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Abstract: In order to assess coronary artery calcium (CAC) quantification reproducibility for photon-
counting computed tomography (PCCT) at reduced tube potential, an anthropomorphic thorax
phantom with low-, medium-, and high-density CAC inserts was scanned with PCCT (NAEOTOM
Alpha, Siemens Healthineers) at two heart rates: 0 and 60–75 beats per minute (bpm). Five imaging
protocols were used: 120 kVp standard dose (IQ level 16, reference), 90 kVp at standard (IQ level 16),
75% and 45% dose and tin-filtered 100 kVp at standard dose (IQ level 16). Each scan was repeated five
times. Images were reconstructed using monoE reconstruction at 70 keV. For each heart rate, CAC
values, quantified as Agatston scores, were compared with the reference, whereby deviations >10%
were deemed clinically relevant. Reference protocol radiation dose (as volumetric CT dose index)
was 4.06 mGy. Radiation dose was reduced by 27%, 44%, 67%, and 46% for the 90 kVp standard
dose, 90 kVp 75% dose, 90 kVp 45% dose, and Sn100 standard dose protocol, respectively. For the
low-density CAC, all reduced tube current protocols resulted in clinically relevant differences with
the reference. For the medium- and high-density CAC, the implemented 90 kVp protocols and heart
rates revealed no clinically relevant differences in Agatston score based on 95% confidence intervals.
In conclusion, PCCT allows for reproducible Agatston scores at a reduced tube voltage of 90 kVp
with radiation dose reductions up to 67% for medium- and high-density CAC.

Keywords: X-ray computed tomography; calcium; coronary vessels; imaging phantoms; photon
counting detector; radiation dose; image quality

1. Introduction

Cardiovascular disease (CVD) is the most common cause of death in both the United
States of America and Europe [1]. Among CVDs, ischemic heart disease as a consequence
of intracoronary atherosclerosis remains the largest cause of death [2,3]. Computed tomog-
raphy (CT) is the modality of choice to detect and quantify coronary artery calcium (CAC).
Clinically, the Agatston score is used for patient risk stratification, with a strong association
with future adverse cardiovascular events [4–8]. As a result, CAC assessment is recom-
mended by several guidelines to improve clinical risk prediction in appropriately selected
asymptomatic individuals, which therefore results in a high number of examinations [6,7,9].

Several studies have assessed potential radiation dose reduction techniques for CAC
assessment with CT [10]. One technique is related to changes in tube potential. By reducing
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the overall energy or the spectrum of the x-ray beam, patient radiation dose can be reduced.
As tissue attenuation, and corresponding CT numbers in Hounsfield units (HU) are en-
ergy dependent, modifications to the Agatston score methodology, such as HU-threshold
optimization, may be required for reproducible results [11–14].

However, Agatston score methodology modifications might not be necessary for
changes in tube potential for a new CT technology: photon-counting CT (PCCT) [15–22].
With PCCT, incoming photons are counted within predefined energy bins. These spectral
data are subsequently used for image reconstruction of CT images for virtual mono-
energetic (monoE) x-ray sources.

For one vendor, the clinical PCCT CAC protocol uses the standard acquisition tube
potential of 120 kVp, with a subsequent monoE image reconstruction at 70 keV. The
impact of reduced or spectral shaped (by means of tin filtration) tube potentials on CAC
assessments with this new CT system remains unknown.

The aim of the current study is, therefore, to assess Agatston score reproducibility for
reduced radiation dose CAC protocols with tube potential adjustments.

2. Materials and Methods

A routine clinical CAC protocol was used to scan an anthropomorphic thorax phantom
(QRM-Thorax, QRM GmbH, Möhrendorf, Germany) on a first generation dual-source
PCCT (NAEOTOM Alpha, Siemens Healthineers, Erlangen, Germany) (Table 1). A fat
tissue equivalent extension ring was used to increase phantom dimensions to resemble a
large patient size [23]. At the center of the thorax phantom, an artificial hydroxyapatite
(HA) containing coronary artery was placed inside a water compartment. In total, three
cylindrical calcifications of equal dimensions (5 mm diameter, 1 mm length) but different
densities were used. The HA densities were 196 ± 3, 408 ± 2, and 800 ± 2 mg/cm3, or
low, medium, and high density, respectively. Besides a static scan, a dynamic scan was
made, whereby the artery was translated at 20 mm/s by a computer-controlled lever (QRM-
Sim2D, QRM GmbH, Möhrendorf, Germany). The static and dynamic scan corresponded
to 0 and 60–75 beats per minute (bpm), respectively [24,25]. The ECG trigger from the
ECG-output of the computer-controlled lever was used to ensure data acquisition only
during linear motion of the artificial coronary artery [25].

