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Abstract
To evaluate the performance of photon-counting detector (PCD) computed tomography (CT) for coronary artery calcium 
(CAC) score imaging at standard and reduced radiation doses compared to conventional energy-integrating detector (EID) 
CT. A dedicated cardiac CT phantom, ten ex vivo human hearts, and ten asymptomatic volunteers underwent matched EID 
and PCD CT scans at different dose settings without ECG gating. CAC score, contrast, and contrast-to-noise ratio (CNR) were 
calculated in the cardiac CT phantom. CAC score accuracy and reproducibility was assessed in the ex vivo hearts. Standard 
radiation dose (120 kVp, reference mAs = 80) in vivo CAC scans were compared against dose-reduced CAC scans (75% 
dose reduction; reference mAs = 20) for image quality and CAC score reproducibility. Interstudy agreement was assessed 
by using intraclass correlation (ICC), linear regression, and Bland–Altman analysis with 95% confidence interval limits of 
agreement (LOA). Calcium-soft tissue contrast and CNR were significantly higher for the PCD CAC scans in the cardiac CT 
phantom (all P < 0.01). Ex vivo hearts: CAC score reproducibility was significantly higher for the PCD scans at the lowest 
dose setting (50 mAs) (P = 0.002); score accuracy was similar for both detector systems at all dose settings. In vivo scans: 
the agreement between standard dose and low dose CAC score was significantly better for the PCD than for the EID with 
narrower LOA in Bland–Altman analysis, linear regression slopes closer to 1 (0.96 vs. 0.84), and higher ICC values (0.98 
vs. 0.93, respectively). Phantom and in vivo human studies showed PCD may significantly improve CAC score image quality 
and/or reduce CAC score radiation dose while maintaining diagnostic image quality.
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Introduction

Coronary artery calcium (CAC) score has been validated 
as an independent predictor of cardiovascular events and 
has been proposed as a screening tool for coronary artery 
disease (CAD) in asymptomatic subjects as part of a com-
prehensive risk assessment [1, 2]. However, the benefits of 
screening have to be assessed against the inherent risks of 
exposing asymptomatic individuals to ionizing radiation [3]. 
Accordingly, multiple technical advances are being investi-
gated to reduce the radiation dose of CAC screening, includ-
ing prospectively gated scanning and iterative reconstruction 
algorithms [4].

Photon-counting detectors (PCDs) are a novel CT detec-
tor technology which may have substantial benefits for CAC 
score imaging [5, 6]. Contrary to conventional energy-inte-
grating detectors (EIDs) which combine the electrical signal 
of multiple X-ray photons into a single intensity value, PCDs 
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can measure the number and energy of individual X-ray pho-
tons. PCD CT scan have been shown to improve tissue con-
trast, Hounsfield unit (HU) stability, and suppress electronic 
noise, and reduce noise-aliasing, all of which contribute to 
increase in CT contrast-to-noise ratios (CNR) and allow 
for significant reductions in radiation dose exposure while 
maintaining diagnostic quality [7–12]. The aim of this study 
was to assess the performance of a prototype PCD scanner 
for CAC score at standard and low radiation doses and to 
compare the results with state-of-the-art EID technology.

Materials and methods

Study design

This institutional review board-approved study with 
informed consent prospectively enrolled ten asymptomatic 
volunteers older than 45 years [5 male, mean age ± stand-
ard deviation (SD): 58 ± 10 years] at the National Institutes 
of Healt (NIH) Clinical Center. Exclusion criteria included 
pregnancy, prior CT scan within the previous 12 months, 
and genetic predisposition to radiation-induced cancer.

Phantom studies

A commercially available cardiac CT phantom (QRM 
Cardio phantom, QRM GmbH, Mohrendorf, Germany) 
developed for testing reproducibility in CAC scans [13] 
was used (Fig. 1). The phantom contains nine cylindri-
cal hydroxyapatite (HA) inserts of varying size (5.0, 3.0, 
and 1.0 mm) and density (200, 400, and 800 mg/ml of 
HA) simulating the range of calcifications typically seen 
in CAC scans. The calcifications are embedded in a soft 

tissue-equivalent plastic (35 HU at 120 kVp). Addition-
ally, ten ex vivo human hearts were studied at multiple 
dose settings. All subjects signed informed consent to 
donate their organs to science for research purposes. 
The hearts were fixed in formaldehyde and placed in a 
ring-shaped phantom of water-equivalent material (QRM 
GmbH, Mohrendorf, Germany) for CAC imaging (Fig. 2). 
The inner and outer diameter of the ring phantom were 
100 mm and 200 mm, respectively.

