifications

Using a CT density threshold of 130HU in nontriggered CT, calcium scores of four
large calcifications (Agatston score >50.5 at rest) were above zero at all velocities
(Table 3). However, as the velocity increased, calcium scores were zero in four
small calcifications (Agatston score <50.5), because the CT density dropped below
the 130 HU threshold. Independent of velocity, low-density small-sized plaques’
calcium scores were always zero. The overall sensitivity to detect calcifications for
all nine calcified plaques was 65%. Using CNN correction, the overall sensitivity
increased to 85%, because CNN successfully classified some plaques with motion
artefacts (CT density <130HU) into the right category, subsequently made these
plaques measurable.

DISCUSSION

In this study, a deep CNN-based correction algorithm was used to reduce variation
in Agatston score from 38% to 3.7% of a dynamic phantom containing coronary
calcifications. In addition, the sensitivity was improved from 65% to 85%. Although
in a realistic in-vivo situation, shape, size, density and motion patterns of calcified
plaques vary from patient to patient, this study simulated typical morphological
and kinematical in-vivo features, which is a fundamental step towards a real
clinical scenario. Therefore, a large-scale study on realistic patient data covering
variable plaque at rest and in motion is potentially feasible to correct for calcium
scores in motion.

Machine learning approaches were used for automatic calcium scoring and motion
correction on cardiac CT .** De Vos et al. employed two ConvNets for automatic
calcium scoring in chest CT, and achieved an intra-class correlation coefficient of
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Table 3. Sensitivity to detect coronary calcifications in nontriggered CT with a CT density threshold of
130 HU and by CNN correction

CT density threshold of 130HU CNN correction
Velocity, mm/s Sensi Velocity, mm/s Sensi
Size Density .. -
0 10 30 50 70 90 tivity o 10 30 50 70 90 tivity
Low H H BWs50% o o 58% H W W 89% 89% 83% 94%
Large Medium [l I H H H B o0 H H H H B 7% 99%
High |l Il H B B N w%» H H H B B W 100%
Low W MW 2% o o o 4% W W 83% 83% 81% 75% 87%
Medium Medium [l 1 H B H B 00 H H H B H B 100%
Hgh [l Il H H H H w0 H H H H N %% 9%
Low o o 0 0O o O 0% o O O O O O 0%
Small Medium [l Bl o o o o 33% H W 8% B 78%67% 89%

High I W 60% 40% o o 50% H [ 8% M 89%97% 96%

Overall 65% 85%

Note. Sensitivity to detect calcified plaques was calculated by the percentage of non-zero scores
among all the scores of an artificial calcified plaque in the velocity range (0-90mm/s). Black box
indicates a sensitivity of 100%. Empty circle indicates a sensitivity of 0%. HU = Hounsfield units;
CNN = convolutional neural network

0.98 between automatic and manual scoring.” Lossau et al. developed a coronary
forward artifact model for coronary CT angiography using CNN, and proved
CNNs are able to identify artifact pattern.”® In our study the CNN correction
largely decreased calcium score variation, which had not been previously reported.
This large decrease was feasible because for the CNN algorithm the calcium score
of the stationary plaque at rest was used, rather than the score of the plaque in
motion. Hereby, the influence of motion was minimized. In this study, the overall
accuracy of the CNN classification was 79%, which was the basis to achieve a very
low scoring variation. Previously, Greuter et al. proposed a function to adjust
calcium scores for motion and achieved a 35% decrease of scoring deviation over
all velocities using a phantom.* This phantom study enabled a research pathway to
correct calcium score in-vivo.
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Coronary motion in our study was comparable to the velocities of coronary
arteries in vivo. Several studies showed considerable velocity variations during
the R-R interval, approximately 15-30 mm/s on left anterior descending (LAD),
30-70 mm/s on left circumflex (LCx) and 40-90 mm/s on right coronary artery
(RCA).7#* When performing nontriggered chest CT, data are acquired over the
entire cardiac cycle, and therefore it is uncertain at what coronary velocity the
individual calcified plaque is scanned. Hence a velocity range of 0-90 mm/s was
simulated in this study.

Coronary calcium scores are influenced by heart rate when acquired on nontriggered
chest CT scans, and has also been reported in studies using ECG-triggering .>"
Generally motion artefacts lead to overestimation of volume and underestimation

of CT density, and subsequently leads to a lower reproducibility.***

A recent phantom study showed calcium score differences up to 50% when heart
rate was increased from 60 to >75 bpm.'* Thereby influencing the individual patient
risk assessment as hazards ratios for adverse cardiovascular events increase with
increasing calcium score, which may even lead to alteration in treatment plans.*

Motion is equally important in cases with no calcium to very low coronary calcium
scores, as the absence of coronary calcium is considered to be an extremely low risk
of coronary events in the next ten years.* In the current study, motion at increasing
velocity led to a more blurred image of the calcification with a peak attenuation
under the threshold (<130HU), thereby leading to increasing false negatives. CNN
correction largely decreased the false negative rate by classifying the blurred plaque
into the correct category, and thereby more effectively identified the patients in
need for further follow-up and/or treatment. Further improvement for detection of
low- and medium-density plaques may strengthen the practical value.

Because aging and smoking are shared major risk factors between cardiovascular
diseases and lung cancer, the candidate population for lung cancer CT screening is
also at risk for cardiovascular diseases. Coronary calcifications were found in more
than 70% of the participants in the NELSON lung cancer screening trial.*® If the
calcium score can accurately be derived from nontriggered chest CT examinations,
there may be a great potential for additional cardiovascular risk assessment.

There are limitations to this study. First, we simulated linear movement of artificial
calcified lesions in the x-y plane, in contrast to the diverse motion patterns and
irregular shape of lesions in coronary arteries in vivo.® Further phantom studies
with movement in three-dimensional space and patient studies are needed to
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confirm the findings in this study. Second, the CT acquisition protocol in this study
was derived from a lung cancer screening trial (NELSON). Variability potentially
exists if a CT scanner with different temporal resolution is used.

CONCLUSION

In this experimental phantom study, a deep CNN architecture trained by CT
images of motion artefacts showed the ability to correct coronary calcium scores
from blurred images. A correction algorithm based on deep CNN can be used
for a 10-fold reduction in Agatston score variations from 38% to 3.7% of moving
coronary calcified plaques, and to improve the sensitivity from 65% to 85% for the
detection of calcifications. Considering the extensively utilized nontriggered chest
CT, this study provides a method to improve its accuracy for coronary calcium
scores, which may allow for additional cardiovascular risk assessment in these

already acquired images.
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ABSTRACT

Background

Motion artifacts affect the images of coronary calcified plaques. This study utilized
convolutional neural networks (CNNs) to classify the motion-contaminated
images of moving coronary calcified plaques and to determine the influential
factors for the classification performance.

Methods

Twoartificial coronaryarteries containing four artificial plaques of different densities
were placed on a robotic arm in an anthropomorphic thorax phantom. Each artery
moved linearly at velocities ranging from 0 to 60 mm/s. CT examinations were
performed with four state-of-the-art CT systems. All images were reconstructed
with filtered back projection and at least three levels of iterative reconstruction.
Each examination was performed at 100%, 80% and 40% radiation dose. Three
deep CNN architectures were used for training the classification models. A five-
fold cross-validation procedure was applied to validate the models.

Results

The accuracy of the CNN classification was 90.2+3.1%, 90.6+3.5%, and 90.1+3.2%
for the artificial plaques using Inception v3, ResNet101 and DenseNet201 CNN
architectures, respectively. In the multivariate analysis, higher density and
increasing velocity were significantly associated with higher classification accuracy
(all P<0.001). The classification accuracy in all three CNN architectures was not
affected by CT system, radiation dose or image reconstruction method (all P>0.05).

Conclusion

The CNN achieved a high accuracy of 90% when classifying the motion-
contaminated images into the actual category, regardless of different vendors,
velocities, radiation doses, and reconstruction algorithms, which indicates the
potential value of using a CNN to correct calcium scores.

58



Classification of moving coronary calcified plaques based on motion artifacts using CNN | Chapter 4

INTRODUCTION

Noninvasive assessment of coronary artery disease (CAD) has gained substantial
interest, due to large number of global deaths."” With the introduction of CT,
the burden of coronary atherosclerosis can be expressed as a coronary artery
calcium (CAC) score, generally expressed as the Agatston score, which is a strong
independent predictor of coronary events in intermediate-risk asymptomatic
patients.’ Traditionally, the Agatston score is obtained using ECG-triggered non-
contrast CT.

In the US, almost 7.1 million non-ECG-triggered chest CT scans are performed
each year.”® Because non-ECG-triggered CT demonstrated comparable results in
CAC detection to ECG-triggered CT, these scans also have the potential to assess
the risk of CAD.’ Recently, the Society of Cardiovascular CT and the Society of
Thoracic Radiology recommended a CAC evaluation of every non-ECG-triggered
chest CT examination as a Class I indication."

Whether using ECG-triggered cardiac or non-triggered chest scans, anaccompanied
limitation is the presence of motion artifacts, which considerably decreases the
accuracy of CAC detection and quantification."! To decrease the motion artifacts
in ECG-triggered CT, the temporal resolution should be shorter than 10% of one
cardiac cycle time.'” Even in the relatively low motion phase of 60-70% in the R-R
interval, the velocity of the coronary arteries is still approximately 10 mm/s, even
at a heart rate <60 bpm."” However, 50% of ECG-triggered cardiac CT scans are
performed with a heart rate>70 bpm, which implies a coronary velocity during
the CT acquisition phase of at least 30 mm/s."* Notwithstanding, the influence of
motion is even greater in a non-ECG-triggered chest CT, where coronary motion
is up to 60 mm/s.

In a recent review, Waltz et al. concluded that the convolutional neural network
(CNN) has expanded the role of automatic detection and measurement of CAC."
Sprem et al. proposed a CNN-based method to identify calcified plaques in-
vivo that were severely affected by cardiac motion and reached an accuracy of
85.2%.' In a multicenter study, Eng et al. showed sensitivities of 71-94% and
positive predictive values in the range of 88-100% to detect CAC on non-triggered
chest CT."” Because motion artifacts are inevitable in the evaluation of coronary
calcification, researchers have started to use CNN to alleviate motion artifacts
and improve the robustness of CAC scoring. In an ex-vivo experimental study,
Zhang et al. used CNN to correct coronary calcium scores and largely reduced
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Agatston score variations from 38% to 3.7%.'® However, the generalization ability
of CNN for motion artifact recognition heavily depends on a variety of influential
factors, besides coronary motion artifacts, also on other technical factors such as
CT vendor, radiation dose, and reconstruction kernel.

Before applying a CNN to correct CAC scores in clinical practice in the future,
we first conducted an experimental study to simulate motion artifacts of moving
coronary calcified plaques using a coronary artery chest phantom, and second,
established three CNN architectures to classify the motion-contaminated images
of moving coronary calcified plaques, and determined the influential factors for
their classification performance. The current study is a first step towards patient-
specific motion artifact recognition which could be used to correct CAC scores in
the future.

METHODS

Artificial coronary arteries containing cylindrical calcifications moved inside
a water container, which was placed at the center of an anthropomorphic chest
phantom (QRM-Chest, QRM, Moehrendorf, Germany) (Figure 1). Inside a shell
of tissue-equivalent material, this phantom contained a spine insert and artificial
lungs. To mimic an average patient, an extension ring of fat-equivalent material
was placed around the phantom to increase the outer dimension to 400300 mm
(QRM Extension Ring L, QRM). Movement of the arteries inside the phantom
was performed by a computer-controlled lever (QRM-Sim2D, QRM). In total, 7
velocities were assessed for the current study. Each velocity was constant during the
scan phase. The used velocities ranged from 0 to 60 mm/s with an increment of 10
mm/s. The movement was in the horizontal x-direction, perpendicular to the scan
direction. To acquire data during the linear motion of the artificial calcifications, the
ECG-trigger of the robotic arm was used, and scans were performed at 60% of the
artificial R-R interval. Two artificial coronary arteries were used, each containing
two calcium hydroxyapatite (HA) calcifications of equal dimensions: diameter
5.0£0.1 mm and length 10.0£0.1 mm. One artificial coronary artery contained two
calcifications with densities of 196+3 and 380+2 mgHA/cm3 (physical mass score
equal 38 mg, 74 mg respectively), whereas the other contained two calcifications
with densities of 408+2 and 800+2 mgHA/cm3 (physical mass score equal 80 mg,
157 mg respectively). This corresponded to one low, two medium, and one high
coronary plaque burden, respectively (Table S1I).
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Figure 1 The moving robotic arm with a thoracic phantom. The thoracic phantom includes (A) a
computer-controlled motion unit, (B) a water container, (C) a thoracic phantom, (D) a lever, and (E) an
artificial coronary artery.

CT imaging

Thoracic CT examinations were performed using four CT systems (CT 750 HD, GE
Healthcare; Brilliance iCT, Philips Healthcare; Somatom Definition Flash, Siemens
Healthineers and Aquilion One, Canon Medical Systems). In the remainder of this
paper, the four CT systems are denoted as CT-A to CT-D, respectively (Table S2).
All images were reconstructed using filtered back projection (FBP) and three levels
of iterative reconstruction (IR). Each examination was performed at a clinical
radiation dose. Subsequently, the radiation dose was reduced by 40% and 80%."
Each combination of acquisition settings was repeated five times on every CT scan.
In between each scan, the phantom was randomly translated by 2 mm.

Cross-validation

Since the heterogeneity of the images mainly originated from different vendors
of CT, as well as different acquisition protocols, including dose levels and image
reconstruction kernels, we conducted a k-fold cross-validation across each of these
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variables. K-fold cross-validation is a widely used resampling procedure to evaluate
machine learning models.” The k parameter of this process represents the number
of groups into which all images are divided. In this study, 4 CT systems were used.
In the 4 deep learning processes, CT images of 3 CT systems were selected as the
training dataset, and the images of the remaining CT were used as the test dataset.
In the same way, we performed a 3-fold cross-validation for dose level and a 4-fold
cross-validation for image reconstruction kernel. The classification performance of
the model is the average performance of these cross-validations.

Data preparation and image processing

The CT images were categorized into four classes, each corresponding to one
calcified plaque, and they included images with different vendors, velocities,
radiation doses, and reconstruction algorithms. We remapped the images using
a mediastinum window setting (window width 350HU and window level 40HU)
to make the images optimal for observation. After defining the calcified plaque
manually in CT images, the patch images of calcified plaques were automatically
cropped by an in-house developed script based on imcrop function of the Image
Processing Toolbox (MATLAB R2020b, MathWorks) and resized to 299x299.

Before training the CNN, we first augmented the images using an embedded
function to increase the number of training images. The data augmentation was
achieved by performing geometric transformations in order to train a robust model,
which was invariant to such transformations. Each image was randomly rotated
from 0 to 359 degrees, zoomed on with a random aspect ratio ranging from 0.9 to
1.1, translocated from -30 to 30 pixels, and flipped vertically and/or horizontally
with a probability of 0.5. In this way, each original image was augmented to 30
images, resulting in 4 (plaques) x 4 (vendors) x 7 (velocities) x 3 (doses) x 4
(kernels) x 5 (repetitions) x 30 (augmentation) =201,600 images in total.

Training algorithm and environment

Three deep CNN architectures were used, i.e., Inception v3, ResNetl01, and
DenseNet201 (Tables S$3-S5), which are representative in deep learning. The network
architectures consisted of 316, 347, and 709 layers, respectively. We adopted the
inception and residual architectures because they increase the accuracy by using
efficient and deep networks compared to the previous serial CNN architectures.?*
The DenseNet architecture is a logical extension that optimizes the networks by
connecting each layer to every other layer in a feed-forward fashion to strengthen
feature propagation.”
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We replaced the original classifier layer consisting of 1,000 categories by adapting
it to the ImageNet dataset with four categories and subsequently fine-tuned the
parameters with our training dataset using a back-propagation method across
all layers to optimize the networks. The mini-batch sizes were 60, 50, and 25 for
these three CNN architectures, respectively, depending on the graphical memory
footprints of the computer. The number of training epochs was 15 for the three
models, at which point the training accuracy was close to the upper limit. The
training dataset was shuffled between each epoch. We used stochastic gradient
descent with momentum for the mini-batch gradient descent, which is an iterative
method to minimize the result of the loss function of the CNN architectures; thus,
it can be used to find suitable and optimized values of network parameters. All
layers of the network were fine-tuned using the same global learning rate of 0.0003.

We performed the training and testing procedure using the Deep Learning Toolbox
(MATLAB R2020b, MathWorks). The program was implemented on a workstation
with a graphics processing unit (RTX 2080T1, Nvidia).

Inference method

The CNN inference result for each image of calcified plaque consisted of a one-
dimensional numeric series with a length of four, representing the matching
probability of the four classifications. Since the length of each artificial calcified
plaque was 10 mm, it encompassed at least 3 CT slices at a slice thickness of 3
mm. The three central slices of each calcification were selected manually by a
radiologist with 20 years of experience in cardiac imaging. In the test dataset, the
average matching probability of these three images was considered as the matching
probability of this plaque. Among the four matching probabilities for the four
calcifications, the classification of the highest matching probability was considered
as the CNN’s classification category.

Statistics

The ground truth of the CNN algorithms was the physical artificial calcified
plaque. It was considered as true positive if the CNNs correctly classified the
motion-contaminated images into the actual plaque, that had generated blurred
images. We evaluated the classification accuracy and F1 score to represent CNN’s
classification performance. The F1 score is a weighted average of the precision and
recall, where an F1 score reaches its best value at 1 and worst at 0. Precision, also
called the positive predictive value, is the proportion of positive results that truly
are positive. Recall is also called sensitivity.
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The ROC curve of the CNN’s classification of the calcified plaques with motion
artifacts and the area under the curve (AUC) were calculated to access the CNN’s
classification performance. The CNN’s matching probability was used as an index
variable and the CNN’s classification correctness was used as a reference variable.
A multivariate linear regression model was used to synthesize the results of three
CNN models.*

The association between the correctness and potentially associated factors (plaque
density, CT vendor, motion velocity, dose level, and reconstruction method) was
evaluated using Spearman’s correlation coefficients. Because the classification
accuracy was analyzed simultaneously with other variables (density, CT vendor,
velocity, dose, and reconstruction algorithm), multivariate analysis was also used
to access the association between the correctness and these factors.

The normally distributed outcome parameters are given as the mean values with
standard deviations, and non-normally distributed parameters were given as
median values with 95% confidence intervals. A p-value <0.05 was considered
statistically significant. Statistical analyses were performed using a software
package (MedCalc 15.8, MedCalc Software).

RESULTS

Subjective observation

The representative motion artifacts for the different CT systems, velocities, radiation
doses, and reconstruction methods are shown in Figures 2 and 3. Increased blurring
was observed as the velocity increased and radiation dose decreased. For each CT
scanner, the use of IR resulted in decreased blurring. The smallest blurring was
presented by CT-C.

Cross-validation

In the 4-fold cross-validation on CT system, the accuracy and F1 scores of CNN
in the classification of 4 artificial plaques were high but variable (Tables S6-S9).
The accuracies ranged from 84.8% to 95.3%, 83.8% to 95.7%, and 83.4% to 96.8%
for Inception v3, ResNet101, and DenseNet201, respectively. The F1 scores ranged
from 0.849 to 0.966, 0.859 to 0.969, and 0.883 to 0.969, respectively.
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Figure 2 Representative images of the motion artifacts for all CT systems at all velocities, clinical full
radiation dose and FBP. Window center was 90 HU and window width was 750 HU. * for each CT
system, the highest available level of IR was used. FBP=filtered back projection;

CT-A

CT-B

CT-C

CT-D

In the 3-fold cross-validation on dose level, the accuracy and F1 scores of CNN
were also high but variable. The accuracies ranged from 86.1% to 93.7%, 83.2% to
94.6%, and 85.2% to 94.4%, and the F1 scores ranged from 0.871 to 0.959, 0.881 to
0.967, 0.886 to 0.956. In the 4-fold cross-validation on reconstruction kernel, the
accuracies ranged from 85.9% to 96.1%, 84.9% to 95.9%, 83.3% to 96.0%, and the
F1 scores ranged from 0.893 to 0.963, 0.871 to 0.963, and 0.867 to 0.966.

65



Part I | Patient specific factors
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Figure 3 Representative images of the motion artifacts for all CT systems at the minimum and maximum
velocity, clinical full and 80% reduced radiation dose and FBP and IR. Window center was 90 HU and
window level was 750 HU. * for each CT system, the highest available level of IR was used. FBP=filtered
back projection; IR= iterative reconstruction
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CT-B

CT-C

CT-D

Overall agreement between actual and predicted labels

The overall accuracy of the CNN classification for all four artificial plaques
was 90.2+3.1%, 90.6+3.5%, and 90.1+3.2% for inception v3, ResNetl01 and
DenseNet201 CNN, respectively. The low-density plaque showed the highest
accuracy of 93.3£1.6%, 92.4+2.8% and 92.7+2.8%, respectively; and F1 scores
of 0.950+0.012, 0.947+0.020 and 0.945+0.019, respectively (Table 1). The AUCs
were 0.982 (95% CI: 0.976-0.986), 0.981 (0.974-0.992) and 0.986 (0.982-0.994),
respectively (Table 2 and Figure 4).

Table 1 Classification accuracy and F1 scores of Inception v3, ResNetl01 and DenseNet201
convolutional neural networks on calcified plaques with motion artifacts of four densities.

Plaque Inception v3 ResNet101 DenseNet201
density Accuracy F1 score Accuracy F1 score Accuracy F1 score
High 88.8+2.3% 0.917+0.024 90.242.8%  0.922+0.027 89.3£2.9% 0.919+0.023

Medium-1  88.0+3.0% 0.901+0.022 87.1£2.3%  0.896+0.020 87.7£2.9% 0.897+0.021
Medium-2  90.74#2.5%  0.939+0.024 92.9£2.9% 0.942+0.028 90.7£2.0% 0.937+0.018
Low 93.3+1.6% 0.950+0.012 92.4+2.8%  0.947+0.020 92.7+2.8% 0.945%0.019

Note. Variables are displayed as mean + standard deviation.
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Table 2 The area under receiver operating characteristic curves of convolutional neural network’s
classification on calcified plaques with motion artifacts.

g::ililt; Inception v3 ResNet101 DenseNet201

High 0.952 (0.939-0.964) 0.972 (0.962-0.980) 0.970 (0.960-0.978)
Medium-1 0.951 (0.939-0.962) 0.955 (0.943-0.965) 0.962 (0.951-0.972)
Medium-2 0.980 (0.970-0.989) 0.974 (0.969-0.981) 0.976 (0.970-0.982)
Low 0.982 (0.976-0.986) 0.981 (0.974-0.992) 0.986 (0.982-0.994)

Note. The data is expressed as area under the curve (95% confidence interval)
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Figure 4 Receiver operating characteristic curves of convolutional neural network’s classification on
calcified plaques with motion artifacts.
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The medium-density-1 plaque showed the lowest accuracy of 88.0+3.0%,
87.142.3% and 87.7+2.9%, respectively; F1 scores of 0.901+0.022, 0.896+0.020 and
0.897+0.021, respectively; and AUCs of 0.951 (0.970-0.962), 0.955 (0.943-0.981)
and 0.962 (0.951-0.972), respectively. An ensemble of three CNN models by a
multivariate linear regression model slightly increased the AUC to 0.990 (0.982-
0.998).

With respect to different CT vendors, the accuracy was similar, and ranged from
89.8+2.7% t0 91.8+0.8%, 88.0+5.3% to 92.2+2.3%, and 89.3+5.6% to 92.0+1.8% for
inception v3, ResNet101 and DenseNet201 CNN, respectively (Table 3). Regarding
the velocity, the plaques at rest showed relatively lower accuracies of 80.3+1.3%,
85.4+1.4%, and 89.2+1.2%, respectively (Figure 5). When the velocity increased
to 60 mm/s, the accuracy increased to 93.8+1.3%, 95.1+1.6%, and 96.1+1.5%,

respectively.

Table 3 Classification accuracy of Inception v3, ResNet101 and DenseNet201 convolutional neural
network on calcified plaques with motion artifacts on four CT systems.

Inception v3 ResNet101 DenseNet201
CT-A 90.2+3.1% 92.2+2.3% 92.0+1.8%
CT-B 89.8+2.7% 88.0£5.3% 89.3+5.6%
CT-C 91.0+2.8% 90.9£2.6% 90.7+2.4%
CT-D 91.8+0.8% 91.2£3.6% 91.1£2.6%

Note. Variables are displayed as mean + standard deviation.
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Figure 5 Classification accuracy of Inception v3, ResNet101, and DenseNet201 convolutional neural
network on calcified plaques with motion artifacts in the velocity from 0 to 60 mm/s.
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Univariate association between influencing factors and CNN’s classification

Lower plaque density and increasing velocity were significantly associated with
higher classification accuracy in all three CNN architectures (all P<0.001).
However, other factors (CT system, radiation dose and reconstruction method)
had no significant influence on the accuracy of CNN classification (all P>0.05)
(Table 4).

Table 4 Spearman’s correlation coeflicients (rho) for the univariate association between influencing
factors and convolutional neural networK’s classification on calcified plaques with motion artifacts.

Inception v3 ResNet101 DenseNet201
rho -value rho -value rho -value
©s%cn P ©s%cn P ©s%cn P
Density 0.139 <0.001 0.199 <0.001 0.194 <0.001
(0.083, 0.195) (0.061, 0.337) (0.074,0.314)
CT vendor 0.031 0.249 -0.049 0.210 -0.102 0.107
(-0.017, 0.079) (-0.151, 0.053) (-0.192, -0.012)
Velocity 0.191 <0.001 0.169 <0.001 0.163 <0.001
(0.105, 0.277) (0.029, 0.309) (0.024, 0.302)
Dose -0.028 0.518 0.028 0.477 0.046 0.239
(-0.081, 0.025) (-0.052, 0.108) (-0.010, 0.102)
Reconstruction 0.019 0.312 0.118 0.230 0.134 0.222
(-0.031, 0.069) (0.030, 0.206) (0.023, 0.245)

Note. High, medium-1, medium-2, and low-density plaque were coded as 1 to 4, respectively, four
CT systems (CT-A to CT-D) as 1-4; velocities from 0 to 60 mm/s coded as 0-6; dose level 40%, 80%
and full dose coded as 1-3; recon method FBP, IR1 to IR3 coded as 1 to 4.

FBP=filtered back projection; IR= iterative reconstruction

Multivariate analysis for factors associated with CNN’s classification

In the multivariate analysis, a higher density and an increasing velocity were
significantly associated with a higher classification accuracy for all three CNN
architectures (all P<0.001). The classification accuracy for all three CNN
architectures was not affected by CT system, radiation dose or reconstruction
method (all P>0.05) (Table 5).
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Table 5 Multivariate analysis for the influencing factors associated with CNN’s classification on
calcified plaques with motion artifacts.

Inception v3 ResNet101 DenseNet201
coefficient  p-value coefficient  p-value coefficient  p-value
Density 0.033 <0.001 0.024 <0.001 0.319 <0.001
CT vendor 0.012 0.147 -0.025 0.091 -0.038 0.102
Velocity 0.027 <0.001 0.017 <0.001 0.015 <0.001
Dose -0.009 0.601 -0.011 0.159 0.002 0.779
Reconstruction 0.009 0.126 0.010 0.112 0.012 0.099

Note. High, medium-1, medium-2, and low-density plaque were coded as 1 to 4, respectively, four
CT systems (CT-A to CT-D) as 1-4; velocities from 0 to 60 mm/s coded as 0-6; dose level 40%, 80%
and full dose coded as 1-3; recon method FBP, IR1 to IR3 coded as 1 to 4.

FBP=filtered back projection; IR= iterative reconstruction

DISCUSSION

In this experimental study, we applied three widely-used deep CNN architectures
in medical image analysis to classify the CT images of calcified coronary plaques
with motion artifacts into the correct category with a high accuracy, regardless
of different CT vendors, velocities, radiation doses, and image reconstruction
algorithms.”** The overall classification accuracy of these CNNs reached 90%.

ECG-triggered CT and non-ECG-triggered CT are vulnerable to a great variety of
artifacts. The most common cause of artifacts is motion.” Typical motion artifacts
are blurring, ghosting, or windmills, which influence accurate CAC classification.””
The severity of the motion artifacts depends not only on the heart rate and
temporal resolution of the CT scanner but also on the specific coronary artery.
The mean velocity of the right coronary artery is significantly higher than that of
the left anterior descending and circumflex coronary artery.* In our study, all the
CNN architectures resulted in higher classification accuracy at higher velocities.
In contrast to the plaques at rest, which showed no motion artifacts, the plaques
showed spatially more dispersed motion artifacts caused by increasing velocities
(Figure 2). The magnitude of the artifact means that more image features that can
be recognized and used for classification by a CNN.

Motion artifacts appear when the temporal resolution is insufficient to warrant
data acquisition during the time the coronary arteries exhibit the least motion.
The temporal resolution can be improved by a shorter gantry rotation time, or
dedicated acquisition and reconstruction protocols.’’ It has been demonstrated
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that plaque classification also depends on the density and size, where relatively
small and soft calcified plaques may remain undetected.’® Van der Werf et al. found
that at an increased heart rate, the Agatston scores of low-density calcified plaques
were similar to the reference scores but that the Agatston scores of medium- and
high-density calcified plaques were increased by up to 50%." In our study, all
CNN architectures gained the highest classification accuracy for plaques with low
density.

Another difficulty that a CNN encounters during plaque motion artifact
classification is increased noise in low-dose CT scans. Currently, IR algorithms
can be used for CT image reconstruction to reduce the noise in low-dose CT
scans.”* In a phantom study, increased IR levels resulted in decreased CAC
scores."” In clinical practice for CAC scoring, a soft kernel is used in which the
noise is less prominent. However, in non-contrast and non-ECG-triggered CT
scans performed for other diagnostic purposes, generally, sharper kernels are used.
Recently, it was found that if a CNN is trained on both soft and sharp kernels, the
accuracy of the CNN in CAC scoring is similar to that of soft kernel CT scans.* In
our study, both reconstruction methods did not influence the accuracy of all three
CNN architectures. Furthermore, a lower radiation dose also did not affect the
CNN's classification.

So far, for CAC classification in non-contrast and ECG-triggered CT scans,
different machine-learning-based techniques have been studied to improve the
diagnostic management in everyday practice. Most of these methods focused on
calcium detection and coronary artery calcium scoring.*>* In contrast, the method
presented in the current study was based on training CNNs on motion artifacts,
which are one of the main limitations in accurate CAC score measurement.
Motion artifact recognition methods based on motion correction algorithms
have shown their value in the image improvement of coronary CT angiography
(CCTA).*® Furthermore, a CNN was used to estimate the artifact motion vectors
from CCTA images and the method improved the quality and showed potential to
be applied in clinical practice.”” In our study, CNNs were solely used for motion
artifact recognition from non-contrast and ECG-triggered CT scans to enhance the
assessment of CAC scores in the future. Since phantoms were used for the current
study, the increase of the motion artifacts as heart rate increased was known. This
led to enhanced accuracy of CNNs since motion artifact features increased as
the heart rate increased. Although this is of course not feasible in daily practice,
our results indicated that a CNN may play an important role in clinical coronary
calcium classification in the near future.

71



Part I | Patient specific factors

The main limitation of this study is the linear movement of artificial arteries, their
relatively high diameters, and the regular shape of calcifications, which do not
reflect the movement and shape of coronary arteries in vivo. Additionally, a variety
of body habitus were not also included.

In this experimental study, the CNN achieved a high accuracy of 90% at classifying
motion-contaminated images into the actual category, regardless of different
influential technical factors. This study validated the first step towards patient-
specific motion artifacts recognition which could be used to correct CAC scores
in the future. Interestingly, the classification accuracy increased at higher velocities
because the magnitude of the artifact had more image features that may be
recognized and used for classification by a CNN, which inspires us to optimize the
calcium score correction method in cases of heavily motion-contaminated images.
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ABSTRACT

Multiple dose reduction techniques have been introduced for coronary artery
calcium (CAC) computed tomography (CT), but few have emerged into clinical
practice while an increasing number of patients undergo CAC scanning. We sought
to determine to what extend the radiation dose in CAC CT can be safely reduced
without a significant impact on cardiovascular disease (CVD) risk stratification.
A systematic database-review of articles published from 2002 until February 2018
was performed in Pubmed, WebOfScience, and Embase. Eligible studies reported
radiation dose reduction for CAC CT, calcium scores and/or risk stratification for
phantom or patient studies. Twenty-eight studies were included, under which 17
patient studies, 10 phantom/ex-vivo studies, and 1 study evaluated both phantom
and patients. Dose was reduced with tube voltage reduction and tube current
reduction with and without iterative reconstruction (IR), and tin-filter spectral
shaping. The different dose reduction techniques resulted in varying final radiation
doses and had varying impact on CAC scores and CVD risk stratification. In 78% of
the studies the radiation dose was reduced by 250% ranging from (CTDIvol) 0.6 to
5.5 mGy, leading to reclassification rates ranging between 3% and 21%, depending
on the acquisition technique. Specific dose reduced protocols, including either
tube current reduction and IR or spectral shaping with tin filtration, that showed
low reclassification rates may potentially be used in CAC scanning and in future
population-based screening for CVD risk stratification.
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INTRODUCTION

The amount of coronary artery calcification (CAC) expressed in Agatston scores
has shown to be strongly associated with risk of cardiovascular disease (CVD).!
CAC assessment with computed tomography (CT) has substantially gained
interest, resulting in increased numbers of CAC CT examinations. Ongoing and
future research will evaluate the feasibility of population based screening for
CVD by determining the amount of CAC on CT images.>* If positive, millions of
people worldwide will be eligible for screening, leading to an even further increase
of individuals exposed to ionizing radiation. Moreover, repetitive screening or
follow-up scans might be required, adding to the cumulative radiation dose.*

Therefore, continual efforts have been made to reduce the radiation dose in cardiac
CT, resulting in the introduction of multiple dose reduction techniques. While
radiation exposure has been dramatically reduced for coronary CT angiography
in the last decade,”!! this has not been the case for CAC CT. In fact, clinically
used acquisition protocols are nowadays still similar to the methods used in the
1990s on electron beam tomography.'? The impact of the available dose reduction
techniques were examined in multiple small-sized phantom and/or patient studies
on a variety of CT scanners from different vendors. Although many studies
evaluated these techniques, there is no clear overview and guidelines regarding
their impact and there is only limited implementation of these techniques into
clinical practice for CAC imaging."

The aim of the current study was therefore to systematically review the available
dose reduction techniques for CAC CT and to determine to what extend the
radiation dose can be safely reduced without significantly impacting the CAC
score and/or CVD risk stratification.

METHODS

Search strategy

A systematic literature search was performed in February 2018 for studies assessing
dose reduction in CAC CT using the Pubmed, Embase and Web of Science
databases. The following search strategy was used in Pubmed: ((((((coronar*))
AND (calcium OR calcification*)) AND (radiation OR dose) AND (reduc* OR
low*)). Additionally, Embase and Web of Science were searched using adjusted
search strategy to fit the search matrix of the database source.
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Inclusion and exclusion criteria

Inclusion criteria were published studies less than 15 years old; single or
multicenter; either included phantom, ex vivo and/or patient data; included non-
contrast electrocardiography (ECG) triggered cardiac CT; reported quantification
of radiation dose reduction, CAC scores (e.g. Agatston score, volume score, mass
score), and/or CVD risk stratification. Exclusion criteria were non-English written
full text articles; abstracts without full text; editorials, reviews, case reports, letters
and guidelines. Studies were excluded that did not report the outcome of interest
or if the outcome of interest could not be calculated from the results. We also
excluded studies with protocols for which the primary indication was not CAC
quantification (e.g. lung CT scans and CT angiography).

Study selection and data extraction

Studies for the systematic review were selected using the PRISMA flow diagram,
see Figure 1."* The screening of title and abstract of each paper was independently
performed by two reviewers (MV, NvW). Subsequently, both reviewers
independently evaluated the full-text of each article for eligibility based on the
in- and exclusion criteria. In case of disagreement, eligibility of the article was
discussed between the two reviewers to obtain consensus.

s Articles identified through Additional articles identified
§ database searching through other sources
£ (n=4,563) (n=4)
[=
[}
o
v v
Articles after duplicates removed
(n=4,117)

[
=
§ v
51 oD CE T Records excluded based on
<2 (n=4.117) 3 title and abstract

’ (n=4,038)

) 4
g Full-text articles assessed for Full-text articles excluded for
.-% eligibility P not meeting inclusion criteria
i (n=79) (n=51)
B \ 4
§ Studies included in narrative Studies excluded post critical
E synthesis > analysis
b (n=28) (n=0)

Figure I Flowchart of the systematic review of dose reduction in CAC scanning.
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Study characteristics and data extraction of selected articles was performed
independently by two authors (MV, NvW) according to a predefined protocol. The
following study characteristics were collected: author, year of publication, study
type, radiation dose reduction technique, scanner type and vendor, acquisition and
reconstruction and radiation dose parameters, CAC scores, and percentage of dose
reduction, number of included patients, and impact on CVD risk stratification.
The final retrieved data were reviewed by one author (MV).

Analysis of data

Data were grouped per radiation dose technique, and per IR algorithm that was
applied. The key parameter setting leading to the radiation dose reduction was
extracted for the full dose and low dose protocols. Remaining acquisition and
reconstruction parameters were logged. If a study investigated multiple low dose
protocols, only the results of the protocols leading to no significant different
Agatston scores or showing high agreement for risk categorization with the full
dose protocol were included in the tables. The impact on Agatston scores was
extracted. If available, volume and mass score were also extracted. Percentage
differences between the radiation dose for the full and reduced dose scans and
impact on CVD risk stratification were extracted or calculated.

RESULTS

Characteristics of included studies

In total 28 studies were included, of which 17 were patient studies, 10 were
phantom/ex vivo studies, and 1 study included both phantom and patients.
The used dose reduction techniques were tube voltage reduction, tube voltage
reduction with iterative reconstruction (IR), tube current reduction, tube current
reduction with IR, and spectral shaping with tin-filter. All studies used multi-
detector or dual-source CT and used either retrospectively or prospectively ECG-
gated acquisition in patients. All studies used a tube voltage of 120 kVp (except for
the study by Mahnken et al.”®), either a fixed or adaptive tube current and FBP as
the reference full dose protocol. An overview of the CTDI_ of the full and reduced
dose protocols per dose reduction technique is shown in Figure 2.
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Tube voltage reduction

In total, four studies examined the impact of tube voltage reduction on CAC
quantification, see Table I and Figure 3. A lower (peak) tube voltage results
in an X-ray spectrum with overall lower-energy photons, resulting in a lower
radiation dose. However, this results in increased image noise, which may affect
CAC quantification. Besides increased image noise, a reduction in tube voltage
also results in increased attenuation of most materials, including calcium.'® Tube
voltage reduction may therefore require adaptation of the Hounsfield unit (HU)
threshold for calcium measurements.'” At 120 kVp, the threshold is set at 130
HU and in general a higher threshold is used for lower tube voltages. Studies by
Thomas et al. and Marwan et al. showed that despite an adapted HU threshold
for 80 and 100 kVp (187 and 147 HU, respectively), reduced tube voltage from
120 kVp to 100 or 80 kVp led to an overestimation of the Agatston, volume and
mass score in a phantom and 71 patients.'®'* The number of patients (n=69) with
zero-scores was similar, however 5 out of 71 patients with a positive-score (7%)
were reclassified to higher risk categories.'” Contrary, another study by Jakobs et al.
showed that the mass score did not differ between 120 and 80 kVp protocols in 34
patients with a positive score.” Whereas in a patient study (n=103) of Gréni et al,,
the Agatston score was underestimated for 70 and 80 kVp protocols with adapted
HU threshold compared to a 120 kVp protocol. Subsequently, these patients were
mostly reclassified into lower risk categories (6.1% reclassifications for 70 kVp and
2.8% for 80 kVp, respectively).”! Radiation dose ranged from 1.8 to 10.7 mGy for
120 kVp and ranged from 0.6 to 4.6 mGy for tube voltage reduced protocols.'*-*!
These dose reductions resulted in reclassification rates ranging from 2.8% to 7%.

Tube voltage reduction and iterative reconstruction

The issue of increased image noise at lower tube voltages could be solved by
combining a lower tube voltage with IR.** IR is a noise-reducing technique that
allows for radiation dose reduction while maintaining low image noise and
diagnostic image quality.® Most IR algorithms have different noise reduction
levels, in general lower IR levels correspond to higher image noise levels. In total, 2
phantom studies were included that examined the impact of tube voltage reduction
in combination with IR, see Table 2 and Figure 3. These studies conducted by
Blobel et al.** and Vonder et al.”® showed that tube voltage reductions to 80, 90,
or 100 kVp did not significantly affect Agatston and CAC volume scores with the
use of IR.***® However, risk reclassification was not evaluated since both studies
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Table 1 - Characteristics of included studies using tube voltage reduction

Study Phantom/ Reference full dose protocol

patients o pe voltage HU Threshold  CTDI / CAC

Eff dose score

Jakobs etal®  Patients 120 kVp 130 HU 10.1 mGy Mass:
(2003) (n=46) 86 mg
Thomas etal.”®  Phantom 120 kVp 130 HU 10.7 mGy Agatston:
(2006) 649.0+18.1*
Marwan et Patients 120 kVp 130 HU 2.0 mGy Agatston:
al.”? (n=71) 0.3 mSv 105+245*
(2013)
Grinietal.”  Patients 120 kVp 130 HU 1.8 mGy Agatston:
(2018) (n=103) 0.6 mSv 212 (25-901)**
Study Phantom/ Reduced dose protocol

patients o pe voltage HU Threshold  CTDI / CAC

Eff dose score
Jakobs etal®  Patients 80 kVp 130 HU 3.5 mGy Mass:
(2003) (n=46) 84 mg
Thomasetal® Phantom 80 kVp 187 HU 4.6 mGy Agatston:
(2006) 671.3+19.5%
Marwan et Patients 100 kVp 147 HU 1.2 mGy Agatston:
al.” (n=71) 0.2 mSv 116+261*
(2013)
Grénietal.?  Patients 70 kVp Adapted HU 0.6 mGy  Agatston mean difference:
(2018) (n=103) 80 kVp threshold 0.1,0.2 mSv 80 kVp=-31(-5.2%)
70 kVp=-103(-18.4)

Study Phantom/ Impact

patients CAC Risk Dose

score classification  reduction
Jakobs et al.* Patients ~ Mass: similar n.s. 65%
(2003) (n=46)  Agatston: n.s.
Thomas etal.® Phantom Agatston: n.s. 57%
(2006) Significant
increase
Marwan et Patients Agatston: 7% reclassified 33%
al.” (n=71) Significant
(2013) increase
Grinietal.*  Patients Agatston: ~ 6.1% and 2.8%  Up to 80%
(2018) (n=103) Significant  reclassified for
decrease 70 and 80 kVp
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Tube voltage reduction
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Figure 3 Mean radiation dose for the full and reduced dose protocol per study grouped per dose

reduction technique.
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Table 2 - Characteristics of included studies using tube voltage reduction and iterative reconstruction

Study Phantom/ Reference full dose protocol
patients o pe voltage  Recon. HU CTDL / CAC score
threshold Eff dose
Blobel etal*  Phantom 120 kVp FBP 130 HU 6.0 mGy Agatston:
(2016) 698.5%
Volume:
586.8 mm**
Vonder et Phantom 120 kVp FBP 130 HU 0.9 mGy Agatston:
al.? (2017) 33.6
(30.4-38.4)**
Study Phantom/ Reduced dose protocol
patients o pe voltage  Recon. HU CTDI / CAC score

threshold Eff dose
Blobel etal.**  Phantom 100 kVp AIDR-3D  Adapted HU 1.6 mGy Agatston:

(2016) 80 kVp (Thosiba) threshold 1.5mGy (100, 80 kVp)
697.6, 698.5*
Volume:
583.6, 585.6
mm3>+
Vonder et Phantom 100 kVp ADMIRE 130 HU 0.4 mGy Agatston:
al.® (2017) 90 kVp level 1,3 n.s.
(Siemens)
Study Phantom/ Impact
patients CAC score Risk Dose
classification reduction
Blobel et al.**  Phantom Similar n.s. 76%
(2016) Agatston and
volume scores
Vonder et Phantom Similar n.s. 60%
al.® (2017) Agatston
scores

*mean; ** median (IQR); Recon.: Reconstruction algorithm; FBP: filtered back projection; CTDIvol:
Computed Tomography Dose Index volume; Eff dose: effective radiation dose; AIDR-3D: Adaptive
iterative dose reduction 3D; ADMIRE: Advanced model based iterative reconstruction; n.s.: not
specified

concerned phantom studies. Of note, these studies used different IR algorithms on
different CT systems. Besides, in one study the HU threshold was adapted * and in
the other study the variability of the scores was higher for the tube voltage reduced
protocol with IR compared to the reference 120 kVp protocol.® Radiation dose
ranged from 0.9 to 6.0 mGy for 120 kVp and ranged from 0.4 to 1.4 mGy for tube
voltage reduced protocols.**?
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Tube current reduction

Another approach to reduce the radiation dose in CT imaging is to lower the
current of the X-ray tube. By reducing the tube current, less X-ray photons will
be emitted. Therefore, similar to tube voltage reduction, a lower tube current will
result in increased image noise. However, since the energy of the X-ray photons is
not affected, a reduced tube current will not affect attenuation of calcium and thus,
there is no need for adjusted calcium quantification thresholds. In four studies with
a total of 253 patients, the tube current was optimized and/or a reduced (fixed)
tube current was used, see Table 3 and Figure 3. Different optimization techniques
for tube current reduction were used: body mass index (BMI), body-weight, or
attenuation based. For all studies, the image noise increased for the lower tube
current protocols, but overall image quality was higher and more constant across
different patients’ body sizes.'>**® Notably, the studies mention different maximum
noise levels ranging from 18 to 30 HU for the dose reduced protocols for being
regarded as an acceptable noise level. Studies reported no significant differences
or a high agreement for Agatston scores for the optimized and reduced protocols
compared to the full dose protocol. However, none of these studies reported on the
effect of tube current optimization and reduction on risk stratification. Radiation
dose of the full dose protocols ranged from 8.5 to 22.2 mGy and reduced radiation
doses ranged from 4.0 to 17.8 mGy.

Tube current reduction and iterative reconstruction

Similar to tube voltage reduction, the increased noise issues with lower tube
current can potentially be solved by applying IR.’ Since only noise is affected by
tube current reductions and mean HU-values are not affected, IR has the potential
to allow for radiation dose reduction without affecting CAC scores. The majority
of studies (n=13) included in this systematic review examined the impact of tube
current reduction combined with IR, see Table 4 and Figure 3. IR algorithms are
vendor and scanner type specific. Therefore, the results of the studies are grouped
per IR algorithm that was applied.

iDose4 & Iterative Model based Reconstuction (IMR)

The fourth version of iDose (iDose4, Philips Healthcare, Best, The Netherlands)
is based on an algorithm iterating first in the raw data domain and is based on
maximum likelihood denoising algorithm based on Poisson statistics. Next,
iterations in the image domain are performed to reduce uncorrelated noise while
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Table 3 — Characteristics of included studies with tube current reduction

Study Phantom/ Reference full dose protocol
patients Tube current ECG gatting  CTDIL_/ CAC score
Eff dose
Mahnken etal.”®  Two Patient Fixed Retrospective  22.2 mGy Agatston:
(2003) groups 588.6+762.5*
(n=2*50)
Shemesh et al.?® Patients 165 mAs Prospective  12.0 mGy Agatston:
(2005) (n=51) 123+223*
Mass:
23+43 mg*
Horiguchi etal.”’  Patients 100 mA Retrospective 19 mGy Agatston:
(2006) (n=86) 3.2mSv 479+778*
Dey et al.®® Patients 150 mAs Prospective 8.5 mGy Agatston:
(2012) (n=66) 1.7 mSv 236+581
Volume:
189+460mm°
Study Phantom/ Reduced dose protocol
patients Tube current ECG gating  CTDI / CAC score
Eff dose
Mahnken etal.'®  Two Patient ~ Body weight adapted Retrospective  17.8 mGy Agatston:
(2003) groups 496.0+917.0*
(n=2%50)
Shemesh et al.* Patients 55 mAs Prospective 4.0 mGy Agatston:
(2005) (n=51) 126+225%
Mass:
24+44 mg*
Horiguchi etal.”  Patients Body weight adapated Retrospective 11.4 mGy Agatston:
(2006) (n=86) (60 +11 mA) 463+641*
Dey et al.®® Patients ~ BMI based tube current Prospective 5.1 mGy Agatston:
(2012) (n=66) selection 1.0 mSv 2344586
(120 mAs Volume:
or 80 mAs) 184+455mm?
Study Phantom/ Impact
patients CAC score Risk Dose reduction
classification
Mahnken et al.'®>  Two Patient Similar n.s. 11.6% for men
(2003) groups Agatston scores 24.8% for women
(n=2*50)
Shemesh et al.*® Patients Similar Agatston n.s. 66%
(2005) (n=51) and mass scores
Horiguchi etal.?”  Patients High correlation n.s 40%
(2006) (n=86) for Agatston score
Dey et al.®® Patients Similar Agatston n.s. 40%
(2012) (n=66) and volume scores

* mean +SD; ECG: Electrocardiographic; CTDIvol: Computed Tomography Dose Index volume, Eff.

dose: effective radiation dose; BMI: body mass index; n.s.: not specified;
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Table 4 - Characteristics of included studies with tube current reduction and iterative reconstruction

Study Phantom/ Reference full dose protocol
patients Tube current Recon. Tube CTDL / CAC score
voltage Eff dose
den Harder Ex vivo Routine dose ~ FBP 120 kVp 4.1 mGy Agatston:
etal. # (2014) hearts (n=15) 397 (212-1,413)**
den Harder Patients 50 mAs (<80kg) FBP 120 kVp 4.8 mGy Agatston:
etal. ®(2016)  (n=28) 60 mAs (=80 kg) 09mSv  28.0(2.1-193.0)**
Willemink Patients 60 mAs FBP 120kVp 4.1-4.9 mGy Agatston:
etal. *(2015) (n=30) 0.7-0.9mSv  26.1 (5.2-192.2)**
Matsuura Patients 80 mAs FBP 120kVp 1.20 mSv Agatston:
et al. ¥ (2015) (n=77) 390.7+n.s*
Hechtetal. ¥  Patients  48.5+17.8 mAs FBP 120kVp 4.2+1.7 mGy Agatston:
(2015) (n=102) 0.76£0.34 mSv ~ 248.4+497.1*
Blobel etal. *  Phantom® 580 mA FBP 120kVp 7.5-14.5 mGy Agatston:
(2013) 697.8+7.7*
Tatsugami Patients 315 mA FBP 120 kVp 11.2 mGy Agatston:
etal. % (2015) (n=54) 2.2 mSv 361.6+n.s.%
Choietal. # Patients 390 mA FBP 120kVp 8.5 mGy n.s.
(2016) (n=200) 1.4 mSv
Tang et al. ! Static 150-500 mA  FBP 120kVp 4.1-16.1 mGy Agatston:
(2018) phantom® 754-765 (small)
716-728 (medium)
Patient 300 mA 13.9 £ 1.2 mGy Agatston:
(n=24) 2.1+03mSv  258(139-896)**
Luhur et al. # Patient Automatic FBP 120kVp 9.02(SD 3.98) Agatston:
(2018) (n=163) exposure control: mGy 184.8+346.4*
Mean: 341.7
(SD 147.5) mA
Sulaiman # Patients 632 mAs FBP 120kVp 8.7+1.4 mGy Agatston:
(2017) (n=100) 23404 mSv  138.2+360.6*
Willemink *  Ex vivo hearts 259 mA FBP 120 kVp 4.1 mGy Agatston:
(2014) (n=15) 353.4(n.s.)**
160 mA 4.2 mGy 409.5(n.s.)**
220 mA 4.1 mGy 469.0(n.s.)**
252 mA 4.1 mGy 332.1(n.s.)**
Van der Dynamic 500 mA FBP 120kVp  10.6 mGy n.s.
g(if;; phantom 185 mA 3.2 mGy n.s.
285 mA 2.8 mGy n.s.
230 mA 6.5 mGy n.s.