Following the reference CAC protocol scan at 120 kVp, additional acquisitions at
reduced tube potentials of 90 and Sn100 kVp were made. For all tube potentials, tube
current modulation with image quality level 16 (CareIQ, Siemens Healthineers, Erlangen,
Germany) was used as the standard dose. In addition, radiation dose in terms of the
volumetric CT dose index (CTDIvol) was further reduced for the 90 kVp acquisition to 75%
and 45% of the standard dose, with tube current reduction. Overall, this resulted in five
combinations of tube potential and tube current: (1) reference (120 kVp, 20 mAs), (2) 90 kVp
standard dose, (3) 90 kVp 75% dose, (4) 90 kVp 45% dose, and (5) Sn100 kVp standard dose.
For each combination, scans were repeated five times, with manual repositioning between
each scan (2 mm translation, 2 degrees rotation). Each scan was reconstructed at a monoE
level of 70 keV.

For each reconstruction, Agatston scores were automatically determined with the use
of a previously validated, open-source Python script (Python version 3.7) [26]. A threshold
of 130 HU was used to discriminate CAC from the background signal.

In addition to the Agatston score, several image quality metrics were calculated. First
of all, total image noise (standard deviation (SD)) was calculated from a large uniform
region of interest (ROI) (128 × 128 voxels). For this same ROI, a so-called background
Agatston score (BAS) was determined [26,27]. The BAS was calculated by summation
of the number of voxels that exceed the CAC threshold of 130 HU within this ROI. For
reconstructions with a non-zero BAS, noise levels were too high, which led to false positive
CAC assessment. Third, noise-power-spectra (NPS) were determined in the same slice.
Finally, contrast-to-noise ratios (CNRs) were determined for the three CAC densities, by
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dividing the absolute difference in HU between CAC and background material by the total
image noise (SD).

Table 1. Acquisition and reconstruction parameters.

Parameter Reference Scan 90 kVp
Standard Dose

90 kVp
75% Dose

90 kVp
45% Dose

Sn100 kVp
Standard Dose

CT system PCCT PCCT PCCT PCCT PCCT
Technique Axial Axial Axial Axial Axial

Tube voltage (kVp) 120 90 90 90 100 + Sn filter
Effective tube
current time

product (mAs)
20 1 45 1 34 20 134 1

Automatic
exposure control Off Off Off Off Off

Collimation (mm) 144 × 0.4 144 × 0.4 144 × 0.4 144 × 0.4 144 × 0.4
Field of view (mm) 220 220 220 220 220

Rotation time (s) 0.25 0.25 0.25 0.25 0.25
Slice thick-

ness/increment
(mm)

3.0/1.5 3.0/1.5 3.0/1.5 3.0/1.5 3.0/1.5

Reconstruction
kernel Qr36 Qr36 Qr36 Qr36 Qr36

Matrix size (pixels) 512 × 512 512 × 512 512 × 512 512 × 512 512 × 512
Reconstruction FBP 2 FBP 2 FBP 2 FBP 2 FBP 2

monoE level (keV) 70 70 70 70 70
Repetitions 5 5 5 5 5

Phantom speed 0 & 20 mm/s 0 & 20 mm/s 0 & 20 mm/s 0 & 20 mm/s 0 & 20 mm/s
CTDIvol (mGy) 4.06 2.97 2.26 1.33 2.21

1 Based on the vendor recommended reference CareIQ level 16. 2 FBP: filtered back projection. The setting used was actually Quantum
Iterative Reconstruction (QIR, Siemens Healthineers) off, which is comparable to a conventional reconstruction in terms of the expected
noise level.

For each heart rate, Agatston scores for the reduced kVp and reduced dose were
compared to the reference at 120 kVp with standard dose. We calculated the 95% confidence
interval for the mean difference. If there were deviations in Agatston score < 10%, then we
deemed these differences to be not clinically relevant.