Photon‑counting CT scanner

The prototype CT scanner used in this work is a modified 
version of a commercially available dual-source scanner 
(SOMATOM Definition Flash; Siemens Healthcare, Forch-
heim, Germany). The scanner has two independent X-ray 
source-detector subsystems that are 95° apart. One of the 
two EIDs in the scanner is replaced with a cadmium-tellu-
ride PCD. The detailed specifications of the scanner have 
been previously reported [8, 14]. This set-up with identical 
X-ray tubes, beam-shaping filters, and scanner geometry 
provides a suitable platform for direct comparison of the 
two detector technologies. The EID and PCD subsystems 
have field-of-view (FOV) of 500 mm and 275 mm, and a 
collimation × pixel pitch of 64 × 0.6 mm and 32 × 0.5 mm 
at isocenter, respectively. Each PCD pixel consists of 4 × 4 
subpixels, each with two adjustable photon energy detec-
tion thresholds. The lower and higher thresholds can be 
set between 20–50 and 50–90 keV, respectively. We set the 
lower threshold at 22 keV. Since evaluating the spectral 
performance of PCD at low radiation dose was outside the 
scope of this study, the high threshold was arbitrarily set 
at 75 keV. We reconstructed PCD images from photons 
detected in the 22–120 keV energy range.

Fig. 1   Sample energy-inte-
grating detector (EID) (a) and 
photon-counting detector (PCD) 
(b) scans of the QRM cardiac 
phantom. The phantom contains 
3 × 3 cylindrical hydroxyapatite 
(HA) calcifications of varying 
size (5.0, 3.0, and 1.0 mm) and 
density (200, 400, and 800 mg/
ml of HA) simulating the range 
of calcifications typically seen 
in CAC scans. The calcifica-
tions are embedded in a soft 
tissue-equivalent plastic (35 HU 
at 120 kVp)
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Image acquisition and reconstruction

Volunteer scans

CAC score scans were performed at clinical routine settings 
[tube voltage: 120 kVp, reference tube current–time product: 
80 mAs for a typical 75-kg subject adapted to individual 
patient size by using vendor-supplied software (Caredose4D, 
Siemens Healthcare)]. Additionally, low dose CAC scans 
were acquired at 75% dose reduction (tube voltage: 120 kVp, 
reference tube current–time product: 20 mAs for a typical 
75-kg subject). Each EID CAC scan was followed by a PCD 
scan with matched tube voltage and current settings after 
a 5–10-s delay for breath-hold instructions. We used the 
standard dose EID CAC score as our clinical reference. No 
cardiac gating was used as it was not yet available on the 
prototype system, therefore a relatively high pitch factor of 
1.5 was used to speed up the acquisition.

Phantom and ex vivo studies

QRM phantom scans were performed at the same settings as 
the human scans. The human ex vivo hearts were scanned at 
multiple dose settings (tube voltage: 120 kVp, reference tube 
current–time product: 500, 140, 80, and 50 mAs). Each acqui-
sition was repeated five times to assess reproducibility. All 
images were reconstructed using weighted filtered backpro-
jection (FBP) (ReconCT v.13.8.5.0, Siemens Healthcare) with 
3-mm slice thickness, 3-mm increment, 512 × 512 matrix, and 
a soft tissue kernel optimized for CAC score (B35f).

Image analysis

CAC score contrast and CNR were calculated as  
contrastCAC = �Ca − �soft tissue  a n d  CNRCAC = (�Ca−

�soft tissue)∕�soft tissue , respectively, by drawing regions-of-
interest (ROIs) in the calcifications and soft tissue-equivalent 

materials of the QRM cardio phantom. Only the largest 
5.0 mm diameter calcifications were used to avoid partial 
volume effects. The reproducibility of CAC scores at differ-
ent dose levels was evaluated by evaluating the SD of the 
ex vivo heart CAC scores measured at each mAs setting. 
The accuracy of CAC scores at different dose levels was 
evaluated by using the sum of squared errors with the mean 
CAC score of the five ex vivo heart acquisition repetitions 
at the highest dose setting as reference. CAC score analysis 
was performed on the ex vivo hearts and human subjects 
using commercially available software (Vitrea, Vital images, 
Minnetonka, MN, USA) by a cardiologist with > 5 years of 
experience in analyzing cardiac CT images. Each coronary 
artery [right coronary artery (RCA), left anterior descending 
artery (LAD), and left circumflex artery (LCx)] was scored 
individually. Additionally, calcifications of the ascend-
ing and descending aorta were measured. Motion artifacts 
were assessed on a qualitative scale (0 = no motion artifacts; 
1 = mild motion artifacts; 2 = moderate motion artifacts; 
3 = severe motion artifacts). CAC scores were reanalyzed 
after 4 weeks to assess reader reproducibility. Image noise 
was defined as the SD of a > 1 cm2 ROI placed in the left 
ventricle (LV) blood pool (OsiriX, Pixmeo, Geneva, Swit-
zerland). For Agatston CAC score, only voxels with density 
> 130 HU are counted. Therefore, noise-induced HU values 
above this threshold may be mistaken for coronary calcium. 
Therefore, as a measure of CAC score robustness, we meas-
ured the number of voxels with a density > 130 HU in a 3D 
ROI without calcium (LV blood pool).