+ Scores of the protocol with highest dose reduction and highest level of IR is shown; * mean; **
median (IQR); *** range of medians for the different protocols; § small and medium size thorax
Recon.: Reconstruction algorithm; FBP: filtered back projection; CTDI : Computed Tomography
Dose Index volume; Eff dose: effective radiation dose; n.s.: not specified
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Study Phantom/ Reduced dose protocol
patients Tube current Reconstrucion algorithm Tube
voltage
den Harder  Ex vivo 27%,55%, 82% iDose4 level 1, 4 (Philips) 120 kVp
etal. ¥ (2014) hearts (n=15) reduced dose protocol
den Harder  Patients Prototype IMR level 1,2,3
etal. * (2016) (n=28) (Philips)
Willemink  Patients 20 mAs (<80 kg) iDose4 level 4 120 kVp
etal. *(2015) (n=30) 2 (Philips)
Matsuura Patients 4 mAs (=80 kg) IMR level 1,2,3
etal. ¥ (2015) (n=77) (60% reduced) (Philips)
Hecht et al. ¥ Patients 12 mAs iDose4 level 7 120 kVp
(2015) (n=102) (Philips)
Blobel et al. * Phantom® 16 mAs iDose4 level 7 120 kVp
(2013) (Philips)
Tatsugami  Patients 24.5+8.8 mAs iDose4 level 3 120 kVp
etal. % (2015) (n=54) (Philips)
Choietal.* Patients 10-580 mA AIDR-3D level standard 120 kVp
(2016) (n=200) in 21 steps (Toshiba)
Tangetal. ' Static 104.6 mA AIDR-3D level standard 120 kVp
(2018) phantom® (Toshiba)
Patient 120 mA AIDR-3D level standard 120 kVp
(n=24) (Toshiba)
Luhur et al.  Patient Automatic exposure AIDR-3D level standard 120 kVp
(2018) (n=163) control: Target image (Toshiba)
noise: 16-24 HU
Sulaiman **  Patients Automatic exposure control:
(2017) (n=100) Target image noise: 20 HU
Willemink *  Ex vivo hearts 91.1 (SD 40.4) mA AIDR-3D level standard 120 kVp
(2014) (n=15) (Toshiba)
481 mAs ASIR-V 50% 120 kVp
(GE)
189, 118,47 mA FBP, 120 kVp
iDose4 level 1 and 6 (Philips)
120, 70, 30 mA FBP,
AIDR-3D level mild and strong
(Toshiba)
Van der Dynamic 160, 105, 45 mA FBP,
Werf ¥ phantom ASIR 20% and 80% (GE)
(2017) 184, 116,48 mA FBP, SAFIRE level 1 and 5
(Siemens)
300 mA FBP, 120 kVp
100 mA ASIR-V Level 20%, 60%, 100% (GE)
111mA FBP,
37 mA iDose4 Level 1, 5 and 7 (Philips)
171 mA FBP,
37 mA SAFIRE level 1,3 and 5 (Siemens)
138 mA FBP,
46 mA AIDR-3D level: Weak, standard,

strong (Toshiba)

T Scores of the protocol with highest dose reduction and highest level of IR is shown; * mean; **
median (IQR); *** range of medians for the different protocols; § small and medium size thorax
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Reduced dose protocol Impact
CTDI / CAC scoret CAC score Risk Dose
Eff dose classification  reduction
3.0 mGy Agatston: Similar Agatston scores n.s. 27-82%
1.9 mGy 385 (211-1,428)**
0.8 mGy
Agatston: Lower Agatston scores ns.
377 (198-1,403)**
1.9 mGy Agatston: Similar Agatston scores  18% reclassification ~ 60%
0.4 mSv 26.9 (0.0-230.1)**
Agatston: 2 Similar Agatston scores ~ 21% reclassification
1.4 (0.0-197.0)**
0.8-1.0 mGy Agatston: Lower Agatston scores  15% reclassification ~ 80%
0.2-0.2 mSv 22.9(5.9-195.5)**
0.24 mSv Agatston: Lower Agatston scores n.s. 80%
377.7+n.s*
2.0£0.7 mGy Agatston: Lower Agatston scores 8% reclassification ~ 47%
0.37+£0.16 mSv 237.9+489.5*
1.5-2.6 mGy Agatston: Lower Agatston scores n.s. 82%
678.8+14.3* (s)
643.9+13.4* (m)
3.6 mGy Agatston: Lower Agatston scores n.s. 67%
0.7 mSv 356.8+n.s.*
2.3 mGy n.s. ns. 11% reclassification ~ 74%
0.37 mSv
0.7-5.5 mGy Agatston: Higher Agatston score for n.s 66-83%
764-795 (s) for small phantom. Similar
708-722 (m) Agatston score for medium
sized phantom
5.7 £ 2.2 mGy Agatston: Similar Agatston scores 8% reclassification  57.8%
0.9 £ 0.4 mSv 226(138-993)**
2.2 (SD 1.0) mGy Agatston: Similar Agatston scores 5% reclassification ~ 75%
185.3£351.3*
6.6+2.9 mGy Agatston: Similar Agatston scores 3% reclassification ~ 25%
1.8£0.8 mSv 137.3+356.4*
0.8 mGy Agatston: Trend towards lower Agatston n.s. 80%
354.3-359.6%** scores for IR
0.8 mGy 381.0-408.0%**
0.8 mGy 438.5-466.6*
0.8 mGy 318.5-327.2%%*
6.4 mGy ns. Decrease in Agatston score n.s. 40%
2.1 mGy for increasing levels of IR 80%
1.9 mGy n.s 40%
0.6 mGy 80%
1.7 mGy n.s. 40%
0.6 mGy 80%
3.9 mGy n.s. 40%
1.3 mGy 80%

Recon.: Reconstruction algorithm; FBP: filtered back projection; CTDI : Computed Tomography
Dose Index volume; Eff dose: effective radiation dose; n.s.: not specified; (s) = small; (m) = medium
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preserving underlying edges associated with true anatomy.*® iDose4 can be set to
seven noise-reducing levels, higher levels result in lower noise. Besides accounting
for noise behavior in an image, the advanced model based IR (IMR, Philips
Healthcare, Best, The Netherlands) also accounts for data and image statistics
and detailed CT system geometry in the iterative process.’* In total 5 studies
determined the impact of iDose4 including 237 patients and 15 ex-vivo hearts,
and two studies determined the impact of (prototype) IMR in 28 patients and 15
ex-vivo hearts.

Three studies by den Harder et al., Willemink et al., and Matsuura et al. showed
that a high level of iDose4 (level 7) in combination with up to 80% dose reduction
results in lower Agatston scores.**** Reclassification for high level iDose4 occurred
in 15% of the cases with 2 out of 30 patients going from a positive score with full
dose FBP to a 0-score for iDose4 level 7 for one study®, while in another study
none of the patients (n=77) were reclassified from a positive to 0-score.” Besides,
the former study by Willemink et al. showed that lower levels of iDose4 and higher
dose did not lead to less reclassification.’* This is confirmed in another patient
study (n=28) by den Harder et al.: iDose4 level 4 with tube current reduction of
60% led to reclassification in 18% of the cases, compared to the full dose FBP
protocol.* Contrary, a larger patient study (n=102) by Hecht et al. showed that a
lower level of iDose4 (level 3) with tube current reduction results in reclassification
of 8% of the cases.” In this study the difference in mean Agatston score between
full dose and low dose was 17.4+25.8 which was smaller than the variability for
repetitive scanning with the same mAs.”” None of the patients were reclassified
from a positive to 0-score or from very high score (400+) to a lower risk category.”
Radiation dose of the full dose protocols ranged from 4.1 to 4.9 mGy and was
reduced to 0.8 to 2.0 mGy with the use of iDose4 with reclassification of 8% to 18%.

The combination of tube current reduction with IMR levels 1-3 led to lower
Agatston scores in 15 ex vivo hearts * but to similar results at 60% of the full dose
in 28 patients.” Nonetheless, reducing the dose further led to lower Agatston
scores at all IMR levels and reclassification in 21% of the cases.*

Adaptive Iterative Dose Reduction 3D (AIDR-3D)

The Adaptive Iterative Dose Reduction 3D (AIDR-3D, Toshiba Medical Systems,
Otawara, Japan) is based on iteratively adaptive filtering in the image domain and
noise reduction in the raw data domain, by taking scanner model, statistical noise
model and anatomical model into account.*®
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The impact of AIDR-3Dand tube current reduction was examined in five studies,
including two phantoms and 441 patients.*** These studies showed varying
results for the impact on the Agatston score of AIDR-3D (level: standard) and tube
current reduction. In a phantom study by Blobel et al. the mean Agatston score
was approximately 5% lower for reduced dose AIDR-3D protocol compared to full
dose FBP protocol.”” These differences were significant, however reclassification of
individuals was not evaluated. Likewise, in a patient study (n=54) by Tatsugami
et al. the mean Agatston score was 7% lower for AIDR-3D compared to FBP and
per individual the mean difference was 15.9%, with no false negatives.** Another
patient study (n=24) by Tang et al. reported similar mean Agatston scores for
AIDR-3D and full dose protocol, but the median Agatston score was reduced
with 12% and two patients (8%) were reclassified.*’ Contrary, in a larger patient
study (n=163) by Luhur et al. the mean Agatston score difference between full and
reduced dose protocol showed no systematic deviation.*? Besides, for the reduced
AIDR-3D protocol, no false positive and false negative scores were seen, but 5% of
the patients were reclassified.* In a large patient study (n=200) by Choi et al. the
reproducibility and reclassification were assessed for low dose AIDR-3D compared
to full dose FBP.* In total, 11% of the patients were reclassified (k=0.86), and of
these: 8 patients were reclassified from a 0-score to a positive score or vice versa.
The rescan agreement for risk categorization was k=0.87 (95% CI:0.83-0.93) and
k=0.91 (95% CI:0.86-0.95) for low dose AIDR-3D and full dose FBP, respectively.*’
Radiation doses of the full dose protocols ranged from 4.1 to 16.1 mGy and reduced
to radiation doses ranging from 0.7 to 5.7 mGy with a reclassification of 5% to 11%
when AIDR-3D was used.

Adaptive Statistical IR (ASIR-V)

The Adaptive Statistical IR-V (ASIR-V, GE Healthcare, Chicago, Illinois, USA) is
based on an algorithm focusing mainly on the modeling of system noise statistics,
objects and physics and less focused on the modeling of system optics.* Unlike the
former mentioned IR algorithms, ASIR-V entails forward and backward projection
between the raw data and image data domain. In one patient study (n=100) by
Sulaiman et al. a low dose protocol was used including Adaptive Statistical IR-V
and a low tube current and was compared with a full dose FBP protocol.** The
Agatston score and mass score were not significantly different for low and full dose,
respectively. Two patients were reclassified to a lower and one patient to a higher
risk category for the low dose protocol, but no patients were reclassified from
positive to 0-score or vice versa. The mean radiation dose of the full dose protocols
was 8.7+1.4 mGy and reduced to 6.6£2.9 mGy, corresponding to a reclassification
of 3% of the patients with the use of ASIR-V.**
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Comparison of various IR algorithms

In a study by Willemink et al. the impact of tube current reduction with FBP and
IR (low and high level) was determined on four scanners from different vendors in
15 ex-vivo hearts.* The Agatston score was similar for all dose-reduced protocols
with FBP compared to the full dose protocol with FBP. Using IR with reduced-
dose protocols, resulted in a trend towards lower Agatston scores, with significant
differences for one vendor compared to the full dose FBP protocol. Similar results
were found for the other vendors, but IR-reduced dose protocols did not improve
the reproducibility compared to FBP-reduced-dose protocols. No hearts were
reclassified for the reduced dose protocols of Philips and Siemens CT systems,
whereas maximum of two hearts (13%) were reclassified to a lower risk category
for IR-reduced-dose protocols for Toshiba and GE CT systems. Radiation dose was
reduced with 80% by lowering the tube current and using FBP.*¢

In a dynamic phantom study by Van der Werf et al. on four CT systems from
different vendors a dose reduction of 40% resulted in not significantly different
Agatston scores when FBP (Philips, Siemens, Toshiba) or IR (GE) was applied.”
For tube current reductions of 80%, Agatston scores were not significantly different
for Philips in combination with iDose levels 5 and 7. For mass scores, similar results
were found. For one vendor (Siemens) 80% dose reduction in combination with IR
also led to not significantly different mass scores.

Spectral shaping with tin filtration

In the past two years, four studies evaluated the impact of spectral shaping by tin-
filtration on CAC scoring in 140 patients and two phantoms, see Table 5 and Figure
3. In spectral shaping CT, a tin-filter is used at the X-ray tube. Low energy photons
that contribute little to the final image are filtered out of the x-ray beam by this tin-
filter, thereby reducing the radiation dose received by the patient. Studies report
dose reductions of 62 to 85% with the use of a tin-filter (Sn) at 100 kVp compared
to reference full dose acquisitions with 120 kVp.*-!

Phantoms studies have shown that CAC scoring is feasible when using tin-
filtration.”®! In a static phantom study by McQuiston et al., tin-filtration at
Sn100 kVp acquisition yielded similar Agatston scores as the 120 kVp sequential
acquisition at FBP projection.”® However, risk reclassification was not evaluated.
In another static and dynamic phantom study by Vonder et al., high-pitch spiral
Sn100 kVp acquisitions led to lower Agatston scores compared to the 120 kVp
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Table 5 - Characteristics of included studies with spectral shaping

Study Phantom/ Reference full dose protocol
patients Tube voltage =~ HU CTDIL / CAC score
(kVp) threshold Eff dose
McQuiston et al.  Static phantom 120 130 HU 0.48 mGy Agatston:
1 (2016) 686-688
Vonderetal. ®  Static and dynamic 120 130 HU 2.44 mGy Agatston:
(2017) phantom 638.3(625.7-653.2)**
Tesche et al. Patient (n=70) 120 130 HU 4.1 mGy Agatston:
(2017) 0.8240.32 mSv  41.2(2.1- 180.2)**
Apfaltrer etal. ®®  Patient (n=70) 120 130 HU 2.2 £ 0.7 mGy Agatston:
(2018) 0.57402 mSv  41.7(0.7-207.2)**
Study Phantom/ Reduced dose protocol
patients Tube voltage =~ HU CTDIL / CAC score
(kVp) threshold Eff dose
McQuiston et al. ~ Static phantom Sn100 130 HU 0.07 mGy Agatston:
51(2016) 639-672
Vonderetal. #®  Static and dynamic ~ Sn100 130HU 0.65 mGy Agatston:
(2017) phantom 600.8(593.7-621.3)**
Tesche et al. * Patient (n=70) 117 HU 657.4 (651.1-675.2)**
(2017)
Apfaltrer etal. ®  Patient (n=70) Sn100 130 HU 1.3 mGy Agatston:
(2018) 0.1940.05 mSv  38.2(1.4-156.9)**
Sn100 130HU 0.6 £ 0.3 mGy Agatston:
0.13+£0.07 mSv  34.9(0.7-197.1)**
Study Phantom/ Impact
patients CAC score Risk classification Dose
reduction
McQuiston et al. ~ Static phantom Similar ns. 85%
51(2016) Agatston score
Vonder etal. *  Static and dynamic Lower n.s. 62%
(2017) phantom Agatston scores
Tesche et al. Patient (n=70) Similar n.s.
(2017) Agatston scores
Apfaltrer etal. ®®  Patient (n=70) Lower Excellent agreement (k=0.98), 75%
(2018) Agatston scores 3% reclassification
Lower Excellent agreement (k=0.98), 78%

Agatston scores 4% reclassification

** median (IQR); CTDI  Computed Tomography Dose Index volume; Eff dose: effective radiation
dose; Sn100: Tin-filter with 100 kVp; n.s.: not specified;
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high-pitch spiral acquisition.*® However, similar Agatston scores were achieved by
using an adapted 117 HU threshold, while reducing the dose with 62% for Sn100
kVp compared to 120 kVp. In this study risk reclassification was also not assessed.

Two patient studies (n=70) by Tesche et al. and Apfaltrer et al. also showed an
underestimation of the Agatston score with sequential and high-pitch spiral
Sn100 kVp acquisitions compared to sequential and high-pitch spiral 120 kVp
acquisitions.*** In 3% and 4% of the cases, patients (n=2, n=3) were reclassified
into a lower risk category for Sn100 kVp compared to the 120 kVp acquisitions, for
respectively sequential and high-pitch spiral acquisitions.*>** Nevertheless, in none
of the patients false negative or false positive scores were encountered for Sn100
kVp.** The radiation dose was reduced by 75% and 78% to CTDI  of 1.3+1.7
mGy and 0.6+0.3 mGy for Sn100 kVp sequential and high-pitch spiral acquisitions

and led to reclassification of 3% and 4%, respectively.**

DISCUSSION

In this study, dose reduction techniques in CAC imaging were systematically
reviewed for their impact on Agatston score and CVD risk stratification. In 78% of
the studies, the radiation dose was reduced >50%, with CTDI , ranging from 0.6
to 5.5 mGy. However, the different dose reduction techniques had varying impact
on Agatston scores and CVD risk stratification.

CVD risk stratification is based on the Agatston score. Agatston score risk
categories are typically defined as very low, moderate, high, and very high risk
for scores of 0, 1-99, 100-399 and =400, respectively. Under- or overestimation of
the Agatston score could lead to reclassification of an individual and might lead
to inadequate prevention treatment in future CVD CT screening trials. Besides,
progression analysis of CAC could become relevant, and no or limited under- or
overestimation of the Agatston score would then be required. However, there is
no consensus about the clinical acceptable range of difference in Agatston score
and acceptable percentage of reclassification. In general, inter scan reproducibility
of the full dose protocol is regarded as the acceptable level of variance by most
of the studies included in this review, however the level of variance of a full dose
protocol can vary among the different protocols on different scanners.” Besides,
more studies with large sample sizes (n>200 patients) are needed to reliably show
the variance and impact of a specific dose-reduction technique.
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Impact on Agatston score

This review showed that tube voltage reduction led to high agreement for Agatston
score but with a systematic under- or overestimation of the Agatston score even if
the HU-threshold was adapted. Tube voltage reduction resulted in radiation dose
protocols of 0.6-1.2 mGy. Contrary to only tube voltage reduction, tube voltage
reduction with IR showed similar results for Agatston score at a radiation dose
of 0.4-1.6 mGy. Likewise, studies evaluating tube current-optimized and tube
current-reduced protocols, reported similar Agatston scores or a high agreement
of Agatston scores. Further reduction of the tube current resulted in excessive
noise levels. Although guidelines suggest to keep the noise level below 23 HU,”
various maximum noise levels were used in the included studies of this review.
To not exceed the maximum noise level, IR can be applied which allowed for a
large decrease in tube current, while maintaining similar noise levels at reduced
radiation doses. However, high IR levels showed an underestimation of the
Agatston score, whereas low and moderate levels showed similar Agatston scores
at a radiation dose of 0.8-3.9 mGy. Spectral shaping with tin-filtration resulted in
substantial dose reductions in CAC imaging (total dose: 0.6-1.3 mGy), but resulted
in underestimated Agatston scores. One study showed that adaptation of the HU
threshold resulted in similar Agatston scores for a tin-filter protocol compared to
the full dose protocol.

Impact on risk stratification

Only twelve studies (42%) in this review reported results regarding risk stratification.
Although two studies reported significant differences for Agatston score for tube
voltage reduction, reclassification of patients into lower risk categories was limited
to 2% to 7%. Remarkably, no studies reported reclassification percentages of tube
voltage reduction with IR or of tube current reduction alone. Contrary, eight studies
reported reclassification rates for tube current reduction with IR. Lower levels of
IR tended to result in less reclassification, but a wide range of reclassification was
reported: 3% up to 21% across all types of IR. One patient study (n=28) reported
similar Agatston scores, but showed high reclassification rates (18% and 21%) for
iDose4 level 4 and IMR. Contrary, another patient study (n=102) used iDose4
level 3, and showed a moderate reclassification rate (8%). This difference could be
caused by the limited number of included patients in the former study, or due to
the fact that the Agatston score distribution of both populations is considerably
different. Spectral shaping with tin-filter led to low reclassification rates (3% and
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4%). Nevertheless, so far only limited patient studies have been performed and
tin-filter is only available on latest generation dual-source CT. Future research is
needed with larger sample sizes and evaluation of reclassification rates.

Limitations

This systematic review study has some limitations. First, different maximum noise
levels were used in the included studies. Therefore, a higher decrease in tube
current was allowed in some studies. This may explain the wide range of reduced
radiation doses reported by the different studies. Second, there is no consensus
about the maximum acceptable Agatston difference or reclassification, therefore
studies used different ways of reporting and interpreting the clinical significance
of their results. For instance, some studies report no significant difference in
mean Agatston scores, while reporting median Agatston scores would be more
appropriate. Besides, studies reported high kappa values for dose-reduction
techniques and the full dose protocol, and therefore concluded that there is a high
agreement for risk classification. However, it remains unclear whether only a high
agreement (kK20.8) for risk classification is sufficient to allow for a wide-spread
implementation of a dose-reduction technique for screening, because also at high
kappa values a considerable percentage of individuals may still be reclassified and
the clinical impact of that is unknown. Third, there were substantial differences
among studies for reported full dose and reduced dose protocols. All included
studies (n=5) published in 2006 or earlier reported a full dose of >10.0 mGy and
reduced dose of >3.5 mGy. Whereas the majority (n=15) of the published studies
in 2012 and later reported full doses ranging from 0.9 to 4.8 mGy and reduced
doses 0f 0.1 to 3.0 mGy. Advances in CT technology over time have thus resulted in
dose reductions in the last 15 years. Finally, only one phantom study in this review
investigated the impact of combining different dose reduction techniques on one
CT system. Potentially, combining different dose reduction techniques could lead
to an even further dose reduction in patients undergoing CAC imaging, than
reported so far for the separate techniques.

CONCLUSION

Radiation dose reduction techniques allowed for radiation dose reductions of 50%
or more in 78% of CAC CT studies. However, risk reclassification was influenced
in 3% (dose reduction of 75%) up to 21% (dose reduction of 60%) of individuals,
depending on the acquisition technique. Specific dose reduced protocols, including
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either tube current reduction and IR or spectral shaping with tin filtration, that
showed low reclassification rates may potentially be used in CAC scanning and
in future population-based screening for CVD risk stratification. Tube current
reduction with IR is most intensively investigated in current literature as a method
for dose reduction in CAC imaging. Contrary to tin-filter, tube current reduction
is applicable on all type of CT scanners with limited impact on risk stratification.
Future research in dose reduction techniques of CAC imaging should focus on
larger patient studies evaluating CVD risk reclassification rates, Agatston score
distribution and the reproducibility of the dose reduced protocol.
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ABSTRACT

Coronary artery calcium (CAC) is a strong predictor for future cardiovascular
events. Traditionally CAC is quantified with the Agatston score, which was
developed in the 1990s using electron beam tomography (EBT). While EBT
technology has been replaced by modern multiple-detector row CT scanners,
CAC quantification has not changed although current literature indicates that
the traditional Agatston score lacks reproducibility resulting in subjects being
incorrectly classified. The traditional Agatston score is affected by newer CT
technology including more advanced image acquisition and reconstruction
techniques. Moreover, recent studies have shown that low-density CAC is
associated with increased cardiovascular risk and assessment of CAC distribution
may be a beneficial prognostic value. CAC quantification should be optimized
for modern CT scanners. In this paper we describe how to optimize CAC
quantification using a lower radiation dose and isovolumetric data set that can
be applied to contemporary CT scanners and acquisition and reconstruction
protocols. Optimized CAC images should be acquired at alow tube voltage allowing
for detection of small calcifications with lower densities and reconstructed with
thin slices and iterative reconstruction allowing for more precise 3-dimensional
CAC assessment to improve reproducibility. A low-dose optimized acquisition
and reconstruction method combined with advanced quantification will result
in improved reproducibility and allow for evaluation of CAC shape, density and
distribution along the coronary artery tree at a lower radiation dose exposure.
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INTRODUCTION

Coronary artery disease causes approximately one in every six deaths in
the United States, making it the leading cause of death in the US and in other
developed countries.! Cardiac risk assessment and primary prevention are
thus very important. The amount of coronary artery calcium (CAC) is a strong
predictor for future cardiovascular events.* Clinically, CAC scoring is used to
reclassify individuals at intermediate risk into more appropriate risk categories.’
For example, absence of CAC indicates a subject can be reclassified to low risk, and
large amounts of calcium indicate high risk for future cardiac events. Traditionally
CAC is quantified using the Agatston score, which can be easily quantified
and interpreted within a couple of minutes.* While it showed an independent
prognostic value in large populations resulting in robust reference score tables,
this time-tested method has important limitations.” Optimized image acquisition
and reconstruction combined with improved quantification can be more robust
than traditional Agatston scoring,*” with better reproducibility due to thin-slice
reconstructions,® iterative reconstruction,' and improved quantification of low-
density calcifications enabled by low tube-voltage acquisitions."! This may also
result in a reduced radiation dose. These optimizations will most likely improve
quantification of zero scores, low positive, or intermediate scores. Moreover, it will
allow for evaluation of distribution and shape of calcifications, which may allow
refining risk estimates.’> Machine learning algorithms may be helpful for these

evaluations.

IMAGE ACQUISITION

Electron beam tomography

The Agatston score was first published in the early 1990s.* At that time the gantry
rotation times of mechanically rotating 3rd generation computed tomography (CT)
scanners were not fast enough to adequately image a rapidly moving organ, such
as the heart. Agatston and colleagues used an electron beam tomography (EBT)
system. This scanner had no rotating mechanical elements and with exposure times
as short as 50 ms allowed for motionless imaging of the coronary arteries. EBT had
limitations pertaining to tube power, slice thickness, and spatial resolution. The
X-ray source could only be operated at a single energy level of 130 kVp. Coronary
lesions with a density of 130 Hounsfield units (HU) or higher were included in
the Agatston score. The area of each calcified lesion (in mm?) was multiplied by
an arbitrary chosen factor related to the peak attenuation: 130-199 HU, factor 1;
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200-299 HU, factor 2; 300-399 HU, factor 3; and >400 HU, factor 4. The final
Agatston score was the weighted sum of scores for all lesions. The most important
shortcoming for CAC quantification was the limited through-plane resolution:
minimum scan range per heartbeat was 3mm with the first EBT systems."® This
resulted in images with 3mm thick slices, which is large relative to the size of
the coronary arteries (the diameter of epicardial coronary arteries ranges from
approximately 5mm proximal to submillimeter and smaller in distal branches).
Due to the limited spatial resolution, calcified structures with low density and
most lesions with a smaller area than 1mm?2 could not be detected in the Agatston
score. Commonly, Agatston scores are classified into one of the following four risk
categories: no (0), mild (1-99), moderate (100-299), or severe (2300), respectively."
These categories result in different preventive measures, therefore changes in these
classifications may result in differences in clinical outcome.

Computed Tomography

The evolution of contemporary 3-rd generation CT scanners evolved quickly with
the introduction of slip-ring technology and multi-detector CT scanners that
combine fast gantry rotation with electrocardiography triggering and dedicated
reconstruction algorithms allowing high-resolution volumetric cardiac imaging.
The gantry rotation speed of state- of-the-art CT scanners allows a temporal
resolution between 65 ms and 130 ms, and coverage of the whole heart within a
single or few heartbeats. Modern CT scanners also generate improved image quality
at reduced radiation exposure due to optimized detector and image reconstruction
technology.”> Modern detector systems and powerful X-ray tubes and generators
of current-generation CT scanners allow the routine acquisition of images with a
slice thickness smaller than 1mm at the isocenter (Figure 1). Increased tube power
reserves also enable imaging at lower than the traditional 120 kVp tube voltages.
This enables improved 3-dimensional evaluation of CAC and theoretically allows
more precise and robust quantification. Despite these technical advances, the
original scoring method for CAC has not been substantially updated since the
1990s.

While several alternative methods to the Agatston scoring method have been
proposed, none have been incorporated into routine clinical practice or current
guidelines, which retain the traditional Agatston score.'®'” The Agatston score has
been used in all major large cohort studies, resulting in an abundance of prognostic
data for the Agatston score, and a lack of data for newer, potentially more sensitive,
robust, and dose efficient scoring methods.>’
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Thick slices Thin slices

3.0 mm slice thickness 0.6 mm slice thickness

Small calcification

Large calcification

Artery wall

Plaque
Small calcification Large calcification Small calcification Large calcification
Undetected small calcification Small calcification is detected

Figure 1 Partial Volume. Thick slice reconstructions (left) result in blurry images with less detail and
small calcifications remain undetected. Thin slice reconstructions (right) result in sharp images with
more detail and small calcifications can be detected. This results in more adequate quantification of
coronary artery calcium and allows for newer quantification methods such as calcium volume and
mass.

LIMITATIONS OF THE AGATSTON SCORE

Image acquisition and reconstruction: impact on image quality, noise, and radiation dose

A major limitation of the Agatston score is that it is not conducive to modern
methods of radiation dose reduction (Table 1). The radiation dose of coronary
CT angiography has decreased tremendously over the last years with the use of
prospective electrocardiography (ECG) triggering, tube current modulation, low
kVp acquisitions, fast (high-pitch) spiral acquisitions, and iterative reconstruction.'®
Radiation doses of CT exams for CAC quantification have also decreased, but to
a lesser extend."” The most important methods to reduce the CT radiation dose
include lowering the voltage (kVp) and current (mA) of the X-ray tube of the CT
scanner. While this would result in noisier images if the same mA was used, this
can be compensated for by increasing tube current combined with using iterative
reconstruction algorithms that reduce image noise.***! Since the Agatston score is
based on counting picture elements (pixels), weighted by the peak CT attenuation
(in Hounsfield units), any acquisition or reconstruction parameter affecting the
dimensions of a pixel (or voxel — volume element; i.e. pixel x section thickness),
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Table 1 Factors influencing the Agatston score

Factor Disadvantage

Slice thickness (3 mm)  Small and low-density calcifications may not reach 130 Hounsfield unit
threshold due to partial volume effect.
Reproducibility decreases with thicker slices.
Less suitable for 3D volumetric evaluation than thin slice images.

Tube voltage (120 kVp) Not as suitable as low kVp imaging for radiation dose reduction.
Detectability of low-density calcifications is reduced compared to low tube
voltage imaging.

Peak density within Affected by noise. If the noise is high, the maximum attenuation of a lesion

lesion increases, whereas the average attenuation stays the same. This prohibits
the use of low dose acquisitions and reconstruction of images with thin
slices and iterative reconstruction.

Thresholds (130 /200  Arbitrary chosen and systematic research is needed to find more optimal
/300 / 400 Hounsfield  thresholds.
Units)

Summarizing lesions  Equal scores for differently located lesions does not allow for evaluation of
distribution of calcifications throughout the coronary tree.

and any changes affecting the CT attenuation values will alter the Agatston score
for a given patient. Iterative reconstruction algorithms, however, should be used
with caution since they reduce noise, which affects Agatston scores resulting in
misclassification rates ranging from 3% up to 31%.* Reduced kVp scanning is
a powerful dose reduction method but it increases the CT attenuation of calcium.
Reduced kVp scanning combined with iterative reconstruction has not been
validated in large prospective multicenter trials and impact on patient management
and outcomes. The 2017 CAC expert consensus from the Society of Cardiovascular
Computed Tomography states that iterative reconstruction combined with 100
kVp acquisition may be used as an alternative to FBP with 120 kVp, however this
should be utilized with caution after site-based or literature-based validation for
each scanner vendor.** Early studies on radiation dose reduction mainly evaluated
correlation between routinely used radiation dose scans and reduced radiation
dose scans and found excellent correlations. However, recent studies have shown
misclassification rates ranging from 15% up to 29% after 80% dose reduction.'®*
This is mainly due to the dependency of the Agatston score on the peak density
of calcified plaques, which is substantially influenced by noise, thus resulting in
different Agatston scores.
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Sensitivity

The second limitation of the Agatston score is that it is based on a relatively large
section thickness (for today’s standards) of 3 mm. The resulting poor spatial
resolution, limits the detection and quantification of small calcifications due to
partial volume effects. Smaller and less dense calcifications may be underestimated
or completely missed depending on the relative location within a 3 mm thick slice
(Figure 2). We evaluated 1871 clinical CAC CT scans acquired at our institution
over the last 5 years (unpublished data). In total 959 scans (51.3%) showed a zero
Agatston score. Additional thin slices were routinely reconstructed to evaluate
lung parenchyma in the majority of these scans (N=826/ 959, 86.1%). Despite zero
Agatston scores, we found small coronary calcifications in 118/826 patients (14.3%)
on thin slices. This number is similar to a study conducted by Urabe et al., who
detected coronary calcifications in 18/132 patients (13.6%) with a zero Agatston
score.” Aslam and colleagues detected coronary calcifications in 24 patients on
0.5 mm images of 48 patients with a zero Agatston score on 3mm images.”” It is
currently unclear if the detection of small calcification is prognostically important
since current acquisition and reconstruction methods do not allow for evaluation
of sub-threshold small calcifications. However, there is a dose-response curve for
the quantity of calcium and the occurrence of adverse events. Patients with a low
calcium score (1-10) are at higher risk compared to those with zero calcium.?®

Figure 2 False-negative Calcium Scores. Calcium scoring CT scan of a 61-year old female acquired
with 120 kVp and reconstructed with standard 3mm slice thickness (A) and 0.6 mm thin slices (B).
The calcification proximal in the left anterior descending artery did not reach the 130 Hounsfield unit
threshold on the 3mm image resulting in a false-negative score, while it did reach the threshold on the
0.6 mm image.
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While the entire cohort of zero calcium is at low risk, those events that do happen
may do so in patients with calcifications just below the threshold of detection.
Improved spatial resolution and sensitivity to smaller lesions is also desirable for
studying higher order information about calcified plaque: it is very well possible
that not only the total amount of coronary calcium, but also the shape and the
density of individual lesions, and their distribution within the coronary arterial
tree convey additional or modulate prognostic information based on density
alone. Another factor that limits the detection and quantification of small and less
dense calcifications is the threshold of 130 HU used for CAC quantification. This
threshold is arbitrary and systematic research is needed to find a more optimal
threshold.

Reproducibility

While the Agatston score is a successful test since it is relatively easy to obtain, the
third limitation is its inherently suboptimal reproducibility. Since scoring of
individual lesions is based on the maximum pixel attenuation with an arbitrary
threshold of 130 HU, the method is vulnerable to image noise and beam hardening.
Standard acquisition parameters for modern day CAC scoring across different
CT manufacturers were proposed in a consensus paper by McCollough et al,
in 2007.% Similar CT scanner settings should result in similar Agatston scores.
In 2014, however, Willemink and colleagues showed that clinically used vendor
recommended CT scanning protocols resulted in substantially different Agatston
scores between CT manufacturers.’® Median Agatston scores of 14 ex-vivo hearts
for the CT system with the highest scores were 469.0 (182.8-1381.0) compared
to 332.1 (114.3-1134.6) for the CT system with the lowest scores. The median
relative difference between the same systems was 43.9 (21.9-55.1). If an individual
undergoes a CAC CT scan at one site, he or she could be classified differently
compared to another site with a different CT scanner; this was the case in up to
6.5% of subjects. Treatment recommendations for the same patient could thus differ
between sites. Several studies have reported differences in CAC scoring between
CT systems'****! and high inter-scan variability of Agatston scoring.®”*>-** Rutten
and colleagues showed that a small variation in patient position in the scanner leads
to different Agatston scores with median absolute percentage differences ranging
from 147 (0-200) in patients with low Agatston scores (ranging from 1 to 10) to 7
(4-22) in patients with high Agatston scores (> 400).” This resulted in potentially
misclassification of approximately 10% of patients. The lack of reproducibility
is multifactorial including motion artifacts and volume averaging. Another
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important factor limiting the reproducibility is again the conventional use of 3mm
slices for Agatston scoring. Simply reducing the slice thickness alone, however, will
also affect Agatston scores.®>***-* With current acquisition protocols, CAC scores
also differ between larger and smaller patients.*®** Compared to EBT - for which
CAC quantification was originally developed - modern CT scanners systematically
underestimate CAC scores, which can be explained by overall higher noise levels in
EBT due to limited photon flux.*"*

From quantification to characterization

The fourth shortcoming of the Agatston score is the equal weighting of calcifications
in different coronary artery segments. The Agatston score is calculated regardless
of the CAC location or distribution within the coronary artery tree (Figure 3).
However, distribution - such as proximal versus distal- of CAC may influence
the prognostic value of CAC quantification.” Moreover, the Agatston score is
based on the assumption that both higher volume and higher density of CAC are
as- sociated with increased cardiovascular risk. However, Criqui et al. showed
that CAC density was inversely associated with cardiovascular risk.* Their study
also showed that CAC volume was positively and independently associated with
cardiovascular risk. Therefore, the prognostic value of CAC might be improved if

LAD distal — ¢

LAD proximal —

- — | Cx

Figure 3 Distribution of Calcifications. Calcium scoring CT scan of a 49-year old male with a total
Agatston score of 265. The proximal and distal calcifications in the left anterior descending artery
(LAD), as well as the calcifications proximally in the circumflex (LCx), and distally in the right coronary
artery (RCA) contributed equally to the total risk score, whereas some of these calcifications may be
prognostically more important.
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scores accounted for differences in higher CAC volumes and lower CAC densities.
Furthermore, current dual-energy CT and future photon-counting CT systems
may allow for improved quantification of CAC densities due to mate- rial-
decomposition imaging capabilities and high spatial resolution imaging for the
latter technique.*

ALTERNATIVE SCORING METHODS

The limitations of the Agatston score have not gone unnoticed, and several
alternative CAC quantification methods have been proposed, including calcium
volume and mass scores.’®” Three-dimensional data allow the evaluation of
the volume of calcifications in cubic millimeters. With appropriate calibration,
facilitated by a calibration phantom CT table insert, the actual mass of CAC can
be expressed in milligrams. For feasibility reasons, volume and mass scores are
developed for the same CT acquisition settings as the Agatston score. Therefore,
these methods are still affected by the same partial volume effects as the Agatston
score itself. An advantage of both, volume and mass scoring methods is the linearity
of CAC measurements, which in contrast to the ordinal Agatston score allows for
more precise quantification. Another advantage is that both measures are not
substantially affected by small variations in image noise. The volume score is the
only score that is not weighted by density, which may be beneficial considering the
equivocal association between CAC density and cardiovascular risk. Disadvantages
of the mass score include the complicated acquisition method since a calibration
phantom is needed for every exam. Also, CAC mass is underestimated on CT
systems from all major vendors and results differ per vendor, worsening the
inter-scanner re- producibility.'**** With these methods, calcifications with areas
smaller than 1mm? can be quantified in a more reproducible manner. Both volume
and mass scores improve the reproducibility compared to Agatston scores.**>4647
However, to this date, these quantification methods are not used in a clinical and
screening setting due to the lack of prognostic data and the need for phantom
calibration.

SUGGESTED SOLUTIONS

An updated scoring method should entail a modification of CAC acquisition,
reconstruction and quantification, which addresses the limits of reproducibility,
spatial resolution, and allows taking advantage of modern radiation dose reduction
techniques. First, the X-ray tube voltage should be reduced (e.g. to 100 kVp), which
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may not only result in lower radiation doses, but also increases the CT attenuation
of less dense calcifications, allowing for improved detection and quantification of
low-density CAC. Second, images should be reconstructed with thin slices (1 mm
or less) resulting in isotropic images, allowing for precise three-dimensional CAC
quantification, which may improve re- producibility. Reducing slice thickness and
X-ray tube voltage will result in noisier images, particularly in larger patients;
third, we re- commend using noise reducing reconstruction methods, such as
iterative reconstruction, to reduce image noise. Fourth, volumetric CAC scores
should be quantified taking into account both volume and density (calibrated
X-ray attenuation) of calcified plaque. Last, these higher quality datasets may allow
refining risk estimates in the future by assessing the distribution of calcifications
throughout the coronary tree, allowing for differentiation for example between
diffuse and concentrated calcifications or proximal and distal calcifications.
Machine learning algorithms may be helpful for these evaluations. Since the
Agatston score has already shown to be a strong and independent predictor of
cardiovascular risk, an updated quantification method may not improve the
predictive value substantially. Potentially, adding CAC distribution and shape
may improve the predictive value. Also, using an inverse relation of CAC density
and cardiovascular risk may be of incremental value. CAC distribution, shape,
and inverse density should be evaluated extensively in multiple cohorts before
implementation in a new CAC scoring method. Replacing the Agatston score
would require an update of current CAC reference values. This can potentially
be done by retrospective recalculation of large CAC studies, such as the MESA
database, or if not possible a new prospective study should be set up. Future
research is thus indicated before the CAC quantification method can be improved.
Independent of the added value of these features, the most important aim of a new
score would be to allow for radiation dose reduction and improved reproducibility
without compromised predictive value. Recently, evaluation of progression of
CAC has gained interest.*® Improving reproducibility of CAC quantification will
inherently result in improved evaluation of CAC progression. One should keep
in mind that reductions in tube voltage and slice thickness and the application of
iterative reconstruction will affect CAC attenuation and noise. Moreover, iterative
reconstruction algorithms from different vendors result in different noise levels.*
This may affect the ease CAC score of interpretation. Ideally, CAC attenuation and
noise levels should be similar between CT systems from different vendors. This
could be achieved by setting a single allowed slice thickness and a range of allowed
noise levels and CAC attenuation using a standardized commercially available
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phantom. Another approach could be to determine conversion factors for every
CT system by using a standardized commercially available phantom. This should
be done for both small- sized patients and large patients since body size influences
CAC attenuation and image noise.

CONCLUSION

The CAC quantification method has not been updated substantially since its
introduction on EBT scanners in the early 1990s. In the meantime modern
multiple-detector row CT systems have replaced EBT technology and current
evidence indicates that the traditional Agatston score lacks in reproducibility
resulting in subjects being incorrectly risk classified. Recent studies indicate
that low-density CAC is associated with a higher cardiovascular risk and that
the number, distribution and shape of CAC may be of prognostic value as well.
The effects of these limitations on outcome prediction are not evaluated yet in
large cohorts, however, we expect that more robust CAC quantification will
enhance cardiovascular risk quantification. Therefore, we suggest optimizing
CAC quantification for modern CT scanners using lower radiation doses and
higher spatial resolution. Optimized images should be acquired at a low tube
voltage allowing for detection of small and lower density calcifications and thin
slices are reconstructed with iterative reconstruction allowing for more precise
3-dimensional CAC assessment to improve reproducibility. Lower tube voltage also
decreases radiation exposure. Further research is needed to derive optimized CT
acquisition and CAC quantification methods. Once optimized CAC quantification
methods are developed, they should be evaluated in large observational studies
with long follow-up time. We expect that optimized protocols will result in
improved reproducibility and will allow for evaluation of CAC density, shape
and distribution within the coronary artery tree at a reduced radiation dose. In
summary, the Agatston score has important limitations, including suboptimal
reproducibility, spatial resolution and does not account for new image acquisition
and reconstruction modes for current MDCT scanners. Therefore, we propose
image acquisition, reconstruction and means to quantify coronary artery calcium
should be optimized.
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ABSTRACT
Purpose

The objective of this study was to evaluate the influence of iterative reconstruction
on coronary calcium scores (CCS) at different heart rates for four state-of-the-art
CT systems.

Methods

Within an anthropomorphic chest phantom, artificial coronary arteries were
translated in a water-filled compartment. The arteries contained three different
calcifications with low (38 mg), medium (80 mg) and high (157 mg) mass. Linear
velocities were applied, corresponding to heart rates of 0, <60, 60-75 and >75 bpm.
Data were acquired on four state-of-the-art CT systems (CT1-CT4) with routinely
used CCS protocols. Filtered back projection (FBP) and three increasing levels of
iterative reconstruction (L1-L3) were used for reconstruction. CCS were quantified
as Agatston score and mass score. An iterative reconstruction susceptibility (IRS)
index was used to assess susceptibility of Agatston score (IRSAS) and mass score
(IRSMYS) to iterative reconstruction. IRS values were compared between CT
systems and between calcification masses. For each heart rate, differences in CCS of
iterative reconstructed images were evaluated with CCS of FBP images as reference,
and indicated as small (<5%), medium (5-10%) or large (>10%). Statistical analysis
was performed with repeated measures ANOVA tests.

Results

While subtle differences were found for Agatston scores of low mass calcification,
medium and high mass calcifications showed increased CCS up to 77% with
increasing heart rates. IRSAS of CT1-CT4 were 17%, 41%, 130% and 22% higher
than IRSMS. Not only were IRS significantly different between all CT systems, but
also between calcification masses. Up to a fourfold increase in IRS was found for
the low mass calcification in comparison with the high mass calcification. With
increasing iterative reconstruction strength, maximum decreases of 21% and 13%
for Agatston and mass score were found. In total, 21 large differences between
Agatston scores from FBP and iterative reconstruction were found, while only 5
large differences were found between FBP and iterative reconstruction mass scores.
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Conclusion

Iterative reconstruction results in reduced CCS. The effect of iterative reconstruction
on CCS is more prominent with low-density calcifications, high heart rates and
increasing iterative reconstruction strength.
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INTRODUCTION

Iterative reconstruction for computed tomography (CT) is a powerful technique
which can be used to reduce CT radiation dose.!™® The effect of iterative
reconstruction on quantitative measurements in cardiovascular imaging has been
subject of recent studies.'"** One of the most commonly used cardiovascular risk
assessment tools in CT is coronary calcium scoring (CCS). CCS can be expressed
as Agatston score, which can be used to estimate the risk of future cardiovascular
events.'”? In addition, the coronary calcium mass score has been introduced which
is known to have a better stability under the influence of multiple parameters,
including varying heart rates and high image noise.” According to the most recent
guidelines from the American Heart Association (AHA), Agatston score risk
categories can guide treatment strategies for asymptomatic adults.”? Consequently,
accurate determination of CCS is important to assign individual patients to correct
risk categories.

Currently, CT acquisition is synchronized to the diastole resting period, where,
with appropriate electrocardiograph (ECG) triggering, it is assumed that coronary
arteries are imaged at relative rest. Nevertheless, the coronary arteries are known to
move at velocities of up to 30 mm/s even during the rest phase, depending on both
heart rate and coronary artery.”* These velocities strongly influence the stability
of CCS, together with other factors including calcification mass and density or
imaging factors such as image noise and use of iterative reconstruction.?**
However, a systematic understanding of the mutual dependence of these factors
and their influence on CCS is still lacking. We hypothesize that the influence
of iterative reconstruction at different heart rates will differ between different
calcification densities. Therefore, the aim of this study was to evaluate the influence
of iterative reconstruction on CCS for various calcifications at different heart rates
using four state-of-the-art CT systems.

MATERIALS AND METHODS

Within an anthropomorphic chest phantom (QRM-Chest, QRM, Moehrendorf,
Germany), artificial coronary arteries were moved in a water-filled compartment
(Figure 1). The artificial coronary arteries contained hydroxyapatite (HA)
calcifications of low (38.5+1.7 mg), medium (80.1+3.3 mg) and high (157.1+6.5 mg)
mass. The cylindrical calcifications were 5.0+0.1 mm in diameter, with a length of
10.0£0.1 mm resulting in densities of 196+3, 408+2 and 800+2 HA/cm’ for the low,
medium and high mass calcification, respectively. The chest phantom contained
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Figure 1 Anthropomorphic chest phantom with extension ring and motion controller (QRM,
Moehrendorf, Germany). An artificial coronary artery moved in the horizontal plane inside the water
tank in the center of the chest phantom

artificial lungs, a spine insert and a shell of soft tissue equivalent material. To mimic
an averaged sized patient, an extension ring of fat equivalent material was used to
increase the size of the phantom to 400 x 300 mm."

The artificial coronary arteries were moved with a computer-controlled lever
(QRM-Sim2D, QRM, Moehrendorf, Germany) at constant linear velocities of 0,
10, 20 and 30 mm/s in a horizontal plane perpendicular to the scan direction. The
linear velocities used corresponded to heart rates of 0, <60, 60-75 and >75 bpm.*

Raw data were acquired with routinely used CCS protocols on four CT systems
(CT1-CT4): Discovery CT 750 HD (GE Healthcare, Waukesha, Wisconsin, USA),
Brilliance iCT (Philips Healthcare, Best, The Netherlands), Somatom Definition
Flash (Siemens Healthcare, Forchheim, Germany) and Aquilion One Vision
(Toshiba Medical Systems, Otawara, Japan), respectively (Table 1).
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Table 1. Acquisition and reconstruction parameters used on CT system CT1 to CT4

CT system CT1 CT2 CT3 CT4
Tube voltage [kV] 120 120 120 120

Tube current per rotation 175 50 80 80
[mAs]

Collimation [mm)] 64 x 0.625 128 x 0.625 128x 0.6 320x 0.5
Rotation time [s] 0.35 0.27 0.28 0.35
Temporal resolution* [ms] 175 135 75 175

Slice thickness [mm] 2.5 3.0 3.0 3.0
Increment [mm)] 2.5 3.0 3.0 3.0
Kernel Standard XCA B35f FC12
Iterative reconstruction ASIR iDose* SAFIRE AIDR 3D
iterative reconstruction levels 20, 60, 100% 1,5,7 1,3,5 weak, standard,
(L1-L3) strong
Calcium scoring software Smartscore 4.0  Heartbeat-CS Syngo Vitrea FX 6.5.0
Noise level (HU) 26 22 28 24

Mass calibration factor 0.74 0.78 0.74 0.84

* As defined in the isocenter.

Acquisition was performed five times for each heart rate, with a small deviation
and rotation between the scans by manual repositioning of the phantom. The ECG
trigger output of the computer-controlled lever was used as an ECG trigger input of
the CT scanner to ensure data acquisition during linear movement of the artificial
artery. Acquisition was performed at 60% of the movement, so that turning points
of the artificial coronary artery were not included.

FBP and (hybrid) iterative reconstruction were used to reconstruct raw data on
each CT system (Table 1).® In addition, for each CT system, the lowest (L1), an
intermediate (L2) and the highest (L3) available level of iterative reconstruction
were used. CT-system specific noise levels in FBP images were assessed by
calculating the standard deviation in the average Hounsfield value in a uniform
water region (Table 1). CCS was quantified for each reconstruction as Agatston
and mass score, with a default threshold of 130 Hounsfield Units (HU). CCS was
assessed using the vendor specific software (Table 1), where one observer selected
each calcification. A CT-specific calibration factor was used for the mass score,
which was calculated as described previously.” For this, a dedicated, stationary,
insert (CCI, QRM, Moehrendorf, Germany) for the QRM thorax phantom with
a water cylinder was used. From the five measurements, mean CCS and standard
deviation were calculated per calcification mass for each combination of CT
system, heart rate and reconstruction.
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A root mean square measure was used to quantify the susceptibility of CCS
to iterative reconstruction for each CT system. The iterative reconstruction
susceptibility (IRS) index was defined as:

1 , 1
IRS = Ty N (%o —xi)zx—o (1)

in which x is the CCS at FBP, x, is the CCS at iterative reconstruction level i and
N is the total number of reconstructions. Low IRS indicates a low susceptibility of
CCS to differences in reconstruction type. IRS values were compared between CT
systems and between calcification masses for each CT system. For each heart rate,
differences in CCS of iterative reconstructed images with respect to the reference
of CCS of FBP images were calculated and indicated as small (<5%), medium (5-
10%) or large (>10%).

Statistical analysis was performed with SPSS for Windows (IBM SPSS Statistics,
Armonk, New York, USA), version 22.0, where a p-value smaller than 0.05 was used
to determine significance. Normal distribution of the data was analyzed with the
Shapiro-Wilk test. Significant differences between CCS of iterative reconstructed
images and FBP images were assessed with repeated measures ANOVA tests, as
well as differences in IRS.

RESULTS
Accuracy of CCS

The routinely used CCS protocols resulted in comparable noise levels in the reference
CCS images for the used CT systems (Table I). For the low mass calcification, only
minor differences were shown between reference Agatston scores from different
CT systems (Figure 2, top row). In comparison with reference Agatston scores at
0 bpm, the average differences with reference Agatston scores at >75 bpm were
-18%, -9%, 5% and -13% for CT1-CT4, respectively. These differences in reference
Agatston scores between 0 and >75 bpm were more pronounced for medium and
high mass calcifications. For medium mass scores increased with 38%, 36%, 11%
and 37% for CT1-CT4, respectively, while the high mass calcification even showed
increases in reference Agatston score of 77%, 49%, 23% and 63%.

On all CT systems, reference mass scores generally underestimated physical mass
(Figure 2, bottom row). For the low mass calcification, and averaged over all heart
rates, mean reference mass scores were 28, 24, 20 and 26 for CT1-CT4, respectively.
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For the medium mass calcification mean reference scores were 73, 76, 62 and 83
and for the high mass 134, 166, 131 and 178. For CT1-CT4, differences in reference
mass scores between 0 and >75 bpm were -25%, -14%, -8% and -18%, respectively.
Relative differences in reference CCS between 0 and >75 bpm for the medium
and high mass calcification were smaller for mass scores than for Agatston scores.
Medium mass calcification differences were -8%, 10% -2% and 1% for CT1-CT4,
respectively, while for the high mass calcification differences of -18%, 13%, 4% and
10% were found .
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Figure 2 Mean and standard deviation reference Agatston score (top) and reference mass score (bottom)
for all CT systems and heart rates for low (A), medium (B) and high (C) calcification mass. Physical
mass, for the reference mass score graphs, is indicated with a solid line

Influence of reconstruction method on CCS

On average, Agatston scores were more susceptible to application of iterative
reconstruction than mass scores, (Figure 3). Averaged over all heart rates and
calcifications, IRS,  for CT1-CT4 were 17%, 41%, 130% and 22% higher than
IRS, .. Both IRS,  and IRS, . were found to differ significantly between CT systems
(Agatston score: p=0.001, mass score: p<0.000). Also, for each individual CT
system, significant differences in IRS,  and IRS , between all calcification masses
were found. The IRS was significantly larger for low mass calcifications compared
to medium and high mass calcifications.

132



Influence of iterative reconstruction on coronary calcium scores at multiple heart rates | Chapter 7

H obpm
@ <60 bpm
[ 60-75 bpm
[ >75 bpm
10+
o
o
<
x
<
c 54
'|_
2
%)
0+
\ \ \ \
p=0.007 p=0.038 p<0.001 p<0.001
T T T T T T T T T T T T
Low Medium High Low Medium High Low Medium High Low Medium High
S cm2 T3 cTa
159
10+
o
o
<
x
()
T
£ 5
'
=
%)
) Hﬁj
o W) e Laicill] oty wi [
p=0.020 p<0.001 p<0.001 p<0.001
T T T T T T T T T T T T
Low Medium High Low Medium High Low Medium High Low Medium High
(@] CT2 CcT3 CT4

CT system - Calcification mass

Figure 31RS, (mean and SD) and IRS,  (bottom) for all CT systems at 0, <60, 60-75 and >75 bpm and
for the low, medium and high mass calcification. Smaller IRS values indicate smaller susceptibility to
differences in reconstruction type. P values below the bars indicate significant differences of IRS between
calcification masses. If available, significantly different pairs of calcification masses are indicated with
square brackets. A square bracket therefore points out that the influence of changes in reconstruction is
significantly different for these two calcifications

For each reference Agatston score, differences between Agatston scores and their
reference increased with increasing iterative reconstruction level (Table 2). These
differences increased also with increasing heart rate and decreasing calcification
mass. For almost all calcification masses and heart rates, significant differences were
found between Agatston scores from different reconstructions. These differences
resulted in large differences between iterative reconstruction and FBP Agatston
scores for only the low mass calcifications. A maximum difference of -21% was
found for CT3 at >75bpm and L3, where the average Agatston decreased from
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100.8 to 80.1. In total, 21 combinations of heart rate and calcification mass resulted
in large differences in Agatston score between FBP and iterative reconstruction,
while 40 medium differences were found. Large differences were not found for
CT2, where only small and medium differences were given between Agatston
scores from FBP and iterative reconstruction.