3. Results
3.1. Radiation Dose

Automatic exposure control at standard dose (IQ level 16) with tube voltages 120 kVp
(reference scan), 90 kVp, and Sn100 kVp resulted in a radiation dose of 4.06 mGy, 2.97 mGy,
and 2.21 mGy, respectively (Table 1). Accordingly, scans acquired at 90 kVp with 75%
and 45% of the standard dose resulted in a radiation dose of 2.26 mGy and 1.33 mGy,
respectively.

3.2. Image Quality

Mean and standard deviation (SD) image noise levels were 25.3 ± 0.3, 25.0 ± 2.0,
27.0 ± 2.3, 30.7 ± 3.0, and 25.7 ± 1.9 for the reference (120 kVp standard dose), 90 kVp
standard dose, 90 kVp 75% dose, 90 kVp 45% dose, and Sn100 kVp standard dose, respec-
tively. These noise levels only resulted in BAS > 0 for 2 out of 100 scans, namely for the
90 kVp at 45% radiation dose.

Example images and NPS for all combinations of tube potential, radiation dose, and
heart rate are shown in Figure 1. Overall, noise spatial frequency decreased with decreasing
tube potential.
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Figure 1. MonoE reconstructed images of the low-density CAC at 70 keV for all combinations used of tube potential,
radiation dose, and heart rate. Noise-power-spectra (NPS) are indicated in the right column.

With comparable image noise for the acquisitions, standard dose CAC CNRs were
comparable for the 120, 90, and Sn100 kVp acquisition (Figure 2). With respect to the
reference, CNR decreased with increasing image noise, for the reduced dose acquisitions
at 90 kVp. At increased heart rate, CNR increased for Sn100 kVp acquisitions for all
CAC densities.
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Figure 2. Contrast-to-noise ratio box and whisker plots for the low-, medium-, and high-density calcification, translated at 0
and 60–75 bpm for all combinations of tube potential and radiation dose.

3.3. Influence on Agatston Scores

For the static phantom, reference Agatston scores as mean and SD were 79.3 ± 4.4,
358.74 ± 9.68, and 438.26 ± 5.44 for the low-, medium-, and high-density CAC, respectively.
Reference Agatston scores for the calcification at 60–75 bpm were 65.0 ± 4.1, 346.7 ± 12.6,
and 465.5 ± 8.6 for the low-, medium-, and high-density CAC, respectively.

Relative differences of the reference Agatston scores with scores from the other proto-
cols are shown in Figure 3. Firstly, for the low-density calcification, variability in Agatston
score differences with the reference was large for all protocols.

Secondly, for the static medium- and high-density calcifications, Agatston score dif-
ferences with the reference were not clinically relevant (<10%). At 60–75 bpm, similar
results were shown, with no significantly different Agatston scores in comparison with the
reference for all protocols.
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Figure 3. Mean and 95% confidence interval Agatston score deviation in % from the reference (120 kVp IQ level 16) with
(A) stationary calcifications and (B) moving calcifications at 60–75 bpm. The dashed lines indicate deviations of ±10%,
which is the threshold for clinically relevant differences.

4. Discussion

The main finding of this study is that for medium- and high-density CAC, monoE
reconstructions at 70 keV for PCCT acquisitions at various tube potentials allow for re-
producible Agatston scores. With this, patient radiation dose could be reduced up to
67%, without clinically relevant changes to the resulting CAC assessment for these CAC
densities for 90 kVp acquisitions. However, variations in Agatston score differences with
the reference for low-density CAC were large. In comparison with the reference at 120 kVp,
CNR did not decrease for 90 and Sn100 kVp. Overall, noise spatial frequency increased
with increasing tube potential.

To the best of our knowledge, the current study is the first to assess Agatston score
reproducibility for monoE reconstructions acquired with various tube potentials. The main
reason for this is that conventional dual-source CT sacrifices temporal resolution when
acquiring spectral data. As high temporal resolution is essential for reproducible CAC
quantification, spectral mode is not recommended for CAC studies [25,28,29]. For PCCT,
however, spectral data is available at high-temporal resolution as well.

While reproducible Agatston scores are key for robust risk stratification, many factors
have previously been shown to influence Agatston score reproducibility. These factors
include patient size, heart rate, CT system, scan starting position, slice thickness, and CAC
quantification parameters [25,26,29–35]. These parameters especially influence low-density
CAC Agatston scores, for which the CT numbers just exceed the CAC scoring threshold of
130 HU. In our current study, large variations in Agatston scores for the low-density CAC
resulted in clinically relevant differences in Agatston scores for all reduced tube potential
protocols. A post-hoc power analysis revealed that particularly in this low-density category
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we were underpowered (1–β: 0.31) to detect ‘clinically’ meaningful differences. For low-
density CAC, the threshold of deviations in Agatston score > 10% to indicate clinical
relevance may be too strict, especially considering the large number of parameters that
influence this measurement.

Many previous studies have evaluated the potential of CAC assessment at reduced
radiation dose [10]. Despite using adjusted CAC scoring thresholds for reduced tube
potential acquisitions, both Thomas et al. and Marwan et al. found overestimations
in Agatston scores for phantom and patients [13,36]. Contrarily, Gräni et al. showed
that Agatston scores were underestimated with adjusted CAC scoring thresholds, in
comparison with the standard 120 kVp protocol [11]. The dose reduction potential (57–65%)
of these studies was comparable to our results. For our study, conventional CAC scoring
thresholds of 130 HU could be used for all acquisitions, as all scans were reconstructed at
a monoE level of 70 keV. For the same PCCT system, Eberhard et al. showed a different
approach for radiation dose reduction, with different monoE levels and the use of iterative
reconstruction [37]. For our study, the clinical CAC protocol (FBP and 70 keV) was used. A
combination of other monoE levels, iterative reconstruction, and tube voltage reduction
acquisitions may result in further radiation dose reductions.

This study has limitations that merit consideration. First, an anthropomorphic phan-
tom with artificial CAC containing coronary arteries and artificial tissue-simulating materi-
als was used for the current study. The densities of the artificial CAC were mixtures of HA
and so-called solid water. The mass of the calcifications was in the range that is observed
in patients [38]. Second, the complex in vivo motion of coronary arteries was simulated by
the phantom as a translation of the coronary artery in one direction, perpendicular to the
scan plane. The constant linear motion of our phantom was deemed sufficient, as the scan
times were relatively short as a result of fast gantry rotation times [24]. Third, our CAC
contrast calculation was based on all voxels that exceeded the CAC threshold in multiple
slices. The reason for this approach is the small number of voxels for each slice that exceed
the CAC scoring threshold, due to the small diameter of the calcification. Consequently, the
resulting CNR was underestimated compared to what would be expected for the known
CAC densities. Fourth, only discrete radiation dose reduction steps were used for the
current study. For the 90 kVp acquisitions, radiation dose reduction was at 75% and 45%
for the standard dose. The latter resulted in BAS > 0 for one repetition. Optimal radiation
dose reduction might therefore lie between 45% and 75% of the standard radiation dose
for 90 kVp acquisitions. Fifth, this study was underpowered to draw conclusions on
low-density calcifications. Extensive follow-up studies are needed to validate our results
in vivo. Sixth, only one PCCT system was used for our current study. However, this PCCT
system is currently the only clinically available PCCT system that can provide monoE
reconstructions at high-temporal resolution.

5. Conclusions

In conclusion, PCCT allows for reproducible Agatston scores at radiation dose re-
ductions up to 67% for moving calcifications of medium and high density, when using a
reduced tube potential acquisition of 90 kVp, reconstructed at a monoE level of 70 keV.

Author Contributions: Conceptualization: N.R.v.d.W., M.v.G., M.J.W.G. and M.v.S.; Data curation:
N.R.v.d.W.; Formal analysis: N.R.v.d.W. and D.B.; Methodology: N.R.v.d.W.; Software: N.R.v.d.W.;
Writing—original draft: N.R.v.d.W. and M.v.G.; Writing—review and editing: R.B., D.B., A.v.d.L., R.P.J.B.,
M.J.W.G. and M.v.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Diagnostics 2021, 11, 2192 8 of 9

References
1. Timmis, A.; Townsend, N.; Gale, C.P.; Torbica, A.; Lettino, M.; Petersen, S.E.; Mossialos, E.A.; Maggioni, A.P.; Kazakiewicz, D.;

May, H.T.; et al. European Society of Cardiology: Cardiovascular Disease Statistics 2019. Eur. Heart J. 2020, 41, 12–85. [CrossRef]
[PubMed]