Similar trends were found for mass scores, although the differences were much
smaller than for Agatston scores (Table 3). This resulted in a decrease in the number
of large (n=5) and medium (n=26) differences. Despite these smaller differences,
we still found large differences for low mass calcifications in combination with
certain heart rates. The maximum difference of -13% was associated with the low
mass calcification on CT4 at >75 bpm. While an increase in iterative reconstruction
was typically associated with a decrease in mass score, an increase in mass score
was shown for CT1 with the medium mass calcification. At >75 bpm and L2, an
increase in mass score of 11% was shown.

DISCUSSION

In conclusion, the results of this study indicate that the effect of iterative
reconstruction on CCS depends not only on CT system or calcification mass but
also on heart rate. For repeated CCS measurements it was demonstrated that CT
system, reconstruction type and heart rate should be similar.

The most clinically relevant finding of this study is that changes in reconstruction
type as well as heart rate can cause changes in the measured amount of coronary
calcium. The extent of deviation depends on the exact combination of CT system
and iterative reconstruction type, as well as cardiac frequency. Our results, as
stated in Tables 2 and 3, can be used to adjust CT measurements for changes in
reconstruction, given a stable heart rate and CT system. Second, the impact of
changes in iterative reconstruction strength on CCS was significantly different
between all CT systems, as indicated by IRS analysis. In addition, the effect of
iterative reconstruction on CCS was more prominent in calcification masses with
lower density compared to higher density, these differences were also significant.
For these lower density calcifications it was also found that the influence of iterative
reconstruction is found to be comparable to the influence of heart rate. The main
reason for this density-based iterative reconstruction influence is the threshold of
130 HU, which is used for CCS. With higher iterative reconstruction levels, more
voxels inside the calcified region of interest fall below this threshold, because the
calcification edge becomes less clear at increased heart rates, which in turn results
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in a decreased number of voxels above the threshold of 130 HU. The importance
of adequate quantification of low density calcifications was emphasized by Criqui
et al, who showed that coronary calcification density was inversely associated
with coronary heart disease and cardiovascular events.*® Third, differences in CCS
between FBP and iterative reconstruction were shown to increase with increasing
iterative reconstructionlevel, increasing heartrate and decreasing calcification mass.
This resulted in significant differences in CCS between all used reconstructions per
heart rate for most combinations of CT systems and calcification masses. As stated
before, CCS are used for treatment strategies according to recent AHA guidelines.*
Not only CCS at baseline is important, also progression of CCS is gaining more
interest.>-* For this reason, accurate determination of CCS in follow-up studies is
necessary. The use of the more stable mass score, in comparison with the Agatston,
could be helpful in this context. However, due to a lack of accepted reference
values, this score is not widely used yet. In light of the results found in the current
study, we recommend that consecutive CCS measurements should therefore be
performed with the use of the same CT systems, the same reconstruction and,
preferably, at a similar heart rate. Future research is needed to develop specific
acquisition protocol recommendations for CCS assessment.

Previous studies have also focused on the influence of heart rate on CCS.26:27:36-38

However, these studies did not assess the influence of iterative reconstruction at
different heart rates. Our study is, to the best of our knowledge, the first study to
assess this influence. We have shown for low mass calcifications that the influence
of heart rate is comparable with the influence of iterative reconstruction for CT1
(-18% and -19%), CT2 (-9% and -6%) and CT4 (-13% and -13%), respectively.
In contrast with CT3, where the influence of heart rate (5%) was not comparable
with the influence of IR (-21%). The difference between CT3 and the other CT
systems arises from the smaller temporal resolution of this system. In the current
study, significant differences in CCS from different CT systems were shown.
This finding is in agreement with a study from Willemink et al, who showed
differences in median Agatston scores up to 43.9% between CT systems from four
manufacturers." However, this study assessed neither the influence of iterative
reconstruction or heart rate, as it was performed on cadaveric human hearts.
In addition, the underestimation of physical mass with the mass score was also
demonstrated in previous studies.**® Our study showed that the influence on CCS
of changes in reconstruction is smaller for mass scores than for Agatston scores.
IRS, were up to 130% higher than IRS .. This finding is in agreement with recent
studies, which show smaller variability for mass scores.?****"** Many recent studies
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have shown that increasing levels of iterative reconstruction causes a reduction in
CCS.!»164043-48 Thig result was also established in our study.

Limitations of this study have to be taken into consideration. First, although the
motion of the phantom used in this study was linear and perpendicular to the
scan direction, and the in-vivo motion of the coronary arteries exhibits a complex
movement in 3D, we estimate that due to the fast rotation time and relatively short
scan times, the motion in our phantom is a reliable first approximation of this
complex motion. Second, for acquisition only sequential scans were performed.
With new, high-pitch spiral mode scanning for coronary calcium appearing, this
method could further improve temporal resolution over longer scan lengths. Third,
only mild to severe coronary plaque burden was evaluated by the used calcium
inserts. Therefore, our results are not directly applicable to very low to near-zero
CCS. Fourth, the used calcium inserts had a relatively large size (diameter 5 mm,
length 10 mm). However, quantification of the inserts still resulted in clinically
relevant Agatston scores ranging from 100 to 400. Finally, acquisition protocols
were not optimized for CT system comparisons.

In conclusion, the impact of iterative reconstruction on CCS is large for low mass
calcifications. For medium and high mass calcifications, this impact is relatively
small. The impact of iterative reconstruction on CCS further increases with
increasing heart rate. In addition, IRS were significantly different between all
CT systems and calcification masses. Therefore, this phantom study shows that
for repeated CCS measurements, reconstruction type should be kept constant,
especially for low mass calcifications. Also, heart rate and CT system should be
kept constant for follow-up studies. These findings underscore that repeated
CCS measurements should be acquired on the same CT system using the same
reconstruction type and, ideally, at a similar heart rate. If the same setup is not
available for repeated CCS measurements, the possible change in CCS as a result
of a change in setup should be taken into account when interpreting the results.
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ABSTRACT

Purpose

To evaluate the influence of dose reduction in combination with iterative
reconstruction (IR) on coronary calcium scores (CCS) in a dynamic phantom on
state-of-the-art CT systems from different manufacturers.

Methods

Calcified inserts in an anthropomorphic chest phantom were translated at 20mm/s
corresponding to heart rates between 60 and 75 bpm. The inserts were scanned
five times with routinely used CCS protocols at reference dose and 40% and 80%
dose reduction on four high-end CT systems. Filtered back projection (FBP) and
increasing levels of IR were applied. Noise levels were determined. CCS, quantified
as Agatston and mass scores, were compared to physical mass and scores at FBP
reference dose.

Results

For the reference dose in combination with FBP, noise level variation between CT
systems was less than 18%. Decreasing dose almost always resulted in increased
CCS, while at increased levels of IR, CCS decreased again. The influence of IR
on CCS was smaller than the influence of dose reduction. At reference dose,
physical mass was underestimated 3 to 30%. All CT systems showed similar CCS
at 40% dose reduction in combinations with specific reconstructions. For some
CT systems CCS was not affected at 80% dose reduction, in combination with IR.

Conclusion

This multivendor study showed that radiation dose reductions of 40% did not
influence CCS in a dynamic phantom using state-of-the-art CT systems in
combination with specific reconstruction settings. Dose reduction resulted in
increased noise and consequently increased CCS, whereas increased IR resulted
in decreased CCS.
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INTRODUCTION

The coronary calcium score (CCS) is known to be a strong predictor for major
adverse cardiovascular events."” Computed tomography (CT) is the first modality of
choice for assessment of the presence and quantification of calcium in the coronary
arteries. The number of CCS examinations with CT is expanding rapidly. However,
due to the expanding use of ionizing radiation in medicine, CT has become the
main source of increased population dose in Western countries.* This dose issue
is especially important when considering the 2013 guidelines from the American
Heart Association that recommend CCS measurements if, after quantitative risk
assessment, the risk-based treatment decision is uncertain in asymptomatic adults
at intermediate and low-to-intermediate risk.’

Recently, iterative reconstruction (IR) has become widely available on commercially
available CT systems. IR allows for a dose reduction without the typical decrease in
image quality.*® It may therefore be possible to quantify CCS at lower dose levels,
when using IR. Recent studies found that application of IR can result in spurious
decreases in CCS in comparison with conventionally used filtered back projection
(FBP).”!! These effects of dose reduction and IR on CCS can be explained by their
effect on image noise. At decreased dose an increase in noise is expected. This
increase in noise can be associated with an increase in voxels above the calcium
threshold of 130 Hounsfield Units (HU), which in turn increases CCS. Conversely,

a decrease in CCS is expected with IR since it reduces noise.'*""*

Moreover, cardiac motion imposes problems for the stability of CCS since calcium
can be blurred and CCS can be over- or underestimated, depending on the density
of the calcification.’®!® The combined effects of dose reduction, IR and heart
rate on CCS for all major manufacturers have not been investigated before in a
phantom study.

Therefore, the objective of this study was to evaluate the influence of dose reduction
in combination with IR on CCS of moving calcifications in coronary CT on state-
of-the-art CT systems from different manufacturers.

MATERIALS AND METHODS

An anthropomorphic chest phantom (Thorax, QRM, Moehrendorf, Germany)
with artificial lungs, a spine insert and a shell of soft tissue equivalent material was
used.'*"” An extension ring of tissue equivalent material was placed around the
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chest to simulate an averaged sized patient of 400 x 300 mm (QRM-Extensionring,
QRM, Germany)."” The center compartment of the phantom was filled with water
in which a motion simulator (Sim2D, QRM, Moehrendorf, Germany) translated
an artificial coronary artery with two calcium hydroxyapatite (HA) inserts. The
inserts had densities of 196+3, 380+2, 408+2 and 800+2 mg HA / cm® and masses
of 38.5%1.7, 74.6+3.1, 80.1£3.3 and 157.1+£6.5 mg HA, respectively (Appendix B
and C).

All inserts had equal dimensions; length 10.0+0.1 mm, diameter 5.0+0.1 mm,
volume 196.3+8.1 mm?®. The artificial arteries were linearly translated in the
horizontal plane at a velocity of 20 mm/s perpendicular to the scan direction. This
velocity is comparable to typical velocities of the left anterior descending and right
coronary arteries during the late diastolic scan phase of the R-R interval, at heart
rates between 60 and 75 bpm.?**!

In order to assess the influence of IR and dose reduction on CCS in a clinical
setting, daily used clinical CT protocols for coronary calcium scoring were used.
These protocols were equal to the vendor recommended protocols if available or
were adapted based on recommendation by the specific manufacturer consultants.
Four different state-of-the-art CT systems (referred to as S1 to S4) were used:
Discovery CT 750 HD (GE Healthcare, Waukesha, Wisconsin, USA), Brilliance
iCT (Philips Healthcare, Best, The Netherlands), Somatom Definition Flash
(Siemens Healthcare, Forchheim, Germany) and Aquilion One (Toshiba Medical
Systems, Otaware, Japan), respectively (Table I).

The phantom was scanned at three dose levels by reduction of the tube current: a
reference dose at 100% tube current, and at reduced dose levels of 40% and 80%
reduced tube current. Each scan was repeated five times with a small translation
(2 mm) and rotation (2 degrees) between each scan by manually repositioning the
phantom. The internal ECG signal of the motion controller was used to simulate
the heart rate of the patient and used as ECG trigger on all four CT systems. The
triggering was carefully timed so that data acquisition was during linear motion of
the phantom.

Images were reconstructed with FBP, and three increasing levels of IR: the lowest
(L1), an intermediate (L2) and the highest level available on the CT system (L3)
(Table 1). For each data set the noise level in the images was assessed by calculating
the standard deviation in the average Hounsfield value in a uniform water region.
The amount of calcium of each insert was quantified as Agatston and mass scores
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Table 1. Acquisition and reconstruction parameters used on CT system S1 to S4.

CT system S1 S2 S3 S4
Tube voltage 120 kV 120 kV 120 kV 120 kV
Tube charge per rotation 500 mA 185 mA 285 mA 230 mA
Collimation 64x0.625mm 128x0.625mm 128 x 0.6 mm 320 x 0.5 mm
Rotation time 0.35s 0.27 s 0.28 s 0.35s
Temporal resolution® 175 ms 135 ms 75 ms 175 ms
Slice thickness 2.5 mm 3.0 mm 3.0 mm 3.0 mm
Increment 2.5 mm 3.0 mm 3.0 mm 3.0 mm
Kernel Standard XCA B35f FC12
Levels of IR 20, 60, 100% 1,5,7 1,3,5 weak, standard,
strong
Noise level 26 HU 22HU 28 HU 24 HU
CTDI,, 10.6 mGy 32mGy 2.8 mGy 6.5 mGy
Software Smartscore 4.0  Heartbeat-CS Syngo Vitrea FX 6.5.0

* As defined in the isocenter

with manufacturer-recommended software (Table 1) with a default threshold of
130 Hounsfield units (HU). A semi-automatic method was used for selecting
the calcification by one observer. On each CT system, the mass score calibration
factors were determined as described by McCollough et al."” Although mass scores
were not used clinically, they were included for this study because of its potential
to compare the score to the physical mass.

The design of this study resulted in 480 calcium scores per CT system (5
acquisitions at 3 dose levels with 4 reconstruction types for 4 calcifications and 2
calcium scores).

Agatston score and mass score were expressed as median and 25th to 75th
percentile for each calcification insert and CT system. For each insert, CCS from
both the iteratively reconstructed and FBP reconstructed data sets for reduced dose
levels were compared to the CCS from the FBP reconstructed data sets at reference
dose using a Wilcoxon signed rank test. All statistical analyses were performed
with SPSS for Windows, version 22.0. A p value of 0.05 was used to determine
significant differences.
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RESULTS

Influence of dose reduction and iterative reconstruction on noise

For all CT systems and all reconstructions, a decrease in dose resulted in a vendor
dependent increase in noise, whereas IR led to a decrease in noise (Figure 1). Also,
although the CTDI  differed at most with a factor of 3.8 between the CT systems,
the noise levels varied less than 18% at FBP reference dose.

5 80
= : l ;
T o ]
<2
w . !
S a0 § i
; : N I R
=
g Toos = - + 'm HI] [j & & L
S o0 e o e [ R
E = = & = “I' =

FBP[ L1 [ L2 | L3 [FBP[ L1 [ L2] L3[FBP[ L1 [ L2] L3[FBP| L1 | L2 L3
S1 S2 S3 S4

Reconstruction method / CT system

Figure 1 Average noise levels in a uniform water region for images reconstructed with filtered back
projection (FBP) and increasing levels of IR L1, L2 and L3 as measured on CT systems S1, S2, S3 and
S4. For each combination of reconstruction method and CT system boxplots are shown for the average
noise level at reference dose, and 40% and 80% reduced dose

Influence of dose reduction on Agatston score with FBP

Dose reduction resulted in significant increases in Agatston scores for almost all
calcifications and CT systems (Figure 2). This increase, in combination with an
increase in noise, is depicted in the top row of Figure 3.

For S1 at FBP and averaged over all inserts, Agatston scores increased by 8%
and 25% at 40% and 80% reduced dose respectively. For the other CT systems
similar increases in Agatston scores at FBP were observed at reduced dose with
a corresponding average increase of 7% and 64% for S2, 4% and 26% for S3, and
1% and 23% for S4. The largest increase in Agatston score at reduced dose was
observed for the 38 mg insert at 80% dose reduction: 58%, 160%, 48%, and 71% for
S1 to S4, respectively.
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Figure 2 Influence of dose reduction on Agatston score for S1 to S4 with FBP. The movement of the
calcification corresponds to displacements seen with heart rates of 60 — 75 bpm. For calcifications of 38,
74, 80 and 157 mg boxplots of the Agatston score at reference dose, and at 40% and 80% reduced dose
are shown. Agatston scores are compared with the Agatston score at reference dose using the Wilcoxon
signed rank test. Significant different Agatston scores are indicated by brackets

Influence of dose reduction on mass score with FBP

Also, dose reductions resulted in significantly increased mass scores at FBP for
almost all inserts and CT systems, albeit that the increase was smaller than the
increase in Agatston scores (Figure 4).

At 40% reduced dose, mass scores increased on average by 0%, 3%, 1% and 0% for
S1 to S4 respectively in comparison with the mass score at reference dose. At 80%
reduced dose, mass scores increased 35%, 15% and 13% for S2 to S4, whereas for
S1 the mass score decreased 11%.
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Figure 3 Reconstructed images of a 3.0 mm slice of the 38 mg insert moving at 20 mm/s on S2. Data was
acquired at reference dose, and at 40% and 80% dose reduction (from left to right) and reconstructed
with filtered back projection and increasing levels of IR L1, L2 and L3 (from top to bottom). CCS were
included as Agatston score / Mass score. Noise levels (SD) are expressed as Hounsfield Units. Window
center was 90 HU and window width was 750 HU

Influence of iterative reconstruction on Agatston scores

With increased IR levels, a significant decrease in Agatston scores was observed
for almost all calcifications and CT systems (Figure 5). This decrease in Agatston
score was accompanied by decrease in noise, as can be seen from the left column
in Figure 3.
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Figure 4 Influence of dose reduction on mass score for S1 to S4 with FBP. The movement of the
calcification corresponds to displacements seen with heart rates of 60 — 75 bpm. For calcifications of 38,
74, 80 and 157 mg boxplots of the mass score at reference dose, and at 40% and 80% reduced dose are
shown. Mass scores are compared with the Mass score at reference dose using the Wilcoxon signed rank
test. Significant different Mass scores are indicated by brackets

Averaged over all inserts, Agatston scores for S1 decreased on average 0%, 2% and
5% at L1 to L3 respectively. For S2 the corresponding decrease was 1%, 4%, and 5%;
for S3 1%, 4%; and 9% and for S4 1%, 4%, and 7%. The largest decrease in Agatston
score was again observed for the 38 mg calcification: 22% with L3 on S3, and 19%
with L3 on S4.

Influence of iterative reconstruction on mass scores

The decrease in mass scores at increased levels of IR was smaller than the observed
decrease in Agatston scores (Figure 6). Mass score decreased on average between
0% and 6% for all CT systems and inserts.
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Figure 5 Influence of IR on Agatston score for S1 to S4 with FBP. The movement of the calcification
corresponds to displacements seen with heart rates of 60 — 75 bpm. For calcifications of 38, 74, 80 and
157 mg boxplots of the Agatston score at FBP and increasing levels of IR (from left to right: L1, L2 and
L3) are shown. Agatston scores are compared with the Agatston score at FBP using the Wilcoxon signed
rank test. Significant different Agatston scores are indicated by brackets

Combination of dose reduction and iterative reconstruction on Agatston and
mass scores

Representative images of the reconstructed datasets are shown in Figure 3.

For all four CT systems 40% dose reduction in combination with varying levels of
IR did not result in significantly different Agatston and mass scores with respect to
the reference dose (Table 2). For 80% dose reduction, only S2 in combination with
L2 and L3 did not result in significantly different Agatston scores. For the other
CT systems, there was no combination of investigated imaging parameters that
resulted in Agatston scores which were unchanged from the reference protocol
and dose.
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Figure 6 Influence of IR on mass score for S1 to S4 with FBP. The movement of the calcification
corresponds to displacements seen with heart rates of 60 — 75 bpm. For calcifications of 38, 74, 80 and
157 mg boxplots of the mass score at FBP and increasing levels of IR (from left to right: L1, L2 and L3)
are shown. Mass scores are compared with the Mass score at FBP using the Wilcoxon signed rank test.
Significant different Mass scores are indicated by brackets

Table 2. Reconstructions per CT system S1 to S4 that did not result in significantly different Agatston
and mass scores at 60-75 bpm and at a dose reduction of 40% and 80% with respect to the FBP-reference
dose. FBP = filtered back projection; L1, L2, L3 = increasing levels of iterative reconstruction

CT system Dose reduction Agatston score Mass scores

S1 40% L1 FBP, L1
80% n/a n/a

S2 40% FBP, L1, L2,L3 FBP L1,12,L3
80% L2,13 L1

S3 40% FBP, L1, L2 FBP L1,L2,L3
80% n/a L2,L3

S4 40% FBP FBP
80% n/a n/a

155



Part IT | Acquisition and reconstruction parameters

On all CT systems, mass scores generally underestimated the physical mass of
the calcifications. Mass scores at FBP and reference dose and deviations from
the physical mass are listed in Table 3. Averaged over all inserts the physical
mass was underestimated by 23%, 12%, 30%, and 3% for S1 to S4 respectively.
The largest underestimation was again observed for the 38 mg insert, where the
underestimation was 39%, 33%, 30%, and 31%, respectively for SI to S4. At 40%
reduced dose the underestimation was 24%, 9%, 29%, and 3%. At 80% reduced
dose the underestimation was 24% and 29% on S1 and S3, whereas S2 and S4
showed an overestimation of on average 16% and 9%. The influence of IR on mass
scores was relatively small compared to the influence of dose reduction. At the
maximum IR level, the underestimation of the physical mass at reference dose was
23%, 15%, 32%, and 8% for S1 to S4, respectively (averaged over all inserts).

Table 3. Physical mass and corresponding Mass scores for all CT systems and calcification masses. The
mass scores are expressed as median and range. The difference between the median and physical mass
is also given as median and range

CT system Physical mass [mg] Mass score [mg] Deviation [%]
S1 38 23 (20-26) -39% (-47%; -32%)
74 58 (54-62) 22% (-27%; -16%)
80 70 (60-78) -13% (-25%; -3%)
157 125 (108-138) -20% (-31%; -12%)
S2 38 25 (22-26) -33% (-43%; -31%)
74 63 (59-68) -15% (-20%; -8%)
80 76 (75-79) 5% (-6%; -1%)
157 165 (161-175) 5% (3%; 11%)
S3 38 20 (16-22) -46% (-57%; -42%)
74 49 (47-53) -34% (-37%; -28%)
80 62 (59-65) -23% (-26%; -19%)
157 131 (128-136) -17% (-19%; -13%)
S4 38 26 (23-29) -31% (-40%; -24%)
74 69 (66-72) 7% (-11%; -3%)
80 86 (80-94) 7% (0%; 18%)
157 188 (186-191) 20% (19%; 21%)
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DISCUSSION

To our knowledge this is the first multivendor study to evaluate the effects of
dose reduction and IR on CCS in a dynamic phantom. We have shown that dose
reduction in dynamic coronary calcium CT can result in a substantial increase in
CCS, whereas the use of IR results in modestly decreased CCS. The most important
clinically relevant finding is the ability to reduce dose by 40% in routinely used
clinical protocols on state-of-the-art CT systems of 4 major manufacturers, without
compromising the calcium score. This result is not only valid for high plaque
burden, but also for the clinically more important mild to moderate coronary
plaque burden, represented by the 38 and 74 mg calcifications respectively.

Since risks of radiation dose increase with growing numbers of CT examinations,
dose reduction techniques in CCS are highly relevant. Because new guidelines
recommend CCS measurements if, after quantitative risk assessment, the risk-based
treatment decision is uncertain, it is expected that the number of CT examinations
for CCS will further increase in coming years.’ In the current study we found for
all CT systems that dose reductions of 40%, in combination with the in Table 2
specified reconstruction methods, did not significantly affect Agatston scores. For
one vendor, the Agatston scores were even similar at 80% reduced dose, and for
two vendors there was no significant difference in mass scores at 80% reduced dose
in combination with IR.

These results are consistent with those of Hecht et al (2015) who showed in
a patient study that for one CT system (equal to S2) CCS can be performed at
reduced radiation dose (50%) in combination with IR, without significantly
affecting Agatston scores.”* Ode et al showed, for a pulsating phantom at 60 bpm
and one CT system (similar to S4), that increased IR resulted in decreased Agatston
scores, which is in agreement with our results.”> In comparison with full dose
FBP, Agatston scores were not influenced at IR levels L2 and L3 in combination
with dose reduction up to 75%, for all used calcifications combined. In our study
however, Agatston scores at 40 and 80% reduced dose were found to be significantly
different for all IR levels. The reason for this difference is that we only included
combinations of dose reduction and IR, when valid for all calcifications separately.
Our results also correspond well with a recent study which showed that IR has the
potential to reduce radiation dose with 27-54% using a non-dynamic phantom
and the same CT systems.” With non-dynamic ex vivo human hearts it was shown
that a dose reduction of 80% was possible for the four CT systems.”*** This study,
however, used static calcifications, did not report on a reference standard of true
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calcification mass, and used a small-sized phantom. In our dynamic study, we
found that a dose reduction of 80% was only feasible for one CT system, and a
dose reduction of 40% was possible for all four CT systems, even for low-density
calcifications in combination with specific reconstruction methods. Because
iterative CT reconstruction significantly reduces calcium scores which potentially
alters perceived cardiovascular risk, this effect may be counter balanced by the use
of reduced dose levels.'*** Moreover, it has been shown that the application of
IR significantly improves objective image quality, and does not alter quantitative
analysis of coronary plaque volume, composition and luminal area.'>*

Our results showed a relatively large variation in calcium scores between the CT
systems, with Agatston scores ranging from 450 to 738, for the 157 mg calcification.
This is in line with previous studies that found that state-of the-art CT scanners of
different manufacturers produce substantially different Agatston scores, which can
result in reclassification of patients to high- or low-risk categories in up to 6.5% of
the cases.? Moreover, mass scores generally underestimated the physical mass of
the inserts by 3 to 23% depending on the specific CT system. Underestimations of
the physical mass up to 68% were also observed with a static calcium phantom.*

Reference dose levels, from routinely used clinical protocols of the four high-end
CT systems, showed large differences (2.8 - 10.6 mGy). Despite of these differences
in dose levels, similar noise levels were found (22 - 28 HU). It is important to note,
however, that noise is not only determined by dose, but - among other parameters
- also by reconstruction kernel. A sharper kernel results in more noise as compared
to a softer kernel, if the dose levels are the same. Therefore, different CT acquisition
and reconstruction settings may result in different dose levels but similar noise
levels. The noise levels behaved as expected as a function of dose reduction and IR:
noise levels increased at decreasing dose, and noise levels decreased at increased
IR. Our findings indicate that even in the presence of comparable noise levels CCS
differed up to 39% between different CT systems at full dose FBP. These differences
are surprising for a relatively straightforward metric as the coronary calcium score.

This study has limitations. First, this was an in-vitro study with artificial arteries
with calcified inserts. However, the inserts where embedded in an anthropomorphic
phantom and were translated at a velocity that is generally observed in in-vivo
studies, and the masses of the inserts were in range with calcium masses clinically
detected in patients.*® Second, movement of the calcifications was linear. In vivo,
coronary arteries perform a complex movement in three dimensions, which was
not feasible in our setup. However, because a linear movement can approximate
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the movement in 3D during the acquisition time of the CT data, we estimate that
addition of 3D movement would result in minor changes in our results. Third,
analysis on the inter and intra variability for the different CT systems has not been
performed. The associated CT specific correlation between noise reduction and
CCS accuracy was also not within the scope of this study. However, these analysis
can answer questions about current practice. For example specificity, sensitivity,
variations in CCS score between different vendors and the possibility to reduce
dose without impact on the metric. Finally, only sequential scan modes were used.
With the current appearance of high-pitch spiral mode scanning for coronary
calcium it would be interesting to assess the differences in the accuracy of coronary
calcium assessment between sequential and high-pitch spiral mode. However, that
was not within the scope of this study.

We conclude that for all CT systems a dose reduction of 40% in combination
with specific reconstruction gives a CCS comparable for reference protocols. For
several systems, even higher dose reductions are possible. Dose reduction results
in increased noise and consequently increased CCS, whereas increased IR results
in decreased CCS. Mass scores generally underestimated physical mass of the
calcifications.
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ABSTRACT

Objective

The aim of the current study was, first, to assess the coronary artery calcium (CAC)
scoring potential of spectral photon counting CT (SPCCT) in comparison with
computed tomography (CT) for routine clinical protocols. Second, improved CAC
detection and quantification at reduced slice thickness was assessed.

Methods

Raw data was acquired and reconstructed with several combinations of reduced
slice thickness and increasing strengths of iterative reconstruction (IR) for both
CT systems with routine clinical CAC protocols for CT. Two CAC containing
cylindrical inserts, consisting of CAC of different densities and sizes, were placed
in an anthropomorphic phantom. A specific CAC was detectable when 3 or more
connected voxels exceeded the CAC scoring threshold of 130 Hounsfield units
(HU). For all reconstructions, total CAC detectability was compared between both
CT systems. Significant differences in CAC quantification (Agatston and volume
scores) were assessed with Mann Whitney U tests. Furthermore, volume scores
were compared with the known CAC physical.

Results

CAC scores for routine clinical protocols were comparable between SPCCT and
CT. SPCCT showed 34% and 4% higher detectability of CAC for the small and
large phantom, respectively. At reduced slice thickness, CAC detection increased
by 142% and 169% for CT and SPCCT, respectively. In comparison with CT, volume
scores from SPCCT were more comparable with the physical volume of the CAC.

Conclusion

CAC scores using routine clinical protocols are comparable between conventional
CT and SPCCT. The increased spatial resolution of SPCCT allows for increased
detectability and more accurate CAC volume estimation.

166



Coronary calcium scoring potential of large field-of-view spectral photon counting CT | Chapter 9

INTRODUCTION

Spectral photon counting computed tomography (SPCCT) is a novel emerging
technology within the field of X-ray diagnostic radiology.'” This technology
employs energy discriminating photon counting detectors (PCDs) to detect
individual photons in more than 2 energy bins. Due to high photon flux in CT,
small pixel detectors are required to allow for individual photons to be counted
without pulse pile-up effects.®'® In turn, the smaller PCD pixels result in superior
spatial resolution in comparison with standard conventional energy integrating
detector (EID) CT, which can be a major benefit for assessment of coronary artery
calcifications (CAC).>11-14

CAC is traditionally quantified on CT using the Agatston methodology (e.g.
120 peak kilovolt (kVp) acquisition; 3 mm slice thickness reconstruction).”
Quantification with Agatston scores are recommended by several guidelines to
evaluate risk assessment for coronary artery disease.'*®* The increased in-plane
spatial resolution of SPCCT may result in reclassification of risk categories, as
partial volume effects are decreased.” Especially small and low-density coronary
calcifications might not be resolved on current EID CT system. This can potentially
lead to the erroneous conclusion of a zero Agatston score, and correspondingly
a mis-classification to the lowest risk category. With the increased in-plane
spatial resolution of SPCCT, certainty of zero Agatston scores and Agatston score
reproducibility can both potentially be increased. Through-plane increased spatial
resolution will result in the same advantages, when data is reconstructed at small
slice thickness. Furthermore, Agatston scores resulting from larger or higher
density CAC can be impacted by this increased spatial resolution as well because
of reduced blooming artefacts.

In addition to an increase in spatial resolution, SPCCT also decreases the impact of
electronic noise. By setting the lowest energy bin threshold just above the electronic
noise signal, the majority of noise can be successfully filtered out."* This effect
reduces the resulting total image noise.?’** This feature can potentially be used to
acquire and reconstruct data at reduced slice thicknesses, so that both in-plane and
through-plane CAC detection can be increased.

Because differences in Agatston scores between CT systems with EID or PCD
elements are largely unknown the aim of the current study was twofold. First, the
CAC scoring potential of SPCCT in comparison with conventional EID CT for
routine clinical protocols was assessed. Second, the potential for improved CAC
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detection and quantification at reduced slice thickness will be assessed for SPCCT
in comparison with EID CT.

MATERIALS AND METHODS

Phantom

An anthropomorphic (cardio)thoracic CT phantom (QRM Thorax, QRM GmbH)
in combination with two different cardiac inserts was used. These inserts were a
D100 insert and a cardiac calcification insert (CCI, QRM GmbH). Both inserts
include cylindrical calcifications composed of hydroxyapatite (HA) powder. The
D100 phantom contains 100 small calcifications of different sizes (ranged from
0.5 to 2.0 mm) and densities (ranged from 90 to 540 mgHAcm™) and was used
for the assessment of calcification detectability.* The CCI insert consists of nine
calcifications with three different amounts of HA (200, 400 and 800 mgHAcm™?)
and three different lengths and diameter (1.0, 3.0 and 5.0 mm) for each amount of
HA. Additionally, to evaluate the effect of patient size, acquisitions were performed
with and without a fat tissue-equivalent extension ring (QRM-Extension ring,
QRM) simulating a small and large sized patient, respectively.?

Acquisition and reconstruction parameters

Data acquisition was performed on two CT systems from one manufacturer: a dual
layer CT (DLCT) (IQon Spectral CT, Philips Healthcare) and a clinical spectral
photon counting CT (SPCCT) prototype (SPCCT, Philips Healthcare). The DLCT
system was equipped with EID, while the SPCCT system was equipped with novel
PCD.*

Both devices were equipped with the same X-ray source and had the same source-
to-isocenter and source-to-detector distances. Apart from the X-ray detection
technology, the size of the detector pixels at iso-center was different between
both systems, with 0.625 x 0.625 mm for EID, and 0.275 x 0.275 mm for PCD.
Further technical details concerning the prototype system and its performances

are provided in previous studies.””-*®

For both aims of the current study, routine clinical CAC scoring protocols were
used for data acquisition and reconstruction (Table I1). For SPCCT, acquisition
and reconstruction parameters were based on DLCT protocols recommended
by the manufacturer. For the second aim, raw data were reconstructed at several
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Table 1 Acquisition and reconstruction parameters for all used systems for the CAC scoring potential

at routine clinical protocols

Parameter DLCT SPCCT
CT system IQon SPCCT
Technique Sequential Sequential
Tube voltage [kVp] 120 120

Tube current time product [mAs]

Small phantom: 40
Large phantom: 80

Small phantom: 40
Large phantom: 80

Automatic exposure correction Off Off
Focal spot Standard Small’
Collimation [mm)] 64x0.625 64x0.275
Energy bin threshold [keV] Not applicable 30 (lower) / 120 (upper)*
Field of View [mm] 220 220
Rotation time [s] 0.27 0.33
Slice thickness - increment [mm] - 0.67 - 0.335
0.67 - 0.67 0.67 - 0.67
1.0-0.5 1.0-0.5
1.0-1.0 1.0-1.0
30-15 30-15
3.0-3.0 3.0-3.0
Reconstruction kernel IQon-Std-B SPCCT-Std-B?
Reconstruction matrix [pixels] 512x512 512x512
Reconstruction [iDose level] 0/3/5 0/3/5°3
Repetitions 5 5

1 SPCCT was operated in conventional imaging mode, with only 2 thresholds to either suppress
electronic noise (lower threshold) or to suppress pile-up counts (upper threshold)

2 Despite differences in detector element size, reconstruction kernel and reconstruction algorithm
for SPCCT, reconstruction parameters for SPCCT were optimized by the manufacturer to get

comparable results as with DLCT
3 The small focal spot is the only available option for the current clinical SPCCT prototype

combinations of slice thicknesses and increments, to assess the potential of
improved detectability and quantification for both CT systems (Table 1). To
counteract increased image noise at reduced slice thickness, several iterative
reconstruction (IR) levels (iDose* algorithm, Philips Healthcare) were added. Each
scan was repeated five times, with manual repositioning between each scan (2 mm
translation, 2 degrees rotation).
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Analysis

General

Agatston scores were determined from the resulting reconstructed images using
a previously validated, in-house developed Python script (Python version 3.7).
To discriminate calcium-containing voxels from background material, a calcium
scoring threshold of 130 HU was used. In addition, in line with the vendor-specific
implementation for the Agatston score, a minimum connected area of 0.5 mm?* was
used to include a group of voxels in the Agatston score of a specific calcification. For
the used combination of field-of-view (220 mm) and reconstruction matrix (512
x 512), this results in a minimum of three connected voxels. In order to compare
CAC quantification with physical volume, the volume score was also determined
using the same in-house developed Python script.*

In addition to the CAC scores, several image quality metrics were determined. First,
mean HU values and noise levels (standard deviation (SD)) of the background
material were calculated. Second, mean HU values of the largest calcifications of
the CCl insert (5 mm diameter and length) were calculated and compared between
both CT systems for the routine clinical protocol. Third, signal-to-noise ratios
(SNR) were determined for these same calcifications and reconstructions. SNR
was calculated as:

_ CAC HUypegn
" Background HUs,

SNR

Where CAC HU is the mean attenuation of the CAC, and Background HU  is the
SD of the mean attenuation of the background. Fourth, contrast-to-noise ratios
(CNR) were also determined for these calcifications and reconstructions. CNR
were calculated as:

CAC HUppqn — Background HU ,p0n

CNR =
Background HUgp

With Background HU,__the mean of the attenuation of the background. And fifth,
a background Agatston score (BAS) was evaluated for the D100 insert, whereby
an Agatston score was calculated in the CAC containing slices with the CAC
themselves automatically masked, resulting in a BAS score based on only noise.”
CAC scores for slices with nonzero BAS were excluded, as it was unknown if actual
CAC was measured, or if noise led to an Agatston score (Supplemental Figure 1).
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Detectability (D100)

Detectability, assessed with the D100 insert, was defined as the ability to determine
an Agatston score for a calcification for at least four out of the five repetitions. An
Agatston was determined for a calcifications if at least three adjacent (horizontally
or vertically) voxels were above the 130HU threshold. For the routine CAC
protocol, detectability was assessed using previously described visibility curves.*
The potential of CAC detection for both CT systems at reduced slice thickness was
assessed with the number of detected calcifications.

Quantification (CCI)

For quantification of CAC, evaluated with the CCI insert, median CAC scores
and range were calculated from the five repeated measurements. Because DLCT
images could not be reconstructed at 0.67 / 0.34 mm slice thickness / increment,
comparison between SPCCT and DLCT scores was not possible for this slice
thickness and increment. Comparisons with physical volume (98.2 mm?®) were
performed for the volume scores obtained with both CT systems.

Statistical analysis

Mean HU, SNR and CNR were compared between DLCT and SPCCT using a
Mann-Whitney U signed rank test, with a significance level of p < 0.05. Routine
CAC protocol agreement between DLCT and SPCCT for Agatston scores was
assessed using Bland-Altman plots.*! Differences in CAC quantification potential
between DLCT and SPCCT at reduced slice thickness were assessed on the
largest calcifications (5 mm diameter and length). For each combination of slice
thickness and increment, CAC scores were compared with the reference (DLCT,
reconstructed IR level 0) using a Mann-Whitney U signed rank test, with a
significance level of p < 0.05.

All statistical analysis were performed with SPSS version 27 (IBM SPSS Statistics,
Armonk, New York, United States of America).

RESULTS

Image quality

Background mean CT number and image noise for both phantoms sizes and CT
systems is shown in Table 2 for routine clinical protocols (3/3 mm slice thickness /
increment, iDose level 0). Mean image noise was lower for SPCCT in comparison
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Table 2 Background mean CT number (median (range)) and image noise (median (range)) for
both phantom sizes and both CT systems for routine clinical protocols (3/3 mm slice thickness /
increment, iDose level 0.

CT system Phantom size Mean Noise

DLCT Small 35.9 (35.7-38.6) 15.4 (15.2-16.9)
Large 49.3 (40.7-82.8) 28.8 (27.7-33.1)

SPCCT Small 32.6 (32.3-33.0) 14.1 (13.9-14.3)
Large 27.9(27.1-28.3) 28.4 (28.1-28.8)

with DLCT, and for the small phantom size in comparison with the large phantom.
Mean HU values and SNR for the largest calcifications of the CCI insert were
comparable (p > 0.05) between both CT systems (Figure I). Only low density CAC
resulted in significantly different (p = 0.008) SNR between both CT systems. A
significant increase (p < 0.05) in CNR for SPCCT was shown for the medium and
high density CAC. SNR and CNR were, in general, higher for the small phantom
size for both CT systems.

Detectability (D100)

Routine CAC protocols

For routine CAC protocols (3/3 mm slice thickness / increment, iDose level 0),
representative images for the D100 insert and detectability curves are shown in
Supplemental Figure 2 and 3, respectively. In comparison with DLCT, more CAC
were detected with SPCCT for the small phantom. This effect decreased for
increased phantom dimensions.

CAC potential at reduced slice thickness

The percentage of detected CAC, with the total of 500 calcifications (five repetitions
of D100 insert) as the denominator, is presented in Table 3. In comparison with 3
mm slice thickness and increment, detection of CAC increased, as expected, with
overlapping slices and reduced slice thickness for both DLCT and SPCCT. For
DLCT, detection increased by 142% from 12.8% to a maximum of 31% detected
calcifications for reconstructions with 1 mm slice thickness, 0.5 mm slice increment
and IR level 0. At these reconstruction settings, SPCCT CAC detection was even
39% higher. SPCCT CAC detection increased by 169% from 17% to a maximum of
46% detected calcifications for reconstructions with 0.67 mm slice thickness, 0.335
mm slice increment and IR level 3.
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Figure 1 Mean HU, SNR and CNR for the small and large phantom for the large (5 mm diameter and
length) calcifications in the CCI insert for both dual-layer CT (DLCT) and spectral photon-counting
CT (SPCCT)

173



Part IT | Acquisition and reconstruction parameters

1007 Small phantom 1004 Large phantom
8 o
c
g
(9}
% 501777. 77777777 .77:7:1.97559 04 o e

o
] ° ° °
— @
S % . o 8 o °
wn @ @ s ; , o2 :
5 Ofi s o SNEIE
ﬁ o ® o °
— )
g ***************** 196D [~~~ 7 7 7T 7T 7T T e T T Tk
< -501 ° -50 1
0 100 200 300 400 0 100 200 300 400

Agatston score mean
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A positive difference indicates a higher Agatston score for DLCT
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Figure 3 Agatston scores of the large calcification (5 mm diameter and length) with high density (800
mgHAcm™), for acquisitions at different combinations of slice thickness and increment, reconstructed
with different levels of IR, on both spectral photon-counting CT (SPCCT) and dual-layer CT (DLCT).
Results are shown for the small (upper) and large (lower) phantom. For each combination of slice

thickness and increment, P-values from significant differences in comparison with the reference (DLCT
and iDose 0) are indicated
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Table 3 Percentage of detected calcifications, with total of 500 calcifications (five repetitions of D100
insert) as the denominator, for all combinations of slice thickness, slice increment, phantom size
and IR level, for both DLCT and SPCCT. Green cells indicate that a system has detected a higher
number of calcifications compared to the other system for the same acquisition and reconstruction
parameters. Orange indicates that the number of detected calcifications is equal, while red indicates
that less calcifications are detected by that system

CT Phantom IR Slice thickness / Slice increment [mm]
system  size  level 33 3/1.5 1/1 1/0.5  0.67/0.67 0.67/0.335

DLCT Small n/a
n/a
n/a
Large n/a

n/a

n/a

17.0% 20.8% 38.4% 39.4% 44.4% 46.2%
16.6% 20.2% 36.2% 37.2% 41.8% 44.2%
15.4% 16.4% 0.8% 1.8% 0.0% 0.0%

B o o % oo

12.8% 13.6% 28.0% 23.0% 27.2% 25.2%

0
3
5
0
3
5
SPCCT  Small 0 17.2% 21.4% 40.6% 43.0% 45.4% 43.8%
3
5
Large 0
3
5

Quantification (CCI)

Routine CAC protocols

Agreement in CAC scores for the CCI insert between DLCT and SPCCT for
routine CAC protocols is shown in Figure 2. For the small phantom, the mean +
SD difference in Agatston score between both systems was very small at 3.2 £ 17.7.
This difference in Agatston score was slightly higher for the large phantom, at 7.4 +
13.5. Differences increased with increasing Agatston scores.

CAC potential at reduced slice thickness

High density CAC Agatston scores showed significant differences (p < 0.05)
between DLCT and SPCCT for almost all combinations of slice thickness and
increment, irrespective of applied IR level or patient size (Figure 3). Low density
CAC Agatston scores for the large phantom again show significant differences (p
< 0.05) between DLCT and SPCCT (Figure 4). However, Agatston scores were
comparable for the small phantom size, when appropriate IR levels were applied.
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Figure 4 Agatston scores of the large calcification (5 mm diameter and length) with low density (200
mgHAcm?), for acquisitions at different combinations of slice thickness and increment, reconstructed
with different levels of IR, on both spectral photon-counting CT (SPCCT) and dual-layer CT (DLCT).
Results are shown for the small (upper) and large (lower) phantom. For each combination of slice
thickness and increment, P-values from significant differences in comparison with the reference (DLCT
and iDose 0) are indicated

Volume scores showed similar trends as described above for the Agatston score
(Figures 5 and 6). When compared to the physical volume, high density volume
scores showed large overestimations (up to 150%) for all reconstructions. These
overestimations decreased at smaller slice thicknesses because of reduced partial
volume and blooming artefacts. For all reconstructions, overestimation of physical
mass was smaller for SPCCT then for DLCT. Low density volume scores showed
better agreement with physical volume. For the large phantom, physical volume
was overestimated by DLCT at reduced slice thickness due to noise effects.
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Figure 5 Volume scores of the large calcification (5 mm diameter and length) with high density (800
mgHAcm™), for acquisitions at different combinations of slice thickness and increment, reconstructed
with different levels of IR, on both spectral photon-counting CT (SPCCT) and dual-layer CT (DLCT).
Results are shown for the small (upper) and large (lower) phantom. For each combination of slice
thickness and increment, P-values from significant differences in comparison with the reference (DLCT
and iDose 0) are indicated. The dashed line indicates the physical volume of the calcification (98.2 mm?)
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Figure 6 Volume scores of the large calcification (5 mm diameter and length) with low density (200
mgHAcm?), for acquisitions at different combinations of slice thickness and increment, reconstructed
with different levels of IR, on both spectral photon-counting CT (SPCCT) and dual-layer CT (DLCT).
Results are shown for the small (upper) and large (lower) phantom. For each combination of slice
thickness and increment, P-values from significant differences in comparison with the reference (DLCT
and iDose 0) are indicated. The dashed line indicates the physical volume of the calcification (98.2 mm?)

DISCUSSION

In the present study, we found that SPCCT Agatston scores are comparable with
conventional DLCT Agatston scores for routine CAC protocols. Furthermore, we
found SPCCT to be more sensitive for detection of CAC at reduced slice thickness
acquisitions. Finally, we demonstrated that CAC quantification with SPCCT at
reduced slice thickness using volume scores was more accurate than DLCT when
compared to the actual physical volume of CAC.

Agatston scores are inherently associated with calcification density, due to the
maximum voxel-based weighting factor. In addition, blooming artefacts, including
partial volume artefacts, further increase the apparent size of medium and high
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density CAC.*? Also, very small calcifications might potentially be missed due to
partial volume effects. This is clinically important because small or low density CAC
may be more vulnerable compared to large or high density CAC.** One solution to
reduce blooming and partial volume artefacts is to increase spatial resolution. In
the current study, we have shown that the effect of this increased spatial resolution
is only minor for clinical CAC protocols, were only the in-plane resolution was
improved, while the slice thickness was still set at 3 mm. This resulted in comparable
CAC scores for these protocols on both scanners. For reduced slice thickness and/
or overlapping slices, however, significant differences between DLCT and SPCCT
were shown. For low-density CAC, the blooming artefact is inherently small.
However, for the high-density calcification, reduced blooming artefacts resulted in
more accurate CAC scores because of smaller deviations between the volume score
and physical CAC volume for SPCCT. Furthermore, increased spatial resolution of
SPCCT resulted in increased detectability of small or low density calcifications for
SPCCT. Finally, CAC visualization, as determined with SNR and CNR, increased
for SPCCT due to reduced image noise in comparison with DLCT. This may be
also the effect of a more important energy weighting of the lower energy photons
due to the energy-resolving capabilities of the PCDs compared to the EIDs.!
Altogether, our results are in-line with a recent study by Symons et al, who also
showed improved CAC CNR for a different SPCCT system, in comparison with
conventional EID CT.*

The strength of our study is that we systematically evaluated CAC scoring
potential of SPCCT for routine and reduced slice thickness and slice increment,
which provides a basis for future research and potential clinical application.
In combination with the key findings of previous studies using SPCCT in the
cardiovascular field, this modality is an exciting and promising tool for coronary
artery disease with potential great expectations for patient management.>'234%
Our study also has some limitations. First, we used a non-commercial SPCCT
system for our evaluation. Second, we used a static anthropomorphic phantom.
Despite the fact that the linear attenuation coefficients of the phantoms were in
line with human materials at the used tube potential (120 kVp), a phantom does
not completely simulate an actual human, with all internal organs. Also, coronary
motion was not taken into account. Third, increased noise levels for reduced slice
thickness or increased phantom size resulted in BAS > 0. With this, the possibility
to assess CAC detectability was reduced, as it was unclear if a group of voxels above
the CAC threshold contained CAC or noise. CAC detectability could therefore
potentially be further increased, at the cost of increased radiation dose.
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Finally, current volume grid parameters were limited to the specifications of the
used DLCT. Future studies can assess further improvements for SPCCT, such
as other field-of-view and reconstruction matrix combinations, or increased IR
strengths as recently reported.”

In conclusion, CAC scores using routine clinical protocols are comparable between
conventional CT and SPCCT. The increased spatial resolution of SPCCT allows for
increased detectability and more accurate CAC volume estimation at reduced slice
thickness.
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ABSTRACT

Objective

The aim of the current study was to systematically assess coronary artery calcium
(CAC) detection and quantification for spectral photon counting CT (SPCCT)
in comparison to conventional CT, and, in addition, to evaluate the possibility of
radiation dose reduction.

Methods

Routine clinical CAC CT protocols were used for data acquisition and
reconstruction of two CAC containing cylindrical inserts which were positioned
within an anthropomorphic thorax phantom. In addition, data was acquired at 50%
lower radiation dose by reducing tube current, and slice thickness was decreased.
Calcifications were considered detectable when three adjacent voxels exceeded
the CAC scoring threshold of 130 Hounsfield units (HU). Quantification of CAC
(as volume and mass score) was assessed by comparison with known physical
quantities.

Results

In comparison with CT, SPCCT detected 33% and 7% more calcifications for the
small and large phantom, respectively. At reduced radiation dose and reduced slice
thickness, small phantom CAC detection increased by 108% and 150% for CT and
SPCCT, respectively. For the large phantom size, noise levels interfered with CAC
detection. Although comparable between CT and SPCCT, routine protocols CAC
quantification showed large deviations (up to 134%) from physical CAC volume.
At reduced radiation dose and slice thickness, physical volume overestimations
decreased to 96% and 72% for CT and SPCCT, respectively. In comparison with

volume scores, mass score deviation from physical quantities were smaller.

Conclusion

CAC detection on SPCCT is superior to CT, and was even preserved at reduced
radiation dose. Furthermore, SPCCT allows for improved physical volume
estimation.
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INTRODUCTION

All major computed tomography (CT) manufacturers are currently developing
spectral photon-counting CT (SPCCT) systems."? The difference with conventional
CT is the fundamentally improved detector technology. Conventional CT uses
energy-integrating detectors (EID), while PCCT uses photon-counting detectors
(PCD). With PCD, individual photons are counted within predefined energy
specific bins characterized by thresholds. This technology reduces the influence of
electronic noise by setting the lowest threshold above the electronic noise.” Because
electronic noise is superimposed on each pulse, when the width of the energy bins
are set sufficiently wide, the impact of electronic noise is only minor, reducing the
resulting total image noise.’

With conventional EID, x-ray photons are converted to visual light photons, which
may affect neighboring detector pixels. This phenomenon is called optical cross
talk, which is limited by the highly reflective septa between EID pixels. With PCD,
x-ray photons are directly converted into an electric signal without conversion
to visual light photons. Therefore, no reflective septa are needed between PCD
pixels, allowing for smaller detector pixels. Furthermore, small detector pixels
are required for SPCCT to allow for individual photons to be counted without
suffering from pulse pile-up effects.®® This decreased detector pixel size enhances
spatial resolution for SPCCT in comparison with conventional CT, both in-plane
and through-plane. In turn, increased spatial resolution results in a decrease of
partial volume effects and blooming artefacts, which are especially important for
high contrast materials such as iodinated contrast, bone, and calcium.

An important use-case for these major improvements in CT technology is coronary
artery calcium (CAC) detection and quantification.” The highly significant
association between CAC as characterized with CT, total coronary atherosclerosis
burden, and future adverse cardiovascular events is well known.!® Moreover,
ischemic heart disease caused by coronary plaque remains, according to the World
Health Organization, the main cause of death worldwide."" Evaluation of CAC
detection and quantification with CT imaging are thus recommended in guidelines
for clinical risk prediction in appropriately selected asymptomatic individuals,
resulting in a high number of CT examinations for CAC assessment.'>'* In this
screening setting, accurate and precise CAC assessment at a low radiation dose is
therefore key. Clinically, CAC is assessed according to the Agatston methodology
(120 kVp, 3 mm slice thickness, 130 Hounsfield units (HU) CAC threshold).”
For routine protocols, based on the Agatston methodology, SPCCT outcome is
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10



10

Part IT | Acquisition and reconstruction parameters

in agreement with conventional CT.*® In addition to the Agatston score, newer
CAC metrics have been introduced, which are related to the physical measures of
volume and mass.'”'® These metrics have been shown to improve reproducibility of
CAC assessment with EID CT.*!

With current conventional CT systems, the accuracy of CAC quantification is
affected by blooming artefacts around CAC, which increases inter- and intra-
scan variability.’ The effect of blooming on different CAC densities differs, with
underestimation and overestimation of low and high density CAC, respectively.
Moreover, due to partial volume averaging effects, small CAC may not be detected,
as the conventional Agatston scoring threshold of 130 HU may not be reached. A
systematic assessment of the influence of PCD in comparison with EID for CAC
detection and quantification of different densities of CAC is lacking.