2. Wang, H.; Naghavi, M.; Allen, C.; Barber, R.M.; Carter, A.; Casey, D.C.; Charlson, F.J.; Chen, A.Z.; Coates, M.M.; Coggeshall, M.;
et al. Global, Regional, and National Life Expectancy, All-Cause Mortality, and Cause-Specific Mortality for 249 Causes of Death,
1980–2015: A Systematic Analysis for the Global Burden of Disease Study 2015. Lancet 2016, 388, 1459–1544. [CrossRef]

3. Nowbar, A.N.; Gitto, M.; Howard, J.P.; Francis, D.P.; Al-Lamee, R. Mortality From Ischemic Heart Disease. Circ. Cardiovasc. Qual.
Outcomes 2019, 12, e005375. [CrossRef]

4. Agatston, A.S.; Janowitz, W.R.; Hildner, F.J.; Zusmer, N.R.; Viamonte, M.; Detrano, R. Quantification of Coronary Artery Calcium
Using Ultrafast Computed Tomography. J. Am. Coll. Cardiol. 1990, 15, 827–832. [CrossRef]

5. Goff, D.C.; Lloyd-Jones, D.M.; Bennett, G.; Coady, S.; D’Agostino, R.B.; Gibbons, R.; Greenland, P.; Lackland, D.T.; Levy, D.;
O’Donnell, C.J.; et al. 2013 ACC/AHA Guideline on the Assessment of Cardiovascular Risk: A Report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation 2014, 129, 49–76. [CrossRef]

6. Greenland, P.; Alpert, J.S.; Beller, G.A.; Benjamin, E.J.; Budoff, M.J.; Fayad, Z.A.; Foster, E.; Hlatky, M.A.; Hodgson, J.M.B.;
Kushner, F.G.; et al. 2010 ACCF/AHA Guideline for Assessment of Cardiovascular Risk in Asymptomatic Adults: Executive
Summary: A Report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice
Guidelines. Circulation 2010, 122, 2748–2764. [CrossRef] [PubMed]

7. Hecht, H.; Blaha, M.J.; Berman, D.S.; Nasir, K.; Budoff, M.; Leipsic, J.; Blankstein, R.; Narula, J.; Rumberger, J.; Shaw, L.J. Clinical
Indications for Coronary Artery Calcium Scoring in Asymptomatic Patients: Expert Consensus Statement from the Society of
Cardiovascular Computed Tomography. J. Cardiovasc. Comput. Tomogr. 2017, 11, 157–168. [CrossRef]

8. Budoff, M.J.; Achenbach, S.; Blumenthal, R.S.; Carr, J.J.; Goldin, J.G.; Greenland, P.; Guerci, A.D.; Lima, J.A.C.; Rader, D.J.;
Rubin, G.D.; et al. Assessment of Coronary Artery Disease by Cardiac Computed Tomography: A Scientific Statement from the
American Heart Association Committee on Cardiovascular Imaging and Intervention, Council on Cardiovascular Radiology and
Intervention, and Committee on C. Circulation 2006, 114, 1761–1791. [CrossRef]

9. Blaha, M.J.; Mortensen, M.B.; Kianoush, S.; Tota-Maharaj, R.; Cainzos-Achirica, M. Coronary Artery Calcium Scoring: Is It Time
for a Change in Methodology? JACC Cardiovasc. Imaging 2017, 10, 923–937. [CrossRef] [PubMed]

10. Vonder, M.; van der Werf, N.R.; Leiner, T.; Greuter, M.J.W.; Fleischmann, D.; Vliegenthart, R.; Oudkerk, M.; Willemink, M.J. The
Impact of Dose Reduction on the Quantification of Coronary Artery Calcifications and Risk Categorization: A Systematic Review.
J. Cardiovasc. Comput. Tomogr. 2018, 12, 352–363. [CrossRef]

11. Gräni, C.; Vontobel, J.; Benz, D.C.; Bacanovic, S.; Giannopoulos, A.A.; Messerli, M.; Grossmann, M.; Gebhard, C.; Pazhenkottil,
A.P.; Gaemperli, O.; et al. Ultra-Low-Dose Coronary Artery Calcium Scoring Using Novel Scoring Thresholds for Low Tube
Voltage Protocols—A Pilot Study. Eur. Heart J. Cardiovasc. Imaging 2018, 19, 1362–1371. [CrossRef] [PubMed]

12. Vonder, M.; Pelgrim, G.J.; Huijsse, S.E.M.; Meyer, M.; Greuter, M.J.W.; Henzler, T.; Flohr, T.G.; Oudkerk, M.; Vliegenthart, R.
Feasibility of Spectral Shaping for Detection and Quantification of Coronary Calcifications in Ultra-Low Dose CT. Eur. Radiol.
2017, 27, 2047–2054. [CrossRef] [PubMed]

13. Marwan, M.; Mettin, C.; Pflederer, T.; Seltmann, M.; Schuhbäck, A.; Muschiol, G.; Ropers, D.; Daniel, W.G.; Achenbach, S. Very
Low-Dose Coronary Artery Calcium Scanning with High-Pitch Spiral Acquisition Mode: Comparison between 120-KV and
100-KV Tube Voltage Protocols. J. Cardiovasc. Comput. Tomogr. 2013, 7, 32–38. [CrossRef]

14. Nakazato, R.; Dey, D.; Gutstein, A.; Le Meunier, L.; Cheng, V.Y.; Pimentel, R.; Paz, W.; Hayes, S.W.; Thomson, L.E.J.; Friedman, J.D.;
et al. Coronary Artery Calcium Scoring Using a Reduced Tube Voltage and Radiation Dose Protocol with Dual-Source Computed
Tomography. J. Cardiovasc. Comput. Tomogr. 2009, 3, 394–400. [CrossRef]

15. Willemink, M.J.; Persson, M.; Pourmorteza, A.; Pelc, N.J.; Fleischmann, D. Photon-Counting CT: Technical Principles and Clinical
Prospects. Radiology 2018, 289, 293–312. [CrossRef]

16. Leng, S.; Bruesewitz, M.; Tao, S.; Rajendran, K.; Halaweish, A.F.; Campeau, N.G.; Fletcher, J.G.; McCollough, C.H. Photon-
Counting Detector CT: System Design and Clinical Applications of an Emerging Technology. Radiographics 2019, 39, 729–743.
[CrossRef] [PubMed]

17. Si-Mohamed, S.; Bar-Ness, D.; Sigovan, M.; Cormode, D.P.; Coulon, P.; Coche, E.; Vlassenbroek, A.; Normand, G.; Boussel, L.;
Douek, P. Review of an Initial Experience with an Experimental Spectral Photon-Counting Computed Tomography System. Nucl.
Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2017, 873, 27–35. [CrossRef]

18. Si-Mohamed, S.; Bar-Ness, D.; Sigovan, M.; Tatard-Leitman, V.; Cormode, D.P.; Naha, P.C.; Coulon, P.; Rascle, L.; Roessl, E.; Rokni,
M.; et al. Multicolour Imaging with Spectral Photon-Counting CT: A Phantom Study. Eur. Radiol. Exp. 2018, 2, 34. [CrossRef]

19. Taguchi, K.; Iwanczyk, J.S. Vision 20/20: Single Photon Counting x-Ray Detectors in Medical Imaging. Med. Phys. 2013, 40, 100901.
[CrossRef]

20. Sandfort, V.; Persson, M.; Pourmorteza, A.; Noël, P.B.; Fleischmann, D.; Willemink, M.J. Spectral Photon-Counting CT in
Cardiovascular Imaging. J. Cardiovasc. Comput. Tomogr. 2020, 15, 218–225. [CrossRef]

21. Greffier, J.; Frandon, J. Spectral Photon-Counting CT System: Toward Improved Image Quality Performance in Conventional and
Spectral CT Imaging. Diagn. Interv. Imaging 2021, 102, 271–272. [CrossRef] [PubMed]