Furthermore, due to the reduced impact of electronic noise on SPCCT images,
data acquisition for CAC assessment could potentially be performed at a reduced
radiation dose, while maintaining image quality in comparison with EID.>*** The
combination of SPCCT acquisitions at a reduced radiation dose, in combination
with iterative reconstruction (IR) could theoretically further decrease radiation
dose burden. Several studies indicated that CT radiation dose reduction with
the use of IR did not affect CAC scores compared to routine radiation dose
and reconstruction.”** However, for these studies images were acquired with
conventional EID CT. The impact of IR on CAC scores for images acquired with
PCD remains unknown.

The aim of the current study is therefore twofold. First, we systematically assess
CAC detection and quantification for SPCCT in comparison with conventional
CT, and second, we evaluate the possibility of dose reduction.

METHODS

Phantom

Anthropomorphic phantoms were used to assess the potential of SPCCT to improve
CAC detectability and quantification. We used two setups, which both consisted of
an anthropomorphic (cardio)thoracic CT phantom (QRM Thorax, QRM GmbH),
in combination with a task-specific cylindrical insert. For the detectability task, the
D100 (D100, QRM GmbH) insert was used. This insert contained 100 cylindrical
calcifications, divided over four planes, where each plane consisted of a five-by-five
matrix of calcifications. The diameter and length of all calcifications were identical,
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and ranged from 0.5 to 2.0 mm. The densities of the calcifications ranged from 90
to 540 mg hydroxyapatite (HA) cm?. The quantification task was assessed with the
Cardiac Calcification Insert (CCI, QRM GmbH), which contained three cylindrical
(5.0 mm in length and diameter) calcifications with densities of 800, 400, and 200
mgHAcm?, designated as high, medium and low density, respectively."”*! The CCI
insert also contained two large calibration rods, consisting of water-equivalent and
200 mgHAcm™ materials, which were used to calculate a mass calibration factor as
described by McCollough et al.””

To further assess the influence of radiation dose on CAC scoring with SPCCT, two
phantom sizes were assessed by adding a tissue-equivalent extension ring (QRM
Extension Ring, QRM GmbH) to the anthropomorphic thorax phantom. The
resulting dimensions of the phantom were 300 mm x 200 mm without extension
ring, and 400 mm x 300 mm with extension ring, which simulates a small and a
large sized patient, respectively."”

Acquisition and reconstruction parameters

Data acquisition was performed on two CT systems from one manufacturer. First
a conventional dual layer CT (DLCT) (IQon Spectral CT, Philips Healthcare) was
used, which uses EID for image acquisition. Second, a prototype full field-of-view
SPCCT system (Spectral Photon Counting CT, Philips Healthcare) was used,
which uses novel PCD technology for image acquisition.

For both phantom sizes, routine clinical CAC protocols recommended by the
vendor for conventional CT were used on both CT systems (Table 1). In addition
to standard reconstruction parameters (3 mm slice thickness and IR level 0), raw
data was also reconstructed at 1 mm slice thickness, and with IR levels 3 and 5.
Further, to assess the potential of radiation dose reduction, tube currents were
reduced by 50% for each phantom size. Each scan was repeated five times, with
manual repositioning between each scan (2 mm translation, 2 degrees rotation).

Analysis

For all reconstructions, CAC scores were determined with the use of a previously
validated, in-house developed open-source Python script (Python version 3.7).%2%
To obtain CAC scores which were equal to CAC scores calculated with the vendor-
specific software, vendor-specific implementations of both the volume and mass

score were used.!>!®
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Table 1 Routine clinical CAC acquisition and reconstruction parameters for DLCT. SPCCT

parameters were matched to this as closely as possible

Parameter DLCT SPCCT
CT system IQon SPCCT
Technique Sequential Sequential
Tube voltage [kVp] 120 120

Tube current time product [mAs]

Small phantom: 40’
Large phantom: 80’

Small phantom: 40!
Large phantom: 80’

Automatic exposure correction Ooff Ooff
Focal spot Standard Small?
Collimation [mm)] 64x0.625 64x0.275
Field of View [mm)] 220 220
Rotation time [s] 0.27 0.33
Slice thickness - Increment [mm)] 3.0-3.0 3.0-3.0
Reconstruction kernel IQon-Std-B SPCCT-Std-B?
Matrix size [pixels] 512x512 512x512
Reconstruction [iDose level] 0 0

Volume CT dose index [mGy]

Small phantom: 4.5
Large phantom: 9.4

Small phantom: 4.0
Large phantom: 8.1

! Reference tube current from routine clinical protocol for DLCT

2 The small focal spot is the only available option for the current clinical SPCCT prototype

* Despite differences in detector pixel size, reconstruction kernel and reconstruction algorithm
for SPCCT, reconstruction parameters for SPCCT were optimized by the manufacturer to get
comparable results as with DLCT

DLCT = Dual layer computed tomography; SPCCT = Spectral photon-counting computed
tomography

For both metrics, a CAC scoring threshold of 130 HU was used. Furthermore, only
groups of connected voxels with a minimum in-plane area of 0.5 mm? were taken
into consideration for CAC scoring. For the used reconstruction parameters, with
a reconstructed pixel spacing of 0.43 x 0.43 mm? (220 mm field-of-view and 512 x
512 matrix), this resulted in a minimum of 3 horizontally or vertically connected
voxels. Finally, no interpolation was used for the volume score calculation.

Image noise (standard deviation [SD]) was determined in a large square (128 x 128
voxels) region-of-interest (ROI) of uniform background material. In addition, a
false positives analysis was performed, to assess the extent of erroneous detection
of CAC in locations where no CAC was present. False positives were defined as
groups of voxels > 0.5 mm?* with CT values exceeding 130 HU in the D100 phantom
with the largest and highest density CAC, where the known CAC locations were
masked.*>* This resulted in a background Agatston score (BAS). Reconstructions
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with BAS > 0 were defined as non-diagnostic for CAC detection assessment, as it
was uncertain if CAC was detected or if a CAC score was calculated based on only
noise. As a result, all repetitions of the D100 insert with BAS > 0 were discarded for
CAC detection analysis.

Due to the large size of the CCI calcifications, CAC localization for this insert was
not hampered by reconstructions with BAS > 0. Therefore, all reconstructions of the
CClI insert were taken into consideration for CAC quantification. Reconstructions
with BAS > 0 could result in a slight increase in resulting CAC scores.

For all reconstructions, CAC scores were determined for each of the 100
calcifications of the D100 insert. For each combination of CT system, phantom
size, IR level, slice thickness and radiation dose level, detectability was defined as
the ability to calculate a CAC score for each individual calcification.

For each calcification of the CCI insert, volume and mass scores were determined.
For each combination of CT system, phantom size, IR level, slice thickness, radiation
dose level and CAC density, CAC scores were compared with the physical values,
a volume of 96.2 mm?’ for all calcifications and a mass of 78.5, 39.3 and 19.6 mg for
high, medium, and low-density CAC, respectively. Over- and/or underestimations
of physical volume and mass were calculated by dividing the calculated value by
the physical value.

RESULTS

Reference volume CT dose index (CTDI ) for the small phantom was 4.5 and 4.0
mGy, for DLCT and SPCCT, respectively. For the large phantom, reference CTDI |
was 9.4 and 8.1 mGy, respectively (Table 1). Resulting image noise levels for all
radiation dose levels are shown in Table 2. Several combinations of phantom size,
radiation dose reduction, and IR level resulted in false positive CAC detection
(BAS > 0) (Table 2). The number of repetitions which were of diagnostic quality for
CAC detection is shown in Table 3. For these repetitions, BAS did not exceed 0 and
it was certain that noise did not lead to false positive CAC detection.

Detectability results (D100-insert)

Representative images and the total number of detected calcifications for both
CT systems, phantom sizes, slice thickness and radiation dose levels are shown in
Figures 1 and 2, respectively. In comparison with DLCT, SPCCT showed an overall
superior CAC detectability. For the routine clinical protocol (3 mm slice thickness,
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Table 2 Image noise (SD) levels in HU, presented as median (total range) for both DLCT and SPCCT,
both phantom sizes, three IR levels and both radiation dose levels. Image noise levels which lead to
BAS > 0 for one or more repetitions are indicated in grey

10

CT Phantom IR 3 mm slice thickness 1 mm slice thickness
system size level 100% dose 50% dose 100% dose 50% dose
DLCT Small 0 15.4 (15.2-16.9) 22.3(14.7-23.0)  28.4(17.7-29.1) 38.8 (24.4-40.1)
3 8.2(8.0-13.3) 17.4(11.5-18.1)  22.2(13.8-22.7) 30.2(19.0-31.2)
5 6.7 (6.7-11.0) 143 (9.5-14.9)  18.1(11.3-18.7) 24.6 (15.5-25.6)
Large 0 28.8(27.7-33.1) 41.6(37.9-43.2)  49.0 (48.4-53.0) 66.7 (66.2-70.2)
3 22.7(21.8-27.1) 33.0(29.7-34.4)  38.1 (37.7-42.1) 52.0 (51.7-55.2)
5 18.8 (17.9-23.4) 27.6(24.5-29.3)  31.2(30.9-35.2) 42.7 (42.2-45.6)
SPCCT  Small 0 14.1(13.9-14.3) 19.8(19.2-21.3)  23.5(23.0-23.9) 33.1 (32.4-37.6)
3 11.3(11.1-11.4) 15.8(15.3-16.9)  18.5(18.1-18.8) 26.0 (25.5-29.4)
5 9.5(9.3-9.6) 13.3(12.9-14.1) 153 (15.0-15.6) 21.6(21.2-24.2)
Large 0 28.4(28.1-28.8) 41.3 (40.5-44.4)  46.4 (46.1-47.3) 70.5 (67.3-78.4)
3 22.7(22.5-23.1) 33.0(32.4-35.3)  37.0(36.3-37.3) 55.5(53.0-56.3)
5 19.1 (18.9-19.5) 27.8(27.3-29.6)  30.8 (30.1-31.0) 46.4 (44.5-46.7)

DLCT = Dual layer CT; SPCCT = Spectral photon counting CT; BAS = Background Agatston score;

IR = iterative reconstruction

Table 3 Number of repetitions, out of the total of five, which did not lead to false positives (BAS = 0).
These repetitions were considered to be of diagnostic quality for CAC detection purposes

3 mm slice thickness

1 mm slice thickness

CT Phantom IR
system size level 100% dose 50% dose 100% dose 50% dose
DLCT Small 0 5 5 5 2
3 5 5 5 5
5 5 5 5 5
Large 0 4 3 1 0
3 5 2 0 0
5 5 3 0 0
SPCCT  Small 0 5 5 5 5
3 5 5 5 5
5 5 5 5 5
Large 0 5 2 0 0
3 5 4 5 0
5 5 5 5 0

DLCT = Dual layer CT; SPCCT = Spectral photon counting CT; BAS = Background Agatston score;

IR = iterative reconstruction

192



Improved CAC detection and quantification with low-dose full FOV SPCCT| Chapter 10

Figure 1 Representative images

for the D100 insert placed in the
(o) 0
100% 50% small and large phantom, for DLCT

and SPCCT for routine clinical
protocols (100% radiation dose, IR
level 0 and 3 mm slice thickness)
and 50% reduced radiation dose.
Voxels exceeding the CAC scoring
threshold of 130 HU are indicated
in red. An asterisk indicates

- reconstructions for which BAS > 0

7 A:vm\
Sbe

100% radiation dose and IR level 0), DLCT detected a median (range) number of
12 (11-16) and 14 (13-16) out of 100 calcifications for the small and large phantom,
respectively. For SPCCT, CAC detection increased to 16 (14-23) and 15 (14-17),
respectively.

At areduced slice thickness of 1 mm, the median number of detected calcifications
in the small phantom increased by 142% for DLCT and by 156% for SPCCT.
For the large phantom, reduced slice thickness resulted in non-diagnostic image
quality for CAC detection (BAS > 0) for DLCT for all reconstructions. For SPCCT,
this was only the case when IR level 0 was used. However, changing IR level to 3
enabled satisfying image quality and increased median CAC detection by 127% for
the large phantom in comparison with the routine clinical protocol.
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Figure 2 Box and whisker for the total number of detected CAC from the 100 present CAC in the
D100 insert for the small (upper) and large (lower) phantom size. Results are shown for both used slice
thicknesses and radiation dose levels

At both reduced slice thickness and reduced radiation dose, noise levels were too
high for the large phantom for both DLCT and SPCCT with all IR levels, resulting in
non-diagnostic image quality for CAC detection (BAS > 0). For the small phantom,
however, median CAC detection was still increased in comparison with 100% dose
and 3 mm slice thickness when appropriate IR levels were selected (Figure 2). For
DLCT at 50% dose and 1 mm slice thickness with IR level 0, the median (range)
number of detected calcifications was 25 (24-26), which is equal to an increased
CAC detection of 108% in comparison with the routine clinical protocol. For
SPCCT with IR level 0, the median (range) number of detected calcifications was
40 (39-44), which is equal to an increased CAC detection of 150% in comparison
with the routine clinical protocol.
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Quantification results (CCI-insert)

Routine clinical CAC protocols (100% dose, 3 mm slice thickness and IR level
0) resulted in comparable volume scores for the CCI insert between DLCT and
SPCCT, independent of phantom size or CAC density (Figures 3 and 4). However,
especially for the high-density calcifications, large deviations from the physical
volume of the calcifications were shown. For DLCT, small phantom volume scores
from routine clinical protocols overestimated physical volume by (median (range))
116% (110% to 157%), 62% (56% to 106%), and 21% (15% to 23%) for high,
medium, and low CAC density, respectively. For SPCCT, small phantom volume
scores overestimated physical CAC volume for routine clinical protocols by 134%
(131% to 138%), 93% (50% to 96%), and 16% (7% to 24%) for high, medium, and
low CAC density, respectively.
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Figure 3 Box and whisker plots of the volume scores for CCI insert CAC. Results are shown for small
(upper) and large (lower) phantom dimensions, high (A and D) / medium (B and E) / low (C and F)

CAC density, both CT systems, three IR levels, two slice thicknesses and both radiation dose levels. The
dashed line indicates the total physical volume of the calcifications (96.2 mm3)
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Figure 4 Box and whisker plots of the mass scores for CCI insert CAC. Results are shown for small
(upper) and large (lower) phantom dimensions, high (A and D) / medium (B and E) / low (C and F)
CAC density, both CT systems, three IR levels, two slice thicknesses and both radiation dose levels.
The dashed line indicates the total physical mass of the calcifications (78.5, 39.3 and 19.6 mg for high,
medium and low density, respectively)

In comparison to volume scores, deviations from physical quantities were in
general smaller for mass scores (Figure 4). For DLCT, small phantom mass scores
from routine clinical protocols deviated from physical mass by (median (range))
9% (4% to 13%), -5% (-8% to 2%), and -10% (-18% to -7%) for high, medium, and
low CAC density, respectively. For SPCCT, small phantom mass scores deviated
from physical CAC mass by 5% (2% to 7%), -3% (-7% to -1%), and -23% (-27% to
-13%) for high, medium, and low CAC density, respectively.

The influence of radiation dose, IR levels and phantom size on volume
approximation was only minor (Figure 3). However, reconstructions at reduced
slice thickness reduced partial volume effects, and therefore improved volume
scores substantially, in particular for high density CAC and SPCCT. For DLCT at
routine dose, 1 mm slice thickness and IR level 0, small phantom volume scores
were overestimated by 96% (91% to 101%), 57% (49% to 61%), and 20% (12% to
24%), again for high, medium, and low CAC density, respectively. For SPCCT, this
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volume overestimation was 72% (71% to 83%), 48% (35% to 50%) and 16% (12%
to 22%). In comparison with DLCT, SPCCT showed superior physical volume
depiction for all CAC densities at reduced slice thickness.

Physical mass approximation improved for reduced slice thickness for both CT
systems and all CAC densities (Figure 4). For both CT systems, the largest decrease
in physical mass deviation was shown for the low-density CAC. DLCT small
phantom deviation from physical mass at 1 mm slice thickness, 100% radiation
dose and IR level 0 in median (range) was 8% (7% to 14%), 1% (-1% to 5%), and
-3% (-8% to -1%) for high, medium, and low CAC density, respectively. SPCCT
mass scores deviated from physical mass by 4% (3% to 5%), 1% (-1% to 3%), and
-8% (-9% to -7%) for high, medium, and low CAC density, respectively. Changes
in physical mass approximation for changes in radiation dose for both CT systems,
slice thickness and IR were only minor.

DISCUSSION

The current study shows superior CAC detectability for SPCCT in comparison
with DLCT. SPCCT shows improved CAC detection (up to 156%) at reduced
slice thickness, even at 50% radiation dose. SPCCT can more accurately measure
physical volumes, especially at reduced slice thickness and for high-density CAC.
Both DLCT and SPCCT show more accurate physical mass at reduced slice
thickness.

Detection of small and low density calcifications is clinically relevant, due to
the important role of zero CAC scores for the risk estimation of cardiovascular
disease.* The sensitivity of CT for the detection of small or low-density CAC can be
increased by thinner reconstructed slices. However, thinner slices yield an increase
in image noise, when radiation dose is kept constant. This can be counteracted by
the use of increased levels of IR.***¢ The application of IR can, however, impact
CAC quantification as CAC can be removed from the image.>*~*" In the current
study, CAC detection using SPCCT improved by up to 141% with reduced slice
thickness at only 50% of the clinical radiation dose level. For the large phantom
size, increased CAC detection of 113% was shown for reduced slice thickness
at clinical radiation dose at IR level 3. For both phantom sizes, physical volume
approximation improved for large CAC.

To the best of our knowledge, our study is the first to systematically assess CAC
detection and quantification at reduced slice thickness and reduced radiation
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dose for SPCCT systems. Other studies did however assess CAC quantification
on SPCCT. Our results corroborate the recent study by Sandstedt et al, who also
showed improved CAC volume quantification for SPCCT at standard radiation
dose.’ In that study, however, a SPCCT system with limited FOV was used, and
radiation dose reduction was not applied. Also, the exact densities of the used CAC
were unknown. Our results are also in-line with a recent publication by Symons
et a, who showed improved CAC CNR for SPCCT, which could potentially reduce
CAC score radiation dose while maintaining diagnostic image quality.®

The systematic nature of our study provides insight in CAC detection and the
quantification potential of SPCCT for different densities, radiation dose levels,
slice thicknesses, and IR levels. Our study also has some limitations. First, a non-
commercial SPCCT system was used for our evaluation. Second, our study was
based on static phantom data since the rotation gantry rotation time of the used
prototype SPCCT system is not optimized yet. Despite the anthropomorphic
nature of the phantom with in-vivo linear attenuation coefficients, coronary
motion and complex internal structures were not taken into account. This could
be assessed with a dynamic anthropomorphic phantom in a follow-up study on
the next version of the prototype. Using a static phantom did, however, provide us
with the opportunity to systematically assess CAC detection, without any influence
of motion artefacts. Finally, SPCCT parameters for this study were only based on
clinical conventional CT values. Further improvements for SPCCT CAC detection
and quantification are likely for SPCCT specific protocol optimizations.

In conclusion, CAC detection on SPCCT is superior to DLCT, and was even
preserved at reduced radiation dose. Furthermore, SPCCT allows for improved
physical volume approximation.
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ABSTRACT

Objective

To assess the dose reduction potential of a calcium-aware reconstruction technique,
which aims at tube voltage-independent computed tomography (CT) numbers for
calcium.

Methods

A cardiothoracic phantom, mimicking different patient sizes, was scanned with
two calcium inserts (named D100 and CCI), containing calcifications varying
in size and density. Tube voltage was varied both manually (range 70 - 150
and Sn100 kVp) and automatically. Tube current was automatically adapted to
maintain reference image quality defined at 120 kVp. Data was reconstructed
with the standard reconstruction technique (kernel Qr36) and the calcium-aware
reconstruction technique (kernel Sa36). We assessed the radiation dose reduction
potential (volumetric CT dose index values (CTDI ), noise (standard deviation
(SD)), mean CT number (HU) of each calcification, and Agatston scores for
varying kVp. Results were compared with the reference acquired at 120 kVp and
reconstructed with Qr36.

Results

Automatic selection of the optimal tube voltage resulted in a CTDI ; reduction

1
of 22%, 15%, and 12% compared with the reference for the small, medium, and
large phantom, respectively. CT numbers differed up to 64% for the standard
reconstruction and 11% for the calcium-aware reconstruction. Similarly, Agatston
scoresdeviated up to40% and 8% for the standard and calcium-aware reconstruction

technique, respectively.

Conclusion

CAC scores using routine clinical protocols are comparable between conventional
CT and SPCCT. The increased spatial resolution of SPCCT allows for increased
detectability and more accurate CAC volume estimation.
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INTRODUCTION

Ischemic heart diseases remain one of the leading causes of death worldwide."?
Within the framework of individual risk prediction for these diseases, the
assessment of coronary artery calcium has become increasingly important.
Currently, the most common strategy for quantification of the coronary artery
calcium score (CACS) is on computed tomography (CT) examinations using the
Agatston method.” Despite the excellent prognostic value of this CT-based strategy,
the Agatston scoring method has some limitations.** Recent guidelines demand a
fixed tube voltage of 120 peak kilo voltage (kVp) in combination with filtered back
projection (FBP) or iterative reconstruction with 100 kVp acquisition after site-
and literature-based validation.>® However, there is a main argument for the use
of lower, or even patient-specific, tube voltages: the need to reduce radiation dose

given the increase in the number of CT examinations.”

Lowering tube voltage potentially reduces radiation dose in CACS at the cost of
inconsistent scores because CT numbers, expressed in Hounsfield units (HU), are
energy dependent. In this case, the standard calcium scoring threshold should be
made tube voltage or patient-specific.

Recently, a calcium-aware reconstruction technique was introduced via the
application of a new reconstruction kernel (Sa36f). The technique is also known by
the name “Agatston score equivalent calcium scoring,” “artificial 120 kV equivalent
CT images,” or “artificial 120.” Please refer to the vendor’s whitepaper for a detailed
explanation.® With this technique, CT numbers of calcium are scaled to match
the CT numbers that would have been measured at 120 kVp, enabling the use of
the standard 130 HU threshold.’ The technique might enable acquiring images at
reduced radiation dose, while preserving the Agatston score and its risk assessment
potential. In contrast to tube voltage-dependent threshold adjustments, the

calcium-aware reconstruction technique seems an easy tool to implement clinically.

The purpose of our phantom study was to evaluate the calcium-aware reconstruction
technique with regard to coronary calcium quantification for a wide range of tube
voltages and calcifications varying in size and density and for different chest sizes.
Moreover, the radiation dose reduction by automatic tube voltage selection was
assessed for these cases.
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METHODS

Phantom

An anthropomorphic (cardio) thoracic CT phantom (QRM Thorax, QRM GmbH)
in combination with two different inserts was used for quantitative assessment of
CACS both for the standard and the calcium-aware reconstruction technique. One
insert (D100, QRM GmbH) contained 100 calcifications of different diameters (0.5
to 2.0 mm) and hydroxyapatite (HA) densities (90 to 540 mg HA/cm?).!° The other
insert was a cylindrical cardiac calcification insert (CCI, QRM GmbH) with nine
calcifications varying in size (1.0 to 5.0 mm) and density (200 to 800 mg HA/cm?).
To simulate different chest sizes, the thorax phantom was scanned with and without
fat-equivalent extension rings (QRM GmbH) resulting in three different chest
sizes: small (300 x 200 mm), medium (350 x 250 mm), and large (400 x 300 mm).
To ensure a realistic translation of the results from different phantom sizes to
human chest sizes, the water equivalent diameter (Dw) was used. Dw reflects the
x-ray attenuation of the patient and is therefore a preferred patient size metric."!
Retrospective analysis of Dw’s in 41 patient scans for CACS performed in our
hospital showed that these diameters mostly matched with the Dw of the medium
and large extension rings.

Acquisition and reconstruction parameters

Scans were performed on a dual source CT (DSCT) system (SOMATOM Force,
Siemens Healthineers, Syngo CT VBI10). A reference tube voltage of 120 kVp in
combination with automated tube current modulation (ATCM) CARE Dose4D
was used for both inserts (Table 1). The calcium-aware reconstruction technique
was assessed by acquiring data with varying tube voltages of 70-150 kVp, in steps
of 10 kVp. Additionally, automatic tube voltage selection (“kVon”) was set to
keep the contrast to noise ratio for calcium constant when selecting the optimal
tube voltage for radiation dose optimization. Finally, a scan was performed using
a dedicated CACS Tin filtration protocol with an adaptation of the reference
tube voltage to Sn100 in combination with ATCM CARE Dose4D (Table 1). All
scans were repeated five times after manual repositioning (approximately 2 mm
translation and 2 degrees rotation) of the phantom to assess positioning influence
and interscan variation.

Images were reconstructed with the conventional calcium scoring reconstruction
technique (kernel Qr36) and the dedicated calcium-aware reconstruction
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Table 1 Acquisition and reconstruction parameters

Scanner* SOMATOM SOMATOM
Force Force-tin filtration
Acquisition mode Sequential Sequential
Scan length (mm) 100.5 100.5
Reference tube voltage 120 Sn100
Reference tube current product 80 534
Manual tube voltage settings 70-150 Sn100
CARE kV dose optimization slider** 5 (bone/calcium) 5 (bone/calcium)
Collimation (mm) 32x1.2 32x1.2
Rotation time (sec) 0.25 0.25
Image reconstruction (FBP) Qr36 and Sa36 Qr36 and Sa36
Slice thickness (mm) 3.0 3.0
Increment (mm)*** 1.5 1.5
FoV (mm) 180 180
Reconstruction matrix 512 x 512 512 x 512

*Siemens Healthineers, Syngo CT VB10
**The dose optimization slider from the default calcium scoring protocol was retained
***Increment of 1.5 mm is the standard for calcium scoring with Siemens equipment

technique (kernel Sa36), both based on FBP. For the latter technique, calcium
is identified in preliminary reconstructed images and a lookup table is used to
correct the CT numbers of calcium in the finally reconstructed images.® The exact
working of the algorithm is proprietary information of the vendor. The algorithm
is fully integrated within the standard image reconstruction interface and can be
activated by selecting the corresponding reconstruction kernel (Sa36). It does not
need an additional workstation or increased reconstruction times.

Image and dose analysis

The volumetric CT dose index values (CTDI )) in mGy were noted to assess
potential radiation dose reduction. Consistency of CT numbers (mean and
standard deviation (SD)) was determined in the central calcium insert (200HA) of
the CCI insert. Noise SD was determined within a homogeneous region of the CCI
insert. Agatston score, together with different image quality metrics, was computed
using an in-house developed Python script (Python version 3.7) for the D100 and
CClI insert. Resulting Agatston scores of the Python script were validated against
the standard vendor-specific scoring software (Syngo.via, Siemens Healthineers)
with the aid of CCI data and proven equal (maximum deviation 0.1%).
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This study addresses directly the CT number or CT value in Hounsfield units (HU)
of calcifications. CT numbers are related to the linear x-ray attenuation coeflicients
and depend on the density, the effective atomic number, and x-ray tube voltage."
The attenuation coefficient of the phantom base material does not resemble
the attenuation coeflicient of human soft tissue equally well at all tube voltages.
Allmendinger et al previously described a base material-specific correction,
necessary for correct Agatston scores at varying tube voltages by adjustment of
the standard 130 HU threshold.® This correction was applied automatically in our
study as well as for all reconstructions.

Image noise was compared with recommended noise targets (in HU) for calcium
scoring CT scans defined for different chest sizes (small, medium, large chest
width): 20 HU for the small and medium chest width, and 23 HU for the large
chest width.

Additionally, an Agatston score was determined in a non-calcium region
(55x55 mm), therefore depending purely on noise. This score was called the
background Agatston score (BAS). For acquisitions with a non-zero BAS, the
Agatston scores of calcifications could be less reliable, as it was uncertain if a
calcification was seen at a specific location, or just noise. These scores were noted.

Reference values for both inserts were the Agatston scores acquired with a tube
voltage of 120 kVp and reconstructed with the standard technique (Qr36). Each
deviation in acquisition or reconstruction was compared against this reference

Statistical analyses

SPSS (version 25, IBM Corp) was used for statistical analysis. Normality of data
was tested with the Shapiro-Wilk test. Wilcoxon signed-rank test was performed
to evaluate statistically significant difference of the median Agatston scores.
Intraclass correlation coefficients (ICC) with a 95% confidence interval (CI) and
Bland-Altman plots of the Agatston scores between two different techniques were
assessed. A p value of <0.05 was considered statistically significant. Agatston scores
are given as median values of the five measurements.
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RESULTS

Radiation dose and noise values

Reference dose levels at 120 kVp for the small, medium, and large phantom size
were 1.57, 2.59, and 3.84 mGy respectively. For the scans with automatic tube
voltage selection, tube voltage was reduced to 90 kVp for the small and medium
phantom size, while 100 kVp was selected for the large phantom. In comparison
with the corresponding reference, radiation dose levels decreased by 22%, 15%,
and 12% for the small, medium, and large phantom size, respectively.

Within the dedicated Tin CACS protocol, dose values were 55% lower for both
small and medium phantom size and 60% for the large phantom size compared
with the reference dose levels at 120 kVp.

Median noise values for the 120 kVp and the images obtained with automatic
tube voltage selection increased with increasing phantom diameter for both
reconstruction techniques (Figure I). The noise level in all three phantom sizes
was highest when using Tin filtration. Moreover, the recommended noise target
for calcium scoring CT scans was exceeded for some tube voltages in the medium
phantom and for all tube voltages in the large phantom size (Figure 1). Despite
the high number of noise limit exceeding scans, BAS values were zero for most
reconstructions. A BAS >0 was found only for the large phantom in combination
with a tube voltage of 70 kVp or Sn100.

CT number constancy

Considering the large calcification with 200 mg HA/cm?® in the CCI insert for all
phantom sizes, CT numbers increased with decreasing tube voltage for the standard
reconstruction technique, while these numbers remained virtually constant for the
calcium-aware reconstruction technique (Table 2). Median HU (min HU-max
HU) of the reference (120 kVp +Qr36) was 266 HU (265HU—268HU), 257 HU
(257HU—258HU), and 247 HU (246HU—248HU) for the small, medium, and
large phantom size, respectively. Compared with the reference, the deviation was
up to 64% with the standard reconstruction technique and up to 11% with the
calcium-aware reconstruction technique when varying the tube voltage (Table 2).
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Figure 1 Box-and-whisker plots of the noise measurements of the homogeneous central slice of the CCI
insert. Recommended noise targets (in HU) for calcium scoring CT scans defined for different chest
sizes were applied to the images as dotted lines: 20 HU for the small and medium chest width, and 23
HU for the large chest width. The automatic tube voltage selection is illustrated by “kVon”

Agatston score

When varying the tube voltage, Agatston scores deviated up to 40% and 8% from the
reference for the standard and calcium-aware reconstruction technique, respectively
(Table 3). The overall spread in median Agatston scores for varying tube voltages
decreased for the calcium-aware reconstruction technique for both the CCI and
D100 insert (Figures 2 and 3). Considering all phantom sizes, the Agatston scores
in the CCI insert increased with 14% for the automated tube voltage selection and
decreased with 14% within the tin-filtrated scans for the standard reconstruction
technique (Figure 2a). For the calcium-aware reconstruction technique, Agatston
score deviations from the reference were much less: 3.6% at automated tube voltage
selection and 2.4% with the tin-filtrated scans (Figure 2b). For the D100 insert, we
observed similar results; however, the deviations from the reference were larger
than in the CCI insert, especially for the varying tube voltage in combination
with the standard reconstruction technique (Figure 3). Representative images
of the D100 insert for the standard reconstruction technique with 120 kVp and
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Table 2 Deviation of the CT number of calcium at varying tube voltage and phantom size compared
with the reference with a tube voltage of 120 kV and the standard reconstruction technique (Qr36)

Deviation of the CT number of calcium

Calcium-aware reconstruction technique

Tube voltage Small phantom Medium phantom Large phantom
70 -11.0% (-9.9% to-11.1%) -4.3% (-4.0% to -5.0%) 2.2% (1.8% to 3.5%)
80 -7.0% (-6.7% to -7.6%) -2.7% (-2.3% to -2.8%) 3.2% (2.6% to 3.8%)
90 -3.6% (-3.4% to -4.6%) -0.5% (-0.9% to 0.7%) 3.7% (3.6% to 5.4%)
100 -2.4% (-2.0% to -2.9%) 0.6% (0.3% to 1.7%) 4.7% (3.3% to 5.6%)
110 -2.2% (-1.7% to -2.7%) 1.1% (0.8% to 1.3%) 5.2% (4.2% to 5.6%)
120 -1.5% (-0.7% to -2.0%) 2.1% (1.9% to 2.3%) 5.4% (5.1% to 6.0%)
130 -1.4% (-0.6% to -2.3%) 1.9% (0.9% to 2.1%) 5.8% (5.5% to 6.5%)
140 -0.9% (-0.8% to -1.7%) 2.0% (0.8% to 2.9%) 4.7% (4.4% t0 6.1%)
150 -1.1% (-0.6% to -1.8%) 1.9% (1.2% to 3.0%) 5.7% (5.2% to 6.5%)
Sn100 -5.3% (-4.3% to -7.0%) -2.5% (-1.4% to -3.8%) 1.5% (0.2% to 3.7%)

Deviation of the CT number of calcium

Standard reconstruction technique

Tube voltage Small phantom Medium phantom Large phantom
70 60.5% (59.6% to 61.6%) 61.0% (60.4% to 62.0%) 63.6% (62.0% to 65.6%)
80 40.1% (39.4% to 40.4%) 39.1% (39.0% to 40.1%) 40.8% (40.3% to 41.6%)
90 25.4% (25.3% to 26.3%) 24.4% (24.1% to 25.9%) 25.3% (24.2% to 26.5%)
100 14.9% (14.6% to 15.3%) 13.6% (13.3% to 15.0%) 14.0% (12.5% to 15.9%)
110 6.3% (5.7% t0 6.9%) 5.8% (5.6% t0 6.2%) 6.4% (5.4% t0 6.7%)
120 0.0% (-0.5% to 0.8%) 0.0% (-0.2% to 0.2%) 0.0% (-0.3% to 0.6%)
130 -5.3% (-4.5% to -6.2%) -5.6% (-5.4% to -6.3%) -4.6% (-4.0% to -4.7%)
140 -9.4% (-9.3% to 10.1%) -9.6% (-8.8% to 10.7%) -9.6% (-8.6% to 10.0%)
150 -13.0% (-12.6% to -13.6%) -13.2% (-12.4% to -13.8%) -12.3% (-11.3% to -12.5%)
Sn100 -16.5% (-16.2% to -17.9%) -13.9% (-13.0% to -14.8%) -11.1% (-9.0% to -11.8%)

Values given in Median% (Min% to Max%]

the calcium-aware reconstruction technique at reduced tube voltage for all three
phantom sizes are shown in Figure 4. This figure shows calcifications with an
Agatston score of zero for the reference, while the calcium-aware reconstruction
technique Agatston scores are non-zero.

There was a very high ICC (0.991) and 95% CI for the automated tube voltage
selection with the standard reconstruction technique compared with the reference
when considering all calcifications (Figure 5a). When considering only the low
Agatston scores, both the ICC and 95% CI decreased (Figure 5b). There was a
very high ICC (0.998) and 95% CI for the automated tube voltage selection and
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Table 3 Agatston score deviation at varying tube voltage and phantom size compared with the reference
with a tube voltage of 120 kV and the standard reconstruction kernel (Qr36)

Agatston score deviation

Calcium-aware reconstruction technique

Tube voltage Small phantom Medium phantom Large phantom
70 -7.5% (-1.9% to -10.4%) -2.5% (2.6% to -7.1%) 1.8% (-3.1% to 5.6%)
80 -7.0% (-3.0% to -11.7%) -3.8% (1.7% to -8.0%) -1.6% (5.2% to -7.0%)
90 -5.2% (-1.2% to -8.8%) -2.0% (2.5% to -7.4%) -2.2% (4.3% to -6.1%)
100 -3.4% (-1.2% to -7.2%) -2.8% (1.9% to -6.8%) -1.5% (4.4% to -5.7%)
110 -5.6% (-0.5% to -8.5%) -0.8% (3.2% to -6.2%) 2.5% (-3.4% to 6.8%)
120 -1.1% (3.8% to -5.6%) 0.7% (-2.8% to 4.6%) 2.2% (-2.3% to 10.3%)
130 -3.5% (1.1% to -5.7%) -0.9% (4.9% to -5.5%) 2.4% (-5.2% to 10.7%)
140 -2.6% (2.4% to -5.8%) -0.1% (-4.1% to 6.8%) 0.6% (-3.5% to 7.9%)
150 -3.1% (3.1% to -5.5%) 0.1% (-2.9% to 6.7%) 1.7% (-3.4% to 10.1%)
Sn100 -4.4% (0.1% to -8.7%) -2.5% (5.6% to -7.8%) -0.4% (9.3% to -17.4%)
Agatston score deviation
Standard reconstruction technique
Tube voltage Small phantom Medium phantom Large phantom
70 39.7% (33.6% to 44.0%)  38.1% (33.0% to 44.3%)  36.7% (31.6% to 43.3%)
80 26.3% (21.9% to 28.8%) 24.6% (20.9% to 28.4%) 24.4% (19.1% to 27.7%)
90 18.1% (14.2% to 22.3%) 16.8% (11.6% to 20.0%) 14.5% (9.9% to 20.4%)
100 13.1% (5.8% to 16.5%) 7.0% (2.7% to 15.8%) 7.7% (1.1% to 13.1%)
110 1.7% (-1.3% to 7.4%) 2.2% (-0.6% to 7.2%) 3.7% (-2.5% to 8.4%)
120 0.0% (-4.4% to 5.3%) 0.0% (-4.6% to 3.9%) 0.0% (-4.7% to 5.6%)
130 -6.2% (-2.5% to -7.5%) -6.2% (-2.0% to -11.1%) -7.5% (-0.6% to -11.3%)
140 -10.2% (-5.3% to 12.2%)  -10.5% (-6.6% to -14.4%) -11.3% (-6.8% to -16.5%)
150 -12.7% (-10.0% to -14.1%) -11.3% (-8.8% to -16.8%) -14.5% (-7.2% to -17.1%)
Sn100 -13.7% (-9.7% to -17.2%) -15.7% (10.5% to -41.0%) -12.2% (-3.0% to -28.3%)

Values given in Median% [min% to max%]

the calcium-aware reconstruction technique compared with the reference (Figure
5c). When considering only the low Agatston scores, both the ICC and 95% CI
decreased (Figure 5d). However, this decrease was less than observed within the
standard reconstruction technique. A Bland-Altman analysis of the data is shown
in Figure 6. The Bland-Altman plots demonstrate the agreement between the two
reconstruction kernels. The negative mean difference within Figure 6a, b, and d
demonstrates that, regardless of reconstruction technique, Agatston scores are
higher for automatic tube voltage selection in comparison with 120 kVp. The
opposite applies for the calcium-aware reconstruction technique and automatic
tube voltage selection (Figure 6¢).
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Figure 2 A Box-and whisker plots of the Agatston score within the CCI insert with the standard
reconstruction technique. B Box-and-whisker plots of the Agatston score within the CCI insert with the
calcium-aware reconstruction technique. Scores are given per phantom size-tube voltage combination.
The automatic tube voltage selection is illustrated by “kVon”

For the CCI insert, increasing the phantom diameter from small to large
demonstrated no statistically significant decrease (p=0.5) of the median (range)
Agatston scores from 671 (656.2—686.5) to 669.9 (651.1—689.4) for the reference
(120 kVp and Qr36). A statistically significant increase (p<0.05) in Agatston
score from 639 (626.9—642.4) to 657.4 (652-664.5) was observed for the calcium-
aware technique with automated tube voltage selection. For the D100 insert and
increasing phantom size from small to large, there was a statistically significant
decrease (p<0.05) in Agatston score from 29.3 (26.5—31.2) to 25.6 (21.4—27.8)
for the reference (p<0.05), and a statistically significant decrease (p<0.05) in
Agatston score from 49.0 (47.4—56.7) to 37.1 (34.0—39.4) for the calcium-aware
reconstruction technique with automatic tube voltage selection.
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Figure 4 Visualization of calcifications in the D100 insert with all voxels with a CT number above
the threshold colored red. From left to right, the phantom size increases. The upper row images were
reconstructed with the standard reconstruction technique with a tube voltage of 120 kVp. Lower row
images were reconstructed with the calcium-aware reconstruction technique and automated tube voltage
selection (90 kVp for the small and medium size phantom and 100 kVp for the large size phantom)
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DISCUSSION

Our results demonstrate that CACS with a calcium-aware image reconstruction
technique allows for consistent CT numbers when varying the tube voltage and
allows for reduced radiation exposure with automatic reduction of tube voltage.

The Agatston scores with the calcium-aware reconstruction technique deviated
up to 8% for the calcifications of the CCI insert across 70 to 150 kVp and Sn100,
whereas the Agatston score with the standard reconstruction deviated much more
with up to 40%. The latter might be explained by the increase of the photo-electric
effect for calcium when scanning with low tube voltage settings. In contrast to the
CCl insert, Agatston scores were not stable for the calcifications of the D100 insert
when varying the tube voltage. For the calcium-aware reconstruction technique,
this might be explained by a sub-optimal identification of the voxels containing
calcifications of small diameter and low density and subsequently a sub-optimal
correction of the CT numbers.

As seen in Figure 4, there were additional calcifications detected when lowering
tube voltage. Thus, it might be possible that a patient with a zero Agatston score at
120 kVp might have a non-zero Agatston score at a lower tube voltage, despite the
application of the calcium-aware reconstruction technique. This might influence
the work-up of patients suspected for coronary artery disease. However, the
increase of Agatston score in the D100 insert, as demonstrated in Figure 4, is due
to true calcified lesions. Instead of improving the calcium-aware reconstruction
technique presented in this study to better resemble the Agatston scores at 120 kV,
we prefer to reinvent calcium imaging and think it is time to let go the conventional
scoring method.'*** For example, Groen et al described a correction applied to the
130 HU calcium scoring threshold for the increased CT numbers of calcium when
varying tube voltage and applying the standard reconstruction technique.'

Our study demonstrated a decrease in Agatston score with increasing phantom
size, as previously described for the standard reconstruction technique and the
D100 insert.” However, our study used both the CCI and the D100 insert and in
addition the calcium-aware reconstruction technique. We observed an increase of
the Agatston score for the CCI insert when using the calcium-aware reconstruction
technique. The increase in Agatston score might be explained by the sub-optimal
identification of the voxels containing small and low-density calcifications, while
noise increased.
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Calcium CT numbers were constant for the calcium-aware reconstruction
technique with automated tube voltage selection, irrespective of phantom size.
However, Agatston scores varied more than the reference for different patient sizes.
The reason for this is twofold. First, the constancy of CT numbers is calculated as
the mean of a large ROI enclosing the calibration rod of the CCI phantom, while
Agatston scores are calculated for the smaller nine calcifications. Second, despite
the use of clinical scan protocols, higher noise levels were shown especially for
the lower tube voltages and the automated tube voltage selection (Figure I1). Our
computation of the Agatston score was validated to the standard vendor-specific
software, calculating every single voxel above a threshold of 130 HU for CACS.
With higher noise levels, Agatston scores also increase.

Technological developments like tin filtration and automated tube voltage selection
allow for a substantial dose reduction. For example, a 100 kVp with tin filtration
CACS protocol demonstrated similar Agatston scores as the reference protocol with
120 kVp despite using the standard reconstruction technique.’® Larger deviations
are expected for tube voltages like 70 and 80 kVp (Table 2). A great advantage of the
currently considered calcium-aware reconstruction technique is that CACS can be
obtained more accurately from any acquisition, regardless of applied tube voltage
and filtration. This allows for CACS to be considered within cancer screening
protocols. The use of a CACS with the aid of tin filtration combined with an early
prototype of a calcium-aware reconstruction technique was described in a patient
study and considered to be potentially feasible for calcium scoring.'” However, in
this study and our study, an increased image noise for the tin-filtrated scans was
observed. The noise levels were above the recommended noise levels by the SCCT
in all three phantom sizes, especially for the large phantom size. Possible solutions
for sub-optimal identification of calcification when applying tin filtration with
increased noise levels are proposed, e.g., a HU threshold correction for CACS or
investigation to apply iterative reconstructions.? Within our study, we observed
BAS of >0 for the tin-filtrated vendor-recommended scans in the large phantom
size. Therefore, caution must be taken when applying the tin-filtrated scans in
clinical routine, especially when CACS is obtained for calcification of small
diameter and low density, as the calcium-aware reconstruction technique is also
not able to correct these.

The recommended noise levels were not only exceeded for the tin-filtrated
scanning protocols, but also for all tube voltage settings within the large phantom
diameter, despite the use of the vendor-recommended scanning protocols. This
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warrants further investigation for adjusting the reference tube current value or the
adaptation strength of the CARE Dose4D dose curve to achieve the recommended
noise target level.” However, it seems that the recommended noise target limit
comes with a very safe margin. After all, the BAS was zero for all reconstructions in
the small- and medium-sized phantoms and for the calcium-aware reconstruction
technique with automated tube voltage selection in all phantoms.

There are limitations in this study that need to be considered. This study was
phantom-based and despite the effort to represent clinical routine, patient studies
are necessary to validate our findings. CTDIvol is an indicator of the CT scanner
radiation output. The dose received by a patient depends on this CTDIvol and the
individual patient size. It is recommended to use the size-specific dose estimates
(SSDE) to reflect estimated doses for the individual patient.” Furthermore, it might
be of interest to use a non-stationary phantom model instead of a stationary one.
This makes it feasible to assess whether or not heart rate variability will influence
Agatston scores when using the calcium-aware reconstruction technique.

CONCLUSION

In general, CT numbers remained consistent with comparable calcium scores when
the calcium-aware image reconstruction technique was applied with varying tube
voltage. Less consistency was observed in small calcifications with low density.
Automatic reduction of tube voltage resulted in a dose reduction of up to 22%.
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ABSTRACT

Objective

The purpose of this study was twofold. First, the influence of a novel calcium-aware
(Ca-aware) computed tomography (CT) reconstruction technique on coronary
artery calcium (CAC) scores surrounded by a variety of tissues was assessed.
Second, the performance of the Ca-aware reconstruction technique on moving
CAC was evaluated with a dynamic phantom.

Methods

An artificial coronary artery, containing two CAC of equal size and different
densities (196+3, 380+2 mg hydroxyapatite cm™), was moved in the center
compartment of an anthropomorphic thorax phantom at different heart rates.
The center compartment was filled with mixtures, which resembled fat, water and
soft tissue equivalent CT numbers. Raw data was acquired with a routine clinical
CAC protocol, at 120 peak kilovolt (kVp). Subsequently, reduced tube voltage (100
kVp) and tin-filtration (150Sn kVp) acquisitions were performed. Raw data was
reconstructed with a standard and a novel Ca-aware reconstruction technique.
Agatston scores of all reconstructions were compared with the reference (120 kVp)
and standard reconstruction technique, with relevant deviations defined as >10%.

Results

For all heart rates, Agatston scores for CAC submerged in fat were comparable
to the reference, for the reduced-kVp acquisition with Ca-aware reconstruction
kernel. For water and soft tissue, medium density Agatston scores were again
comparable to the reference for all heart rates. Low density Agatston scores showed
relevant deviations, up to 15% and 23% for water and soft tissue, respectively.

Conclusion

CT CAC-scoring with varying surrounding materials and heart rates is feasible at
patient-specific tube voltages with the novel Ca-aware reconstruction technique.
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INTRODUCTION

Coronary artery calcifications (CAC), as detected by non-contrast cardiac
computed tomography (CT), are a strong predictor for future adverse cardiovascular
events.'? With CT, CAC is traditionally quantified according to the Agatston
scoring standard.* Other CAC scores, such as the mass score, were developed to
decrease shortcomings of the Agatston methodology.”° The number of CT CAC
assessments in clinical practice has increased substantially, which in turn increased
the cumulative radiation exposure to patients undergoing these exams." In order
to standardize CT CAC scoring across different types of CT equipment, a setting
of 120 kVp in combination with 3 mm slice thickness is recommended.'> On the
other hand, the most efficient way to reduce radiation dose for CT CAC imaging
is to decrease the peak tube voltage (kVp) to values below 120 kVp. However,
adjusting peak tube voltage will change Agatston scores and has therefore shown
to be difficult to implement.*!*"

To address this tradeoff, a novel calcium aware (Ca-aware) reconstruction
technique was recently introduced by one of the main CT manufacturers.” The
aim of this Ca-aware reconstruction kernel is to minimize the previously shown
kVp-induced variability of Agatston scores in order to allow for acquisitions at
patient-specific lower tube voltages without affecting CAC scores.'>!® This novel
reconstruction kernel is optimized for CAC surrounded by fat, as found in-vivo
where the arteries are embedded in the epicardial fat. In the reconstruction
process, bone and calcium are identified after which a voltage-dependent lookup
table is used to convert CT numbers to values which correspond to a tube potential
of 120 kVp. Ideally, this will yield CAC scores obtained at reduced tube voltages
that are equivalent to traditional scores that would have been obtained with 120
kVp acquisitions. Changing the resulting tube voltage-dependent Hounsfield
unit (HU) values of CAC to their 120 kVp values may enable the use of Agatston
calcium scoring methodology independent of tube voltage. For acquisitions with
tube voltages below 120 kVp, or with added filtration, this may enable decreased
radiation dose while maintaining unchanged CAC scores.

An important confounder of CAC scores is residual motion of coronary arteries
during image acquisition."* Motion artifacts can increase or decrease CAC
scores, depending on the density of the calcification.”” While recent studies have
assessed the influence of the novel Ca-aware reconstruction technique on both
stationary calcifications and in patients, the effect of this reconstruction technique
on CAC scores of moving calcifications of different densities at varying heart rates

remains unknown.?»
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Against this background, we formulated the following two aims. Our first aim was
to assess the influence of the Ca-aware reconstruction technique on CAC scores of
calcifications with different densities surrounded by a variety of patient equivalent
tissues. Second, the influence of the Ca-aware reconstruction technique on moving
calcifications was assessed with a dynamic anthropomorphic phantom.

METHODS

An anthropomorphic thorax phantom (QRM-thorax, QRM) containing artificial
lungs, a spine and a shell of soft tissue-equivalent material was used (Figure I). An
extension ring of fat-equivalent material (QRM-Extension Ring, QRM) was used
to increase the phantom dimensions to 400 x 300 mm, similar to the dimensions

of an averaged-sized patient.”

Figure 1 Overview of phantom
set-up, with the robotic arm
moving a coronary artery
along the direction indicated
by the red arrow (1), in the
anthropomorphic thorax
phantom (2), within the fillable
compartment (3). Movement
Is generated with the Sim2D
robot (4), which also provides
an electrocardiogram output
(5) to ensure data acquisition
during linear motion of the
artificial coronary artery
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A fillable compartment was placed within the cylindrical hole in the center of the
thorax phantom, in which an artificial coronary artery was linearly translated at
constant velocities of 0, 10, 20, and 30 mm/s with the use of a robotic arm (Sim2D,
QRM). The artificial coronary artery contained both a low and medium density
calcification of 196+3 and 380+2 mg hydroxyapatite (HA) cm?, respectively.
Both calcifications were equal in size: 5.0+0.1 mm in diameter, with a length of
10.0+0.1 mm. The movement was in a horizontal plane, perpendicular to the
scan direction. The velocities of the artificial coronary artery corresponded to the
average movement of in-vivo coronary arteries during the scan phase at 0, <60,
60-75 and >75 beats per minute (bpm)."” To ensure that only constant velocities
were present during the scan phase, the robotic arm was synchronized with the CT
system during acquisition with the use of the electrocardiography trigger output.

Data acquisition and reconstruction

Raw data was acquired with a vendor recommended protocol for CT CAC scoring at
120 kVp on a state-of-the-art CT system (SOMATOM Force, Siemens Healthineers)
(Table 1). Images were reconstructed with filtered back projection (FBP), using the
standard CAC scoring technique (kernel Qr36f), and the Ca-aware reconstruction
technique (kernel Sa36). Furthermore, besides the standard 120 kVp acquisition,
two other acquisitions were performed. First, data was acquired based on automatic
tube voltage selection (CARE kV, Siemens Healthineers) for the water equivalent
thickness of the phantom. Second, a dedicated CAC tin-filtration protocol was
used. For all protocols, tube current was adjusted according to automatic tube
current modulation (CARE Dose4D, Siemens Healthineers) (Table I). The quality
reference was set at 80 mAs/rotation, with the dose optimization slider on position
5 (calcium / bone). Due to a limitation in tube current with automatic tube voltage
selection for the used phantom size and 100SnkVp, a tube potential of 150Sn kVp
was manually selected. To increase sample size and precision, each acquisition
was repeated five times for each heart rate. Between each scan, the phantom was
manually translated and rotated by approximately 2 mm and 2 degrees, respectively.