http://doi.org/10.1093/eurheartj/ehz859
http://www.ncbi.nlm.nih.gov/pubmed/31820000
http://doi.org/10.1016/S0140-6736(16)31012-1
http://doi.org/10.1161/CIRCOUTCOMES.118.005375
http://doi.org/10.1016/0735-1097(90)90282-T
http://doi.org/10.1161/01.cir.0000437741.48606.98
http://doi.org/10.1161/CIR.0b013e3182051bab
http://www.ncbi.nlm.nih.gov/pubmed/21098427
http://doi.org/10.1016/j.jcct.2017.02.010
http://doi.org/10.1161/CIRCULATIONAHA.106.178458
http://doi.org/10.1016/j.jcmg.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28797416
http://doi.org/10.1016/j.jcct.2018.06.001
http://doi.org/10.1093/ehjci/jey019
http://www.ncbi.nlm.nih.gov/pubmed/29432592
http://doi.org/10.1007/s00330-016-4507-z
http://www.ncbi.nlm.nih.gov/pubmed/27572809
http://doi.org/10.1016/j.jcct.2012.11.004
http://doi.org/10.1016/j.jcct.2009.10.002
http://doi.org/10.1148/radiol.2018172656
http://doi.org/10.1148/rg.2019180115
http://www.ncbi.nlm.nih.gov/pubmed/31059394
http://doi.org/10.1016/j.nima.2017.04.014
http://doi.org/10.1186/s41747-018-0063-4
http://doi.org/10.1118/1.4820371
http://doi.org/10.1016/j.jcct.2020.12.005
http://doi.org/10.1016/j.diii.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33610504


Diagnostics 2021, 11, 2192 9 of 9

22. van der Werf, N.R.; Si-Mohamed, S.; Rodesch, P.A.; van Hamersvelt, R.W.; Greuter, M.J.W.; Boccalini, S.; Greffier, J.; Leiner, T.;
Boussel, L.; Willemink, M.J.; et al. Coronary Calcium Scoring Potential of Large Field-of-View Spectral Photon-Counting CT: A
Phantom Study. Eur. Radiol. 2021, 1–11. [CrossRef] [PubMed]

23. McCollough, C.H.; Ulzheimer, S.; Halliburton, S.S.; Shanneik, K.; White, R.D.; Kalender, W.A. Coronary Artery Calcium: A
Multi-Institutional, Multimanufacturer International Standard for Quantification at Cardiac CT. Radiology 2007, 243, 527–538.
[CrossRef]

24. Husmann, L.; Leschka, S.; Desbiolles, L.; Schepis, T.; Gaemperli, O.; Seifert, B.; Cattin, P.; Frauenfelder, T.; Flohr, T.G.; Marincek,
B.; et al. Coronary Artery Motion and Cardiac Phases: Dependency on Heart Rate—Implications for CT Image Reconstruction.
Radiology 2007, 245, 567–576. [CrossRef]

25. Van der Werf, N.R.; Willemink, M.J.; Willems, T.P.; Vliegenthart, R.; Greuter, M.J.W.; Leiner, T. Influence of Heart Rate on Coronary
Calcium Scores: A Multi-Manufacturer Phantom Study. Int. J. Cardiovasc. Imaging 2017, 34, 959–966. [CrossRef]

26. Van Praagh, G.D.; van der Werf, N.R.; Wang, J.; van Ommen, F.; Poelhekken, K.; Slart, R.H.; Fleischmann, D.; Greuter, M.J.; Leiner,
T.; Willemink, M.J. Fully Automated Quantification Method (FQM) of Coronary Calcium in an Anthropomorphic Phantom. Med.
Phys. 2021. [CrossRef] [PubMed]

27. Booij, R.; van der Werf, N.R.; Budde, R.P.J.; 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, 3346–3355. [CrossRef]

28. Funabashi, N.; Irie, R.; Namihira, Y.; Morimoto, R.; Aiba, M.; Ozawa, K.; Takaoka, H.; Ohta, J.; Masuda, Y.; Kobayashi, Y. Influence
of Tube Voltage and Heart Rate on the Agatston Calcium Score Using an in Vitro, Novel ECG-Gated Dual Energy Reconstruction
320 Slice CT Technique. Int. J. Cardiol. 2015, 180, 218–220. [CrossRef]

29. Funabashi, N.; Koide, K.; Mizuno, N.; Nagamura, K.; Ochi, S.; Yanagawa, N.; Okamoto, Y.; Uno, K.; Komuro, I. Influence of Heart
Rate on the Detectability and Reproducibility of Multislice Computed Tomography for Measuring Coronary Calcium Score Using
a Pulsating Calcified Mock-Vessel in Comparison with Electron Beam Tomography. Int. J. Cardiol. 2006, 113, 113–117. [CrossRef]

30. 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, 90–98. [CrossRef]

31. Groen, J.M.; Greuter, M.J.; 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.
Investig. Radiol. 2007, 42, 848–855. [CrossRef]

32. Schlosser, T.; Hunold, P.; Voigtländer, T.; Schmermund, A.; Barkhausen, J. Coronary Artery Calcium Scoring: Influence of
Reconstruction Interval and Reconstruction Increment Using 64-MDCT. Am. J. Roentgenol. 2007, 188, 1063–1068. [CrossRef]

33. Willemink, M.J.; Abramiuc, B.; den Harder, A.M.; van der Werf, N.R.; de Jong, P.A.; Budde, R.P.J.; Wildberger, J.E.; Vliegenthart,
R.; Willems, T.P.; Greuter, M.J.W.; et al. Coronary Calcium Scores Are Systematically Underestimated at a Large Chest Size: A
Multivendor Phantom Study. J. Cardiovasc. Comput. Tomogr. 2015, 9, 415–421. [CrossRef]

34. Detrano, R.C.; Anderson, M.; Nelson, J.; Wong, N.D.; Carr, J.J.; McNitt-Gray, M.; Bild, D.E. Coronary Calcium Measurements:
Effect of CT Scanner Type and Calcium Measure on Rescan Reproducibility—MESA Study. Radiology 2005, 236, 477–484.
[CrossRef] [PubMed]

35. Tigges, S.; Arepalli, C.D.; Tridandapani, S.; Oshinski, J.; Kurz, C.R.; Richer, E.J.; Chen, Z.; Stillman, A.E.; Raggi, P. A Phantom
Study of the Effect of Heart Rate, Coronary Artery Displacement and Vessel Trajectory on Coronary Artery Calcium Score:
Potential for Risk Misclassification. J. Cardiovasc. Comput. Tomogr. 2012, 6, 260–267. [CrossRef] [PubMed]

36. Thomas, C.K.; Mühlenbruch, G.; Wildberger, J.E.; Hohl, C.; Das, M.; Günther, R.W.; Mahnken, A.H. Coronary Artery Calcium
Scoring with Multislice Computed Tomography: In Vitro Assessment of a Low Tube Voltage Protocol. Investig. Radiol. 2006, 41,
668–673. [CrossRef] [PubMed]

37. Eberhard, M.; Mergen, V.; Higashigaito, K.; Allmendinger, T.; Manka, R.; Flohr, T.; Schmidt, B.; Euler, A.; Alkadhi, H. Coronary
Calcium Scoring with First Generation Dual-Source Photon-Counting CT-First Evidence from Phantom and In-Vivo Scans.
Diagnostics 2021, 11, 1708. [CrossRef]

38. Hong, C.; Pilgram, T.K.; Zhu, F.; Bae, K.T. Is Coronary Artery Calcium Mass Related to Agatston Score? Acad. Radiol. 2004, 11,
286–292. [CrossRef]

http://doi.org/10.1007/s00330-021-08152-w
http://www.ncbi.nlm.nih.gov/pubmed/34255159
http://doi.org/10.1148/radiol.2432050808
http://doi.org/10.1148/radiol.2451061791
http://doi.org/10.1007/s10554-017-1293-x
http://doi.org/10.1002/mp.14912
http://www.ncbi.nlm.nih.gov/pubmed/33932026
http://doi.org/10.1007/s00330-020-06709-9
http://doi.org/10.1016/j.ijcard.2014.11.164
http://doi.org/10.1016/j.ijcard.2005.08.053
http://doi.org/10.1148/radiol.2461070006
http://doi.org/10.1097/RLI.0b013e318154c549
http://doi.org/10.2214/AJR.05.1369
http://doi.org/10.1016/j.jcct.2015.03.010
http://doi.org/10.1148/radiol.2362040513
http://www.ncbi.nlm.nih.gov/pubmed/15972340
http://doi.org/10.1016/j.jcct.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/22732199
http://doi.org/10.1097/01.rli.0000233324.09603.dd
http://www.ncbi.nlm.nih.gov/pubmed/16896301
http://doi.org/10.3390/diagnostics11091708
http://doi.org/10.1016/S1076-6332(03)00714-1

	Introduction 
	Materials and Methods 
	Results 
	Radiation Dose 
	Image Quality 
	Influence on Agatston Scores 

	Discussion 
	Conclusions 
	References