In addition to Agatston scores we obtained mass scores by acquiring additional
images according to each of the three above-mentioned protocols with a static
cardiac calcification insert that included calcium calibration rods (CCI, QRM).
These reconstructions were used to calculate the mass calibration factor for each
of our protocols, according to the methodology described by McCollough et al.”*

229

12



Part IT | Acquisition and reconstruction parameters

Table 1 Acquisition and reconstruction parameters for the reference, reduced-kVp and tin-filtration
scans

Parameter Reference Reduced-kVp Tin-filtration
Acquisition mode Sequential Sequential Sequential
Ref. tube voltage [kVp] 120 120 100Sn
Ref. tube current product' [mAs / rot] 80 80 534
Tube voltage [kVp] 120 100? 150Sn?
Tube current [mAs / rotation] 100° 148° 136°
Collimation [mm)] 2x96x0.6 2x96x0.6 2x96x0.6
Rotation time [s] 0.25 0.25 0.25
Temporal resolution [ms] 66 66 66

Slice thickness [mm)] 3 3 3

Slice increment [mm] 1.5* 1.5* 1.5
Kernel Qr36f/ Sa36f Qr36f/ Sa36f Qr36f/ Sa36f°
Reconstruction FBP FBP FBP
Matrix 512x512 512x512 512x512
Field of view [mm)] 220 220 220
CTDIvol [mGy] 3.93 3.45 2.47

1 Default quality reference tube current, with dose optimization slider at position 5 (calcium / bone);
2 Automatically selected based on phantom size; 3 Based on water equivalent thickness of used;
phantom setup; 4 Standard for calcium scoring with Siemens Healthineers equipment; 5 Ca-aware
reconstruction kernel (Sa36f) used to compare results with reference reconstruction kernel (Qr36f)
Ref = Reference; rot = rotation; CTDIvol = CT Dose Index Volume; FBP = Filtered Back Projection

The fillable compartment, placed in the anthropomorphic phantom, was used to
subsequently acquire data with three materials, adjacent to the artificial coronary
artery. These materials resembled fat (-100 HU, water-ethanol mixture), water (0
HU) and soft tissue (50 HU, water-iodine contrast agent (Iodixanol) mixture).
To account for the tube voltage dependency of our mixtures, for each acquisition
(120, 100, 150Sn kVp) the compartment was filled for that specific tube voltage,
as indicated by the flowchart in Figure 2 for the soft tissue acquisitions. Prior to
every acquisition, each mixture was manually stirred to prevent curdling of the
liquids. In addition, due to the usage of the robotic arm of the dynamic phantom,
the mixture was stirred continuously, except during the 0 mm/s acquisitions.
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Data analysis

CAC scores were determined from the resulting reconstructed images using a
previously validated, in-house developed Python script (Python version 3.7).*!
A calcium scoring threshold of 130 HU was used for all reference and Ca-aware
reconstruction kernel data. For the reduced-kVp acquisition in combination with
the standard kernel, a threshold of 147 HU was used, as described previously.'® As
such an adapted threshold was not available for 150Sn kVp acquisitions, the regular
130 HU threshold was used. For all acquisitions, mean Agatston and mass scores
and standard deviation (SD) were calculated from the five repeated measurements
for each combination of heart rate, background material, and acquisition protocol.
In addition, an Agatston score was calculated for each reconstruction in a uniform
background region-of-interest, without any calcium content. This resulted in a
background Agatston score (BAS), which is only larger than zero for high image
noise levels, as previously described by Booij et al.?!

For each heart rate, Agatston scores of the reduced-kVp and tin-filtration
acquisition were compared to the 120 kVp reference. Differences in Agatston score
> 10% were deemed to be relevant. Resulting mass scores were compared to the
physical mass of the calcifications. Again, relevant differences were set at > 10%.

RESULTS

Background material and radiation dose

Automatic tube voltage selection, based on the water equivalent thickness of the
phantom, resulted in a tube voltage of 100kVp, while 150Sn kVp was manually
selected. For these protocols, this resulted in a radiation dose of 3.45 and 2.83
milliGray (mGy), respectively. In comparison with the radiation dose of 3.93 mGy
for the reference acquisition, this was a reduction of 12% and 28% for the reduced-
kVp and tin-filtration acquisitions, respectively.

On average over all velocities and repetitions, background material mean HU (+
SD) and image noise values for fat, water and soft tissue equivalent material, are
shown in Table 2. Noise levels from the tin-filtration protocol resulted in BAS > 0
for all acquisitions.
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Table 2 Background material mean (mean + SD) and noise (mean + SD) for all combinations of
tube potential, reconstruction kernel and background material, on average for all used velocities and
repetitions

Tube Kernel Fat Water Soft-tissue

potential Mean Noise Mean Noise Mean Noise

[kVp]

120 Standard -94.4+0.2 19.9+0.7 00+04 238+03 513+04 25004
Ca-aware -93.8+0.3 19.9+0.7 08+04 238+04 523+04 25004

100 Standard -99.0+0.3 21.0+1.1 -1.7+£03 253+04 51.8+03 263+0.6
Ca-aware -985+0.3 212+1.0 -1.0+£03 254+04 523+03 262+0.5

150Sn Standard -84.5+0.4 23.9+0.6 24+04 276+0.6 49.7+0.5 285+0.5

Ca-aware -84.2+03 23.7+0.3 29+04 278+0.6 546+06 314+0.7

Influence of background material on Agatston scores

Representative images for the highest heart rate are shown in Figure 3 and Figure
4, for the low and medium density calcification, respectively. These figures show a
reduced detectability for decreased CAC density and increased surrounding material
HU. Agatston scores resulting from the different acquisition and reconstruction
protocols are shown in Figure 5 and Figure 6, again for the low and medium density
calcification, respectively. From these data, it is clear that the standard reconstruction
technique leads to clinically relevant differences for all background materials and
heart rates for the low-density CAC. With the Ca-aware reconstruction technique,
Agatston scores are comparable with the reference. For each velocity, deviations
from the reference (FBP with standard kernel) were smaller for the medium
density calcification compared to the low-density calcification. Further, almost all
tin-filtration acquisitions led to >10% differences in comparison with the reference
acquisition for all three background materials.

For all heart rates, Agatston scores for the calcifications submerged in fat-like
background material were comparable to the reference, for the reduced-kVp
acquisition with Ca-aware reconstruction kernel. For water and soft tissue, medium
density Agatston scores were again comparable to the reference for all heart rates.
However, low density Agatston scores showed clinically relevant deviations for all
heart rates, when the calcification was submerged in water or soft-tissue like material.
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Soft tissue

Figure 3 Overview of
representative images

of the low density
calcifications for
different combinations
of acquisition and
reconstruction
parameters, and
background material, for
>75 bpm

Figure 4 Overview of
representative images

of the medium density
calcifications for
different combinations
of acquisition and
reconstruction
parameters, and
background material, for
>75 bpm
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. 120 kVp + Ca-aware . 100 kVp + Standard . 100 kVp + Ca-aware . 150Sn kVp + Standard | 150Sn kVp + Ca-aware

40+

Background =-100 HU
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Agatston score deviation [%]
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’80 T T T
0 <60 60-75 >75
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Figure 5 Deviations in low density CAC Agatston score from the reference (for each heart rate: 120 kVp
+ standard reconstruction kernel) for different heart rates and combinations of tube voltage [kVp] and
reconstruction. Results are shown for three background materials: fat (-100 HU, top), water (0 HU,
middle) and soft tissue (50 HU, bottom). Clinically relevant differences, at > £10%, are indicated with
dashed lines
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Agatston score deviation [%)]
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Figure 6 Deviations in medium density CAC Agatston score from the reference (for each heart rate: 120
kVp + standard reconstruction kernel) for different heart rates and combinations of tube voltage [kVp]
and reconstruction kernel. Results are shown for three background materials: fat (-100 HU, top), water
(0 HU, middle) and soft tissue (50 HU, bottom). Clinically relevant differences, at > +£10%,are indicated
with dashed lines
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Comparison with physical mass

Physical mass underestimated low-density calcifications by approximately 50% for
all reference acquisition and reconstruction settings (Table 3 and Table 4). These
underestimations of the physical mass changed to -50%, -41%, and -34% for the
reduced-kVp on average for all heart rates, for fat, water and soft tissue adjacent
material, respectively. For the tin-filtration protocol, the underestimation of HU
values ranged -65%, -53% and -31%. Medium density calcification mass scores
underestimated physical mass by -29%, -18% and -30%, again on average for all
heart rates, for fat, water and soft tissue circumjacent material, respectively. These
values changed to -31%, -20% and -9% for the kVp-reduced protocol, and -36%,
-19% and -10% for the tin-filtration protocol.

Table 3 Percent difference with physical mass of the low density calcification in mean + SD for all
acquisition, reconstruction, background material and heart rate parameters. To calculate the
percentage difference, the numerator was the Mass score, and the denominator was the physical mass
(38 mg)

Background Heart 120 kVp 100 kVp
material rate

150Sn kVp

Standard Ca-aware  Standard Ca-aware Standard Ca-aware

Fat 0 -479+22 -478+23 -451%20 -462+1.8 -73.7+54 -63.0+4.1
<60 -489+1.7 -488+15 -46.0+3.0 -472+29 -728+25 -63.0+2.7

60-75 -535+0.6 -53.5+0.6 -51.1+1.6 -52.6+1.6 -772+88 -64.9+3.5

>75 -558+1.8 -55.8+1.8 -54.7%35 -56.0+3.5 -78.7%53 -69.8+3.8

Water 0 -39.5+£29 -387+29 -38.0%£23 -39.0+23 -623+3.7 -499+2.6
<60 -42.7+23 -422+24 -377+1.1 -388+1.0 -595+4.1 -475+3.7

60-75 -414+25 -40.7+21 -391+1.6 -40.7+1.5 -653+7.4 -53.4+6.7

>75 -474+20 -46.8+18 -429+0.7 -442+13 -743+85 -57.7+3.0

Soft tissue 0 -623+3.7 -499+26 -335%£23 -324+20 -285+2.6 -29.8+2.9
<60 -59.5+4.1 -475+3.7 -393+64 -375+59 -263+40 -27.6+4.1

60-75 -743+85 -57.7+£3.0 -353+45 -334+42 -305%3.6 -33.6+2.6

>75 -743+£85 -57.7+3.0 -353%45 -334+42 -305+3.6 -33.6+2.6
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Table 4 Percent difference with physical mass of the medium density calcification in mean + SD for
all acquisition, reconstruction, background material and heart rate parameters. To calculate the
percentage difference, the numerator was the Mass score, and the denominator was the physical mass
(74 mg)

Background  Heart 120 kVp 100 kvp 150Sn kVp
material rate

Standard Ca-aware  Standard Ca-aware Standard Ca-aware
Fat 0 -26.7+1.2 -273+1.1 -282+09 -29.1+1.0 -36.1+£19 -340+1.5
<60 -274+04 -28.1+03 -294+1.1 -303+1.0 -364+1.1 -341+1.2

60-75 -293+14 -299+14 -30.7+13 -31.7+14 -499+19.5-37.5+2.6

>75 -340+0.8 -345+08 -33.1+1.6 -342+1.5 -428+27 -40.0+2.2

Water 0 -174+1.7 -174+17 -183+19 -19.1+2.1 -21.1+13 -16.3+0.7
<60 -17.7+1.6 -17.6£1.7 -185+13 -192+14 -22.0+1.0 -184+1.2

60-75 -18.7+1.0 -187+1.1 -212+1.1 -22.1+1.1 -262+2.7 -21.6+2.8

>75 -20.1+2.1 -20.1+20 -18.8+19 -199+19 -389+235-21.1+24

Soft tissue 0 -21.1+1.3 -163+0.7 -109+09 -10.6+09 -11.8+0.8 -12.6+0.7
<60 -220+1.0 -184+12 -126+1.1 -122+1.2 -11.4+£0.5 -12.1+£0.5

60-75 -389+235-21.1+24 -70+19 -56=%2.1 -55+29 -73+22

>75  -389+235-21.1+24 -70x19 -56%21 -55+29 -73+22

DISCUSSION

The main finding of this study is that the Ca-aware reconstruction kernel performs
well for a patient-specific tube voltage acquisition protocol (12% radiation dose
reduction), for medium density CAC, irrespective of CAC adjacent material or
heart rate. However, in the presence of low density CAC substantial deviations
in Agatston scores were observed, when calcifications were surrounded by water
(up to 15%) or soft-tissue (up to 22%) equivalent material, irrespective of heart
rate. Furthermore, the tin-filtration protocol also led to substantial deviations in
Agatston scores for low density calcifications, for most combinations of heart rates
and surrounding tissue. Furthermore, noise levels for this protocol were high,
leading to BAS > 0. Finally, mass scores as assessed by CT underestimated the true
physical mass.

To the best of our knowledge, this study is the first to systematically assess the
performance of a novel Ca-aware reconstruction kernel for different CAC
surrounding materials, CAC densities, and heart rates. In general, and especially
for the low-density calcification, reduced-kVp acquisitions resulted in increased
Agatston scores. This is expected, as the energy-dependence of CT numbers of
the surrounding material (fat / water / soft-tissue) is different from the energy-
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dependence of the CT number of calcium, as previously described by Jakobs et al.*
Because of the phenomenon, the detectability of calcium is increased, especially at
the margins of CAC where voxels might be just below the calcium scoring threshold
for 120k Vp. In turn, as more CAC is detected, more voxels are taken into account
by the Ca-aware reconstruction kernel for its recalculation to 120 kVp HU values."

Our results are in line with a phantom study by Booij et al., who demonstrated that
the consistency of CT numbers was reduced for low density CAC when comparing
CT numbers from reduced tube voltage acquisitions reconstructed with the Ca-
aware kernel, and CT numbers from routine protocols.?! In their study, however,
a base-material correction factor was provided by the CT manufacturer.” This
correction factor was necessary to account for the tube voltage dependency of
all materials other than water. The usage of this correction factor hampers direct
comparison with our results, as this artificial step was necessary due to the nature
of the used phantom in their study, which might have influenced resulting Agatston

scores.

In addition, two patient studies have been carried out by Vingiani et al.*>»* Both
studies showed the feasibility of the Ca-aware reconstruction kernel, in combination
with patient specific tube voltages, where one study considered spectral beam
shaping with tin-filtration. Comparison of results is hampered by the fact that for
their first study 100 kVp with tin-filtration was applied, whereas in our study a tube
voltage of 150 kVp with tin-filtration was manually selected for the phantom.” In
the other study by Vingiani et al. forty-three patients were imaged with both 120
kVp and an individualized tube voltage.® A high concordance in Agatston scores
between both scans was found. Since the density of these CAC, and the HU of the
CAC surrounding material is unknown, it is not known if these results are in-line
or contradictory to our results.

In line with previous studies, we found that CT generally underestimates the
physical mass of the low density calcifications by approximately 50% for all
reference acquisition and reconstruction settings.?

Our study has some limitations that merit consideration. First, this was an
in-vitro study, with artificial CAC containing coronary arteries and artificial
background material. Nevertheless, the coronary arteries were translated in an
anthropomorphic chest phantom at velocities which were observed in in-vivo
studies.” Also, the mass of the calcifications was in the range which is observed in
patients.” Second, movement of the artificial coronary arteries was only linear and

239

12



12

Part IT | Acquisition and reconstruction parameters

in the horizontal plane, while in-vivo complex movements in three dimensions
are observed. As the actual scan phase of a CAC scan is only (104 ms, based on
the total detector coverage and rotation time, we approximate that the addition
of 3D movement would only result in minor changes in our results. Third, the
materials used to simulate in-vivo CAC circumjacent tissue are artificial. However,
the linear attenuation coeflicient of the materials is only used for the Ca-aware
reconstruction kernel. The exact chemical composition is therefore irrelevant
for the current analysis, as we changed the ratio of our mixtures for each tube
voltage to ensure stable background material HU. Fourth, tube current limitations
of the dedicated CAC tin-filtration protocol led to the usage of semi-automatic
tube voltage selection for our tin-filtration acquisitions and a manual selection of
150Sn kVp. However, calcium contrast is inherently low for this hardened X-ray
spectrum, resulting in reduced CAC detectability and quantification results.
Although available to be manually selected by CT radiographers, this 150Sn
protocol is not recommended by the CT manufacturer for CAC scoring for large
patients. In addition, a low dose value was selected for the 150Sn kVp protocol
which resulted in increased noise levels and may have affected the determination
of the Agatston score of the calcifications and may have led to Agatston scores for a
non-CAC containing ROI (BAS > 0). This means that the resulting Agatston scores
for these acquisitions might be overestimated. However, for all combinations of
surrounding material, CAC density and heart rate, clinically relevant decrease in
Agatston score was shown. This decrease should therefore be even larger, when
noise levels were lower.

CT CAC-scoring with varying surrounding materials and heart rates is feasible at
patient-specific tube voltages with the novel Ca-aware reconstruction technique.

240



Ca-aware kernel for CT CAC-scoring with varying surrounding materials and heart rates | Chapter 12

REFERENCES

10.

11.

12.

Detrano R, Guerci AD, Carr J], et al. Coronary calcium as a predictor of coronary events in four
racial or ethnic groups. N Engl ] Med. 2008;358(13):1336-1345. doi:10.1056/NEJMo0a072100

Shaw LJ, Raggi P, Schisterman E, Berman DS, Callister TQ. Prognostic value of cardiac risk factors
and coronary artery calcium screening for all-cause mortality. Radiology. 2003;228(3):826-833.
doi:10.1148/radiol.2283021006

Keelan PC, Bielak LE, Ashai K, et al. Long-term prognostic value of coronary calcification
detected by electron-beam computed tomography in patients undergoing coronary angiography.
Circulation. 2001;104(4):412-417. d0i:10.1161/hc2901.093112

Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M, Detrano R. Quantification of
coronary artery calcium using ultrafast computed tomography. ] Am Coll Cardiol. 1990;15(4):827-
832. doi:10.1016/0735-1097(90)90282-T

Hong C, Bae KT, Pilgram TK. Coronary Artery Calcium: Accuracy and Reproducibility of
Measurements with Multi-Detector Row CT—Assessment of Effects of Different Thresholds and
Quantification Methods. Radiology. 2003;227(3):795-801. doi:10.1148/radiol.2273020369

Detrano RC, Anderson M, Nelson J, et al. Coronary calcium measurements: effect of CT scanner
type and calcium measure on rescan reproducibility--MESA study. Radiology. 2005;236(2):477-
484. doi:10.1148/radiol.2362040513

Hoffmann U, Siebert U, Bull-Stewart A, et al. Evidence for lower variability of coronary artery
calcium mineral mass measurements by multi-detector computed tomography in a community-
based cohort--consequences for progression studies. Eur J Radiol. 2006;57(3):396-402.
doi:10.1016/j.ejrad.2005.12.027

Rutten A, Isgum I, Prokop M. Coronary calcification: effect of small variation of scan starting
position on Agatston, volume, and mass scores. Radiology. 2008;246(1):90-98. doi:10.1148/
radiol.2461070006

Groen JM, Greuter MJ, Schmidt B, Suess C, Vliegenthart R, Oudkerk M. The influence of heart
rate, slice thickness, and calcification density on calcium scores using 64-slice multidetector
computed tomography: A systematic phantom study. Invest Radiol. 2007;42(12):848-855.
doi:10.1097/RL1.0b013e318154c549

Willemink MJ, van der Werf NR, Nieman K, Greuter MJW, Koweek LM, Fleischmann D. Coronary
artery calcium: A technical argument for a new scoring method. J Cardiovasc Comput Tomogr.
2019;13(6):347-352. doi:10.1016/j.jcct.2018.10.014

Mahabadi AA, Mohlenkamp S, Lehmann N, et al. CAC Score Improves Coronary and CV Risk
Assessment Above Statin Indication by ESC and AHA/ACC Primary Prevention Guidelines.
JACC Cardiovasc Imaging. 2017;10(2):143-153. doi:10.1016/j.jcmg.2016.03.022

Hecht HS, Blaha MJ, Kazerooni EA, etal. CAC-DRS: Coronary Artery Calcium Data and Reporting
System. An expert consensus document of the Society of Cardiovascular Computed Tomography
(SCCT). ] Cardiovasc Comput Tomogr. 2018;12(3):185-191. doi:10.1016/j.jcct.2018.03.008

241

12



12

Part IT | Acquisition and reconstruction parameters

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

242

McCollough CH, Ulzheimer S, Halliburton SS, Shanneik K, White RD, Kalender WA.
Coronary Artery Calcium: A Multi-institutional, Multimanufacturer International Standard for
Quantification at Cardiac CT. Radiology. 2007;243(2):527-538. doi:10.1148/radiol.2432050808

Allmendinger T, Hamann A. Agatston score calcium quantification with arbitrary tube voltage
[white paper]. Siemens Healthineers. Published 2019. https://www.siemens-healthineers.com/

computed-tomography/clinical-imaging-solutions/cardiovascular-imaging#CLINICAL_USE

Willemink MJ, Abramiuc B, den Harder AM, et al. Coronary calcium scores are systematically
underestimated at a large chest size: A multivendor phantom study. ] Cardiovasc Comput Tomogr.
2015;9(5):415-421. doi:10.1016/j.jcct.2015.03.010

Marwan M, Mettin C, Pflederer T, et al. Very low-dose coronary artery calcium scanning with
high-pitch spiral acquisition mode: Comparison between 120-kV and 100-kV tube voltage
protocols. ] Cardiovasc Comput Tomogr. 2013;7(1):32-38. doi:10.1016/j.jcct.2012.11.004

Achenbach S, Ropers D, Holle J, Muschiol G, Daniel WG, Moshage W. In-plane coronary
arterial motion velocity: measurement with electron-beam CT. Radiology. 2000;216(2):457-463.
doi:10.1148/radiology.216.2.r00aul9457

Husmann L, Leschka S, Desbiolles L, et al. Coronary artery motion and cardiac phases: dependency
on heart rate -- implications for CT image reconstruction. Radiology. 2007;245(2):567-576.
doi:10.1148/radiol.2451061791

Rutten A, Krul SPJ, Meijs MFL, De Vos AM, Cramer MJM, Prokop M. Variability of
coronary calcium scores throughout the cardiac cycle: Implications for the appropriate use of
electrocardiogram-dose modulation with retrospectively gated computed tomography. Invest
Radiol. 2008;43(3):187-194. doi:10.1097/RLI.0b013e31815cdd56

van der Werf NR, Willemink MJ, Willems TP, Vliegenthart R, Greuter MJW, Leiner T. Influence
of heart rate on coronary calcium scores: a multi-manufacturer phantom study. Int J Cardiovasc
Imaging. 2017;34(6):959-966. d0i:10.1007/s10554-017-1293-x

Booij R, van der Werf NR, Budde RP], Bos D, van Straten M. Dose reduction for CT coronary
calcium scoring with a calcium-aware image reconstruction technique: a phantom study. Eur
Radiol. 2020;30(6):3346-3355. doi:10.1007/s00330-020-06709-9

Vingiani V, Abadia AF, Schoepf UJ, et al. Low-kV coronary artery calcium scoring with tin
filtration using a kV-independent reconstruction algorithm. J Cardiovasc Comput Tomogr.
2020;14(3):246-250. doi:10.1016/j.jcct.2019.11.006

Vingiani V, Abadia AF, Schoepf U]J, et al. Individualized coronary calcium scoring at any tube
voltage using a kV-independent reconstruction algorithm. Eur Radiol. Published online May
2020. doi:10.1007/s00330-020-06951-1

Jakobs TE, Wintersperger BJ, Herzog P, et al. Ultra-low-dose coronary artery calcium screening
using multislice CT with retrospective ECG gating. Eur Radiol. 2003;13(8):1923-1930. doi:10.1007/
s00330-003-1895-7

Hong C, Pilgram TK, Zhu F, Bae KT. Is coronary artery calcium mass related to Agatston score?
Acad Radiol. 2004;11(3):286-292. doi:10.1016/s1076-6332(03)00714-1



Ca-aware kernel for CT CAC-scoring with varying surrounding materials and heart rates | Chapter 12

Online material is available via:

243

12






CHAPTER 13

Systematic assessment of coronary
calcium detectability and quantification
on four generations of CT reconstruction
techniques: a patient and phantom study

Magdalena Dobrolinska*, MD
Gijs D. van Praagh*, MSc
Luuk J. Oostveen*, BSc

Keris Poelhekken, BSc

Marcel J.W. Greuter, PhD
Dominik Fleischmann, MD
Martin J. Willemink, MD PhD
Frank de Lange, PhD

Riemer H.J.A. Slart, MD PhD
Tim Leiner, MD PhD

Niels R. van der Werf, MSc

*Authors contributed equally to this work

Accepted for publication in The International Journal of Cardiovascular Imaging



13

Part IT | Acquisition and reconstruction parameters

ABSTRACT

Background

In computed tomography, coronary artery calcium (CAC) scores are influenced by
image reconstruction. For a newly introduced deep learning-based reconstruction
(DLR), the effect on CAC scoring in relation to other algorithms is unknown.
The aim of this study was to evaluate the effect of four generations of image
reconstruction techniques (filtered back projection (FBP), hybrid iterative
reconstruction (HIR), model-based iterative reconstruction (MBIR), and DLR) on
CAC detectability, quantification, and risk classification.

Methods

First, CAC detectability was assessed with a dedicated static phantom containing
100 small calcifications varying in size and density. Second, CAC quantification
was assessed with a dynamic coronary phantom with velocities equivalent to heart
rates of 60-75 bpm. Both phantoms were scanned and reconstructed with four
techniques. Last, scans of fifty patients were included and the Agatston calcium
score was calculated for all four reconstruction techniques. FBP was used as a
reference.

Results

In the phantom study, all reconstruction techniques resulted in less detected
small calcifications for both, static and dynamic phantom. In the patient study,
the cardiovascular risk classification resulted, for all reconstruction techniques, in
excellent agreement with the reference, although MBIR resulted in significantly
higher Agatston scores and 6% reclassification rate.

Conclusion

Agatston score agreement between FBP, HIR, and DLR was excellent, with a low-
risk reclassification rate.
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INTRODUCTION

Coronary artery calcium (CAC) is important for cardiovascular risk determination
in asymptomatic individuals.! CAC is visualized with cardiac computed tomography
(CT) and quantified using the Agatston score.? Furthermore, an Agatston score of zero
is proven to be a strong negative predictor of future cardiovascular events.® This, in
turn, indicates the importance of accurate detection and subsequent quantification of
small calcified lesions.

One important factor influencing CAC quantification is the type of image
reconstruction used in CT.* Over the last decade advanced reconstruction techniques
such as hybrid iterative reconstruction (HIR) and model-based iterative reconstruction
(MBIR) became available for CT.* These reconstruction algorithms reduce image noise,
and therefore allow for a decrease in radiation dose while maintaining image quality
equal to traditional filtered back projection (FBP).*” Previous studies have shown a
good agreement in Agatston scores between FBP and HIR and MBIR.*'° However, it
was also shown that HIR resulted in decreased Agatston scores for small and/or low
density lesions.’ Similarly, MBIR resulted in decreased detection of small calcifications.®

Recently, one of the main CT manufacturers introduced a new deep learning-based
reconstruction (DLR) technique. DLR improves image quality by applying a deep
learning network trained on pairs of high-dose, advanced MBIR and HIR images
and prevents image quality degradation and ‘plastic-like’ appearance of the image.'>*?
As previously shown with low dose acquisitions, DLR outperforms MBIR in terms
of noise reduction which may potentially allow for further radiation dose reduction
beyond current levels.'>** However, the influence of this novel image reconstruction
technique on CAC detection and quantification is unknown.

As previously noted, the detection of CAC, resulting subsequently in zero or non-zero
Agatston scores, is of utmost importance for correct risk stratification. Because small
or low-density CAC can resemble image noise and HIR, MBIR, and DLR all decrease
image noise, these CT reconstruction techniques may impact the detection of very
small or low-density CAC. This is even more important for acquisitions at a reduced
radiation dose.* As previously shown, risk classification was underestimated up to 50%
for CAC scores from IR images acquired at reduced radiation dose.* Consequently, the
Society of Cardiovascular Computed Tomography recommends further evaluation of
reconstruction techniques before clinical implementation.'®

Therefore, we designed a phantom study in which we aimed to investigate the influence
of four reconstruction methods (FBP, HIR, MBIR, and DLR) on static and dynamic
CAC detectability and quantification for standard and reduced radiation dose.
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Subsequently, we verified the effect of all four image reconstruction techniques on
CAC quantification and risk classification in a patient study.

METHODS

Phantom study

Phantom

In this study, a small patient (300x200 mm) anthropomorphic thorax phantom
(Thorax, QRM, Méhrendorf, Germany) was used (Figure 1).' To simulate large patient
dimensions, an extension ring (Extension ring, QRM, Méhrendorf, Germany) of fat
tissue equivalent material was used to increase the outer dimensions of the phantom
to 400x300 mm.

CAC detectability was assessed with a cylindrical insert (D100, QRM, Mé&hrendorf,
Germany). This insert contained one hundred small cylindrical calcifications differing
in size (0.5 to 2.0 mm in diameter and length) and density (90 to 540 mg hydroxyapatite
(HA)/cm3)."”

CAC quantification was assessed with the use of a dynamic artificial coronary artery,
which was translated by a computer-controlled lever (Sim2D, QRM, Mohrendorf,
Germany) in a water-filled compartment in the thorax phantom (Figure 1).

| 70,00mm |

‘ 10,00mm —‘>| I€_1(+,(Jir£m
L 1

L] [
/ 20,00mm| }/'|20,00mm
OHU

wuwoo's

157 mg 80 or38mg

Figure 1 Overview of the phantom setup with the anthropomorphic thorax phantom and motion
controller (left), and a schematic overview of the used calcium inserts for dynamic scan (upper right)
and for static scan (bottom right).
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During acquisition, the artery remained static or moved at a constant velocity of
20 mm/s in the horizontal plane during the scan phase, simulating a heart rate of 0
or 60-75 bpm, respectively.'®!® Two arteries were used containing three cylindrical
calcifications with equal dimensions (diameter: 5 mm, length: 10 mm), but varying
densities of 196+3, 408+2 and 800+2 mgHA/cm3, designated as low, medium, and
high density, respectively (Figure I).

Data acquisition

Both phantom sizes were scanned on a state-of-the-art 320 slice CT system
(Aquilion One PRISM edition, Canon Medical Systems, Otawara, Japan) with
routinely used clinical CAC protocols (Table 1). Automatic tube current selection
(SureExposure 3D, Canon Medical Systems, Otawara, Japan) was used to select
appropriate radiation dose levels for the small and large phantom size. The
reference level was based on setting the automatic tube current modulation to a
standard deviation (SD) of 27.76 at 3 mm, with 40 and 300 mA as the minimum and
maximum tube current, respectively. Next, tube current was reduced to 75%, 50%,
and 25% of the clinical radiation dose. Raw data was acquired at 120 kVp. Besides
raw data reconstruction with FBP, three other reconstruction methods were used:
HIR (adaptive iterative dose reduction 3D; AIDR 3D enhanced), MBIR (forward
projected model based iterative reconstruction solution; FIRST standard), and DLR
(advanced intelligent clear-1Q engine; AiCE standard) (Table 1). Each protocol was
repeated ten times for the D100 and five times for the dynamic phantom. A larger
number of repetitions was used for the D100 phantom, as the small size of the
calcifications (< 2mm) was highly impacted by partial volume effects due to the
3mm slice thickness. Between each scan the phantom was manually repositioned
(approximately 2 mm translational and 2 degrees rotational) to assess interscan
variability.

CAC detection and Agatston score calculations on the phantom scans were
performed using a validated fully automated quantification method with vendor
specific CAC scoring parameters.® A standard CAC scoring threshold of 130
Hounsfield units (HU) was used.?

For each scan, a background Agatston score (BAS) was calculated, as described
previously by Booij et al.*! For scans with a nonzero BAS, it was unknown if a CAC
was detected or if the score was based on noise only. For CAC detection purposes, a
scan with a nonzero BAS was therefore defined as non-diagnostic and was omitted
from further analysis.
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Table 1 CAC acquisition and reconstruction parameters for phantom and patient study

Phantom study Patient study
Acquisition mode Axial Axial
ECG-triggering Prospective Prospective
Peak tube potential [kVp] 120/ 100 120
Reference image noise [HU] 27.76 27.76
Rotation time [s] 0.275 0.275
Field of view [mm)] 220 x 220 Patient specific
Matrix size [pixels] 512x 512 512x 512
Slice thickness / increment [mm] 3.0/3.0 3.0/3.0
Reconstruction kernel FC12 FC12
Reconstruction algorithm FBP / AIDR 3D standard / FBP / AIDR 3D enhanced

AIDR 3D enhanced / FIRST  / FIRST standard / AiCE
standard / AiCE standard standard

ECG = electrocardiogram; bpm = beats per minute; FBP = filtered back projection.

Patient study

A patient study was performed to assess differences in Agatston scores resulting
from the application of different reconstruction algorithms. This retrospective
study was approved by the local ethics committee (CMO 2016-3045, Project 20045),
who waived the requirement for patient informed consent after de-identification
of all patient information from the study data. Raw data was acquired on the same
CT system as used for the phantom scans, in a consecutive cohort of 50 patients
between July and October 2020 (Table 2). All patients were scanned at 120 kVp.
Raw data was reconstructed using the same four reconstruction methods as for the
phantom studies: FBP, HIR, MBIR, and DLR.

Agatston scores in patient scans were determined using a dedicated workstation
(Vitrea 7.11; Vital Images Inc.).

Table 2 Patients’ characteristics of the 50 patients included in the study

Patients’ characteristics

Median age (range) [years] 60 (41 - 77)
Female 32 (64%)
Heart rate (range) [bpm] 60 (57 - 68)*
Median Agatston score (range) 61 (0 - 2935)

*For 2 patients, heart rate could not be retrieved retrospectively
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Statistical analysis

Agatston scores resulting from the default clinical protocol (120 kVp, 100% dose,
FBP) were used as the reference for both the phantom and patient study. Scores
from other acquisition and reconstruction settings were compared with this
reference. For the phantom study, the comparison was performed within the same
repetition. For the different combinations of radiation dose, and reconstruction
method, deviations of more than 10% in Agatston score from the reference were
considered clinically relevant.> Categorical variables and number of detected
calcifications were presented as percentages. Depending in the distribution of the
data, continuous variables were presented as means with standard deviation (+SD)
or medians with interquartile region (IQR, 1st - 3rd).

Patient Agatston scores resulting from the different reconstruction techniques
were compared with the reference score (120 kVp, FBP) using Bonferroni corrected
Wilcoxon signed-rank tests. Next, patients were divided into five risk groups (0
Agatston score — 0; 0.1 to 10 Agatston score - 1; 10.1 to 100 Agatston score — 2;
100.1 to 400 Agatston score — 3; >400 Agatston score — 4) and the agreement in
risk classification between the different reconstruction methods was compared
based on a Cohen weighted linear k with 95% confidence intervals (95% CI). The
cardiac risk classification was determined for each patient and each reconstruction
technique.® The agreement between FBP Agatston score and HIR, MBIR, and
DLR Agatston score was analysed with Bland-Altman plots. A false-positive result
was defined as a calcification not detected on the reference scan, a false-negative
result was defined as calcification detected on the reference scan but not on the
HIR, MBIR, or DLR scan. P values smaller than 0.05 were considered statistically
significant. SPSS version 25 (IBM Corp., Armonk, NY, USA) was used for statistical
analyses.

RESULTS

Phantom study

Full dose settings resulted in 80 and 300 mA for the small and large phantom,
respectively. Tube currents were reduced to the nearest available setting to obtain
75%, 50% and 25% of the full dose setting. The resulting volume CT dose indexes
(CTDIvol) for 100% dose setting were 1.2 mGy (120 kVp) for the small phantom
and 4.4 mGy (120 kVp) for the large phantom.
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CAC detectability

For all used reconstruction algorithms, the CT numbers for a calcification with a
density of 300 mgHA/cm® and varying sizes within the small phantom are depicted
in Figure 2. This figure shows a difference in the HU peak reached by each of the
reconstruction methods, whereby the CAC scoring threshold of 130HU is not
reached for the smallest calcification by MBIR and DLR.

CT number [HU]

Distance [mm]

Figure 2 A profile plot through calcifications with 300 mgHA/cm3 of 2, 1.8, 1.6, 1.4 and 1.2 mm in
diameter, respectively, as indicated in the red box in the right-upper image. These plots summarize the
difference between the four reconstruction methods (FBP, HIR, MBIR, DLR). The conventional CAC
scoring threshold of 130 HU is indicated with a dotted line. As depicted on the plot, calcifications of the
lowest diameter reconstructed with MBIR and DLR, do not reach the 130 HU threshold

FBP - filtered back projection, HIR - hybrid iterative reconstruction, MBIR - model-based iterative
reconstruction, DLR - deep learning-based reconstruction

For all repeated scans, the reference protocol resulted in a CAC detection of 150
and 87 calcifications out of 1000 for the small and large phantom, respectively.
Relative results for the other reconstruction algorithms and dose levels are shown
in Figure 3 and supplementary Figure 1.

For the small phantom at full dose, MBIR, and DLR resulted in 4%, and 1% less
detected calcifications, while 8% more calcifications were detected with HIR. For
the large phantom at full dose, 2%, 22%, and 9% less calcifications were detected
for HIR, MBIR, and DLR, respectively.
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Figure 3 Difference in total number of detected calcifications of the static (D100) insert in the large
thorax phantom for all combinations of tube currents (in percentage of reference) and reconstruction
methods compared with the reference (120 kVp, 100% dose, FBP). For each repetition, a calcification
was defined as ‘missed’ when the calcification was detected with the reference protocol but was not
detected with varying acquisition and/or reconstructions parameters. The opposite was defined as an
‘extra calcification’. All repetitions with BAS>0 were defined as nondiagnostic (ND) image quality and
were therefore omitted from the analysis.

FBP - filtered back projection, HIR - hybrid iterative reconstruction, MBIR - model-based iterative
reconstruction, DLR - deep learning-based reconstruction, # - number

For the small phantom, 75% dose with 120 kVp resulted in 7%, 2%, 55%, and 59%
less detected calcifications for FBP, HIR, MBIR, and DLR, respectively. In the large
phantom the reduction was even larger, with 10%, 18%, 84%, and 80% less detected
calcifications, respectively. The number of missed calcifications was even more
pronounced for 50% and 25% dose (Figure 3 and supplementary Figure 1).
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CAC quantification

For the small static phantom, median (IQR) Agatston scores were 96 (95 - 108),
350 (344 - 363), and 413 (403 - 427) for the low-, medium-, and high-density CAC
in the reference protocol. At 60-75 bpm, these Agatston scores changed to 87 (82 -
88),379 (368 — 419), and 474 (464 - 513) (Supplementary Figure S2). This resulted
in the overall change of Agatston score by -22%, 9%, and 25% for low, medium, and
high-density calcifications, respectively (Supplementary Figure S2).

For the large static phantom, Agatston scores were 74 (70 - 82), 303 (301 - 306),
and 381 (379 - 388) for the low-, medium-, and high-density CAC (Figure 4).
These Agatston scores changed at 60-75 bpm to 48 (42 - 67), 355 (348 — 361), and
503 (469 - 515). Briefly, for the large phantom Agatston scores increased compared
to the static situation by 10.4% (-49% to 115.2%), 200% (103.2% to 346%), and
189.5% (120.3% to 400.6%) for the low-, medium-, and high- density calcifications,
respectively (Figure 4).

As compared to reference Agatston scores, deviations in Agatston scores for data
reconstructed with the other reconstruction methods, were non-relevant (<10%)
(Figure 4 and Supplementary Figure 2). For 120 kVp with 50% radiation dose, the
majority of reconstruction methods resulted in small non-relevant deviations in
Agatston score, as depicted on Figure 4.

Patient study

The age range of the 50 patients was 41 — 77 years with a median age of 60 years and
32 (64%) patients were female. Median dose length product for the calcium scoring
acquisitions was 60.2 mGycm (full range: 30.8 - 73.6 mGycm) corresponding to an
estimated effective dose of 1.56 (0.8-1.91) mSv using a conversion factor of 0.026

mSv. mGycm ™. *

CAC quantification and detectability

The median (IQR) Agatston scores were 61 (5.5 — 435.0), 63 (8.5 - 412.0), 81.5 (9.25
- 435.0), and 72.5 (9.25 - 401.0), for FBP, HIR, MBIR, and DLR, respectively. Only
MBIR Agatston scores were significantly different from FBP (p<0.001). Within all
reconstruction methods, only for MBIR one false-positive calcification was detected.
Additionally, differences in Agatston score between FBP and HIR, MBIR, and DLR,
increased with increasing Agatston scores (Figure 5). The difference between the four
reconstruction methods in calcium detection is depicted on Figure 6.
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reconstruction methods. Asterix (*) marks a protocol that results in a clinically relevant (>10% change)
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Figure 5 Bland-Altman plots of the difference between HIR (A), MBIR (B) and DLR (C) and FBP for all
fifty patients. Agatston score difference was calculated as FBP Agatston score minus IR Agatston score.
The solid line resembles a mean difference, the dashed lines resemble standard deviation.

DLR

Figure 6 CAC detection for FBP, HIR, MBIR and DLR for one of the patients. Window width (WW)
and window level (WL) setting were constant for the upper row: WW = 380, WL = 40. The bottom
row shows subtraction images between FBP and HIR, MBIR and DLR. For MBIR, overall CAC
quantification increases with respect to FBP.

FBP - filtered back projection, HIR - hybrid iterative reconstruction, MBIR - model-based iterative
reconstruction, DLR - deep learning-based reconstruction

Risk classification

Overall, the agreement between cardiovascular risk classification based on FBP
compared to HIR, MBIR, and DLR was excellent (x = 0.97, 95% CI: 0.94 - 1.0;
k =0.96,95% CI: 0.92 - 1.0; x = 0.97, 95% CI: 0.94 - 1.0) (Table 3 a-c). However,
based on MBIR, three patients (1.5%) were included in a higher risk category as
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compared to FBP. Within these patients, one was reclassified from zero to a non-
zero Agatston score. For HIR as well as for DLR, reclassification occurred in two
cases (Table 3 a-c). In both reconstruction methods one case to a lower category

and one to a higher category.

Table 3 a-c. The agreement between patient risk classification based on FBP and risk classification based
on MBIR, HIR, and DLR respectively

a)
Risk classification based on FBP
0 1 2 3 4
0 10 0 0 0 0 10 (20 %)
1 1 1 0 0 0 2 (4 %)
Risk classification 2 0 1 16 0 0 17 (34 %)
based on MBIR 3 0 0 1 7 0 8 (16 %)
4 0 0 0 0 13 13 (26 %)
11(22%)  24%) 1734%) 7(14%)  13(26 %) 50
b)
Risk classification based on FBP
0 1 2 3 4
0 11 0 0 0 0 11 (22 %)
1 0 1 0 0 0 1(2 %)
Risk classification 2 0 1 17 0 0 18 (36 %)
based on HIR 3 0 0 0 7 1 8 (16 %)
4 0 0 0 0 12 12 (24 %)
1122%)  24%) 1734%) 7(14%)  13(26 %) 50
<)
Risk classification based on FBP
0 1 2 3 4
0 11 0 0 0 0 11 (22 %)
1 0 1 0 0 0 1(2 %)
Risk classification 2 0 1 17 0 0 18 (36 %)
based on DLR 3 0 0 0 7 1 8 (16 %)
4 0 0 0 0 12 12 (24 %)
11(22 %) 2(4 %) 17(34 %)  7(14 %) 13(26 %) 50

Risk groups are defined as follows: 0 Agatston score — 0; 0.1 to 10 Agatston score — 1; 10.1 to 100 Agat-
ston score — 2; 100.1 to 400 Agatston score — 3; >400 Agatston score — 4.
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DISCUSSION

The main finding of the phantom part in the present study is that detection of
small calcifications at routine (100%) radiation dose is reduced up to 22%
depending on the used reconstruction algorithm. Furthermore, this trend was
even more pronounced on reduced radiation dose scans. For CAC quantification,
our dynamic phantom study showed no clinically relevant differences in Agatston
score based on reconstruction algorithm for the routine radiation dose protocol.
The patient study showed excellent agreement between FBP and HIR, MBIR, and
DLR, with only a small number of risk reclassifications, although MBIR resulted in
significantly higher Agatston scores.

To the best knowledge of the authors, this study is the first to systematically assess
the influence of all reconstruction techniques available for one vendor on CAC
detection and quantification. Compared to FBP all reconstruction methods reduced
CAC detection, except in the case of the small chest phantom at full dose level.
Both IR techniques as well as DLR reduced image noise.!" The, in general, reduced
CAC detectability in comparison with FBP for these reconstruction techniques
might therefore be explained by erroneous identification of CAC containing voxels
as noise. Furthermore, as we presented in this study, decreased detectability may
result from a reduced peak of HU value of small calcification. This behavior will,
of course, be more pronounced at reduced tube current and increased patient size,
where noise levels are increased. As a result, HIR, MBIR, and DLR may miss small
calcifications and improperly classify patients into the zero Agatston score risk
group. However, based on our patient study, none of the patients was incorrectly
assigned to the zero Agatston score group.

Independent of the reconstruction method, for medium and large density
calcifications, the Agatston score increased with velocity, while for small density
calcification, Agatston score decreased. This finding is in line with previous
results of van der Werf et al. and Groen et al. and might be explained by motion
blurring.'** Due to motion blurring, the number of voxels above 130 HU increases
in medium and large density calcifications, which increases the Agatston score. In
low density calcifications, in turn, the number of voxels above 130 HU decreases,
which decreases the Agatston score.

As we know from the CONFIRM registry, small calcifications visually detected on
CCTA scans in patients previously assigned to the zero Agatston score risk group,
increased risk of major adverse cardiac events.”® Therefore, detectability of small
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calcifications plays a crucial role in further patient management. Importantly, when
reduced tube currents were used, detectability of small calcifications decreased,
especially for MBIR and DLR. Our hypothesis is that this can be explained by
the need for increased noise suppression by these reconstruction algorithms.
Therefore, based on these static phantom results we assume that patients might
be misclassified into the zero Agatston score risk group when a reduced radiation
dose protocol is used. Future patient studies with more small calcifications should
verify this.

Additionally, at routine tube current level, the current study did not show
relevant differences between reconstruction methods in terms of Agatston scores.
However, when the tube current was decreased to 50%, Agatston score of low
density calcifications acquired from the large dynamic phantom deviated from the
standard measurement.” Therefore, as also underlined in SCCT guidelines, caution
should be taken in terms of radiation dose reduction by decreasing tube current,
especially in combination with iterative reconstruction methods.*®

The patient study showed that only the Agatston score measured from MBIR
differed from the reference Agatston score based on FBP. When considering
patients with a zero Agatston score as defined by the reference method, MBIR
classified one patient as a nonzero Agatston score, thereby increasing the risk
classification. However, similar results were presented before, with 17% of cases
reclassified into higher risk group, including 8% of patient misclassified as non-
zero Agatston scores.® One explanation for this behavior might by the impact of
the edge enhancement algorithm, whereby more pronounced CAC edges increase
overall Agatston scores. Nevertheless, overall agreement in risk classification was
excellent. Importantly, for our patient group, none of the patients was reclassified
as a false negative. Currently, both American and European guidelines use CAC
scoring as an additional tool not only for patient risk classification, but also for
guiding statin and aspirin therapy.”” Therefore, the lack of CAC measurement
reproducibility and its dependency on different reconstruction methods, may
affect patient management and outcome.” Based on patients results from our study
and using FBP as reference, the most accurate calcium scoring was achieved when
HIR or DLR was used, in terms of correct patient risk classification.

This study has several limitations. First, while our systematic analysis included
both a static and dynamic phantom as well as a patient study, we only included
a small number of patients. Moreover, only twelve patients (24%) presented with
Agatston score between 0 and 10, which is the most susceptible group in terms of
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calcium detectability. Despite the relatively small sample size of the patient study,
we feel that the size was large enough for validation purposes of our phantom
study. Second, we acquired data from one vendor. Therefore, a multivendor
study analyzing the influence of different reconstruction methods on calcium
detectability, quantification and risk stratification is certainly needed. Third, all
patients were scanned with the standard protocol. Therefore, the effect of decreased
radiation dose could not be evaluated in patients. Fourth, the D100 phantom is a
static phantom. Thus, we were not able to acquire dynamic detectability phantom
data. However, due to the decrease in detectability, even in a static situation, care
should be taken when using non-FBP reconstructions for detecting CAC with this
CT system.

In conclusion, based on our patient results, HIR and DLR reconstructed scans
resulted in similar Agatston scores with excellent agreement and low-risk
reclassification rate compared with routine reconstructed scans (FBP). These results
suggest that these reconstruction methods might be applied for CAC scoring.
However, based on our phantom study, caution should be taken when patients
have Agatston scores between 0 and 10, as detectability of small calcifications varies
with the used reconstruction algorithm, especially with MBIR and DLR. More
clinical studies with a large amount of low Agatston score calcifications are needed
to verify this. Moreover, decreased radiation dose impaired Agatston scoring of
small calcifications which may lead to improper patient risk classification.
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ABSTRACT

Objectives

Although the Agatston score is a commonly used quantification method, re-scan
reproducibility is suboptimal, and different CT scanners result in different scores.
In 2007, McCollough et al. proposed a standard for coronary artery calcium
(CAC) quantification. Advancements in CT technology over the last decade,
however, allow for improved acquisition and reconstruction methods. This study
aims to investigate the feasibility of a reproducible reduced dose alternative of the
standardized approach for CAC-quantification on state-of-the-art CT systems

from four major vendors.

Materials and Methods

An anthropomorphic phantom containing nine calcifications and two extension
rings were used. Images were acquired with four state-of-the-art CT systems using
routine protocols and a variety of tube voltages (80-120 kV), tube currents (100
to 25% dose levels), slice thicknesses (3/2.5 and 1/1.25-mm), and reconstruction
techniques (filtered back projection and iterative reconstruction (IR)). Every
protocol was scanned five times after repositioning the phantom to assess
reproducibility. Calcifications were quantified as Agatston scores.

Results

Reducing tube voltage to 100 kV, dose to 75%, and slice thickness to 1- or 1.25-mm
combined with higher IR-levels resulted in an on average 36% lower intrascanner
varijability (IQR) compared with the standard 120 kV protocol. Interscanner
variability per phantom size decreased by 34% on average. With the standard
protocol, on average, 6.2+0.4 calcifications were detected, while 7.0£0.4 were
detected with the proposed protocol. Pairwise comparisons of Agatston scores
between scanners within the same phantom size demonstrated three significantly
different comparisons at the standard protocol (P<0.05), whereas no significantly
different comparisons arose at the proposed protocol (P>0.05).

Conclusions

On state-of-the-art CT systems of four different vendors, a 25% reduced dose,
thin-slice calcium scoring protocol led to improved intra- and interscanner
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reproducibility and increased detectability of small and low-density calcifications in
this phantom. The protocol should be extensively validated before clinical use, but
it could potentially improve clinical interscanner/interinstitutional reproducibility
and enable more consistent risk assessment and treatment strategies.
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INTRODUCTION

Quantification of coronary artery calcifications (CAC) with the Agatston score
using cardiac CT is a strong predictive marker for future cardiovascular events
in asymptomatic individuals at low-to-intermediate risk."” Even though CT-
technologyhasimproved tremendously over thelast decade, the CAC-quantification
standard - using 120 kV, 3- or 2.5-mm slices, and filtered back projection
(FBP) - has not been renewed since its introduction in 2007 by McCollough
et al.® Larger CT detector coverage, more efficient detector technology, higher
spatial resolution, shorter gantry rotation time, increased X-ray tube power, and
improved reconstruction algorithms are nowadays available to reduce the image
noise of cardiac CT and thus allow for radiation dose reduction.* A large body of
evidence has shown that the reproducibility of currently used CAC acquisition and
quantification methods is limited as it can result in reclassifications.*” Hence, the
current quantification standard for CAC scoring should be updated.

Rutten et al. demonstrated in patients that small variations of scan starting position
affect the reproducibility of Agatston scores with a potential risk of reclassification
in 9% of the individuals.® In addition, Willemink et al. found a substantial inter-
vendor variability of the Agatston score, which resulted in a modest cardiovascular
risk reclassification in up to 6.5% of ex-vivo hearts.> CAC reproducibility can be
improved by reducing slice thickness and tube voltage.*>* The current, standard
slice thickness of 3- or 2.5-mm results in a suboptimal spatial resolution and a
possible underestimation of small or less dense calcifications due to partial volume
effects. The use of thinner slices reduces these effects, improves reproducibility,
and enhances detectability of (micro)calcifications, where one microcalcification
is typically 0.5-15 mm.**'° This may be an opportunity for risk factor modification
and thus prevention of cardiovascular events, as non-zero CAC scores are
associated with higher risk for future events, while zero scores are strong negative
predictors.**!! Reducing tube voltage results in two effects: it will reduce radiation
dose when other settings remain unchanged; concurrently it will increase CT
attenuation, which can potentially improve the detectability and quantification
of less dense calcifications. Iterative reconstruction (IR) can be used to reduce
radiation dose without compromising image noise compared to routine dose
FBP.»!* Multiple studies have shown that radiation dose reduction over 50% is
possible in CAC-imaging with IR.”* Modifying the CAC acquisition method will
result in more accurate estimation of coronary calcified lesions as well as reduced

radiation, hence important for consistent risk assessment and treatment.
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This study aims to investigate the feasibility and reproducibility of a reduced dose
alternative of the standardized approach for CAC-quantification on state-of-the-
art CT systems from four major vendors.

MATERIALS AND METHODS

Phantom

For all experiments, a commercially available static anthropomorphic thoracic
phantom (Thorax, QRM, Mohrendorf, Germany) was used. At the position of
the heart, a cardiac calcification insert (CCI, QRM, Mohrendorf, Germany) was
placed, containing nine small cylindrical calcifications with different sizes and
densities (diameters: 1, 3, and 5 mm; densities: 200, 400, and 800 mg/cm’ calcium
hydroxyapatite (CaHA)), and two large calibration rods (one water-equivalent and
one 200 mg/cm® calcium hydroxyapatite). The thoracic phantom simulates a small-
sized patient (anterior-posterior x lateral: 200x300 mm). Two additional tissue-
equivalent oval rings (Extension rings, QRM, Mohrendorf, Germany) were used
to simulate medium- and large-sized patients (250x350 mm and 300x400 mm,
respectively; Figure 1).

a) am . b)
T"-nn
ataria || HAB0D vasg  Spuater =
ez ™~ .
insert : €
£ , Ling R
equivalent
i gj mu;‘t- HA 200 / L]
4 Tissue equivalent L
Sone
\\g insent HA 200 100 mm
o
E T ._Llng:_.]

Figure 1 a) Axial sketch of the thoracic phantom including
the cardiac calcification insert; b) Axial and lateral sketch
of the cardiac calcification insert containing the nine
calcifications and the two calibration rods; ¢) Photo of the
anthropomorphic phantom (small-sized; center) and the
two additional rings to simulate medium-sized (left) and
large-sized (right) patients. HA = calcium hydroxyapatite.
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Image Acquisition and Reconstruction

All phantom sizes were scanned using state-of-the-art CT systems from four
different vendors (scanner A: SOMATOM Force, Siemens Healthineers, Erlangen,
Germany; scanner B: Revolution, GE Healthcare, Milwaukee, Wis, USA; scanner
C:iCT, Philips Healthcare, Best, the Netherlands; scanner D: Aquilion One PRISM
Edition, Canon Medical Systems, Otawara, Japan). Acquisition and reconstruction
parameters are listed in Tables I and 2. A reference tube voltage of 120 kV and a
decreased tube voltage of 100 kV were used. An exploratory scan session on each
CT system showed that tube power limitations arose for 80 kV, therefore, 100 kV
was the most optimal reduced tube potential for all four vendors (supplementary
Table 1). Tube current was modulated with anatomic based automatic exposure
control on scanners A, B, and D. For scanner C, this was not available. Volumetric
CT dose indices (CTDI ) were kept similar between CT systems. Reference dose-
levels (100%) were chosen as CTDI ; values of 1.5, 3.3, and 7.0 mGy for small,
medium, and large phantom size, respectively, which is in line with clinically used
protocols.>"” The following parameters were varied on the scanners: radiation
dose, slice thickness, and IR-level (Table 2). Radiation dose was incrementally
reduced by lowering CTDI_ , resulting in four dose levels: 100%, 75%, 50%, and
25%. Multiple reconstructions were made per scan with varying slice thickness
and increment: 3.0 and 1.0 mm on scanners A, C, and D, and 2.5 and 1.25 mm on
scanner B. Besides FBP, three settings of IR algorithms were used on every scanner.
Every protocol was scanned five times with small repositioning (approximately
5 mm translational and 2 degrees rotational) of the phantom after each scan to
measure and correct for interscan variability."®

Quantification of Coronary Calcifications

The calcifications inside the phantom were quantified as Agatston scores using
the validated fully automated quantification method (FQM).” The standard 130
Hounsfield unit (HU) threshold was used for 120 kV scans. Due to increased
x-ray beam attenuation, the threshold was increased to 147 HU for 100 kV
scans as proposed by Nakazato et al., and effects in similar Agatston results with
decreased tube voltage, decreased slice thickness, and use of IR shown by Hou
et al.**?! Additionally, the output of FQM gave the following information about
each individual calcification: volume, mass, maximum area, and mean Agatston
weightfactor (based on maximum HU value per area).” Volume was quantified
according to Callister et al.”? Volume, area, and weightfactor were only used for
clarification purposes of the changes in Agatston scores due to acquisition or

reconstruction adjustments.
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Table 1 Computed tomography acquisition and reconstruction parameters

Scanner A Scanner B Scanner C Scanner D
Acquisition mode Axial Axial Axial Axial
ECG-triggering Prospective Prospective Prospective Prospective
i(sg;zgase (% of R-R 70% 75% 78% 75%
Simulated heart rate (bpm) 60 60 60 60
Rotation time (s)* 0.25 0.28 0.27 0.275
Detector collimation (mm) 160 x 0.6 140 x 0.625 128 x 0.625 200x 0.5
Field of view (mm) 200 x 200 200 x 200 200 x 200 200 x 200
Matrix size (pixels) 512x 512 512x 512 512x 512 512x 512
Reconstruction kernel Qr36d Standard XCA FC12
Tube current modulation CareDose 4D SmartmA - Sure Exposure
IR algorithms ADMIRE (1-5) ASiR-V (0-100%) iDose* (1-7) A.IDR 3D
(mild-strong)
Routine** 2 50% FBP FBP
Reconstruction Low 2 30% 1 Mild
settings Intermediate 3 50% 3 Standard
High 4 70% 5 Strong

ECG = electrocardiogram; bpm = beats per minute; IR = iterative reconstruction; FBP = filtered
back projection. ADMIRE = Advanced Modeled Iterative Reconstruction, Siemens Healthineers,
Erlangen, Germany; ASiR-V = Adaptive Statistical Iterative Reconstruction-V, GE Healthcare,
Milwaukee, Wis, USA; iDose?, Philips Healthcare, Best, the Netherlands; AIDR 3D = Adaptive
Iterative Dose Reduction 3D, Canon Medical Systems, Otawara, Japan

* Scanner B: to reach the highest possible dose with 100 kV for the large-sized phantom, the rotation
time was prolonged to 0.35 s.

**Reconstruction settings of the standard protocol were based on the institution of the CT system to
simulate clinical situations.

Table 2 Variable computed tomography acquisition and reconstruction parameters. Five repetitions
were done for every protocol with small repositioning of the phantom on the table. The standard
protocol was used for every session, repetition, and phantom size.

Slice thickness / Reconstruction

*
kv Dose increment (mm) level
Standard protocol** 120 3/30r25/25 Routine
3/30r25/25 Routine
0y 0, 0,
Variable parameters 100 100 A)"j 7255$’,39 % FBP, low,
an ? 1/1o0r1.25/1.25 intermediate, and
high

IR = iterative reconstruction; FBP = filtered back projection.

* Full dose level (100%) is based on clinically used protocols with CTDI ; value of 1.5, 3.3, and 7.0
mGy for the small, medium and large phantom, respectively.

**Standard settings were based on the institution of the CT system to simulate clinical situations.
*** Scanner B: At the small phantom, 40% was the lowest possible dose-level; at the large phantom,
89% was the highest possible dose-level when prolonging rotation time to 0.35 s. Scanner C: At the
small phantom, 33% was the lowest possible dose-level.
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Image Noise

The output of FQM included the number of detectable calcifications and noise-
level. Noise-level was defined as the standard deviation of pixel values in HU
within a circular region of interest of 1.5 cm?® placed in the center slice of the
water-equivalent rod. McCollough et al. described a noise target measured in the
water-equivalent rod of 20-HU for small- and medium-sized phantoms and 23-
HU for the large-sized phantom. Noise-levels below these targets were not selected
to keep radiation dose-levels reasonable, thus not too high.> After review of the
experimental data, we chose an upper threshold as well of 30 HU for the small-
and medium-sized phantom and 35 HU for the large-sized phantom to keep image
noise reasonable and reduce the possibility of false positives.

Statistical Analysis

The interquartile range (IQR) of the total Agatston scores from all phantom sizes
and all CT systems scanned with the standard protocol were used as a reference
range for total Agatston scores to keep scores similar to the current protocol. We
compared the different scan protocols based on intrascanner and interscanner
reproducibility, calcification detectability, and image noise as described above.
Intrascanner reproducibility was defined as the calcium score IQR of the five
repetitions within that protocol. Interscanner reproducibility was defined as IQR
of the sum of all calcium scores from that protocol acquired on all four CT systems.
Change of variability was thus calculated as:

IQRnew protocol

Variability change = (—1 + 0 ) -100%

QRcurrent protocol

The FQM used a mask based on the physical locations of all calcifications in the
phantom. A calcification was defined detected when connected components
above the 130 or 147 HU threshold arose within the mask. On that basis, a
protocol for each scanner was proposed and compared with the currently used
standard protocol. To show trends, results in the text are shown in median (IQR)
for all phantom sizes and scanners combined unless indicated otherwise. More
detailed comparisons between scores are displayed in the figures. Only pairwise
comparisons were done for the total Agatston scores of the standard and proposed
protocol. After testing for normality, differences were evaluated with Friedman’s
tests and post-hoc Dunn’s tests with Bonferroni correction. P-values <0.05 were
considered statistically significant. SPSS version 25 (IBM Corp., Armonk, NY,
USA) was used for statistical analyses.
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RESULTS

Intrascanner reproducibility

Agatston score variability of repeated acquisitions on the same scanner slightly
increased after decreasing the tube potential (see Figure 2 and supplementary Figures
1 and 2), i.e., IQR of 100 kV, 100% dose, thick slices, and routine reconstruction
protocol changed with 7% (-26% to 140%). Reducing slice thickness in addition
to the decreased tube potential lowered intrascanner variability with IQR changes
of -54% (-76% to -44%). Comparing this 100 kV, thin-slice, 100% dose protocol
with tube current-reductions to 75%, 50%, and 25% resulted in Agatston score
IQR changes of 22% (-39% to 141%), 0 (-45% to 86%), and 99% (40% to 519%),
respectively. Similar trends were seen in volume scores (see supplementary results).

Calcification detectability

Table 3 shows the number of detected calcifications per protocol and phantom
size of all scanners combined. Out of the nine calcification inserts, the number
of detected calcifications with the standard protocol was on average 6.2+0.4.
This was similar with standard slice thickness, 100 kV, 100% dose, and routine
reconstruction. Additional reduction of the slice thickness increased the number
of detected calcifications with on average one calcification. Protocols with 100
kV, thin sections, routine reconstruction, and reduced radiation dose resulted in
a similar number of detected calcifications. Increasing IR-levels showed a trend
towards a slight decrease in detected number of calcifications. The higher number
of calcifications detected was due to small calcifications of 800 or 400 mg/cm’
CaHA.

Radiation dose and image noise

Noise-levels differed between scanners, but noise-levels of the standard protocols
were equal or below the lower noise limit on all scanners (see Figure 3 and
supplementary Figures 3 and 4). Thin-sliced protocols at 100 kV with 50 or 25%
dose resulted in noise-levels exceeding the upper threshold on scanner C, even with
highest IR-level for medium- and large-sized phantoms, respectively. Thin-sliced
protocols with 75% dose stayed within the noise thresholds when intermediate
or high IR was used for all scanners, except scanner C. Noise-levels exceeded the
upper threshold at scanner C when 100 kV, 75% dose, thin slices, and intermediate
IR was used at the medium- and large-sized phantom, respectively.
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Total Agatston scores - medium phantom

Scanner A Scanner B

120 kVp - Standard protocol
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Figure 2 Total Agatston scores of all scanners and protocols scanned with the medium phantom.
Reconstruction technique/IR-levels and slice thicknesses are given on the x-axis (thick = 3 or 2.5
mm; thin = 1 or 1.25 mm). Results are grouped in dose-levels. The light-yellow range is the reference
range, which is the IQR of all Agatston scores from all scanners and all phantom sizes scanned with
the standard protocol. Routine reconstruction (used at thick slices) for scanner A is corresponding to
low IR-level; for scanner B corresponding to intermediate IR-level; for scanner C and D corresponding
to FBP. HU thresholds were 130 HU for 120 kV scans and 147 HU for 100 kV scans. IR = iterative
reconstruction; IQR = interquartile range; FBP = filtered back projection; HU = Hounsfield units.
Scanner A: SOMATOM Force, Siemens Healthineers; Scanner B: Revolution, GE Healthcare; Scanner
C: iCT, Philips Healthcare; Scanner D: Aquilion One PRISM Edition, Canon Medical Systems
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Table 3 Number of detected calcifications per protocol. Numbers are presented in average + standard
deviation of all scanners combined

kv Dose Slice thickness Reconstruction Number of calcifications
(mm) settings Small Medium Large
120 100% 3.0/25 Std 6.4+0.5 6.2+0.4 6.1+£0.2
100% 6.210.4 6.1£0.3 6.1£0.2
75% 6.1+0.3 6.2+0.4 6.1+0.3
3.0/25 Std

50% 6.1£0.3 6.2+0.4 6.3+0.4
25% 6.3+0.5 6.3+0.5 6.5+0.8
FBP 7.4+0.5 7.4%0.5 7.4%0.7
Low 7.3£0.4 7.2+0.4 7.0+£0.6

100% 1.0/1.25
Int 7.310.4 7.2+0.4 6.9+0.5
High 7.1£0.3 7.1+£0.3 6.81£0.5
FBP 7.6£0.5 7.5+0.6 7.4+0.6
Low 7.210.4 7.4+0.6 7.240.6

100 75% 1.0/1.25
Int 7.1£0.3 7.2+0.5 7.0£0.5
High 7.1+0.2 7.0£0.2 6.91+0.6
FBP 7.5£0.5 7.5+0.6 7.6£0.6
Low 7.2+0.5 7.240.6 7.4%0.6

50% 1.0/1.25
Int 7.2+0.5 7.0£0.5 7.3£0.7
High 7.0£0.5 6.8+0.4 6.9+0.7
FBP 7.5+£0.6 7.5£0.8 7.1£0.8
Low 7.31£0.6 7.1+£0.8 6.81£0.8

25% 1.0/1.25
Int 6.9+0.6 7.0+£0.8 6.8+£0.7
High 6.81£0.5 7.0£0.8 6.8+£0.7

Proposed protocol

Based on the above results, we proposed the following protocols: for scanners A
and B: 100 kV; 75% dose, thin slices, intermediate IR; for scanners C and D: 100 kV,
75% dose, thin slices, high IR (Table 4). Figure 4 shows axial images of the phantom

obtained with the standard and proposed protocol on all scanners.

Compared with the standard protocol, these protocols resulted in an improved
intrascanner variability (IQR) of -12%, -68%, and -73% for scanners A, B, and C,
respectively, and a slight increase of 8% for scanner D. Also, improved intrascanner

volume-variability was found for all scanners and improved mass-variability for

scanners C and D (see supplementary results).
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Noise levels - medium phantom
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Figure 3 Noise-levels of all scanners and protocols scanned with the medium phantom. IR-levels and
slice thicknesses are given on the x-axis (thick = 3 or 2.5 mm; thin = 1 or 1.25 mm). Results are grouped
in dose-levels. Noise-levels are calculated in a circular ROI of 1.5 cm? in the center slice of a water-
equivalent rod as standard deviation of CT values. The two continuous lines show the target range. IR

= iterative reconstruction; ROI = region of interest.

With these proposed protocols interscanner variability changed with -55%, -35%,

and -13% for small-, medium-, and large-sized phantoms, respectively. Interscanner

variability improved for all volumes and mass scores as well, except for the mass

scores in the large-sized phantom (see supplementary results).
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Table 4 The proposed acquisition and reconstruction protocol per scanner

KV CIDI .Sllce thickness / Iterative reconstruction algorithm and
vol increment (mm) level
Scanner All All A,C,and D B A B C D
scanners scanners
Proposed 100 1.1/25/ 1/1 1.25/ ADMIRE ASiR-V  iDose AIDR-3D
protocol 5.3* 1.25 3 50% 5 strong

CTDI, = volumetric computed tomography dose index; ADMIRE = Advanced Modeled Iterative
Reconstruction; ASiR-V = Adaptive Statistical Iterative Reconstruction-V; AIDR 3D = Adaptive
Iterative Dose Reduction 3D

*CTDI, , values are given for small-, medium-, and large-sized patients, respectively

Scanner A Scanner B Scanner C Scanner D

Standard

s

SD: 15.5 [15.2-15.5] SD: 19.5 [19.3-20.2] SD: 19.8 [19.5-20.3] SD: 18.4 [17.9-19.0]

o
()]
v |
o
Q
o
| -
o

SD: 26.4 [26.2-26.8] SD: 26.7 [24.9-27.4] SD: 25.3 [24.7-25.7] SD: 21.6 [19.8-21.6]

Figure 4 Axial views of the center slice of the calcifications in the CCI in the medium phantom. Upper
row shows standard protocol for all scanners; lower row shows the proposed protocol for all scanners.
Below every screenshot, the median [IQR] noise-level (standard deviation (SD) of HU in the water-
equivalent rod) is given. White arrows show the calcifications that were detected in the proposed
protocol, whereas they were not detected in the standard protocol at that scanner. CCI = cardiac
calcification insert; IQR = interquartile range; HU = Hounsfield units.

Pairwise comparisons of Agatston scores between scanners within the same
phantom size showed that the standard protocol resulted in significantly different
scores between scanners: scanner B vs. C for the small phantom (558 [556-574] vs.
702 [661-730], p<0.01), scanner B vs. C for the large phantom (588 [567-603] vs.
653 [635-685], p=0.02), and scanner B vs. D for the small phantom (558 [556-574]
vs. 720 [703-733], p=0.02). All other comparisons were not significantly different
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(p>0.05). In contrast, Agatston scores were not significantly different between
scanners when using the proposed new protocols (p>0.05).

Noise-levels for small-, medium-, and large-sized phantoms with the proposed
protocols ranged from 23.7 (23.3-24.2) to 27.9 (27.5-29.3) for scanner A; 26.1
(26.0-27.1) to 29.1 (28.3-29.4) for scanner B; 21.3 (21.1-21.6) to 35.1 (33.5-36.9)
for scanner C; and 20.8 (20.4-22.4) to 23.3 (21.9-24.5) for scanner D.

The number of detectable calcifications with the proposed protocols was 7.1+0.2,
7.140.4, and 7.0£0.5 for the small-, medium-, and large-sized phantoms,
respectively.

Per-calcification analysis

Median Agatston scores of 800 mg/cm’ CaHA calcifications changed with
the proposed protocol by -15% and -14% for the large- and medium-sized
calcifications, respectively (see Figure 5 and supplementary Figures 5 and 6).
Median Agatston scores slightly decreased on average for the large-sized 400 mg/
cm?® CaHA calcification (-2%), whereas scores increased for the medium-sized 400
mg/cm?® CaHA calcification (11%). Median Agatston scores of 200 mg/cm® CaHA
calcifications increased on average with 39% and 43% for the large- and medium-
sized calcifications, respectively.

The proposed protocol resulted in calcification volumes closer to the physical
volume for all calcifications (see supplementary results and supplementary Figure 7).
Mass scores remained similar compared with the standard protocol (supplementary
Figure 8). Maximum areas and weightfactors remained similar or slightly increased
(supplementary Figures 9 and 10). Weightfactors especially increased in 200 mg/
cm’ CaHA calcifications.

Intrascanner variability of the Agatston score decreased for most calcifications.
Medians of IQR-changes per-calcification were -68%, 5%, and -30% for large-
sized 800, 400, and 200 mg/cm?® CaHA calcifications, and -81%, -37%, and 39% for
medium-sized 800, 400, and 200 mg/cm?® CaHA calcifications, respectively.

Furthermore, interscanner variability of Agatston scores per-calcification
decreased, resulting in IQR changes of -63%, -29%, and -34% for large-sized 800,
400, and 200 mg/cm® CaHA calcifications, and -60%, -44%, and -8% for medium-
sized 800, 400, and 200 mg/cm® CaHA calcifications, respectively (Figure 5).
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DISCUSSION

Our multivendor phantom study showed that an updated reduced dose, thin-
slice CT acquisition protocol for CAC scoring resulted in improved intra- and
interscanner variability and detectability of small and low-density calcifications.
The proposed protocol decreased volume-variability of calcifications and thus
decreased influence of the partial volume effect, resulting in volumes closer to
their physical volume. Also, one additional small calcification was detected and an
increase in area and weightfactor, especially for low-density calcifications, showed
improved visibility. We aimed to update the 2007 CAC-quantification standard
by evaluating multiple protocols with the same phantom setup. For four state-of-
the-art CT systems, we established an updated CAC-quantification protocol by
combining lower tube voltage (100 kV), reduced radiation dose (CTDI , 1.1, 2.5,
and 5.3 mGy for small-, medium-, and large-sized patients, respectively), thinner
slices (1- or 1.25-mm) and higher IR-levels (ADMIRE 3, ASiR-V 50%, iDose* 5, or
AIDR-3D strong).

Multiple important factors call for an update of the current standard.*" First, in
the last decade, CT technology has remarkably improved.* Second, recent research
from Blaha et al. has shown that the shape and distribution of CAC are important
contributors to cardiovascular risk stratification.” Third, Criqui et al. found an
inversely proportional association between CAC density and future cardiovascular
events, therefore making it important to accurately quantify low-density
calcifications.” Fourth, there is a substantial intra- and interscanner variability with
the current CAC-quantification protocols, possibly causing different treatment
approaches for the same patient on different scanners or in different hospitals.>®
Last, Han et al. recently demonstrated that a small but non-negligible number
of patients with zero CAC score actually did have coronary artery calcifications,
missed by the current protocol.” The presence of these plaques was associated with
higher risk for major adverse cardiovascular events.

Multiple phantom and patient studies have been conducted to evaluate radiation
dose reduction for CAC CT scans by lowering kV and/or mAs with or without
IR.1#1326-28 Also, multiple studies evaluated the effect of slice thickness on CAC
scores.”'#23 No studies have tested a variation of all four parameters (tube
voltage, tube current, slice thickness, and reconstruction technique) on current
state-of-the-art CT systems of multiple vendors. Vonder et al. varied tube voltages,
dose-levels, and ADMIRE-levels with a dedicated phantom containing 100 small
calcifications on a single CT system with conventional 3-mm slice thickness.”

280



Coronary artery calcium scoring: toward a new standard | Chapter 14

They found possible dose-reductions of up to 60.6% with 100 kV and IR-1. The
lower tube current and IR-level compared with our study can be explained by the
3-mm slices, as thinner slices result in more noise. Groen et al. varied tube voltage
and slice thickness on one CT scanner with the same phantom.** They found an
optimal protocol of 100 kV and 3-mm slices that resulted in similar Agatston
scores and CAC detectability compared to traditional electron beam tomography,
thus, not intending to improve detectability or reproducibility.

Mantini et al. showed in patients that thinner slice reconstructions led to
significant upward risk reclassifications due to higher CAC scores. Two possible
explanations were given: 1) increased detection efficiency of small calcifications;
2) increased noise-level resulting in more false positives.? Our results support
the first explanation. Although the excess risk of non-zero CAC scores by
microcalcifications is not yet precisely known, the study of Han et al. suggests that
these calcifications missed by the current protocol should not be neglected.'>*>*
We expect that the updated protocol may result in improved identification of these
false zero scores as detection of smaller calcifications and low-density calcifications
is expected to improve. This is confirmed by our study since on average we found
one additional small calcification with the proposed protocol compared with the
current protocol. The most effective way to assess how this would translate to the
clinic would be a study where patients are scanned with both the current protocol
and the proposed protocol. Furthermore, we showed that IR minimizes increased
noise-levels of thinner sections.

A large body of evidence shows that it is safe to implement reduced radiation
dose by lower tube potential and/or current, and increased IR-levels.”**”*” Also,
the positive effects of thinner slices in CAC acquisition has been thoroughly
investigated and coincide with our findings: decreased influence of the partial
volume effect, improved reproducibility of CAC scores, and increased detectability
of small calcifications.”***** However, the effect of combining all four parameters
in scanning patients should be further investigated.

Earlier studies have used the increased threshold before or a similar threshold,
which resulted in comparable Agatston scores between the current 120 kVp
protocol and a 100 kVp, lower dose protocol with 3 mm slice thickness, or with
0.5 mm slice thickness and iterative reconstruction.?>**** Therefore, we decided
to use the same threshold and also found similar Agatston scores to the current
protocol.
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The supplementary section provides more specific results of volume, mass, area,
and weightfactor per calcification. Similar results between volumes and Agatston
scores were seen, indicating that the decreased intrascanner variability is due
to the decreased partial volume effects. Also, volumes of all calcifications came
closer to the physical volume with the proposed protocol compared with the
current standard protocol, thus resulting in a more accurate representation of the
calcifications. Besides that, an increase in area and weightfactor is seen in especially
low-density calcifications, resulting in a maximum area closer to the physical area
for small calcifications and indicating better detectability of these calcifications.
This is likely due to the decreased tube voltage, hence increased attenuation.

Our study has limitations. A static phantom was used; hence the effect of motion
was not addressed. Cardiac motion can cause artefacts, which have a non-negligible
effect on CAC scores. Van der Werf et al. showed in a dynamic phantom that heart
rates have a substantial effect on Agatston and mass scores.”” Future research
should investigate the magnitude of this potential problem with our proposed
protocol. Also, the CCI only contains nine calcifications of three different sizes and
densities. To investigate the exact improved detectability of our protocol, another
dedicated phantom with more calcifications should be used. While we expect the
reclassification rates to be lower with the updated protocol, clinical studies should
be performed to investigate whether reclassifications still occur due to the proposed
protocol. Last, this protocol should be tested with new emerging techniques like
dedicated kV-independent kernels.*!

In conclusion, current CT acquisition protocols for CAC-quantification may
be updated to a protocol with 100 kV, 75% radiation dose, 1- or 1.25-mm slice
thickness, and higher IR-levels. On state-of-the-art CT systems of four different
vendors, this protocol led to improved intra- and interscanner reproducibility
and increased detectability of small and low-density calcifications. It is important
to emphasize that before clinical use, the viability of this protocol should be
validated in dynamic phantom and clinical studies. However, due to the improved
reproducibility of the Agatston score with this protocol, this could potentially
improve clinical interscanner/interinstitutional reproducibility, which would result
in more consistent risk assessment and treatment strategies; and it may potentially
facilitate in better risk stratification and an improved scoring method.
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ABSTRACT

Background

The substantial variation in Agatston scores (AS) acquired with different computed
tomography (CT) scanners may influence patient risk classification. Accuracy of
AS, and thus coronary heart disease (CHD) event prediction for patients imaged
on different CT systems may be improved by a vendor-neutral AS (vnAS).

This study sought to develop a calibration tool for state-of-the-art CT systems
resulting in a vnAS, and to assess the impact of vnAS on CHD event prediction.

Methods

The vnAS calibration tool was derived by imaging two anthropomorphic calcium
containing phantoms on seven different CT and one EBT system. To assess the
effect of vnAS on event prediction we analyzed data from 3,181 participants from
the Multi-Ethnic Study on Atherosclerosis (MESA). Chi-square analysis was used
to compare CHD event rates between low (vnAS < 100) and high calcium groups
(vnAS = 100). Multivariable Cox proportional hazard regression models were used

to assess the incremental value of vnAS.

Results

For all CT systems, a high degree of correlation with EBT AS was shown (R* >
0.932). Of the MESA participants originally in the low calcium group (n = 781),
85 (11%) participants were reclassified to a higher risk category based on the
recalculated AS, or vnAS. The CHD event rate of 15% for reclassified participants
was significantly higher compared to participants in the low calcium group (7%, p
=0.008) with a CHD hazard ratio of 3.39 (95% CI 1.82 - 6.35, p = 0.001).

Conclusion

We developed a calibration tool, which enables to calculate vnAS. MESA
participants who were reclassified to a higher calcium category based on vnAS,
showed increased CHD event rates indicating improved risk categorization of
vnAS. This indicated improved risk categorization with vinAS. Moreover, v AS also
improved statin therapy classification for patients at intermediate ASCVD risk,
with reduced NNT. Therefore, our vendor-neutral CAC assessment may improve

patient risk classification and subsequent patient management.
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INTRODUCTION

Computed tomography (CT) coronary artery calcium (CAC) measurements
improve risk stratification for both coronary heart disease (CHD) and
atherosclerotic cardiovascular disease (ASCVD) in asymptomatic individuals
beyond traditional risk factors."” Due to its risk reclassification potential, CAC
is an increasingly important tool to support the decision to initiate or defer statin
therapy in individuals at low-to-intermediate risk."® CAC assessment is therefore
recommended in both American and European guidelines, with statin therapy
initiation for individuals at intermediate ASCVD risk with a CAC score of > 100,
and intensive statin therapy for individuals with a CAC score > 300.""> Moreover,
follow-up CAC assessment is recommended as a way of monitoring atherosclerotic
disease.!>*

Clinically, CAC assessment is performed according to the Agatston method."”
This method was developed in 1990 using now almost obsolete electron beam
tomography (EBT). Importantly, CAC based on EBT scans occurred to add
incremental value to commonly known cardiovascular risk factors, including the
Framingham Risk score."'¢

Nowadays, multi-detector CT (MDCT) systems are used in clinical practice. For
these systems, however, it has been shown that CAC detection and quantification
differs substantially not only between different CT manufacturers, but also
between different CT systems from the same manufacturer, with differences in
median Agatston score (AS) of up to 44%."” These variations in AS may translate
into risk misclassification and improper treatment in up to 6.5% of asymptomatic
individuals."” Despite these variations, there are presently no tools or methods to
convert MDCT-derived AS, as obtained with modern CT systems, to EBT-derived
AS.

We therefore sought to: 1) develop a calibration tool for current state-of-the-art
CT systems, allowing for calculation of a vendor-neutral AS (vnAS) which would
be equal to the AS an individual would have had if scanned on an EBT system; 2)
assess whether the vnAS improves event prediction for both CHD and ASCVD
for participants of the Multi-Ethnic Study of Atherosclerosis (MESA); and 3)
determine the influence of vnAS on initiation or deferral of statin therapy.
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METHODS
Calibration tool development
Phantom

The vnAS calibration tool was derived from scans of two static anthropomorphic
CAC containing inserts, which were consecutively placed at the center of an
anthropomorphic chest phantom (QRM thorax, PTW, Freiburg, Germany). Both
phantom inserts contained cylindrical calcifications composed of hydroxyapatite (HA)
with a variety of sizes and densities to cover the large variety of in-vivo CAC. The first
insert contained 100 small cylindrical calcifications (D100, PTW, Freiburg, Germany)
varying in HA density (90 to 540 mg/cm®) and volume (0.1 to 6.3 mm?). The second
insert contained 9 cylindrical calcifications (CCI, PTW, Freiburg, Germany) with three
HA densities (200, 400, and 800 mg/cm?) and three sizes (0.8, 21.2, and 98.2 mm?).**

The chest phantom itself was composed of a shell of tissue-equivalent material, a spine
insert, and artificial lungs. To increase phantom size, a fat equivalent extension ring
(QRM extension ring, PTW, Freiburg, Germany) was used. With this extension ring,
the phantom size was increased from 300 x 200 cm? to 400 x 300 cm?, to simulate a
large patient size (body mass index (BMI) > 25 kg/m?).**

Data acquisition

Chest CT examinations were performed using routine clinical CAC protocols on
five state-of-the-art MDCT systems: IQon and iCT (Philips Healthcare, Best, The
Netherlands), Force (Siemens Healthineers, Forchheim, Germany), Revolution
CT (GE Healthcare, Waukesha, WI), and Aquilion One (Canon Medical Systems
Corporation, Otawara, Japan), designated CT-A to CT-E, respectively (Table 1). In
addition, we acquired data on two older MDCT systems which were used to scan
participants of the MESA: a Lightspeed Plus (GE Healthcare, Waukesha, WI) and a
Volume Zoom (Siemens Healthcare, Forchheim, Germany) CT system, CT-F and CT-
G, respectively. For these older systems, MESA CAC protocols were used (Table I).”
Reference standard acquisitions were obtained on an EBT C-150 system (Imatron, San
Francisco, CA, United States of America).

For all systems (7 CT and 1 EBT), raw data was reconstructed using filtered back
projection (FBP). For each combination of insert and phantom size, five acquisitions
and reconstructions were made, with a manual translation (approximately 2 mm) and
rotation (approximately 2 degrees) of the phantom between each acquisition to correct
for inter-scan variability.

292



Vendor independent CAC scoring improves individual risk assessment | Chapter 15

15

159502 3} JJ SIYPIBW YDTYM anbIut23) WOTIINISUOIT ATIRINT d) ST () [9A3] 3s0(T V-1 10 |
uonoafoxd Yoeq pardr = Jg.I ‘(9sTou adew) UORIASD pIepue)s = (JS [01U0d arnsodxa onewomy = DIy

ddd ddd ddd ddd ddd ddd 0 @“Mwwwwem: ddd UuonINISUOIY
(482948 CISXCIS (482548 (452548 (45548 (452548 CISxXCIs CISXTIS [spexid] oz1s xRy
jsed piepuel§ 104 plepuel§ P9cID VOX VOX 79y dreyg [PUISY UOHOINIISUOIRY
ST ST 0¢ 4 ST 0¢ 0¢ 0¢ [wrwr] Juswaioug
ST ST 0¢ ST 0€ 0€ 0€ 0¢ [wrw] ssawypIyy 3913
S0 S0 SLT0 8C0 ral] LT0 LT0 - [s] swm uonjejoyg
0s¢C 0ce 0S¢ 0S¢C 0S¢ 0S¢ 0S¢ 0s¢ [wrar] matA Jo pretg
gTXY §G29°0%91 §'0%X08¢C §T9°0X¥CC 9°0X091 §T9°0X8C1 ST9°0X%9 - [wrwr] uonewtod
B3O BO uo BO B3O BO BO B3O oav
€9 :a8re 7€ a8re 197 :38xe7 p61 2810 09 :281e 8F :a81e €9 :a8re [syu] 1onpoxd
06 ‘[rews 901 :[rews S =(s 0¢ ‘[rewrs ¥ [rews 06 ‘[rewrs 0 ‘[rewrs €9 :[rews dUIT} JUILIND dqN,
ovI1 0ZI 0ZI 0ZI 0ZI 0ZI 0ZI 0¢T [dAY] a8eyjoa aqn,
[eIXVY [eIXy [eIXy [eXY [eIXY [eIXY [eIXY [eIxXy apowr uonismboy
20101
wooz swnop  paadsyySry  ouo uormby  uonnjoady WOILVINOS DT ouerfg uoby 0ST-D wa)shs 1D
SUIWIAIG S6o) uoue)) 56o) SUIWIAIG sdiyq sdiqiyq uoIjew] JoIn)oeRNUEBIA
O-1D 4-1D q-LO a-1o O-LD q-LD V-1D PIepue)g-aousIa)oy I9jourereq

swalshs 1D pue (1.g9) AyderSowo) wreaq U019 pIepue)s 9dUIJaI ) 10J s1ajourered UonoNISU031 pue uonismboy 1 ajgoy,

293



15

Part I1I | Post-processing parameters

vnAS calculator specification and processing

AS were calculated for all CT reconstructions with vendor-specific CAC scoring
parameters using a previously validated Python script.*® For the EBT, vendor-
specific CAC scoring software (Acculmage, Acculmage, Diagnostic Corporation,
San Francisco, CA) was used. Next, for each combination of phantom size and CT
system, linear regression was used to convert the obtained AS to a vnAS for all
repeated measurements. Regression model fit was assessed using both R* and the
ANOVA methodology. The resulting regression model was used in a calculator,
where the 3 input parameters (CT system, patient size, and AS) were used to
calculate the vnAS (Figure 1). The vnAS calculator will be made publicly available.

CAC
assessment

Clinical decision: Clinical decision:

Follow-up

——> | Stop/start/ continue/intensify | —>

statin treatment

Stop / start / continue / intensify
statin treatment

i ks

AS ‘ AS ‘ ~
BMI VnAS BMI ‘ VnAS

CTsystem | CTsystem

i

\ CT-A CT-B J

Figure 1 Illustration of the use of the vendor-neutral Agatston score (vnAS) calculator, which converts
a MDCT specific Agatston score (AS) (CT-A AS or CT-B AS) into a vnAS based on patient and CT
specific parameters. The vnAS can subsequently be used for clinical decisions on statin treatment for
patients at intermediate atherosclerotic cardiovascular disease risk, both initially and in follow-up
assessments

Validation study: MESA population

Data sharing

Data from the MESA was requested via the MESA website (https://www.mesa-
nhlbi.org) following a described data request procedure. MESA data was shared
based on a signed data sharing agreement.
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Study population

MESA is a multi-center, cohort (n = 6,814) study involving 6 centers (Forsyth
County, NC; Bronx and Northern Manhattan, NY; Baltimore City and County,
MD; St. Paul, MN; Chicago, IL and Los Angeles County, CA).* The rationale for
the multi-center prospective, observational cohort study was to determine the
underlying factors of cardiovascular diseases, and the study design and methods
have been previously described in detail elsewhere.? In brief, investigators included
6,814 asymptomatic individuals between 45 and 84 years of age. At baseline,
demographic data was collected from each participant and two immediate
subsequent CT scans were performed. All study participants provided written
informed consent at baseline.

Findings presented in the current analysis represent both baseline data as collected
between July 2000 and September 2002, and follow-up information about CHD
and ASCVD events from follow-up contacts every 9-12 months from 2000 through
December 2018. CHD events were defined as myocardial infarction, resuscitated
cardiac arrest, fatal CHD, or revascularization. ASCVD events were defined
as nonfatal or fatal myocardial infarction, resuscitated cardiac arrest, probable
angina, definite angina followed by revascularization, non-fatal or fatal stroke,
other atherosclerotic death, or other cardiovascular death.® As only CT-F and
CT-G were used within MESA, participants who were not scanned on either CT-F
or CT-G were excluded. Also, those for whom follow-up or risk factor data was
missing were excluded, which resulted in 3,181 (1,077 and 2,152 on CT-F and CT-
G, respectively) included individuals for the current analysis on CHD and ASCVD
event prediction in cohort 1 (Figure 2). To assess the influence of vnAS on the
initiation or deferral of statin therapy, a sub-cohort of participants who were at
intermediate cardiovascular risk was formed.'"* For this cohort 2, 889 individuals
were included (Figure 2).'"" Intermediate cardiovascular risk was defined as
individuals with an ASCVD risk between 7.5-19.9 %, without diabetes, LDL-C 70-
189 mg/dl, and without previous ASCVD events.'>"*?!

vnAS calculation

For all included participants, vinAS were calculated based on the patient size specific
regression models from either CT-F or CT-G, as appropriate. A BMI cutoff value
of 25 kg/m? was used to differentiate between average and large sized participants.
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Figure 2 Flowchart of included participants from the MESA study. Both individuals included in the first
and second cohort are indicated between the dashed lines. For the second cohort, all used groups are
indicated: group 1 includes individuals with an Agatston score (AS) of 0; group 2 includes participants
with an AS of 1 to 99; group 3 includes participants with an AS < 100 but a vendor-neutral AS (vnAS)
of 2100; group 4 includes participants with an AS of 100 to 299; group 5 includes participants with an
AS <300 and a vnAS of >300; finally, group 6 includes participants with AS > 300.
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CHD and ASCVD event prediction: cohort 1

Based on baseline MDCT-AS, participants from cohort 1 (n = 3,181) were assigned
to zero, low, or high coronary calcium groups, with AS =0, AS 1 - 99, or AS > 100,
respectively (Table 2). Participants with AS 1 - 99 and vnAS > 100 were considered
reclassified individuals (Table 2). For all four groups (zero, low, high, reclassified)
CHD and ASCVD event rates were compared.

Table 2 Cohort 1 group definition for CHD and ASCVD event prediction based on Agatston score
(AS) and vendor-neutral AS (vnAS)

Number of MESA
Group definition AS vnAS participants [#]
Zero coronary calcium 0 0 1576
Low coronary calcium <100 <100 696
Reclassified <100 =100 85
High coronary calcium > 100 > 100 824

Statin therapy assessment: cohort 2

In addition to studying event rates, the potential benefit from statin therapy was
assessed for MESA participants at intermediate cardiovascular risk (cohort 2, n =
889). The impact of using the vnAS was quantitatively expressed as change in the
number needed to treat (NNT).?> The NNT was calculated as the reciprocal of the
absolute risk reduction (ARR) for an ASCVD event between individuals with and
without statin therapy. The ARR is the absolute value of the difference between the
ASCVD events in the non-statin group and statin group.” For the NNT calculation,
ASCVD events during the entire 18 years of follow-up were used.

To calculate the NNT, cohort 2 was divided in four groups based on three
thresholds: AS = 0, AS > 100 for statin therapy initiation, or AS > 300 for intensive
statin therapy initiation (Table 3).>'! The resulting groups were AS = 0, AS 1-99, AS
=100, and AS > 300 which were designated group 0 to 3, respectively (Figure 2 and
Table 3). Based on vnAS, two additional groups were formed: reclassified group 1
with AS 1-99 and vnAS > 100, and reclassified group 2 with AS < 300 and vnAS >
300 (Figure 2 and Table 3).

297

15



15

Part I1I | Post-processing parameters

Table 3 Cohort 2 group definition for statin therapy assessment based on Agatston score (AS)
and vendor-neutral AS (vnAS). For each group, the percentage of atherosclerotic cardiovascular
(ASCVD) events is indicated

Group definition AS vnAS Number of ASCVD
participants [#] events [%]
Group 0 0 0 374 10.7
Group 1 <100 <100 233 17.6
Reclassified group 1 <100 >100 30 23.3
Group 2 100-299 100-299 87 27.6
Reclassified group 2 100-299 =300 34 38.2
Group 3 =300 =300 131 32.8
Statistical analysis

Study population characteristics were stratified according to calcium score groups
(Table 4) and statin therapy group (Table 6) for cohorts 1 and 2, respectively. For
continuous variables either means (with standard deviation) or medians (with
interquartile range (IQR) were calculated. Normality was visually assessed based on
histograms and Q-Q plots. To compare variables between groups, Chi-square test,
Kruskal-Wallis test, and one-way analysis of variance were used, as appropriate.

Differences in both CHD and ASCVD events between the four coronary calcium
groups was assessed with Kaplan-Meier curves and log-rank tests. The association
of age, race, gender, systolic blood pressure, anti-hypertensive medication, high-
density lipoprotein, total cholesterol, lipid-lowering medication, cigarette smoking
status, diabetes, and coronary calcium group (zero, low, reclassified individuals,
high) with first-ever CHD or ASCVD event was assessed using univariable
Cox proportional hazard regressions models. Only the first CHD or ASCVD
event was included, within 18 years of follow-up data. Next, all parameters were
simultaneously used for a multivariable Cox proportional hazard regression model.

All statistical analyses were conducted using SPSS 27 (IBM, Armonk NY) or
MedCalc 15.8 (MedCalc Software). Statistical significance was defined as p < 0.05.
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Table 4 Characteristics of 3,181 individuals (cohort 1) of the MESA study with CT scans on CT-F or

CT-G, stratified by calcium group

Zero Low Reclassified High P value'
calcium calcium  individuals calcium
Total number 1,576 696 85 824
Age (year) 58+9 63+9 67+£8 69+9 <0.001
Race/Ethnicity <0.001
White 735 (46.6) 368 (52.9) 40 (47.1) 549 (66.6)
Black 572 (36.3) 232 (33.3) 37 (43.5) 190 (23.1)
Hispanic 269 (17.1) 96 (13.8) 8 (9.4 85 (10.3)
Gender <0.001
Female 998 (63.3)  336(48.3)  34(40.0) 303 (36.8)
Male 578 (36.7) 360 (51.7) 51 (60.0) 521 (63.2)
Diabetes mellitus 142 (9.0) 86 (12.4) 20 (23.5) 135 (16.4) <0.001
Systolic blood pressure 124 +21 126 + 21 134 +22 134 +22 <0.001
Hypertension medication 500 (31.7) 283 (40.7) 45 (52.9) 421 (51.1) <0.001
HDL 52+ 15 49+ 14 48 +13 49+ 14 < 0.001
LDL 116.4 + 32 119 £ 32 113 £31 117 £ 30 0.175
Total Cholesterol 194 + 36 194 + 37 185+ 33 192 £33 0.086
Triglycerides 108 113.0 105.0 134.2 0.078
(76.0,19.0)  (80.0, 162.0) (78.0,160.0) (77.2,166.0)
Any lipid-lowering therapy 200 (12.7) 137 (19.7) 28 (32.9) 193 (23.4) <0.001
Cigarettes smoking 244 (15.5) 696 (15.4) 7 (8.2) 116 (14.1) 0.266
Family history of heart attack 614 (39.0) 334 (48.0) 36 (42.4) 439 (53.3) <0.001
Coronary calcium score
vnAS 0.0 30.5 117.1 801.6
(14.1,56.7) (105.3,126.1) (243.0, 910.1)
AS 0.0 22.4 87.2 619.2
(10.2,42,4)  (78.1,94.2) (186.2,736.9)
Risk calculators
ASCVD risk 55 13.9 20.4 22.1 <0.001
(24,11.6) (5.7,19.6)  (11.3,25.7) (11.3,29.3)
Events
CHD 54 (3.4) 49 (7.0) 13 (15.3) 152 (18.4) <0.001
ASCVD 138(8.8)  127(182)  20(23.5)  290(352)  <0.001

! Chi-square test

AS - Agatston score; ASCVD - atherosclerotic cardiovascular disease; CHD - coronary heart
disease, HDL - high density lipoprotein, LDL- low density lipoprotein, Reclassified individuals —
individuals with AS < 100 and vnAS = 100; vnAS - vendor-neutral Agatston score,
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Table 6 Example vendor-neutral Agatston scores for a CT Agatston score of 100 for both small (body
mass index (BMI) < 25 kg/m?) and large (BMI > 25 kg/m?) patients

Patientsize ~ CT-A CT-B CI-C CI-D CT-E CT-F CI-G

Small 105 107 94 112 93 120 102

Large 129 122 121 148 88 139 123
RESULTS

vnAS calculation: phantom study

Irrespective of MDCT system, a high degree of correlation with EBT derived AS
was found (R? > 0.932) in Figure 3 and Figure 4 for the small and large phantom,
respectively. For all MDCT systems, the linear regression models, which predicted
EBT AS, were statistically significantly (all P < 0.001). These prediction models,
or vnAS, convert MDCT AS to AS acquired on EBT. For the small phantom size,
vnAS were lower than non-corrected AS for CT-C and CT-E, while for the large
phantom size, only CT-E showed lower vnAS than AS.

For example, for a patient with a BMI > 25 kg/m?and an MDCT-derived AS of 100,
the vnAS varied between 88 - 148 depending on the specific CT system that was
used (Table 6). For patients with an AS of 0, vnAS was always 0.

Validation study: MESA participants

CHD and ASCVD event prediction: cohort 1

The mean age of cohort 1 participants (n = 3,181) was 62 + 10 years, 52.5% were
women, and 46.8% of participants were of non-Caucasian ethnicity (Table 4). For
both CT-F and CT-G, vnAS was higher than AS (up to 39%). This resulted in 85
(85/ (696 + 85) = 11%) reclassified individuals, who were reclassified from the low

to the high coronary calcium group (Table 2).

Of the reclassified individuals, 13 (15.3%) and 20 (23.5%) experienced a CHD or
ASCVD event during 16.7 (IQR 4.8) years of follow-up (Figure 5). In comparison
with thelow coronary calcium group, CHD and ASCVD event rates of the reclassified
individuals were 8.3% (P = 0.008) and 5.3% (P = 0.24) higher, respectively. This was
also reflected by the Kaplan-Meier curves, which confirmed substantial differences
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Figure 5 Coronary heart disease (CHD) and atherosclerotic cardiovascular disease (ASCVD) event
rates during 18 years of follow up as per recommended by ESC and ACC for all calcium groups: zero
calcium (AS = 0), low calcium (AS =1 - 99, vnAS = 1 - 99), reclassified individuals (AS = 1 - 99; vnAS
>100), high calcium group (AS = 300). Reclassified individuals experienced increased CHD (+ 8.3%, P
=0.008) and ASCVD (+ 5.3%, P = 0.24) event rates in comparison with the baseline low calcium group

in CHD event rates between the reclassified and low calcium groups (p = 0.004),
while there was no substantial difference in event rate of the reclassified group
with the high coronary calcium group (P = 0.319) (Figure 6). For ASCVD, the
opposite was true, with non-significant differences between reclassified individuals
and the low coronary calcium group (P = 0.116), but significant differences of the
reclassified group with the high coronary calcium group (P = 0.025).

Based on multivariable Cox regression, the hazard ratio of CHD for the reclassified
individuals was 3.39 (95% CI 1.82 - 6.35, p = 0.001) (Figure 7 and Table 7). The
hazard ratio of CVD for reclassified individuals was 1.97 (95% CI 1.22, 3.18)
(Supplementary figure 1 and Supplementary table 1). The univariable Cox regression
is depicted in Supplementary table 2.
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Follow-up [years]
Number at risk for years of follow up
Calcium Coronary heart disease Cardiovascular disease
group 0 5 10 15 0 5 10 15
Zero 1576 1479 1352 1164 1576 1464 1328 1127
Low 696 632 552 460 696 612 525 429
Reclassified 85 75 61 44 85 71 54 38
High 824 691 539 348 824 639 471 406

Figure 6 Kaplan-Meier survival estimates for all coronary calcium groups, for both coronary heart
disease (CHD) (upper left) and atherosclerotic cardiovascular disease (ASCVD) (upper right). Total
number of participants at risk are indicated in the table (below) for each coronary calcium group for 0,
5, 10, and 15 years of follow-up

Hazard ratio examining the likelihood of Coronary Heart Disease

Age s
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Figure 7 Summary of the Cox regression model for the prediction of coronary heart disease events. The
red dots depict a significant association between a variable and an event.
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Table 7 Hazard ratio (95% confidence interval (CI)) examining the likelihood of coronary heart
disease. The proportional multi-variable Cox regression was adjusted for all variables

Hazard ratio (95% CI) P-value

Race

White Reference

Black 1.08 (0.81, 1.46) 0.586

Hispanic 1.34 (0.94, 1.92) 0.110
Sex

Female Reference

Male 1.29 (0.98, 1.70) 0.077
Age 1.03 (1.02., 1.05) <0.001
Anti-hypertensive medication

Yes 1.16 (0.89, 1.52) 0.249
Systolic blood pressure 1.01 (1.01, 1.02) <0.001
HDL 0.99 (0.98, 0.99) 0.014
Total cholesterol 1.00 (0.99, 1.04) 0.954
Lipid-lowering therapy

Yes 0.87 (0.64, 1.20) 0.385
Cigarette smoking

Yes 1.59 (1.12, 2.20) 0.008
Family history

Yes 1.36 (1.06, 1.74) 0.014
Diabetes

Yes 1.34 (0.97, 1.84) 0.074
Coronary calcium group

Zero calcium Reference

Low calcium 1.64 (1.10, 2.44) 0.014

Reclassified individuals 3.39(1.82, 6.35) <0.001

High calcium 4.25(2.97, 6.07) <0.001

HDL = high-density lipoprotein

Statin therapy assessment: cohort 2

The mean age of cohort 2 participants (n = 889) was 64 * 7 years, 47% were
women, and 51% of participants were of non-white ethnicity (Table 5). Our vnAS
calculation increased AS for the used CT systems, which resulted in 30 (11%) and
34 (28%) reclassified individuals from the baseline group 1 and 2 into reclassified
group 1 and 2, respectively (Table 3). For both groups of reclassified individuals,
ASCVD event rates were higher (Table 3).

In comparison with their baseline group, the statin therapy NNT reduced by n =5
and n = 13 for reclassified groups 1 and 2, respectively (Figure 8).
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NNT for Cardiovascular Disease prevention

60

51

Number needed to treat

Figure 8 The estimated benefit of statins in primary prevention by AS and vnAS in intermediate risk
group individuals from Multi-Ethnic study on Atherosclerosis. The ASCVD risk was calculated based
on 10-year risk calculator. The 16-year number needed to treat (NNT) show that in reclassified groups
the NNT was lower as compared to baseline groups

DISCUSSION

We developed a calibration tool which allows for vendor-neutral Agatston score
(vnAS) calculation. Based on vnAS, MESA participants who were reclassified
from a low to a high calcium group (11%) experienced more CHD and CVD
events as compared to participants from the baseline group. This indicated
improved risk categorization with vnAS. Moreover, vnAS also improved statin
therapy classification for patients at intermediate ASCVD risk, with reduced
NNT. Therefore, our vendor-neutral CAC assessment may improve patient risk
classification and subsequent patient management.
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This study showed large differences in AS between different CT manufacturers,
but also between different CT systems from the same manufacturer. To overcome
these discrepancies, we created a vendor-neutral calibration tool, which converts
the vendor-specific AS to the gold-standard EBT AS. This calibration tool was
validated in a large, long-term follow-up cohort. Since the advent of the AS in
1990, for which EBT images were used, CT technology has dramatically changed.
Despite the present-day use of advanced MDCT systems in clinical practice,
current clinical guidelines and risk calculators are based on studies, which almost
exclusively used EBT systems to study the relation between the presence and
amount of coronary calcium and subsequent cardiovascular events. This approach
was correct from a methodological point of view, with EBT serving as the gold
standard. However, it does thus not reflect current clinical practice.

Other studies also assessed the vendor dependency of AS, with contradictory
findings. Mao et al. showed that the difference between AS on EBT and MDCT
was about 8.3% for 102 patients, and was considered clinically insignificant.** In
addition, Ghadri et al. showed that there were no substantial differences in CAC
scores acquired on single source and dual source CT scanners.” Importantly, neither
of these studies included information about patient’s follow-up. On the other hand,
in a study performed by Willemink and colleagues it was shown that differences in
AS acquired with different vendors resulted in risk category reclassifications in up
to 6.5% of individuals.”” This is in agreement with our phantom analysis, in which
we compared EBT to both older and state-of-the-art MDCT systems, and showed
underestimations in AS of up to 48% on CT with respect to EBT. Importantly, in
our study we were able to use the exact same phantom setup for both EBT and
MDCT, which allowed for a direct AS comparison.

Nowadays, both American and European guidelines apply an AS threshold of
100 for consideration of pharmacological treatment. Therefore, to assess whether
the vnAS outperforms AS for risk classifications, we also applied this commonly
used AS threshold of 100. With this threshold, 85 (11%) MESA participants were
reclassified from the low to the high calcium group. Out of these reclassified
individuals, 15.3% and 23.5% experienced a CHD or ASCVD event, respectively.
This was equal to an increase of 8.3% and 5.3% compared to the low calcium group,
respectively, to which they were originally assigned based on the vendor specific
AS. As further depicted in our Kaplan-Meier curves, the difference was only
significant for CHD, but not for ASCVD events. The hazard ratio of CHD increased
for reclassified individuals in comparison with individuals from the low calcium
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group. For ASCVD events, this was less pronounced. The stronger association
of vnAS with CHD in comparison with ASCVD might be explained by the fact
that coronary calcium directly reflects atherosclerotic processes within coronary
arteries. Therefore, the association of vnAS with CHD in a relatively small sample,
will be more pronounced. This stronger association of CAC with CHD than with
ASCVD was previously shown by Folsom et al.* Importantly, as the mean age of
reclassified individuals was 67, this difference may have long-term consequences.

As previously indicated, independent studies showed that CAC quantification
improved risk classification of asymptomatic individuals at risk by 14-30%.'¢
Therefore, the American Heart Association recommends CAC measurement in
asymptomatic individuals at intermediate ASCVD risk to plan lipid-lowering
therapy."” To investigate the influence of vnAS on statin therapy, we used a sub-
cohort of MESA participants which met the criteria of intermediate ASCVD risk
group patients, designated as cohort 2.'"" As indicated by current guidelines,
initiation of statin therapy is recommended in individuals with AS > 100, and for
those with AS > 300 an intensive statin therapy is recommended.'""* In our sample,
30 (11%) participants were reclassified from the non-statin therapy group into the
statin therapy group, and 34 (28%) participants were reclassified from the statin
therapy group to the intensive statin therapy group. The NNT for both reclassified
groups dropped as compared to the groups to which they were classified based on
AS. This further indicates that for reclassified individuals, (intensive) statin therapy
would be more efficient. Therefore, vnAS might be a valuable tool allowing for
more appropriate treatment decision making for patients at intermediate ASCVD
risk.

CAC evaluation is not only important for initial risk stratification, but also in
follow-up analysis as indicated by Lehmann and colleagues, who showed that CAC
progression was more pronounced in patients with CHD events than in those
without events.”* Patients with baseline and follow-up AS below 400 had 9.1% risk
of ASCVD events within 10 years, while for those with baseline AS below 400
but follow-up AS exceeding 400, the ASCVD risk was 19.1%. These results served
the National Lipid Association to recommend repeated CAC measurements
depending on ASCVD risk."! However, in the abovementioned study by Lehmann
et al., both scans were performed on the same EBT system.' In clinical practice, it
is almost impossible to scan a patient every time on the same CT scanner. Knowing
that the AS might differ up to 48% between different vendors, the importance of
vnAS is self-evident.
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We would like to underscore that our goal was not to develop a new calcium scoring
method, but to provide a method which enables clinicians to calculate a vendor-
neutral AS that closely reflects the EBT calcium score, based on which guidelines
and risk calculators have been created. This approach can be implemented easily
in existing workflows and leverages the strengths of the well-validated AS, while
simultaneously helping to further improve patients risk classification.

This study has limitations that merit consideration. First, our vnAS is based on
static anthropomorphic phantom scans only. Despite the fact that the linear
attenuation coeflicients of the phantoms were in line with human materials, a
phantom does not completely simulate an actual human, with all internal organs,
patient-specific variations, or coronary artery motion. Further, large-scale, in-
vivo validation of the vnAS is therefore recommended in advance of wide-spread
clinical acceptance. Second, for the vnAS validation we utilized older MDCT
systems, as these were used to scan participants of the MESA. Other cohort studies
which both employed state-of-the-art MDCT and had long-term follow-up, are
not available yet. However, the MESA cohort used in our study did employ two
MDCT systems from different manufacturers. Third, as a consequence of 50% of
participants exhibiting a zero calcium score, the absolute number of reclassified
MESA participants was relatively small at 2.7% for the first cohort. On the other
hand, these patients constituted 11% of the low risk individuals group. In addition
to the large and rising number of CT CAC assessments, this reclassification
percentage is clinically relevant.

In conclusion, we developed a calibration tool which enables to calculate a
vendor-neutral Agatston score which was validated in the MESA cohort. Based
on the vnAS, reclassified individuals experienced increased CHD event rates in
comparison with the baseline group. Moreover, the number needed to treat for
statin therapy was reduced by using vnAS for MESA participants at intermediate
cardiovascular risk. Therefore, our calibration tool for modern CT systems, if
applied in daily clinical practice, may improve patient management and outcome.
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SUPPLEMENTAL MATERIAL

Supplementary table 1 Hazard ratio examining the likelihood of atherosclerotic cardiovascular disease
events. The proportional multi-variable Cox regression was adjusted for all variables

Hazard ratio (95% CI) P-value

Race

White Reference

Black 1.07 (0.88, 1.31) 0.501

Hispanic 1.28 (0.99, 1.66) 0.051
Sex

Female Reference

Male 1.32 (0.99, 1.54) 0.004
Age 1.04 (1.03, 1.05) <0.001
Anti-hypertensive medication

Yes 1.24 (1.03, 1.48) 0.019
Systolic blood pressure 1.01 (1.01, 1.02) <0.001
HDL 0.98 (0.98, 0.99) <0.001
Total cholesterol 1.00 (0.99, 1.01) 0.115
Lipid-lowering therapy

Yes 1.05 (0.85, 1.28) 0.658
Cigarette smoking

Yes 1.55(1.23,1.95) <0.001
Family history

Yes 1.24 (1.02, 1.51) 0.027
Diabetes

Yes 1.44 (1.16, 1.79) <0.001
Coronary calcium group

Zero calcium Reference

Low calcium 1.63 (1.27,2.09) <0.001

Reclassified individuals 1.97 (1.22, 3.18) 0.006

High calcium 3.14 (2.48,3.97) <0.001
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Supplementary table 2 Hazard ratio examining the likelihood of coronary heart disease (CHD) and
atherosclerotic cardiovascular disease (ASCVD) events. The proportional uni-variable Cox regression
was adjusted for all variables

CHD ASCVD
H?;;Z: (1';;10 P-value H?;;;f (r:e;;lo P-value

Race

White Reference Reference

Black 0.97 (0.74, 1.28) 0.840 0.98 (0.81, 1.18) 0.857

Hispanic 1.06 (0.75, 1.51) 0.735 1.02 (0.80, 1.29) 0.882
Sex

Female Reference Reference

Male 1.86 (1.45, 2.38) 0.000 1.7 (1.44,2.01) <0.001
Age 1.05 (1.04, 1.07) 0.000 1.06 (1.05, 1.07) < 0.001
Anti-hypertensive medication

Yes 1.77 (1.39, 2.25) 0.000 1.87 (1.58,2.21) <0.001
Systolic blood pressure 1.02 (1.01, 1.02) 0.000 1.02 (1.01, 1.02) <0.001
HDL 0.98 (0.97, 0.99) 0.000 0.98 (0.97, 0.99) <0.001
Total cholesterol 0.99 (0.99, 1.01) 0.133 0.99 (0.99, 1.01) 0.296
Lipid-lowering therapy

Yes 1.18 (0.88, 1.59) 0.272 1.39 (1.14, 1.69) < 0.001
Cigarette smoking

Yes 1.26 (0.92, 1.74) 0.148 1.18 (0.95, 1.48) 0.134
Family history

Yes 1.57 (1.24, 2.00) 0.000 1.43(1.22, 1.69) <0.001
Diabetes

Yes 2.05 (1.51, 2.77) 0.000 2.1(1.71,2.59)  <0.001
Coronary calcium group

Zero calcium Reference Reference

Low calcium 2.19(1.49, 3.22) 0.000 2.27 (1.78, 2.89) <0.001

Reclassified individuals 5.32(2.91,9.75) 0.000 3.38(2.11, 5.41) <0.001

High calcium 7.01 (5.13, 9.56) 0.000 5.61 (4.57, 6.87) < 0.001
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Hazard ratio examining the likelihood of Cardiovascular Disease
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Supplementary figure 1 Summary of the Cox regression model for the prediction of atherosclerotic
cardiovascular disease events. The red dots depict a significant association between a variable and an
event.

15

316






Il

/



CHAPTER 16

Fully automated Quantification Method (FQM)
of coronary calcium in
an anthropomorphic phantom

Gijs D. van Praagh*, MSc
Niels R. van der Werf*, MSc
Jia Wang, PhD

Fasco van Ommen, PhD

Keris Poelhekken, BSc

Riemer H.J.A. Slart, MD PhD
Dominik Fleischmann, MD
Marcel J.W. Greuter, PhD

Tim Leiner, PhD

Martin J. Willemink, MD PhD

* Shared first authors

Published in Medical Physics 2021



16

Part I1I | Post-processing parameters

ABSTRACT

Objective

Coronary artery calcium (CAC) score is a strong predictor for future adverse
cardiovascular events. Anthropomorphic phantoms are often used for CAC studies
on computed tomography (CT) to allow for evaluation or variation of scanning or
reconstruction parameters within or across scanners against a reference standard.
This often results in large number of datasets. Manual assessment of these large
datasets is time consuming and cumbersome. Therefore, this study aimed to
develop and validate a fully automated, open-source quantification method (FQM)
for coronary calcium in a standardized phantom.

Materials and Methods

A standard, commercially available anthropomorphic thorax phantom was used
with an insert containing nine calcifications with different sizes and densities.
To simulate two different patient sizes, an extension ring was used. Image data
was acquired with four state-of-the-art CT systems using routine CAC scoring
acquisition protocols. For inter-scan variability, each acquisition was repeated
five times with small translations and/or rotations. Vendor-specific CAC scores
(Agatston, volume, and mass) were calculated as reference scores using vendor-
specific software. Both the international standard CAC quantification methods
as well as vendor-specific adjustments were implemented in FQM. Reference and
FQM scores were compared using Bland-Altman analysis, intraclass correlation
coeflicients, risk reclassifications, and Cohen’s kappa. Also, robustness of FQM was
assessed using varied acquisitions and reconstruction settings and validation on a
dynamic phantom. Further, image quality metrics were implemented: noise power
spectrum, task transfer function, and contrast- and signal-to-noise ratio among
others. Results were validated using imQuest software.

Results

Three parameters in CAC scoring methods varied among the different vendor-
specific software packages: the Hounsfield unit (HU) threshold, the minimum
area used to designate a group of voxels as calcium, and the usage of isotropic
voxels for the volume score. The FQM was in high agreement with vendor-specific
scores and ICC’s (median [95% CI]) were excellent (1.000 [0.999-1.000] to 1.000
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[1.000-1.000]). An excellent inter-platform reliability of K = 0.969 and k = 0.973
was found. TTF results gave a maximum deviation of 3.8% and NPS results were
comparable to imQuest.

Conclusions

We developed a fully automated, open-source, robust method to quantify CAC
on CT scans in a commercially available phantom. Also, the automated algorithm
contains image quality assessment for fast comparison of differences in acquisition

and reconstruction parameters.
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INTRODUCTION

Coronary artery calcium (CAC) score is a strong predictive value for future
adverse cardiovascular events, including myocardial infarction and sudden
cardiac death, and a powerful tool in primary prevention.'” In 1990, Agatston
and colleagues developed a specific quantification method for CAC using electron
beam tomography (EBT).* This so-called Agatston score — currently quantified
using cardiac computed tomography (CT) - is clinically used for further risk
classification of asymptomatic individuals at intermediate risk.’” In addition to
the Agatston score, two other metrics were introduced to quantify CAC, namely

the volume and mass score.®’

It is well known that CAC scores vary between different CT scanners. Not only
do CAC scores differ between scanners of different vendors, but also between
different systems from the same vendor, and between the same systems from
the same vendor if a slightly different starting position is applied.’*** Moreover,
CAC scores can vary greatly due to motion of the coronary arteries during the
scan phase of a CAC scoring CT acquisition.” In order to study these differences,
their possible impact on clinical outcome, and to optimize acquisition protocols,
dedicated coronary calcium phantoms are frequently used. In the well-established
international standard developed for CAC quantification by McCollough and
colleagues, a commonly evaluated commercially available anthropomorphic
phantom was used (thorax and CCI phantom, QRM, Mohrendorf, Germany).®
With this phantom not only the Agatston score, but also the volume and mass
score of the calcifications in the phantom can be studied among different scanners
and different vendors for influences of acquisition and reconstruction parameters.
This phantom also contains calibration rods, allowing for adequate mass score
assessment.

However, manual assessment of the CAC scores is time consuming and
cumbersome, especially when several scan-and/or reconstruction parameters have
been systematically varied resulting in a large number of scans. Therefore, the aim
of our study was to develop and validate a fully automated quantification method
(FQM) for coronary calcium in a standardized phantom. In order to be useful for
a variety of CT scanners of different vendors, we sought to develop an automated
scoring method that replicates CAC scores.
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METHODS

Phantom

We used a standard, commercially available anthropomorphic thorax phantom
(QRM-Thorax, QRM, Mohrendorf, Germany) (Figure la). The static phantom
comprises artificial lungs, a spine, and a shell of soft tissue equivalent material.
X-ray attenuation of the phantom’s materials is similar to human tissues when data
are acquired at a peak tube potential of 120 kVp. To simulate two different patient
sizes, an extension ring (QRM-Extension ring, QRM, Mohrendorf, Germany)
of fat equivalent material (-100 Hounsfield Units (HU)) was used. With this
extension ring, outer dimensions of the phantom increased from 300 x 200 mm to
400 x 300 mm, similar to a small and large patient size, respectively."* Within the
thorax, a commercially available calcium containing insert (Cardiac Calcification
Insert (CCI), QRM, Mohrendorf, Germany) was placed, which is commonly
used in coronary calcium studies (Figure 1b).*'** The insert consisted of nine
hydroxyapatite (HA) containing calcifications and two large calibration rods. These
calibration rods consisted of water-equivalent material and 200 mgHAcm™. The
calcifications had diameters and lengths of 1.0, 3.0, and 5.0 mm, defined as small,
medium, and large, respectively. For each calcification size, three densities were
present in the phantom: 200, 400, and 800 mgHAcm?, defined as low, medium,
and high density, respectively.

To assess the performance of our automatic scoring method on dynamic data,
a robotic arm (QRM Sim2D, QRM, Mohrendorf, Germany) moved an artificial
coronary artery in a water-filled compartment, which was positioned in the
center of the anthropomorphic thorax phantom. Two artificial arteries were used,
where each artery consisted of two calcifications. These calcifications were equal
in dimensions (5.0£0.1 mm in diameter, with a length of 10.0+0.1 mm), but
different in density. Densities were 196+3, 380+2, 40842, and 800+2 mgHAcm™.
The arteries were moved at four constant velocities (0 — 30 mm/s, increment of 10
mm/s) along the x-axis, comparable to heart rates of 0, <60, 60-75, and >75 bpm.?*!
Electrocardiography trigger output was used to ensure that acquisition was done
during linear motion of the calcifications."

Acquisition and Reconstruction

Static phantom image data was acquired with four state-of-the-art CT systems,
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Table 1 Acquisition and reconstruction parameters for all CT systems used in this study.

Parameter CT1 CT2 CT3 CT4 Dynamic
Manufacturer Canon Philips GE Siemens Siemens
CT system Aquilion One Brilliance iCT Revolution = SOMATOM SOMATOM
Vision Force Flash
Acquisition mode Axial Axial Axial Axial Axial
Tube voltage [kVp] 120 120 120 120 120
Tube current time Small: 15 Small: 50 Small: 30 Small: 44 80
product [mAs] Large: 84 Large: 50 Large: 161 Large: 194
Automatic exposure SD=55 oft oft off oft
correction
CTDI , [mGy] Small: 2.3 Small: 4.7 Small: 1.49 Small: 1.5 Large: 2.8
Large: 12.8 Large: 4.4 Large: 7.2 Large: 6.7
Collimation [mm] 280x0.5 128x0.625 224x0.625 160x0.6 128x0.6
Field of View [mm] 250 250 250 250 250
Rotation time [s] 0.35 0.27 0.28 0.25 0.28
Slice thickness [mm] 3.0 3.0 2.5 3.0 3.0
Increment [mm] 3.0 3.0 2.5 3.0 3.0
Reconstruction kernel FC12 XCA Standard Qr36d B35f*
Matrix size [pixels] 512x512 512x512 512x512 512x512 512x512
Reconstruction FBP FBP FBP FBP FBP
Calcium scoring Vitrea FX 6.5.0 Heartbeat-CS SmartScore 4.0Syngo CalciumSyngo Calcium
software (S1) (S2) (S3) Scoring (S4) Scoring (S4)

*Based on vendor recommended protocol of earlier software version than used for the static
phantom
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one from each of the main CT manufacturers: CT-1: Aquilion One Vision (Canon
Medical Systems, Otawara, Japan); CT-2: Brilliance iCT (Philips Healthcare, Best,
The Netherlands); CT-3: Revolution CT (GE Healthcare, Waukesha, Wisconsin,
USA); and CT-4: SOMATOM Force (Siemens Healthineers, Erlangen, Germany),
respectively. Routine CAC scoring acquisition protocols for small and large patients
were used (Table 1). To simulate inter-scan variability each acquisition of the
thorax phantom with and without extension ring was done five times with small
translations and/or rotations of approximately 2 mm and 2 degrees, respectively.
Raw data were reconstructed with filtered back projection (FBP) (Table 1).

Vendor-specific CAC scores

For all acquisitions, vendor-specific CAC scores were derived using each vendor’s
commercial software implementation (Table 1). These CAC scores included
Agatston, volume, and mass scores. For each vendor, CAC scores derived with
their respective software were used as reference CAC scores for the analysis. The
CT specific mass calibration factor was determined for each CT system according
to standard methodology.?

CAC score standard: automated algorithms

The international standard for quantification of CAC scores was implemented in a
fully automated algorithm (FQM) for CAC scoring of the CCI phantom. This was
done in two popular programming languages to allow for wide usage: MATLAB®
R2020a (Mathworks, Natick, Massachusetts, USA) and Python (Python 3.7.3).
Both algorithms were made publicly available via Github (https://github.com/
nwerf/FQM_Analysis) to assist in any research where the CCI insert is used.

After importing a DICOM series into FQM (module 1), the center of the insert
(module 2) and two main locations in the CCI were found: the largest calcifications
(module 3) and the 200 mg HA calibration rod (module 4; Figure 2). These calcified
areas were found using a connected component analysis (4-connected) with the
standard CAC scoring threshold of 130 HU.* Next, a mask based on the locations of
the nine calcifications was determined. First, the largest calcifications were defined
based on the area of the connected components. For each density, the locations of
the other calcifications were determined using the known distances between the
calcifications of different sizes, on the connecting lines between the center of the
insert and the center of the large calcification. The mean HU value of each of the
large calcifications was used to determine the density of the calcifications, with
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Figure 2 Flowchart of FQM.

the highest mean HU value corresponding to the highest density etc. By using

this methodology, the exact position of the phantom within the CT system, and

any rotation of the CCI insert within the thorax phantom, was made irrelevant,

consequently adding to the robustness of FQM.
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The international standard implementation for all three CAC scoring methods
(Agatston, volume, and mass scores) were in accordance with their respective
definitions from literature.*®® All methods used a minimum in-plane area of 1
mm? for pixels > 130 HU to identify calcium-containing lesions. The Agatston
scores were derived for each calcified area per slice from a multiplication of that
area with an associated weighting factor depending on the maximum HU within
the area: 130 to 200 HU = 1; 200 to 300 HU = 2; 300 to 400 HU = 3; and * 400
HU = 4. The Agatston score per calcification was defined as the summation of all
Agatston scores per slice.

The volume score was determined according to Callister et al., based on a linear
interpolation to create isotropic voxels.” To achieve this, the slice thickness was
decreased to match in-plane pixel spacing by means of a linear grid interpolation
in 3D. To limit computation time, this was only performed for the slices containing
the calcifications. For each slice, the volume score was calculated by multiplication
of the number of voxels per lesion with the interpolated voxel volume.

Lastly, mass scores were determined according to McCollough et al., using scan
specific mass calibration factors.® Mean CT numbers (HU) for the calibration
factor calculation were measured in the center slice of the large cylinder-shaped
calibration rods with a region of interest of 1.5 cm?” The calibration rods were
automatically located, based on the known specifications of the phantom. Then,
mean CT numbers (HU) for both calibration rods were used to calculate the scan-
specific calibration factor. Finally, mass scores of the calcifications were calculated
by multiplication of the calibration factor with the calcified volume (without
interpolation) and the mean CT number of the lesion.

To assess robustness of FQM, additional acquisitions with varying acquisition
settings were made on CT-4 and scored with its vendor-specific software. In these
acquisitions, parameters that have a well-known influence on CAC scores were
changed: tube potential was changed from 120 to 100 and 80 kVp, tube current
time product was changed from 44 to 34 and 22 mAs, convolution kernel was
changed from Qr36 to Qr32 and Qr44, iterative reconstruction was applied at levels
2 and 4, and lastly, field-of-view was changed from 250 to 200 and 320 mm. Finally,
robustness was assessed for a dynamic phantom on another CT system: SOMATOM
Definition Flash (Siemens Healthineers, Erlangen, Germany). A routinely used
clinical CT CAC protocol was used for acquisition and reconstruction (Table 1;
Figure 3).
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Figure 3 Axial views of the cardiac calcification insert from the four CT systems used in static
experiments (top row), a few examples of the robustness scans where acquisition or reconstruction
settings were changed (middle row; from left to right: tube voltage, tube current, slice thickness, and
kernel), and the dynamic phantom with four different speed settings (bottom row). Red overlay is used
to highlight the pixels above the 130 HU threshold. Screenshots are made with ImageJ (U.S. National
Institutes of Health, Bethesda, Maryland, USA).

Vendor-specific CAC scores: automated algorithms

In addition, FQM was adapted in such a way that the calculation of the calcium
scores matched the methodology used in the vendor-specific software packages.
These adjustments were based on scoring mechanism descriptions in manuals,
and information provided by the vendors. The following parameters were adapted:
HU threshold used to designate a pixel as calcium, the threshold used to indicate
the minimum area necessary for calcium scoring, and the use of interpolation
for specific CAC scores (Table 2). Vendor-specific parameters were automatically
extracted by FQM from the DICOM header information, which also identified
the vendor-specific CT system that was used to acquire the data. In addition, the
algorithms allowed for manual selection of vendor-specific scoring parameters.
With this, images from any of the four vendors can be evaluated with scoring
parameters from any other vendor.
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Table 2 International standard and vendor-specific CAC scoring parameters for all vendors and
commercial vendor-neutral software. Light-grey entries indicate equal parameter values with respect
to literature. Darker-grey entries are vendor-specific parameters.

International

Parameters CAC score standard S1 S2 S3 S4
Connectivity All 4 4 4 4 4
HU threshold Agatston 130 130 130 130 130
Volume 130 130 130 or 100/c*  Patented 130
Mass 130 130 100/c Patented 130
Calcification area All 1 mm? 3 pixels 0.5 mm?* 1 mm? 0
threshold
Interpolation® Volume Yes No No Patented Yes

¢ = calibration factor
* Depending on availability of CT system specific calibration factor within the scoring software
® Linear interpolation algorithm used to calculate isotropic voxels

Image quality assessment

For the automated analysis of the CCI phantom, several image quality metrics
were included to assess image quality differences for changing acquisition or
reconstruction parameters. These image quality metrics both concerned image
noise and contrast measurement. For the image noise, first the standard deviation
(SD) of the mean CT-value (HU) of a square region-of-interest (ROI) of 55 x 55 mm
in a non-calcium containing slice of the CCI insert was calculated. Second, image
noise was characterized with a noise power spectrum (NPS) analysis. This analysis
was implemented according to the methodology of the International Commission
on Radiation Units and Measurements (ICRU), as previously implemented by Van
Ommen et al.?>* For this, 18 radially dispersed ROIs of 15 x 15 mm were used.
Both 2D and 1D NPS results were extracted.

For the contrast-related image quality metrics, first the mean HU and SD of the three
large calcifications and two calibration rods were calculated. For each calcification,
the mean HU was calculated over the entire volume of each calcification. The mean
HU and SD of a circular ROI of 1.5 cm? in the calibration rod were calculated
within the center slice of these rods. Second, the signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) were calculated for the calcifications.

Lastly, the task-transfer-function (TTF) was computed. The TTF is a type
of modulation-transfer-function, which is also valid for non-linear systems
and incorporates contrast and noise.** For this, the ICRU implementation for
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modulation transfer function calculation was used.” For robustness, the TTF was
calculated by radially averaging the edge-spread-function (ESF) of the calibration
rod, as described previously by Van Ommen et al.”® Due to the proximity of the
water-equivalent calibration rod, the ESF in the direction of this rod were excluded
from the analysis. In addition, image data were linearly interpolated by a factor
four, to reduce pixel size effects. For quick evaluation purposes, 50% and 10% TTF
were also calculated.

NPS and TTF results were validated by comparison with the CT image analysis
tool (imQuest (Duke University, Durham, 2018)) described in Task Group 233
of the American Association of Physicists in Medicine (AAPM) for two datasets,
reconstructed with different reconstruction kernels (Qr44, Qr32). For the NPS
calculation, only one ROI was placed at the center of the insert for both tools
for the current comparison, due to potential measurement errors resulting from
manual placement of 18 ROIs for imQuest.

Statistical analysis

To assess the accuracy of our FQM, automatically quantified CAC scores were
compared with reference scores obtained with vendor-specific software. Agreement
between FQM and reference CAC scores was assessed using Bland-Altman
analyses. Reliability between the methods was determined by calculating intraclass
correlation coefficients (ICCs) and root mean square error (RMSE). Reference
and FQM scores were classified per calcification according to the Agatston risk
stratification: 0 — absent; > 0 and < 10 - minimal; > 10 and < 100 - mild; * 100
and < 400 - moderate; * 400 - severe. Calcifications classified differently by FQM
from the reference classifications were defined as reclassifications. Subsequently,
reliability of reclassification between FQM and reference scores was determined
by calculating Cohen’s kappa (k). All statistical analyses were performed with SPSS
for Windows, version 26.0. A p-value <0.05 was used to determine significant
differences.

RESULTS

Vendor-specific CAC scores: automated algorithms

Vendor-specific adjustments to our generic CAC scoring methods were necessary
to match vendor-specific scores. An overview of all parameters, including vendor-
specific parameters, is shown in Table 2. Three parameters varied among the
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different vendor-specific software packages. First, the HU threshold, used to
indicate whether a pixel contains CAC, varied. In general, a threshold of 130 HU
was used for all vendors, for all CAC scores. However, for one vendor the threshold
was 100 mg HA, when a CT system specific calibration factor was available in the
software. When this calibration factor was not available, the normal threshold of
130 HU was used. Second, the minimum area used to designate a group of pixels
as calcium varied. For a group of pixels with HU above the CAC scoring threshold,
this minimum area varied between >0 pixels and 1 mm? Last, some vendors used
an interpolation algorithm to create isotropic voxels for the volume score, and
some vendors did not. Parameters for the volume and mass score of CT-3 were
kept confidential by the vendor and could therefore not be determined.

With these vendor-specific CAC scoring parameters implemented, FQM scores
were in high agreement with the vendor-specific software scores for all CAC
scoring methods (Figure 4). Smallest confidence interval (CI) (95%) range of
absolute differences between the FQM and vendor-specific scores was 0.000 to
0.000 mg for the mass score when FQM was compared to S4. Largest CI range
was -2.480 to 1.827 mm’ for the volume score when FQM was compared to S4.
ICCs were excellent for all comparisons between FQM and the vendor-specific
software. The ICC of the volume score of S4 and FQM was 1.000 (0.999-1.000);
all other comparisons gave an ICC of 1.000 (1.000-1.000). RMSE for Agatston,
volume, and mass score ranged between 0.02 - 1.01, 0.80 - 1.64 mm’, and 0.00 -
0.22 mg, respectively. Reclassification of the calcifications occurred seven times out
of ninety calcifications (7.8%) at CT-1 and three times out of ninety calcifications
(3.3%) at CT-3. All reclassifications were from zero to minimal or vice versa.
No reclassifications occurred with CT-2 and CT-4. This gave an inter-platform
reliability of k = 0.969 (p<0.0001), 95% CI [0.947, 0.991] between FQM,,, . ..
and the vendor-specific software and k = 0.973 (p<0.0001), 95% CI [0.953, 0.993]
between FQM, < thon and the vendor-specific software.

Algorithm robustness

FQM scores were also in high agreement with the vendor-specific software packages
after varying the acquisition settings for all CAC scores. When FQM scores were
compared with the vendor-specific scores, mean (95% CI) differences for Agatston,
volume, and mass scores were -0.001 (-0.033 to 0.031), -0.2 (-0.365 to -0.035) mm?,
and -0.071 (-1.086 to 0.944) mg HA, respectively (Figure 5). ICC’s (mean [95%
CI]) were excellent (1.000 [1.000-1.000] for all CAC scores). No reclassifications
occurred.
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RMSE were between 0.012 and 0.020 for Agatston scores, 0.220 and 0.835 mm?® for
volume scores, and 0.003 and 1.063 mg for mass scores. Remarkably, all RMSEs of
mass scores were below 0.034 mg except for field of view changes, where RMSE
scores were 1.042 and 1.063 mg for FOV 320 and 200, respectively.

For the dynamic phantom, FQM scores were in high agreement with vendor-
specific software too. When FQM scores were compared with the vendor-specific
scores, mean (95% CI) differences for Agatston, volume, and mass scores were
-0.393 (-2.502 to 1.716), -0.514 (-10.177 t0 9.15) mm?, and -0.283 (-0.651 to 1.181)
mg HA, respectively (Figure 6). ICCs (mean [95% CI]) were excellent (1.000
[1.000-1.000] for Agatston and mass scores and 0.999 [0.999-1.000] for volume
scores). RMSE was 1.139, 4.926 mm’, and 0.536 mg for Agatston, volume, and
mass scores, respectively.

On a regular desktop computer (Windows 7, i5-6500 CPU 3.2 GHz, 8 GB RAM),
evaluating a single scan with FQM took on average 3 or 6 seconds without or with
interpolation for the volume score, respectively. In contrast, manual analysis of the
phantom (without advanced image quality assessment) is in the order of minutes.

Image quality

For two datasets which were reconstructed with different reconstruction kernels
(Qr44, Qr32), 10% and 50% TTF results were calculated (Figure 7). For the NPS
analysis, images, ROI placement, and resulting 1D NPS curve results are shown in
Figure 8. For both reconstruction kernels, NPS results were comparable between
FQM and imQuest.

333

16



Part I1I | Post-processing parameters

Agatston score: dynamic phantom

S

8
6
4
5 2r- +1.96SD: 1.716
too o Mean: -0.393
g - — — — o= —--1965D:-2502
4 ° [}
© o
8
-10
0 100 200 300 400 500 600
(S4 +FQM)/2
s Mass score: dynamic phantom
4
3
=2 oo
£ Bl o et +1.96 SD: 1.181
é 0 r@mﬁ%ﬁ Mean: 0.283
N o002 1.96 SD: -0.615
< o
w2
3
4
5
20 40 60 80 100 120 140 160 180 200
(54 +FQM)/2 (mg)

Qr44— FQM
Qrd4 — ImQuest

'Volume score: dynamic phantom

+1.96 SD:9.15

=~ o
e 6 20 B8 ® o 0
\E 3 %OOQE) @ %50 o
<7 g X M@ 5 Mean: -0.514
[ @ o
o
3 s 3
97777777777777779§ 77777777 -1.96SD:-10.177
12
-15
50 100 150 200 250 300 350 400 450 500
(S4+FQM)/2 (mm?)

Figure 6 Bland-Altman plots of S4 compared to
the FQM of all CAC scores. Scans were acquired
with a dynamic phantom and scored with FQM
for assessment of algorithm robustness.
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Figure 7 TTF results for both FQM and imQuest for two datasets, reconstructed with different
reconstruction kernels. In addition, deviations at 50% and 10% T TF between results from both analyses

are shown.
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Figure 8 NPS results for both FQM and imQuest. Left, images for the Qr32 (upper) and Qr44 (lower)
reconstruction kernel are shown, together with the placed ROI. Right, resulting 1D NPS results are
shown. Small differences between both results are expected to be due to small differences in ROI

placement.
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DISCUSSION

In this study, we successfully developed an open-source, fully automated,
vendor-independent, robust method to quantify CAC in two commonly used
commercially available phantoms. In addition, we implemented vendor-specific
scoring methods from four major calcium scoring software vendors with excellent
agreement. Two scoring methods could not be implemented in our method due to
non-disclosures. Also, image quality metrics, useful for comparison of CT scans
with varying imaging parameters, were automatically extracted from the image
data. These advanced image quality metrics can aid in assessing the influence of
non-linear (post)processing steps on CAC scores.

Our algorithm is focused on a fully automated analysis of a standard
anthropomorphic cardiac phantom. The main reasons for this focus, are the
substantial reduction of evaluation time and the lack of inter- and intra-observer
variability, manual notation errors, and software problems because of acquisition
settings. An example of the latter is that some software programs are not able to
process calcium scoring scans with a slice thickness different from the usual 3
mm, which can be rather inconvenient for research purposes. This in contrast to
FQM, which is written in both MATLAB and Python, making it widely usable,
depending on programming-language preference. This phantom is often used for
careful evaluation of novel technical advances in CT, e.g., acquisition techniques,
such as novel photon-counting detector elements, or reconstruction techniques,
such as kernels which allow for tube voltage independent CAC acquisitions, before
clinical usage.'** FQM can aid in these experiments, as larger number of scans can
easily be analyzed in a fully automatic manner.

Although the predictive role in risk stratification of low nonzero calcium scores
caused by microcalcifications is still unknown, zero CAC scores are proven to
be a strong negative predictor of CAD.*** Also, Criqui and colleagues found an
inversely proportional association of density on future cardiovascular events.”
Therefore, the detection of small and low-density calcifications is of utmost
importance. In our study, we found three main software parameters, which
influence CAC detection and, therefore, quantification. First, the threshold used
to discriminate calcium-containing voxels from non-calcium containing voxels.
Second, the minimum calcification area threshold used to discriminate between
noise and calcium containing voxels. And third, the use of isotropic interpolation
for volume scores. All factors have an important impact on the detection of
microcalcifications, especially for high noise acquisitions. For these acquisitions,
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lower thresholds and use of interpolation will increase CAC area, and smaller
minimum calcification areas will increase the number of false positives due to noise
effects. It is thus important to investigate the exact influence of these parameters
on CAC scores and the impact of scoring method standardization on differences in
CAC scores between scanners. Besides that, the need of an improved CAC scoring
method is high.”®*?' Both Agatston and volume scores show high variability in
scores within and between CT systems.'"'? The mass score is a more reliable score
in terms of variability although small differences still exist.*> FQM is thus a helpful
tool in the development of new CT acquisition/reconstruction protocols and new
scoring methods.

A few studies developed an automatic CAC scoring algorithm for patient CT
angiography scans.* ¢ However, to the best of our knowledge, this is the first study
that developed a fully automated, vendor-neutral method for quantification of
CAC scores in a phantom. Also, no other study examined and reproduced the exact
scoring methods of the four major calcium scoring software vendors. Only a few
studies compared software platforms in CAC scores. However, these were either
with platforms that are nowadays no longer widely used, or they compared scores,
but did not go into detail about the parameters.”’* Weininger and colleagues
used three different workstations, Syngo Calcium Scoring (Siemens), Aquarius
(TeraRecon), and Vitrea (Vital Images), to acquire CAC scores of 59 patients.”
Total Agatston and volume scores were compared between these systems. Although
all results were numerically different, they found excellent correlations between the
three workstations for both scoring methods.*

Our study has limitations. First, we were not able to implement the volume and
mass quantification method of GE Healthcare. The vendor explained that they
make use of a patented algorithm which adapts the threshold to help correct for
beam hardening and overestimation. This adaptive threshold is used for both
volume and mass scores. Another limitation of this study is that, currently, FQM
can only be used in the described phantoms and not in patients or other phantoms
as it makes use of the physical properties of these phantoms. However, these are
commonly used phantoms for coronary calcium studies and FQM provides simple
and fast analyses. Also, the main body of FQM can be rewritten to include other
phantoms as we have shown in our flowchart and by validating both a static and
a dynamic phantom. This increases the usability of FQM. Finally, only in-plane
resolution measurements were added to the current version of FQM. Longitudinal
measurements, based on the edge of the calibration rod, could be added in a future
release.
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CONCLUSIONS

In conclusion, we developed a fully automated, open-source, robust method in
MATLAB and Python to quantify CAC in a commercially available and widely
used phantom. The algorithm contains the international standard quantification
methods described in literature, as well as almost all scoring methods of four
major calcium scoring software vendors with an excellent agreement. The need
for manual calcium scoring was completely eliminated with our fully automated
method. Also, the automated algorithm contains image quality assessment for fast
comparison of differences in acquisition and reconstruction parameters.
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SUMMARY

In this thesis the diagnostic performance of coronary artery calcium (CAC)
detection and quantification with computed tomography (CT) was studied. First,
spurious variations in CAC detection and quantification were identified and
studied for three categories: patient specific factors, acquisition and reconstruction
parameters, and post-processing of reconstructed images. Next, novel technical
advances in CT were used to reduce CAC scoring variability, improve the prognostic
value of CT examinations and/or reduce radiation dose exposure for patients.

PART 1 PATIENT SPECIFIC FACTORS

In the first part of this thesis, CAC detection and quantification as a function of
patient specific parameters were assessed. One important parameter is the heart
rate of a patient during the scan phase of a CAC CT assessment. Depending on
heart rate and anatomical location, coronary arteries move at velocities of 10 to
30 mm/s during the CT acquisition, whereas coronary arteries are erroneously
assumed to be stationary during CT acquisition in many studies. This motion
of CAC leads to motion artefacts. For high density CAC, these motion artefacts
increase the apparent size of a calcification. This results in an increased number
of voxels exceeding the conventional CAC scoring threshold of 130 Hounsfield
Units (HU), which subsequently increases CAC scores. For low density CAC the
apparent size of a calcification is also increased. However, for these CAC, the HU
only marginally exceed the 130 HU threshold when no motion is present. Motion
artefacts result in increased partial volume effects, thereby decreasing the number
of voxels which exceed the CAC scoring threshold and a potential reduction in the
resulting CAC score for low density CAC.

In chapter 2, the influence of heart rate on CAC scores for high-end CT systems
from four major manufacturers was assessed with a dynamic phantom. An
artificial coronary artery, containing CAC of different densities, was translated
in an anthropomorphic chest phantom at linear velocities (10 — 30 mm/s). These
velocities corresponded to heart rates of <60, 60-75, >75 beats per minute (bpm).
Raw data was acquired with CT vendor specific routinely used clinical CAC CT
protocols. CAC scores, quantified as Agatston and mass scores, were compared
to the reference scores at <60 bpm. While low density CAC Agatston scores were
comparable to the reference, medium and high-density CAC Agatston scores
increased significantly (up to 50%) with increasing heart rate. Susceptibility of
CAC scores to motion was shown to differ significantly between different CT
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systems. Follow-up CAC CT scans should, therefore, be acquired on the same CT
system, with similar protocols and comparable heart rates.

In chapters 3 & 4, a deep learning network was used to identify CAC motion
artefacts on CT images. These identified motion artefacts could be looked up in
a library of motion artefacts for different CT systems and CAC densities. Next,
the impact of the motion artefact on the CAC score could be nullified by taking
the CAC score without motion from the library. To be able to identify the motion
artefact, first, a deep learning network (an inception v3 convolutional neural
network (CNN)) was trained to identify motion blurring of nine CAC categories
of combinations of different densities (high, medium, and low) and different sizes
(small, medium, and large), acquired on two CT systems from two manufacturers
with non-triggered chest protocols. For each of the nine combinations of CAC
density and size, motion artefacts from acquisitions with CAC movement at 0 -
90 mm/s were used. After classification, CAC scores (Agatston, volume, and mass
scores) were corrected for motion by assigning the motion-free CAC score to the
CAC of that specific category. A calcification by CNN correction was considered if
the uncorrected score was zero, but the corrected score was non-zero. The overall
accuracy of the CNN classification was 79 + 6%. Compared to resting CAC scores,
the overall Agatston score variation was 38% for CAC scores obtained in motion.
This variation was decreased to 4% by CNN correction. Sensitivity, defined as the
percentage of non-zero Agatston scores among all scores, increased from 65% to
85% with CNN correction. Second, three deep learning networks were trained on
CAC CT data from four major CT manufacturers to again identify CAC motion
artefacts. For these networks, raw data was acquired at reference clinical radiation
dose, and 40% and 80% reduced radiation dose levels for CAC (low, medium, and
high density) which were translated in an anthropomorphic phantom at linear
velocities of 0 - 60 mm/s. Subsequently raw data was reconstructed with filtered
back projection (FBP) and at least three levels of iterative reconstruction (IR). Our
CNNs categorized motion artefacts from the reconstructed images in categories
based on combinations of CT system and CAC density. Overall motion artefact
classification of the CNN was 90% to 94%, with the highest accuracy associated
with the DenseNet architecture. All deep CNN architectures were capable of
classifying motion-blurred images to the correct CT - CAC density category with a
high accuracy, regardless of CT vendor, velocity, radiation dose, and reconstruction
algorithm. Clinical application of these results is hampered by the absence of a
library with in-vivo motion artefacts for CAC for different heart rates. If present, it
would allow for CAC scoring acquisitions with CT independent of heart rate, i.e.
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as used in a screening setting or with attenuation correction scans at the Nuclear
Medicine department.

PART 2 ACQUISITION AND RECONSTRUCTION PARAMETERS

In part 2, the influence of acquisition and reconstruction parameters on CAC
detection and quantification was assessed.

In chapter 5 a systematic review on the impact of dose reduction on CAC
quantification and risk categorization was presented. Twenty-eight studies were
included, among which 17 patient studies, 10 phantom studies and 1 both patient
and phantom study. In these studies, tube voltage reduction, tube current reduction,
IR, spectral shaping with tin filtration and combinations of these techniques were
used to reduce patient radiation dose, without compromising CAC quantification.
In 78% of the studies, radiation dose was reduced by >50% with Agatston score
risk reclassification rates between 3% and 21%. Specific combinations of tube
current reduction and IR, or spectral shaping with tin filtration, that showed
low reclassification rates may potentially be used in CAC CT protocols or future
population-based screening for cardiovascular risk stratification.

In chapter 6, a technical argument was presented for the optimization of CAC
acquisition and reconstruction protocols for newer CT technology. Optimized
CAC quantification should be acquired at a low tube voltage allowing for detection
of small calcifications with lower densities and images that are reconstructed with
IR and thin slices allowing for more precise 3-dimensional CAC assessment with
improved reproducibility. A lower tube voltage also decreases radiation exposure.
Optimized CAC quantification methods should be evaluated in large observational
studies with long follow-up time. Alternatively, anthropomorphic phantom studies
and clinical trials should indicate whether novel CAC quantification methods
improve small and low-density CAC detection, while maintaining comparable
CAC quantification results. We expect that optimized protocols will result in
improved reproducibility and will allow for improved evaluation of CAC density,
shape, and distribution within the coronary artery tree.

In chapter 7 we evaluated the impact of IR, as an alternative to FBP, on CAC scores
at different heart rates, using the same setup as in chapter 2. Here the artificial
coronary artery was translated at 0, 10, 20, and 30 mm/s, corresponding to heart
rates of 0, <60, 60-75 and >75 bpm, respectively. At each heart rate, raw data was
reconstructed with FBP, and three increasing levels of IR. CAC was quantified
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as Agatston and mass scores. Furthermore, an IR susceptibility index (IRS) was
introduced, to assess the susceptibility of CAC scores to IR. CAC scores originating
from FBP reconstructions were used as the reference, with which IR CAC scores
were compared. In general, Agatston scores were more susceptible to increased
strength of IR when compared to mass scores. The effect of IR on CAC scores was
shown to not only depend on CT system and calcification density, but also on heart
rate. Therefore, follow-up CAC assessments should be performed on the same CT
system, with the same reconstruction type and, preferably, at similar heart rate.

Chapter 8 describes a study that assessed the influence of radiation dose
reduction and IR on CAC scores for all major CT manufacturers. Again, a
dynamic anthropomorphic phantom was used. Artificial coronary arteries were
translated at 20 mm/s or 60-75 bpm. Raw data was acquired with CT specific
routinely used CAC CT protocols on four high-end CT systems from four major
CT manufacturers. Besides reference radiation dose, data was acquired at 40%
and 80% reduced radiation dose. Decreased radiation dose resulted in increased
CAC scores, while at increased IR levels, CAC scores decreased again. For all CT
systems, similar CAC scores were found at 40% reduced radiation dose. For some
CT systems, CAC scores were not affected at 80% radiation dose reduction in
combination with IR. So, for all CT systems, a radiation dose reduction of at least
40% was feasible, without affecting CAC quantification.

Chapters 9 and 10 describe CAC detection and quantification for a CT system
equipped with a novel photon-counting detector. First, the CAC scoring potential
of this spectral photon-counting CT (SPCCT) was assessed, by comparison with
a conventional CT at routine clinical protocol. Additionally, improved CAC
detection and quantification at reduced slice thickness was assessed. For this, two
CAC containing cylindrical inserts were positioned in an anthropomorphic chest
phantom, which was scanned on both a conventional CT and a SPCCT system. To
assess the influence of patient size, the chest phantom was scanned without and
with extension ring, to simulate a small and large patient, respectively. CAC was
quantified as Agatston and volume scores. Routine clinical protocol CAC scores were
comparable between both CT systems. Small phantom CAC detection increased at
reduced slice thickness by 142% and 169% for CT and SPCCT, respectively. For
large phantom size, CAC detection increased by 31% and 110%. In comparison
with CT, SPCCT physical volume approximation was superior. Overall, CAC
assessment with SPCCT yields comparable quantification results as CT for routine
clinical protocols. Furthermore, the increased spatial resolution of SPCCT allows
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for increased detectability and more accurate CAC volume estimation. Second,
improved CAC detection and quantification with SPCCT was assessed for reduced
slice thickness and reduced radiation dose. The same phantom setup and clinical
protocol was used as for the previous paper. Additionally, data was acquired at
50% radiation dose, by reducing tube current. CAC quantification was performed
with volume and mass scores. At both reduced radiation dose and reduced slice
thickness, small phantom CAC detection increased by 108% and 150% for CT and
SPCCT, respectively. For the large phantom size, noise levels interfered with CAC
detection. At routine clinical protocols, median volume score deviations from
physical CAC volume were large (up to 134%). At reduced radiation dose and slice
thickness, physical volume overestimations were decreased to 96% and 72% for CT
and SPCCT, respectively. In comparison with volume scores, mass score deviation
from physical quantities were smaller. In conclusion, CAC detection on SPCCT is
superior to CT, and was even preserved at reduced radiation dose. Furthermore,
SPCCT allows for improved physical volume approximation.

In the following two chapters, a novel calcium-aware (Ca-aware) reconstruction
technique was assessed. CT numbers, and therefore CAC scores, depend on the
used tube potential. However, acquiring data at a reduced tube potential can
increase calcium contrast and reduce patient radiation dose. With the Ca-aware
reconstruction kernel, CT numbers of calcium are scaled to match the CT numbers
that would have been measured at reference tube potential (defined at 120 kVp),
enabling the use of patient specific tube potentials.

First, in chapter 11, the dose reduction potential of this novel reconstruction
technique was assessed using a static anthropomorphic phantom mimicking three
patient sizes (small, medium, and large). Two CAC containing inserts were used,
containing CAC varying in size and density. Tube potentials were varied from 70
- 150 kVp. In addition, a dedicated tin-filtered (100Sn kVp) protocol was used.
For all acquisitions, tube current was automatically adapted to maintain reference
image quality. Standard and Ca-aware reconstruction techniques were applied to
reconstruct raw data. In comparison with the reference protocol, phantom size
specific tube potential selection resulted in 22%, 15% and 12% radiation dose
reduction for the small, medium, and large phantom, respectively. Tin-filtered
protocols led to a radiation dose reduction of 55%, 55% and 60%. In comparison
with the reference, CT numbers deviated up to 64% for the standard reconstruction
technique for varying tube potentials. This deviation was reduced to 11% when
the Ca-aware reconstruction technique was applied. Agatston scores deviated up
to 40% for the standard reconstruction technique, which was reduced to 8% for
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the Ca-aware reconstruction technique. Overall, CT numbers remained consistent
with comparable calcium scores when the calcium-aware image reconstruction
technique was applied with a varying tube voltage. Less consistency was observed
in small calcifications with low density. Automatic reduction of tube voltage
resulted in a dose reduction of up to 22%.

Second, in chapter 12, a dynamic phantom was used to assess the influence of
the Ca-aware reconstruction technique on CAC scores of moving calcifications
with different densities surrounded by a variety of patient equivalent tissues.
Raw data was acquired with three protocols: a routine clinical CAC protocol at
120 kVp, a reduced tube voltage protocol at 100 kVp, and a tin-filtration protocol
at 150Sn kVp. Again, raw data was reconstructed with the standard and a Ca-
aware reconstruction technique. For each protocol, the center compartment of an
anthropomorphic phantom was filled with mixtures, which resembled fat, water,
and soft tissue CT numbers. Due to the tube potential dependency of HU, the center
compartment was refilled for each resembling material for each tube potential. For
all heart rates, Agatston scores of CAC submerged in fat were comparable (<10%
deviation) to the reference (120 kVp + standard reconstruction) for the reduced-
kVp acquisition with a Ca-aware reconstruction kernel. For water and soft tissue,
medium density Agatston scores were again comparable to the reference for all
heart rates, while low density Agatston scores showed relevant deviations (>10%).
In conclusion, the Ca-aware reconstruction technique allows for the use of patient-
specific tube voltages for CAC surrounded by fatty materials, as found in-vivo,
regardless of CAC density.

Chapter 13 evaluated the influence of four generations of CT reconstruction
algorithms from one vendor on coronary calcium detection and quantification.
For this, a phantom and 50 patients were scanned with routine settings from a
clinical CAC protocol. Data was reconstructed with FBP, hybrid IR (HIR), model-
based IR (MBIR) and deep-learning reconstruction (DLR) algorithms. For the first
part of this study, both a static and a dynamic anthropomorphic phantom were
used. The static phantom, containing 100 small calcifications, was used to evaluate
CAC detection with different reconstruction algorithms. The dynamic phantom,
in which low, medium, and high-density CAC was translated at 60-75 bpm, was
used to assess the influence of the four generations of reconstruction methods on
Agatston scores. Besides standard radiation dose, tube current was reduced for
the phantom scans to assess the influence of radiation dose reduction with IR or
DLR. The second part of the study concerned fifty patient scans, for which data
were also reconstructed with FBP, HIR, MBIR, and DLR. In comparison with FBP,
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CAC detection reduced for all reconstruction algorithms, except for HIR. For
the standard radiation dose, CAC detection decreased up to 22%. CAC detection
further decreased with decreasing radiation dose. For the dynamic phantom,
differences in Agatston score between HIR, MBIR, and DLR and the reference
(FBP) were not clinically relevant. For the patient study, the cardiovascular risk
classification resulted for all reconstruction techniques in excellent agreement with
the reference (k=0.97 [95% CI: 0.94-1.0]; k=0.96 [95% CI: 0.92-1.0]; k=0.97 [95%
CI: 0.94-1.0] for HIR, MBIR, and DLR, respectively), although MBIR resulted in
significantly higher Agatston scores (p<0.001), resulting in 3/50(6%) patients with
risk reclassifications. Overall, Agatston score agreement between FBP, HIR, MBIR,
and DLR was excellent, with low risk reclassification rates. However, large variation
in CAC detection of small CAC was found for the four reconstruction generations.

In chapter 14, an update for current CAC scoring protocols is proposed, which is
aimed at increased reproducibility and reduced radiation dose for CAC assessment
with CT for the four main CT manufacturers. For this, an anthropomorphic thorax
phantom with two extension rings, which contained an international standardized
cardiac insert was scanned using routine clinical protocols on state-of-the-art CT
systems from all four main CT manufacturers. Additionally, tube voltages (80-120
kVp), tube currents (100% to 25% dose levels), slice thicknesses (3/2.5 and 1/1.25-
mm), and reconstruction techniques (FBP and IR) parameters were varied. CAC
was quantified as Agatston scores. Inter- and intrascanner variability was assessed
using interquartile ranges (IQR). In comparison with the reference routine clinical
protocol, a protocol based on a tube voltage of 100 kVp, 75% radiation dose, slice
thickness of 1 or 1.25-mm, and increased IR-levels resulted in an on average
36% lower intrascanner IQR. This protocol led to increased CAC detection,
with 6.2+0.4 and 7.0+0.4 detected CAC for the reference and proposed protocol,
respectively. Pairwise comparisons of Agatston scores between scanners within
the same phantom size demonstrated three significantly different comparisons at
the standard protocol (P<0.05), whereas no significantly different comparisons
arose at the proposed protocol (P>0.05). Therefore, we proposed to use an updated
CAC protocol with 100 kVp, 25% reduced dose, and thin slices of 1 mm. This led
to improved intra- and inter-scanner reproducibility and increased detectability
of small and low-density calcifications. Before clinical use, this protocol should
be extensively validated in a real world setting. After this has been done, it could
potentially improve clinical inter-scanner/interinstitutional reproducibility and
enable more consistent risk assessment and treatment strategies.
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PART 3 POST-PROCESSING PARAMETERS

Part 3 of this thesis was concerned with the influence of post-processing parameters
on CAC detection and quantification.

In order to reduce the current substantial variation in CAC scores acquired with
different computed tomography (CT) scanners, in chapter 15 a vendor-neutral
Agatston score (vnAS) is presented and validated. The vnAS calibration tool was
derived from scans of two static anthropomorphic CAC containing phantoms on
seven different CT systems and one EBT system. Regression analysis was used to
convert the actual CT Agatston scores to virtual EBT Agatston scores, or vnAS.
To assess the effect of vinAS on event prediction we included 3,181 participants
from the Multi-Ethnic Study on Atherosclerosis (MESA). Chi-square was used to
compare coronary heart disease (CHD) event rates between low calcium (vnAS
< 100) and high calcium groups (vnAS > 100). Multivariable Cox proportional
hazard regression models were used to assess the added value of vnAS. For a sub-
cohort of 890 participants at intermediate atherosclerotic cardiovascular disease
risk (ASCVD risk between 7.5-19.9%, no diabetes, LDL-C 70-189 mg/dl), ASCVD
event rate and statin therapy number needed to treat (NNT) were determined
for patients with vnAS > 100 (group 1) and vnAS > 300 (group 2) with original
Agatston scores below 100 and 300, respectively. For all CT systems, CT Agatston
scores showed a high degree of correlation with EBT Agatston scores (R? > 0.932).
For large patients, Agatston scores in the range of 88-148 obtained from state-of-
the-art CT converted to a vnAS of 100. For MESA participants, vnAS increased
Agatston scores with 85 participants (11%) reclassified from the low calcium
group (vnAS < 100) to the high calcium group (vnAS > 100). For these reclassified
participants, CHD event rates increased significantly from 7% to 15% (p = 0.008)
with a CHD hazard ratio of 3.39 (95%CI 1.82-6.35, p = 0.001). For participants
at intermediate cardiovascular risk, ASCVD event rates increased from 17.6% to
23.3% and from 27.6% to 38.2% for group 1 and 2, respectively. This increase in
ASVCD event rate was accompanied by a decrease in statin therapy NNT from 12
to 7 and 15 to 2, again for group 1 and 2, respectively. Overall, MESA participants
who were reclassified to a higher calcium group based on vnAS, showed increased
CHD event rates. Also, the potential benefit from statin therapy was increased
for reclassified participants at intermediate cardiovascular risk. In conclusion,
calculation of a vnAS improves risk prediction and thus may improve patient
treatment and outcome.
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Finally, in chapter 16, a fully automated, open-source quantification method
(FQM) for coronary calcium in a standardized phantom was developed and
validated. Both the international standard CAC quantification methods as well as
vendor-specific adjustments were implemented in FQM. Further, image quality
metrics were implemented: noise power spectrum, task transfer function, and
contrast- and signal-to-noise ratio among others. Three parameters in CAC
scoring methods varied among different vendor-specific software packages: the
Hounsfield unit (HU) threshold, the minimum area used to designate a group
of voxels as calcium, and the usage of isotropic voxels for the volume score. All
these parameters were implemented in FQM. Overall, FQM was in excellent
agreement with vendor specific CAC scores. The need for manual calcium scoring
was therefore completely eliminated with our fully automated method. Also, the
automated algorithm contains image quality assessment for fast comparison of the
influence of differences in acquisition and reconstruction parameters on resulting
CT image quality.
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GENERAL DISCUSSION

The overall aims of the research described in this thesis are to better understand
spurious variations in coronary artery calcium (CAC) scoring and to provide
strategies to address this problem. To better understand sources of variation we
investigated the extent to which differences in CAC scores are attributable to the
type of CT system, patient size and heart rate, level of radiation dose reduction,
iterative reconstruction (IR), deep-learning reconstruction (DLR), calcium-aware
reconstruction kernel, slice thickness, CAC scoring algorithms, and CT detector
technology, rather than true variations in the amount of CAC. Importantly, we
demonstrate that technical advances in CT can improve clinical CAC scoring, by
reducing CAC scoring variability and/or reducing patient radiation dose.

Challenges in CAC scoring

CAC detection and quantification with the Agatston methodology on CT is
strongly related to future adverse cardiovascular events."? Agatston scores are used
for patient risk stratification and potential subsequent pharmacological treatment.
Moreover, progression in CAC burden over multiple subsequent CT scans is
associated with increased risks for adverse events.* To be able to define CAC
progression, reproducible CAC scores are essential. This is also true for CAC scores
in general, as two patients with the same amount of coronary calcium undergoing
a CT CAC exam should receive equal Agatston scores, independent of the specific
CT system used over different vendors.

However, many studies, including those performed as part of the current thesis,
found poor Agatston score reproducibility with differences in Agatston scores
up to 50%*° based on several parameters such as patient size®, heart rate**,
coronary vessel displacement and vessel trajectory®, CT system®*!*", CT detector
technology'®", spectral beam shaping'®", scan starting position®, cardiac phase’,
reconstruction technique'***%, slice increments®, slice thickness’, CAC scoring
software’®”, and CAC quantification parameters”?. The poor Agatston score
reproducibility even occurs when using the vendor recommended CT CAC
protocol. Likewise, several studies showed that a change in one of these parameters
can result in risk reclassifications.'”* For clinical examinations, especially when
ionizing radiation is used, robustness is key.
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Enhancing Agatston score reproducibility

To enhance robustness, or improve CAC scoring reproducibility, technical advances
in CT technology can be employed. Since the introduction of current clinical CAC
protocol parameters by McCollough et al. in 2007, several significant advances
in CT technology have been made. These include increased detector coverage,
more efficient detector technology, increased spatial and temporal resolution, and
improved reconstruction algorithms. An important argument for continued use of
current protocols is the wide breadth of available clinical outcome data across age,
gender, and race.>*"*> However, these technical developments in CT can be used to
turther improve CAC detection and reproducibility of CAC quantification by, for
example, motion artefact reduction, reduced slice thickness reconstruction, or by
applying other advanced reconstruction algorithms.”

Motion artefacts

In this thesis, we found that Agatston scores obtained with high-end CT systems
of four major CT manufacturers were substantially, but not equally, influenced up
to 50% by heart rate.* The magnitude and direction of this influence depended
on CAC density. For low-density CAC, motion blurring resulted in less voxels
exceeding the CAC scoring threshold of 130 Hounsfield Units (HU), thereby
decreasing the Agatston score, while the opposite was true for high-density CAC.
Furthermore, the Agatston score uses weighting factors based on the maximum
CT number within each slice of a CAC. Motion artefacts can also decrease this
maximum number, thereby decreasing the resulting Agatston score. If, for example,
the maximum CT number was 201 HU without coronary artery motion and 198
HU with coronary artery motion, this would result in a reduction of the Agatston
score by a factor 2.>°

Our results are in line with previous studies, which found that Agatston scores are
not only affected by heart rate, but also by the specific coronary artery trajectory
and vessel displacement.®** Several solutions have been presented to reduce motion
artefacts resulting from coronary artery motion during the CT scan phase. One
solution is to acquire data at specific cardiac phases as a function of heart rate:
70% or 40% of the RR interval for heart rates below and above 70 beats per minute
(bpm), respectively.”* Greuter et al. presented another solution to overcome the
influence of motion on CAC scores, based on the linear relation between coronary
artery velocity and Agatston scores.*® With this method, however, it is not possible
to correct for reduced maximum voxel values and its potential effect on the
Agatston weighting factor.
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We have presented another solution to overcome motion artefacts in this thesis, by
using a convolution neural network (CNN) approach to nullify motion artefacts.’”*
For this approach, a library of motion artefacts from a dynamic phantom with
moving calcifications was necessary. However, a direct clinical application of
this technique is hampered by the absence of such a library with patient data.
If available, it would allow for heart rate independent CAC scoring acquisitions
with CT, as used in screening settings or in attenuation correction scans used
in positron emission tomography (PET) or single photon emission tomography
(SPECT) scans.**#

Slice thickness reduction

To further increase Agatston reproducibility, we propose a novel CAC protocol on
state-of-the-art CT systems from four vendors, using thin-slice reconstructions.
For this protocol, improved intra- and inter-scanner reproducibility and increased
detectability of small and low-density calcifications was shown. This phantom
study should be seen as a first step towards a new CAC scoring standard with CT,
after extensive clinical validation. We found increased CAC detectability of small
calcifications for reduced slice thickness reconstructions of 142% and 169% for
conventional energy integrating detector (EID) CT and photon-counting detector
(PCD) CT, respectively.'” The proposed thin-slice reconstruction protocol is also
in line with several other studies which show improved reproducibility by reducing
partial volume effects due to reduced slice thickness reconstructions.'***** In
addition to increased reproducibility, reduced slice thickness reconstructions
also allow for improved confidence in a zero CAC score, with less false negative
findings (5% of subjects), as previously shown by Groen et al.**** Near zero CAC
scores result from small and/or low-density CAC. These results are in agreement
with a recent study by Sandstedt et al., which indicated more accurate CAC volume
approximation with PCD CT.* Another method to decrease false negative findings
was used by Schlosser et al., which showed that the use of overlapping slices
may help to detect small CAC.” Conventional Agatston scores for reduced slice
thickness reconstructions can still be calculated, by multiplying the scores with
the reduced slice thickness divided by the conventional 3 mm slice thickness. This
approach is used clinically by two CT manufacturers, where Siemens recommends
CAC protocols with overlapping slices (3mm with 1.5 mm increment), and where
GE uses 2.5 mm slice thickness reconstructions.
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Reconstruction algorithm

Conventionally, filtered back projection (FBP) is used to reconstruct raw CT
data from CAC examinations. In this thesis, we showed that the impact of the IR
algorithm depends on the CAC density." For low-density CAC, especially at an
increased heart rate >75 bpm, the use of IR resulted in reduced Agatston scores
up to 21% for all major CT manufacturers. For medium and high-density CAC,
a general decline in Agatston scores was shown for increased IR levels. For these
densities, the differences with FBP Agatston scores were only minor. This finding is
in line with a study by Takahashi et al., who also found decreased Agatston scores
when IR was applied.* Despite changes in Agatston scores, we also showed in this
thesis that the impact of four generations of reconstruction algorithms (including
hybrid IR (HIR), model-based IR (MBIR) and DLR) from the same vendor did
not result in clinically relevant differences in Agatston score for heart rates of 60-
75 bpm. However, in comparison with FBP, changes in reconstruction algorithm
did result in decreased CAC detection. These results are in line with findings by
Schindler et al., who also found that the application of IR did not have a profound
effect on reproducibility of Agatston scores in comparison with FBP for a patient
study.?! In addition, their in-vitro assessment did not show significant differences
when all CAC densities of their phantom setup were summed. Only for high-
density CAC significant differences between FBP and IR were shown. Oda et al.
showed a decrease in Agatston variability when MBIR was applied, yielding more
stable and reproducible measurements.*’

Post-processing

We have shown in this thesis that CAC scoring reproducibility can also be
enhanced by recalculating vendor and CT specific Agatston scores to a vendor-
neutral electron beam tomography (EBT) Agatston score (or vnAS). Willemink
et al. previously showed that CAC detection and quantification differed between
modern CT scanners currently used in every day clinical practice.'” This difference
was associated with a potential of risk misclassification and improper treatment of
up to 6.5% of asymptomatic individuals. Validation of our vnAS for participants
of the Multi-Ethnic Study of Atherosclerosis showed significantly increased hazard
ratios for coronary heart disease events for reclassified individuals. Furthermore,
for individuals at intermediate atherosclerotic cardiovascular disease, the number
needed to treat was smaller for reclassified individuals based on vnAS.
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Conclusion

Overall, the simplest method to improve Agatston score reproducibility in
individual patients is by using the same CT system and similar acquisition
and reconstruction protocols as well as low heart rates for subsequent CAC
examinations. Furthermore, reduced slice thickness reconstructions should be
used to reduce variability and reduce false negative findings. Finally, a vendor and
CT neutral score should be used, given the absence of large cohort studies with
well-documented outcomes using CAC scoring derived from different modern CT

scanners.

Reduced radiation dose CAC scoring

Another important aspect regarding CAC detection and quantification with CT is
related to the use of ionizing radiation. In general, the utilization of CT in diagnostic
radiology has increased dramatically, with CT examinations in the United States of
America (USA) rising from 20 million in 1995 to almost 79 million in 2015, which
amounts to a growth rate of more than 10% per year.*** This increased usage of
CT is associated with an increased exposure to ionizing radiation, where 75.4% of
radiation dose burden in the United States of America (USA) originated from CT
examinations in 2009.* This CT radiation dose was estimated to be responsible for
1.5 t0 2.0% of all cancers in the USA.*

For CAC examinations specifically, measurements are recommended by several
guidelines to improve clinical risk prediction in appropriately selected asymptomatic
individuals, which therefore results in a high number of examinations.?>*>** For a
screening program with an interval of five years, Kim et al. estimated the excess
lifetime cancer risk for a typical CT CAC examination with an effective dose of 2.3
mSv to be 42 cases per 100 000 men, or 62 cases per 100 000 women.** According to
the as-low-as-reasonably-achievable (ALARA) principle, any potential reduction
of these number of cases by reducing the radiation dose should be considered.

To be able to reduce radiation dose in CT CAC exams, the associated influence
on increased image noise should be assessed. Agatston et al. introduced two
parameters to discriminate between noise and actual CAC containing voxels: a
minimum CAC size of 1 mm? and a CAC scoring threshold of 130 HU.?

For the first CAC scoring parameter, vendor-specific implementations were shown
to range from no threshold to 1 mm? in this thesis.”” For one software platform,
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a minimum of 3 connected voxels was used. This results in a patient specific
minimum area, as a function of the used field-of-view (FOV) and matrix size (i.e.
voxel dimensions = FOV / matrix size). Two studies confirm our results, as they
also show numerical deviations in Agatston scores for the same images, when
analyzed with different software platforms.?>** These studies even showed that the
influence of CAC scoring software in CAC volume calculation was larger than
intersystem variability for CT CAC scoring. Szilveszter et al. showed that model-
based IR (MBIR) techniques allowed for more robust identification of CAC in
comparison with FBP.* This is because of the reduced noise levels for MBIR, which
thereby decreases the possibility of erroneous identification of noise as CAC.

The second CAC scoring parameter, the threshold of 130 HU, is used by the CAC
scoring software of all main CT manufacturers.” However, this parameter was
originally developed for CAC scans from EBT acquisitions, which were known for
their higher image noise levels.*® According to the ALARA principle, McCollough
et al. proposed a minimum noise level in water to keep radiation dose levels at an
acceptable level.® These levels were 20 and 23 HU for small and large patients,
respectively. An upper limit for noise levels in water, which would indicate a
minimum radiation dose level needed for diagnostic image quality, is lacking.

The current thesis proposes such an upper noise limit, above which the noise in
a combination of acquisition and reconstruction settings would result in false
positive CAC detection. We have termed this measure the Background Agatston
Score (BAS), for which the Agatston score was calculated in a large region-of-
interest in a homogeneous, non-CAC containing region.”””” Reconstructions with
BAS > 0 can potentially lead to spurious identification of noise as CAC and should
therefore not be used for clinical CAC detection and quantification.

Due to vendor-specific implementations of CAC scoring parameters, the optimal
combination of acquisition and reconstruction parameters vary by vendor, as
illustrated in Figure 1. Here, acquisitions with full and 50% of the routinely used
radiation dose on one CT system were reconstructed with the same parameters.
At full dose, all but one manufacturer showed no false positives. The influence of
image noise on CAC assessment is smaller when the parameters from literature or
GE are applied. For these scoring methods, the BAS is equal to zero at reduced dose.
Therefore, with these scoring methods, radiation dose reduction is possible, without
changing the CAC outcome. For all other manufacturers, lowering radiation dose
led to false positive identification of CAC, with a maximum Agatston score of 40
based on only noise.
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Figure 1 Influence of dose reduction on false positive CAC scores as indicated by the Background
Agatston score (BAS) when calculated for literature and manufacturer-specific CAC scoring parameters
for slices without CAC (subfigures A and B). In subfigures C and D, CAC containing slices at the
corresponding dose level are shown, with the known CAC location of the cylindrical calcium insert
(CCI, QRM) as indicated by the blue dashed circles. The white arrow indicates a CAC location which
cannot be detected with current acquisition and reconstruction settings for 100% dose. At 50%
radiation dose, however, increased noise levels result in a false positive CAC assessment at the location
of the white arrow
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Another technical advancement in CT which could allow for reduced radiation
dose acquisitions is related to advanced image reconstruction such as IR and
deep-learning reconstruction (DLR) techniques. In comparison with conventional
FBP, both IR and DLR allow for reduced image noise.”***! In the current thesis,
IR algorithms from all main CT manufacturers were used to reduce image noise
for reduced radiation dose CT CAC exams by reducing the tube current in a
dynamic phantom study."” For all CT systems, a radiation dose reduction of 40%
in combination with specific IR settings did not result in significantly different
Agatston scores. For one CT vendor, Agatston scores with IR were not affected even
at 80% dose reduction. We also showed with a systematic review that this method
of dose reduction (tube current reduction with increased IR levels) resulted in low
risk reclassification rates.”

PCD CT, as currently developed by all major CT manufacturers, is a major
technical advancement in CT in reducing image noise.®* This noise reduction
characteristic originates from individual photons being counted within predefined
energy specific bins. The threshold of the lowest energy bin threshold is placed
above the electronic noise. With this, the effect of electronic noise is minimized.
In this thesis, it was shown on a small phantom that for 50% reduced tube current
acquisitions CAC detection for small CAC improves at a reduced slice thickness of
1 mm by up to 108% and 150% for conventional CT and PCD CT, respectively.*®

Besides tube current reduction, other dose reduction methods were also assessed. In
this thesis, it was shown that a calcium-aware (Ca-aware) reconstruction technique
yielded only small differences in Agatston score, when data was acquired at
patient-size-specific tube potentials.””*” These results were in-line with two studies
by Vingiani et al., which also showed a high concordance between Agatston scores
with standard tube voltage acquisitions at 120 kVp and patient-size-specific tube
voltages reconstructed with the Ca-aware reconstruction technique. Furthermore,
Jubran et al. showed excellent correlation (r = 0.99) between Agatston scores of
patients scanned with the standard protocol (120 kVp and standard kernel) and
a protocol with a patient-specific tube voltage and a Ca-aware reconstruction
technique.®® The patient-specific protocol was associated with a 21% decrease in
median volumetric CT dose index.

One important limitation of the work in this thesis is related to the extensive use of
current anthropomorphic phantoms for the majority of radiation dose reduction
technique studies, as these allow for repeated and systematic assessments. With
the advent of reconstruction techniques such as the Ca-aware technique, or for
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novel PCD CT systems, their use may be limited. The reason for this is that the
x-ray attenuation of the used materials in the phantoms should simulate in-vivo
tissues for specific tube potentials. For the Ca-aware reconstruction technique, a
specific correction factor for the phantom base material was needed to use the
international standard cardiac calcification phantom (CCI, QRM).”® In our
dynamic phantom setup, which uses a fillable water compartment, we were able to
show that the material surrounding the calcium influences the resulting Agatston
scores.”” Ideally, anthropomorphic phantoms should mimic human tissue for all
photon energies in the spectrum of the x-ray tube. For conventional CT, human
tissues should be mimicked for the applied tube potential and resulting x-ray tube
output. For PCD CT this also has to be true for the different energy bins. Currently,
the latter is not true for most phantoms in general, and specifically for the before-
mentioned CCI phantom, which hampers direct conversion from phantom studies
on PCD CT to patient protocols.

Generally, several radiation dose reduction strategies for CAC CT examinations are
available. These strategies not only depend on technical advances in CT (i.e. novel
reconstruction kernels, detector designs, advanced reconstruction algorithms,
etc.), but also on vendor-specific implementations. As parameter settings in
CAC software affect the outcome, these settings for calcium scoring should be
standardized in order to yield reproducible calcium scores.”

Future of CAC scoring

For further optimization of patient risk stratification, the major influencing clinical
risk factors for CAC have to be determined first. With the Agatston methodology,
a CT number based factor is used to increase scores for high-density structures.
Criqui et al. found that high-density CAC appeared to be more stable, and should
therefore be associated with a reduced cardiovascular risk.”! Contrary, Peng
et al. showed that individuals with very high Agatston scores (>1000) are at a
substantially higher risk for adverse cardiovascular events.””* In addition, spatial
distribution of CAC is not assessed with the Agatston methodology. However,
diffuse multi-vessel atherosclerosis is indicated to be associated with increased risk
for cardiovascular events.?>747>

As stated, technical advances in CT allow for improved CAC detection for both
conventional and PCD CT. Potentially, new scoring methods could be derived
which benefit from these technical advances, and which are based on the major
influencing clinical risk factors for CAC such as spatial distribution of CAC or
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CAC density. These scoring methods could build on the already existing volume
and mass score, which are both related to actual physical quantities and have much

better reproducibility. 52932333676

These new scoring methods could potentially also be assessed from other regularly
acquired CT acquisitions, namely coronary CT angiography (CCTA). For CCTA,
an iodine contrast medium is administered to the patient to visualize the coronary
arteries. For conventional CT, attenuation of iodine and CAC can be comparable
depending on the densities of both, which hampers CAC delineation. Moreover,
CAC blooming hinders stenosis grade evaluation. For dual layer CT and PCD
CT, however, spectral information is always available without the cost of reduced
temporal and/or spatial resolution, which allows for material decomposition.”
With this, CAC-containing voxels could be identified, allowing for so-called
calcium-only maps based on physical quantities such as mass or volume. These
maps can subsequently be used to quantify CAC, which would provide the
prognostic information of CAC assessment, without the need of performing an
additional (non-contrast) acquisition. In addition, virtual-non-contrast maps can
be generated, which allow for conventional CAC assessment as shown by Nadjiri
etal.”®

Irrespective of the used scoring method, the method itself should be robust.
For example, a zero Agatston score has a very high negative predictive value for
adverse cardiovascular events, with a decrease of risk for cardiovascular disease
from 15% to <7.5% for a zero Agatston score result.*” For patients with a small
but high density CAC, or large but low density CAC, partial volume effects might
result in a zero Agatston score, while coronary artery disease may be present.” For
PCD CT, however, spatial resolution is inherently improved in comparison with
conventional CT. This may result in a non-zero Agatston score, as the same CAC
might be resolved at increased spatial resolution. The same holds for improvements
in other parameters, such as higher temporal resolution or patient-specific CAC
scoring parameters. For the latter, the BAS could potentially be used to reduce the
conventional CAC scoring threshold of 130HU, to fully exploit the sensitivity of
CAC detection of a given CT system. In Figure 2, for example, the CAC scoring
threshold was reduced to 35HU, which is just above the level which would result
in false positives or BAS > 0. With this, the available data in the image is fully
exploited, with increased CAC detectability as a result.
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Figure 2 Example image of the D100 (QRM D100, QRM) insert with 25 small calcifications, placed at
the center of an anthropomorphic thorax phantom (left), with window level at 90 and window width
at 750. CAC detectability increases from 3 to 5 detected CAC by reducing the conventional CAC
scoring threshold of 130HU to 35HU as illustrated with a profile plot (right) through five cylindrical
calcifications of 1.4 mm in diameter and length, with densities from left to right of 540, 450, 370, 300,
and 240 mg hydroxyapatite cm?

To improve patient risk stratification for adverse cardiovascular events, clinical
studies are needed. These studies should be performed on state-of-the-art CT
and PCCT systems, with acquisition and reconstruction protocols leading to the
highest possible image quality at conventional radiation dose levels. This means
that the smallest available detector elements should be used, for acquisitions at
both 120 kVp and patient size specific reduced tube potentials. For the included
patients, conventional Agatston scores should be calculated on standard CAC
scoring reconstructions (120 kVp, 3 mm slice thickness). Next, per calcification
Agatston, volume, mass and density (mass / volume) scores should be calculated on
reconstructions with sharp reconstruction kernels, DL reconstruction algorithm,
and high reconstruction algorithm levels. For dual layer CT and PCCT, CAC
density should be calculated with the use of the available spectral data which can
result in for example calcium-only maps. Finally, clinical data and follow-up scans
should be used to optimize current risk stratification models. For this, coronary
heart disease events, atherosclerotic cardiovascular disease events, and mortality
should be monitored during a long-term follow-up time of 5 - 10 years.
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Final conclusion

With recent substantial technical advances in CT, CAC detection can and must be
improved, CAC quantification must be made more reproducible, and radiation dose
should be reduced. These technical advances include increased spatial resolution
for PCD and novel image reconstruction techniques such as DLR. However,
current CAC quantification methods do not readily allow for implementation of
these technical novelties in clinical protocols. Given the evidence presented in
this thesis, I therefore call upon the cardiac CT field to update the current CAC
quantification methods, to further improve risk stratification. For this, sensitivity
and specificity of current and next-generation CT techniques for CAC detection
should be evaluated. Next, major outcome studies are needed, to verify risk
stratification improvements based on these novel CAC assessment protocols.
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Hart- en vaatziekten zijn wereldwijd de voornaamste doodsoorzaak. De
belangrijkste aanleiding van deze ziekten is slagaderverkalking. Dit wordt
veroorzaakt door chronische ontsteking met vetafzettingen in de slagaderwand,
waarin zich in een later stadium kalk in de vorm van calcium kan ophopen. Met
behulp van radiologische beeldvorming is het mogelijk om slagaderverkalking
waar te nemen, en de hoeveelheid calcium te kwantificeren. De belangrijkste
beeldvormende techniek voor het detecteren en kwantificeren van calcium is
computertomografie of CT. Met CT wordt met behulp van rontgenstraling een
3D beeld van het lichaam gemaakt. Hiervoor wordt gebruik gemaakt van de
materiaal specifieke verstrooiing en absorptie (of attenuatie) van rontgenstraling.
Dat wil zeggen dat de hoeveelheid rontgenstraling die 10 cm weefsel, of 10 cm
calcium verlaat verschillend is. De hoeveelheid attenuatie wordt weergegeven met
verschillende grijswaarden in een CT-beeld. Als voorbeeld zou 10 cm lucht, zacht
weefsel of calcium als respectievelijk zwart, grijs en wit worden weergegeven.

Op CT-beelden van het hart is hierdoor een duidelijk contrast tussen calcium
en omliggend weefsels zichtbaar, zoals bijvoorbeeld de hartspier, bloedvaten en
bloed. Door dit duidelijke contrast is het mogelijk om calcium te detecteren en
kwantificeren. Dit is belangrijk, aangezien de aanwezigheid en hoeveelheid van
coronair calcium een goede voorspeller is van toekomstige cardiovasculaire
complicaties, zoals bijvoorbeeld een hartinfarct. Voor opeenvolgende CT-scans
geeft een oplopende hoeveelheid coronair kalk een verder verhoogde kans op
toekomstige cardiovasculaire events.

Voor het bepalen van de aanwezige hoeveelheid calcium in de hartvaten wordt
gebruik gemaakt van zogenaamde coronaire kalkscores. In de dagelijkse klinische
praktijk wordt hiervoor de Agatston score gebruikt. Deze methode telt alle voxels
(volume pixels) boven een bepaalde grijswaarde op, waarna het totaal wordt
vermenigvuldigd met een factor die athangt van de maximale voxel-waarde.
Naast de Agatston score bestaan er nog andere methodes voor het kwantificeren
van coronair kalk, zoals de volume en massa score. De Agatston score is voor het
eerst beschreven in een wetenschappelijk artikel uit 1990 voor beelddata van de
elektronenbundel tomograaf (EBT), een voorloper van de CT. In navolging van de
Agatston score is in 2007 een internationale standaard voor calcium kwantificatie
met CT gepubliceerd. Ondanks de grote vooruitgang in CT-technieken sinds
2007, wordt deze standaard nog altijd in de klinische praktijk gebruikt. De
belangrijkste reden hiervoor is de goede voorspellende waarde voor toekomstige
cardiovasculaire gebeurtenissen met behulp van de Agatston score. Hiervoor
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wordt gebruik gemaakt van verschillende factoren die van invloed zijn op de
kans van het optreden van cardiovasculaire gebeurtenissen, zoals bijvoorbeeld
familiegeschiedenis, rookgedrag en gewicht. De Agatston score wordt gebruikt
voor aanpassen van de risicoschatting. Deze voorspellende waarde zou potentieel
nog verder kunnen worden verbeterd door gebruik te maken van de nieuwste
technologische ontwikkelingen van CT. Een belangrijk argument hiervoor is dat
bij gebruik van het huidige protocol de Agatston score een grote spreiding laat zien:
twee direct na elkaar uitgevoerde CT-scans kunnen een verschil van wel 7.4% in

score geven.

PROEFSCHRIFT

Dit proefschrift had als hoofddoel het evalueren van de diagnostische prestaties van
CT voor de detectie en kwantificatie van coronair calcium. Als eerste stap werden
pseudovariaties in de detectie en kwantificatie van coronair calcium geidentificeerd
en bestudeerd voor drie categorieén van variabelen: 1) patiént-specifieke factoren,
2) CT-acquisitie en reconstructie parameters, en 3) nabewerking van CT-beelden.
Vervolgens werden diverse recente technische ontwikkelingen op het gebied van
CT-technologie onderzocht op de mogelijkheid om de gevonden variabiliteit in
coronaire kalkscores te reduceren, en om de voorspellende waarde van de CT-
kalkscore te vergroten en tegelijkertijd de stralingsdosis voor patiénten ten gevolge
van de gebruikte rontgenstraling te verlagen.

Deel 1 - Patiént specifieke invloed op kalkdetectie en kwantificatie

Een belangrijke variabele voor de detectie en kwantificatie van coronair calcium is
de hartfrequentie tijdens een CT-scan. De snelheid van de kransslagaders varieert
tussen de 10 en 30 mm/s athankelijk van de positie van deader rondom hetharten de
hartfrequentie. Deze beweging van de kransslagaders wordt bij de interpretatie van
de CT-beelden vaak ten onrechte verwaarloosd. Doordat er wel degelijk beweging
van de vaten is tijdens een CT-scan, levert dit altijd enige bewegingsonscherpte in
de CT-beelden op, en daarmee ook in het eventueel aanwezige coronaire calcium.
Dit zorgt ervoor dat deze calcificaties groter lijken, wat resulteert in een hogere
Agatston score. Voor calcificaties met een hoge dichtheid is dit effect nog groter.
Voor een calcificatie met een lage densiteit, daarentegen, kan beweging zorgen voor
een verlaging van de kalkscore. Dit komt doordat er een drempel voor grijswaarden
van 130 Hounsfield Units (HU) wordt gebruikt voor de detectie van coronair
calcium. Door bewegingsonscherpte bij lage dichtheid calcificaties worden de
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grijswaarden verlaagd, waardoor potenticel minder voxels de drempelwaarde
overschrijden, waardoor er een onterechte verlaging van de kalkscore optreedt.

In hoofdstuk 2 is de invloed van de hartfrequentie op de coronaire kalkscore voor
CT-systemen van de vier grote CT-fabrikanten onderzocht met behulp van een
dynamisch antropomorf fantoom. Dit fantoom bevatte drie calcificaties van gelijke
grootte, maar verschillende dichtheid: laag, gemiddeld en hoog. Het fantoom werd
bewogen met snelheden die vergelijkbaar waren met hartfrequenties van <60,
60-75 en >75 slagen per seconde (bpm). Voor elk CT-systeem werd het door de
fabrikant aanbevolen kalkscore protocol gebruikt. In vergelijking met de kalkscore
bij <60 bpm werden er geen significante verschillen in Agatston score aangetoond
voor de calcificaties met lage dichtheid. Voor de calcificaties met gemiddelde en
hoge dichtheid werden significante verschillen tot wel 50% voor de verhoogde
hartslag aangetoond. Omdat de gevoeligheid van verschillende CT-systemen voor
beweging van coronair calcium duidelijk verschillend was concluderen we dat
herhaalde CT-scans voor de detectie van coronair calcium daarom bij voorkeur
uitgevoerd moeten worden op hetzelfde type CT-systeem, met hetzelfde protocol
en vergelijkbare hartfrequentie.

In hoofdstuk 3 en 4 werd de bewegingsonscherpte geanalyseerd met behulp van
kunstmatige intelligentie in de vorm van een deep-learning (DL) netwerk. De
bewegingsonscherpte van calcificaties met verschillende groottes en dichtheden
werden door het DL-netwerk gecategoriseerd, waarna ze werden vergeleken met
een bibliotheek van bekende bewegingsonscherpte. Deze bibliotheek bevatte ook
de kalkscore van de specifieke calcificatie zonder beweging. Door het gebruik van
deze kalkscore werd het effect van bewegingsonscherpte op de kalkscore ongedaan
gemaakt. De categorisering van het DL-netwerk was nauwkeurig in 79 + 6% van de
gevallen. Het percentage Agatston scores groter dan nul steeg van 65% tot 85% bij
gebruik van het DL-netwerk. In vergelijking met de Agatston score zonder beweging,
daalde de variatie in Agatston score van 38% naar 4% door de correctie van het
DL-netwerk. Vervolgens werden drie DL-netwerken getraind met behulp van CT-
data van de vier belangrijkste CT-fabrikanten, wederom voor het identificeren
van bewegingsonscherpte van calcificaties. Hiervoor werd gebruik gemaakt van
reconstructies van scans met de klinische referentie stralingsdosis, en 40% en 80%
gereduceerde stralingsdosis. De reconstructies waren zowel conventionele gefilterde
terug projectie, of FBP, en minimaal drie niveaus van iteratieve reconstructie
(IR). Er zijn scans gemaakt van drie calcificatiedichtheden (laag, midden, hoog)
en zeven calcificaties snelheden (0 tot 60 mm/s met stappen van 10 mm/s). De
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netwerken categoriseerden de bewegingsonscherpte bij een specifieke combinatie
van CT-fabrikant en calcificatiedichtheid. De nauwkeurigheid van het classificeren
van de bewegingsonscherpte was 90% tot 94% voor de DL-netwerken, met de
hoogste nauwkeurigheid voor de DenseNet architectuur. Alle netwerken konden
de bewegingsonscherpte met hoge nauwkeurigheid classificeren, onathankelijk
van CT-fabrikant, calcificatie snelheid, stralingsdosis en reconstructie. Een directe
klinische toepassing van deze techniek wordt belemmerd door de afwezigheid
van een bibliotheek met bewegingsonscherpte van in-vivo calcificaties van
verschillende dichtheden met verschillende snelheden of hartslagfrequenties.
Wanneer deze bibliotheek wel gemaakt zou worden, zou het mogelijk zijn om meer
nauwkeurige kalkscore scans te maken bij elke hartslag.

Deel 2 - Acquisitie and reconstructie parameters

In deel 2 van dit proefschrift werd de invloed van reconstructie en acquisitie
parameters op detectie en kwantificatie van coronair calcium onderzocht.

In hoofdstuk 5 werd een systematische review uitgevoerd over het gevolg
van stralingsdosisreductie op de kwantificatie van coronair calcium en de
daaropvolgende cardiovasculaire risico inschatting. In totaal werden 28 studies
geincludeerd, waarvan 17 patiént studies (24 tot 200 patiénten per studie), 10
fantoom studies en 1 studie met zowel fantoom- als patiéntdata. In deze studies
werden verschillende technieken gepresenteerd die reductie van stralingsdosis
mogelijk maakten zonder gevolgen voor de resulterende kalkscores. Deze
technieken waren reductie van de buisspanning, reductie van de buisstroom, IR,
additionele filters in de rontgenbundel en verschillende combinaties van deze
technieken. In 78% van de studies werd een stralingsdosis reductie van minimaal
50% gerapporteerd, met een risico op her-classificatie tussen 3% en 21%. Vooral
specifieke combinaties van buisstroom reductie en IR, of de toepassing van een
extra filter in de rontgenbundel kunnen gebruikt worden voor CT-kalkscore
protocollen, of bij toekomstige screening-studies voor cardiovasculaire risico
inschatting, zonder noemenswaardige impact op de gemeten kalkscore.

In hoofdstuk 6 werd een technisch argument voor de optimalisatie van kalkscore
scans voor nieuwe CT-technologie gepresenteerd. Voor de optimalisatie van
detectie van kleine en/of lage densiteit calcificaties werden verlaagde buisspanning
acquisities, met IR beeldreconstructie en dunne coupe-dikte voorgesteld. Dit
maakt een meer nauwkeurige 3-dimensionale afbeelding van coronair calcium
mogelijk, met een verbeterde reproduceerbaarheid voor kwantificatie van coronair
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calcium. Verlaging van de buisspanning verlaagt ook de stralingsbelasting voor
de patiént. Voorafgaand aan klinische toepassing zou dit protocol geévalueerd
moeten worden binnen een grote observationele studie, met lange follow-up
duur. Als alternatief zouden antropomorfe fantoom studies, samen met klinische
studies uitgevoerd kunnen worden. Het doel van deze studies is om vast te stellen
in welke mate de gevoeligheid voor detectie en kwantificatie van kleine en/of lage
densiteit calcificaties zou verbeteren, zonder invloed op andere calcificaties. Onze
verwachting is dat de geoptimaliseerde protocollen de reproduceerbaarheid zullen
verhogen, met een verbetering van de detectie en kwantificatie van kalkdichtheid,
en met mogelijk informatie over de vorm en verspreiding van coronair calcium
binnen de kransslagaders.

De impact van IR, als alternatief voor beeldreconstructie met FBP, stond centraal
in hoofdstuk 7. Hiervoor werden kalkscores bij verschillende hartfrequenties
gebruikt, in dezelfde studieopzet als in hoofdstuk 2. De artificiéle calcificaties
werden bewogen met snelheden van 0, 10, 20 en 30 mm/s, wat correspondeerde
met hartfrequenties van respectievelijk 0, <60, 60-75 en >75 bpm. Voor elke
hartfrequentie werden de beelden gereconstrueerd met FBP en drie IR niveaus. De
calcificaties werd gekwantificeerd als Agatston en massa scores. Bovendien werd een
IR susceptibiliteitsindex (IRS) gedefinieerd, waarmee de kans op een verandering
in kalkscores ten gevolge van het toepassen van IR kon worden vastgesteld. IR
kalkscores werden vergeleken met de referentie FBP-kalkscores. Agatston scores
waren gevoeliger voor veranderingen in beeldreconstructie algoritme dan massa
scores. Er werd aangetoond dat het effect van IR op kalkscores niet alleen athing
van het CT-systeem of de kalkdichtheid, maar ook van de hartfrequentie. Daarom
werd aanbevolen om opvolgende coronair calcium onderzoeken uit te voeren op
gelijkwaardige CT-systemen, met hetzelfde reconstructie algoritme, en bij voorkeur
met dezelfde hartfrequentie.

Hoofdstuk 8 ging over de invloed van stralingsdosis reductie samen met IR op
kalkscores voor alle grote CT-fabrikanten. Wederom werd gebruikt gemaakt van
een dynamisch antropomorf fantoom, waarbij een calcificaties werden bewogen
met 20 mm/s, overeenkomend met een hartfrequentie van 60-75 bpm. Klinische
CT-kalkscore protocollen met high-end CT-systemen van de vier grote CT-
fabrikanten werden gebruikt voor data acquisitie. Bovendien werd de stralingsdosis
gereduceerd met 40% en 80% ten opzichte van de standaard dosis. Verlaging
van de stralingsdosis resulteerde in verhoogde kalkscores. Onder invloed van
verhoogde IR niveaus daalde deze kalkscore weer. In vergelijking met kalkscores
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van de standaard protocollen, werd met alle vier de high-end CT-systemen een
vergelijkbare kalkscore gevonden bij 40% stralingsdosisreductie. Voor sommige
CT-systemen werd zelfs bij 80% stralingsdosisreductie in combinatie met IR geen
verandering in kalkscore gevonden.

Hoofdstuk 9 en 10 beschreven detectie en kwantificatie van coronair calcium voor
een nieuw generatie CT-systeem dat gebruik maakte van een nieuw type detector,
een photon-counting detector. In hoofdstuk 9 werd als eerste de mogelijkheid van
detectie en kwantificatie van coronair calcium voor deze spectrale photon-counting
CT (SPCCT) onderzocht, door kalkscores op SPCCT te vergelijken met kalkscores
op een conventioneel CT-systeem. Vervolgens werd de verbeterde detectie en
kwantificatie van coronair calcium bij reconstructies met gereduceerde coupe-
dikte onderzocht. Voor deze onderzoeken werden twee kalkhoudende cilinders
in een antropomorf thorax fantoom geplaatst. Om de invloed van de patiént-
grootte te evalueren, werd het thorax fantoom met en zonder een extensiering
gescand. Zonder extensiering representeerde het fantoom een kleine patiént,
en met extensiering een grote patiént. De calcificaties werden gekwantificeerd
met Agatston en volume scores. Voor klinische kalkscore protocollen waren de
kalkscores vergelijkbaar voor beide CT-systemen. Voor kleine fantomen nam de
detectie van coronair calcium toe met 142% en 169% bij gereduceerde coupe-dikte
voor respectievelijk CT en SPCCT. Voor grote fantomen nam de detectie toe met
31% en 110%. In vergelijking met CT verbeterde de bepaling van het volume van
coronair calcium met SPCCT. Concluderend gaf SPCCT vergelijkbare resultaten
voor detectie en kwantificatie van coronair calcium als conventionele CT voor
bestaande klinische kalkscore protocollen. Verder resulteerde de verbeterde
spatiele resolutie van SPCCT in verbeterde detectie en verbeterde volume schatting
bij gereduceerde coupe-dikte.

In het volgende hoofdstuk werd ingegaan op verbeterde detectie en kwantificatie
van coronair calcium bij gereduceerde coupe-dikte en gereduceerde stralingsdosis.
Hiervoor werden dezelfde opstelling en scaninstellingen als in het vorige hoofdstuk
gebruikt. Hiernaast werd data bij 50% stralingsdosis verkregen, door het verlagen
van de buisstroom. De calcificaties werden gekwantificeerd als volume en massa
scores. Voor zowel gereduceerde stralingsdosis als gereduceerde coupe-dikte nam
detectie van coronair calcium voor het kleine fantoom toe met 108% en 150% voor
respectievelijk CT en SPCCT. Voor het grote fantoom interfereerde het ruisniveau
met kalkdetectie. Voor klinische kalkprotocollen was de mediane afwijking tussen
de volume score en het fysieke kalkvolume groot (tot 134%). Voor gereduceerde
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stralingsdosis en gereduceerde coupe-dikte nam de overschatting van het fysieke
volume af tot 96% en 72%, wederom voor respectievelijk CT en SPCCT. In
vergelijking met de volume scores was de afwijking tussen de massa score en de
fysieke massa kleiner. Concluderend was de SPCCT superieur in detectie van
coronair calcium ten opzichte van CT, wat ook werd behouden bij gereduceerde
stralingsdosis. Hiernaast was de benadering van het fysieke volume beter voor
SPCCT dan voor CT.

Een speciale calcium-aware (Ca-aware) reconstructietechniek stond centraal
in de volgende twee hoofdstukken. Voor de standaard kalkscore scans wordt
gebruik gemaakt van een vaste buisspanning van 120 kVp. Een verlaging van
deze buisspanning zou tot een lagere stralingsdosis kunnen leiden, maar zou
ook een verandering van CT-getallen met zich meebrengen. De Ca-aware
reconstructietechniek schaalt de CT-getallen van enkel calcium, zodat de waarde
van de voxels met calcium overeenkomen met de waarde die verkregen zou zijn
met de referentie buisstroom van 120 kVp. Hierdoor is het dus in potentie mogelijk
om met patiént-specifieke buisspanningen te scannen, met als voor een verlaging
van de stralingsbelasting voor de patiént, zonder invloed op de kalkscore.

In hoofdstuk 11 werden de mogelijkheden tot verdere dosisreductie met deze
nieuwe Ca-aware reconstructietechniek onderzocht met behulp van een statisch
antropomorf fantoom in drie groottes (klein, middel, en groot). In het fantoom
werden twee kalkhoudende cilinders geplaatst, met verschillende groottes en
dichtheden van coronair calcium. De buisstroom varieerde tussen de 70 en 150
kVp en er werd een protocol met tin-filter (100Sn kVp) gebruikt. Bij alle scans
werd gebruikt gemaakt van automatische buisstroom bepaling. In vergelijking
met de referentie scan bij 120 kVp nam de stralingsdosis af met 22%, 15% en
12% voor respectievelijk het kleine, middelgrote en grote fantoom. Het tin-filter
protocol gaf een reductie van de stralingsdosis van 55%, 55% en 60% voor deze
fantoomgroottes. In vergelijking met de referentie weken de CT-getallen tot 64%
en 11% af voor respectievelijk de standaard en Ca-aware reconstructietechniek.
De Agatston scores weken tot 40% en 8% af voor deze reconstructietechnieken.
Door toepassing van de Ca-aware reconstructietechniek op scans met variérende
buisspanning bleven in het algemeen de CT-getallen consistent, en waren de
kalkscores vergelijkbaar met de referentie. Dit ging samen met een verlaagde
stralingsdosis (tot 22%). De spreiding in CT-getallen was groter voor calcificaties
met een lage dichtheid.
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In hoofdstuk 12 werd een dynamisch fantoom (0 en 60-75 bpm) gebruikt voor het
analyseren van de invloed van de Ca-aware reconstructietechniek op kalkscores
van bewegende calcificaties. De bewegende calcificaties waren van verschillende
dichtheden en omgeven door verschillende patiént-equivalente materialen. Ruwe
data werden verzameld met drie protocollen: 1. standaard kalkprotocol met 120 kVp,
2. gereduceerde buispanning van 100 kVp, en 3. een tin-filter protocol met 150Sn
kVp. Ruwe data werden gereconstrueerd met zowel de standaard als de Ca-aware
reconstructietechniek. Voor elke scan werd het centrale fantoom compartiment
gevuld met oplossingen met CT-getallen van vet, water en zacht weefsel. Omdat
CT-getallen athankelijk zijn van de buisspanning, moest het compartiment bij elke
verandering van de buisspanning opnieuw gevuld worden. Voor alle hartslagen
waren de Agatston scores van de calcificaties in vet vergelijkbaar (<10% afwijking)
met de referentie (120 kVp + standaard reconstructie) voor het gereduceerde
buisspanning protocol met de Ca-aware reconstructietechniek. Voor lage densiteit
calcificaties waren de afwijkingen klinisch relevant (>10% afwijking) wanneer het
compartiment gevuld was met water of zacht weefsel. Uit deze studie konden we
concluderen dat de Ca-aware reconstructietechniek toegepast kan worden voor
patiént athankelijke buisspanningen voor calcificaties in een vettige omgeving,
zoals in-vivo het geval is, onathankelijk van de kalkdichtheid.

Hoofdstuk 13 richtte zich op het in kaart brengen van de invloed van vier generaties
reconstructietechnieken van één CT-fabrikant op de detectie en kwantificatie van
coronair calcium. In het eerste deel van de studie werd met behulp van zowel
een statisch als een dynamisch fantoom de invloed van FBP, hybride iteratieve
reconstructie (HIR), model-based iteratieve reconstructie (MBIR) en deep-
learning reconstructie (DLR) onderzocht. Een statisch fantoom met 100 kleine
calcificaties werd gebruikt voor de evaluatie van de detectie van coronair calcium.
Een dynamisch fantoom (hartfrequentie 60 — 75 bpm), met lage, gemiddelde en
hoge densiteit calcificaties, werd gebruikt voor het evalueren van de Agatston score
van coronair calcium. Naast acquisitie met het standaard kalkscore protocol, werd
er ook gescand met een gereduceerde stralingsdosis door middel van een verlaging
van de buisstroom. In het tweede deel van de studie werden vijftig patiénten
gescand met het standaard kalkscore protocol, waarna de data met alle vier de
reconstructietechnieken werd gereconstrueerd. Voor alle reconstructietechnieken
nam de kalkdetectie in vergelijking met FBP af, behalve voor HIR. De grootste
vermindering in detectie van kalk was 22% voor MBIR in vergelijking met
FBP bij de standaard stralingsdosis. Ook nam de kalkdetectie af bij een lagere
stralingsdosis. Kalkscores van het dynamische fantoom lieten geen klinisch
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relevante verschillen zien tussen de verschillende reconstructietechnieken bij de
standaarddosis. Het onderzoek met patiénten liet een uitstekende overeenkomst
zien in Agatston scores tussen FBP, HIR, MBIR en DLR, met slechts een klein aantal
her-classificaties van het risico op cardiovasculaire gebeurtenissen. Concluderend
liet deze studie zien dat Agatston scores reproduceerbaar zijn voor verschillende
generaties reconstructietechnieken, maar dat een andere reconstructietechniek tot
een andere kalkdetectie kan leiden.

In hoofdstuk 14 werd een nieuw scanprotocol voor coronair calcium bestudeerd
metals doel verbeterde reproduceerbaarheid van kalkscores bij lagere stralingsdosis
voor CT-systemen van de vier grote CT-fabrikanten. Wederom werd gebruik
gemaakt van een antropomorf fantoom, met en zonder extensiering, waarin een
kalkhoudende cilinder werd geplaatst. Het fantoom werd met klinische kalkscore
protocollen gescand op de nieuwste CT-systemen van de vier CT-fabrikanten.
Vervolgens werden scans gemaakt met variaties in buisspanning (80 - 120
kVp), buisstroom (100% tot 25% stralingsdosis), coupe-dikte (I - 3 mm) en
reconstructietechniek (FBP en IR). Coronair calcium werd gekwantificeerd met
Agatston scores. Inter- en intrascanner variabiliteit werd geévalueerd met behulp
van het inter-kwartiel afstand (interquartile range (IQR)). In vergelijking met de
klinische referentie protocollen gaf een protocol met 100 kVp, 75% stralingsdosis,
coupe-dikte van 1 of 1.25 mm en hogere IR sterkte een IQR-verlaging van
gemiddelde 36%. Het nieuwe protocol liet een toename zien in de detectie van kalk
van 6.2+0.4 naar 7.0+£0.4 calcificaties. Een paarsgewijze vergelijking tussen CT-
systemen van de Agatston score bij dezelfde fantoomgrootte liet drie significante
verschillen zien voor het standaard protocol (p < 0.05), waarbij het nieuwe
protocol geen significant (p > 0.05) verschillende kalkscores gaf. We stellen daarom
voor om het standard scanprotocol voor coronair calcium te updaten naar een
protocol met 100 kVp, een 25% lagere stralingsdosis en dunnere coupes. Voordat
dit protocol klinisch in gebruik genomen kan worden is een uitvoerige klinische
validatie noodzakelijk. Nadat het protocol ook gevalideerd is op klinische data, zal
de klinische inter- en intrascanner reproduceerbaarheid toenemen met een meer
consistente risico inschatting en bijbehorend behandeltraject.
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Part 3 Post-processing parameters

In deel 3 van dit proefschrift werd ingegaan op de invloed van post-processing
parameters op de detectie en kwantificatie van coronair calcium.

In hoofdstuk 15 werd een vendor-neutrale Agatston score (vnAS) gepresenteerd en
gevalideerd. Het doel van de vn AS was om de variatie in kalkscores van verschillende
CT systemen te verminderen, en daarmee de risico-inschatting voor patiénten met
coronaire hartziekte te verbeteren. Bij zeven verschillende CT systemen werd de
vnAS bepaald op basis van twee statische antropomorfe kalkfantomen. Hierbij
werd de CT kalkscore van alle calcificaties in het fantoom vergeleken met de EBT
kalkscore als gouden standaard. Met behulp van een lineaire regressieanalyse werd
vervolgens de vnAS bepaald. Voor de validatie van de vinAS werd gebruik gemaakt
van de data van 3181 deelnemers aan de Multi-Etnische Studie naar Atherosclerose
(MESA). De Chi-kwadraat methode werd gebruikt om een vergelijking te kunnen
maken van de cardiovasculaire gebeurtenissen bij de deelnemers van de studie in de
lage calcium (VnAS < 100) en de hoge calcium groep (vnAS = 100). Multivariabele
Cox proportionele regressiemodellen werden gebruik om het risico op basis van de
vnAS te bepalen. Vervolgens werd voor een subgroep van de MESA deelnemers (n
=890) bepaald hoeveel deelnemers met statines behandeld zouden moeten worden
(Number Needed to Treat (NNT)). Deze subgroep bestond enkel uit deelnemers
van de MESA met een gemiddeld risico op atherosclerotische cardiovasculaire
ziekte. Deze deelnemers werden onderverdeeld in twee groepen: groep 1 met een
vnAS > 100 en een Agatston score lager dan 100 en groep 2 met een vnAS > 300 en
een Agatston score lager dan 300. Voor alle CT systemen werd een sterke correlatie
gevonden tussen de CT en EBT Agatston scores (R* > 0.932). Voor patiénten met
een body-mass-index van meer dan 25 kg/m? lag de CT Agatston score tussen 88
en 148, en was de vinAS 100. Voor de CT systemen die bij de MESA studie werden
gebruikt nam de vnAS toe ten opzichte van de niet-aangepaste Agatston score,
wat voor 85 deelnemers resulteerde in een herclassificatie naar de hogere calcium
groep (vnAS > 100) en nam het relatieve aantal cardiovasculaire gebeurtenissen
significant toe van 7% naar 15% (p = 0.008), met een relatief risico van 3.39 (95%
betrouwbaarheidsinterval 1.82 - 6.35, p = 0.001). Binnen de subgroep nam voor
groep 1 de NNT af van 12 naar 7 en voor groep 2 van 15 naar 2. Concluderend
kunnen we stellen dat het aantal cardiovasculaire gebeurtenissen toenam voor de
deelnemers aan de MESA die door de herclassificatie in een hogere calcium groep
terecht kwamen. Hiernaast nam het mogelijke voordeel van statine therapie toe
voor deelnemers met een gemiddeld risico op atherosclerotische cardiovasculaire
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ziekte, die door de vnAS in een andere risicogroep waren ingedeeld. Toepassing
van een vnAS leidt tot een sterke verbetering in de risicoschatting voor patiénten
met mogelijk coronaire hartziekte en kan de behandeling en mogelijk de klinische
uitkomst voor patiénten verbeteren.

Tenslotte werd in hoofdstuk 16 een volledig automatische open source kwantificatie
methode (FQM) voor coronair calcium in een internationaal gestandaardiseerd
fantoom ontwikkeld en gevalideerd. Zowel standaard parameters, als CT fabrikant-
specifieke parameters voor kalkscores werden geimplementeerd in FQM. Hiernaast
werden verschillende beeldkwaliteitsmetingen toegevoegd, waaronder noise-
power-spectrum (NPS), task-transfer-function (TTF), contrast-ruis-verhouding
(CNR) en signaal-ruis-verhouding (SNR). Bij de implementatie van de fabrikant-
specifieke parameters werden verschillen in drie kalkscore parameters aangetoond:
de CT-getal drempelwaarde voor de detectie van coronair calcium, het minimale
oppervlak van een groep voxels dat werd aangemerkt als coronair calcium, en het
gebruik van isotrope voxels voor de volume score. Al deze parameters werden in
FQM geimplementeerd. Omdat FQM en de software van de fabrikanten dezelfde
kalkscores lieten zien is niet langer nodig om de kalkscores handmatig te bepalen,
maar kan onze volledig automatische methode gebruikt worden. Bovendien geeft
FQM informatie over de beeldkwaliteit zodat een directe evaluatie van de invloed
van verschillende acquisitie en reconstructie parameters op de resulterende CT-
beeldkwaliteit eenvoudig mogelijk wordt.

Concluderend heeft dit proefschrift laten zien dat er substantiéle technische
vooruitgang is voor CT, waarvan gebruik gemaakt moet worden bij de detectie
en kwantificatie van coronair calcium. Toepassing van deze bevindingen in de
praktijk zal leiden tot een meer reproduceerbare kalkscore, verkregen bij een lagere
stralingsdosis en tot een individueel geoptimaliseerde behandeling.
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