Statistical analysis

R statistical software (v.3.4.0, Foundation for Statisti-
cal Computing, Vienna, Austria) was used for statisti-
cal analysis. The Shapiro–Wilk test was used to assess 
normality of the data distributions. Continuous variables 
were expressed as mean ± SD or median with interquartile 

Fig. 2   Sample energy-inte-
grating detector (EID) (a) and 
photon-counting detector (PCD) 
(b) scans of an ex vivo heart 
demonstrate extensive coronary 
calcifications in the left anterior 
descending artery (LAD)
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ranges (IQR), as appropriate. The paired t test or Wil-
coxon rank test was used to compare groups, as appro-
priate. Interstudy agreement between standard and low 
dose CAC score scans was assessed by using intraclass 
correlation (ICC) (strong agreement: ICC > 0.75, mod-
erate agreement: ICC = 0.40–0.75, poor agreement: 
ICC < 0.40), linear regression, and Bland–Altman analy-
sis with 95% confidence interval (CI) limits of agreement 
(LOA) [15]. The difference between ICCs was considered 
to be statistically significant when there was no overlap 
between their respective 95% CI limits. P value < 0.05 
was considered to indicate statistical significance.

Results

Average tube current–time product and CTDIvol were 
23 mAs (range 14–32  mAs) and 1.6  mGy (range 
0.9–2.2  mGy) for low-dose CAC and 79 mAs (range 
38–124  mAs) and 5.4  mGy (range 2.6–8.4  mGy) for 
standard dose CAC, respectively. No subjects were 
excluded from analysis after enrollment.

Phantom calcium‑soft tissue contrast and CNR

Calcium inserts attenuation values, contrast, and CNR 
values are summarized in Table 1. PCD calcium attenua-
tion values were significantly higher than EID values for 
all calcium insert densities (all P < 0.01), whereas PCD 
soft tissue values were only slightly higher than EID val-
ues (42.5 ± 5.2 HU and 36.8 ± 1.4 HU, P = 0.02). This 
resulted in significantly higher calcium—soft tissue con-
trast and CNR for the PCD scans (all P < 0.01).

CAC score reproducibility and accuracy in ex vivo 
hearts

CAC score reproducibility was significantly higher for the 
PCD scans at the lowest dose setting [median SD of CAC 
scores: 13.5 (IQR: 10.7–14.2) vs. 18.5 (IQR: 17.8–28.1) for 
PCD and EID, respectively, P = 0.002]. CAC score accu-
racy (using the 500 mAs high dose scans of each detector as 
reference) was similar for both detector systems at all dose 
settings (Fig. 3).

In vivo low dose CAC score

The mean age was 58 ± 10 years (five male, five female, 
heart rate 65 ± 7 beats per minute). No significant bias was 
observed between standard dose EID CAC scores and low 
dose EID or low dose PCD CAC scores in Bland–Altman 
analysis (bias: − 24.8, 95% LOAs: − 85.6, 36.0 and bias: 
− 10.8, 95% LOAs: − 52.0, 30.4, respectively) (Fig. 4). How-
ever, the agreement between standard dose and low dose 
CAC score was significantly better for the PCD than for the 
EID scans with narrower LOA in Bland–Altman analysis 
and higher ICC values (ICC: 0.98, 95% CI 0.97–0.99 and 
ICC: 0.93, 95% CI 0.88–0.95, respectively). Linear regres-
sion analysis showed a slope of 0.96 for low dose PCD 
CAC scores when compared to standard dose EID, indicat-
ing excellent linear reliability. Conversely, low dose EID 
CAC scores showed a slope of 0.84, indicating a tendency to 
underestimate CAC scores when compared to standard dose 
EID. Reader reproducibility for CAC scores was excellent 
(ICC: 0.99, 95% CI 0.991–0.993). No differences were found 
between men and women.

In vivo image quality

Noise levels were similar between EID and PCD CAC 
scans both at standard and at low dose settings (18.7 ± 3.5 
HU vs. 18.0 ± 2.8 HU and 34.3 ± 4.5 HU vs. 32.9 ± 4.0 

Table 1   Image quality 
comparison between 
conventional energy-integrating 
detector (EID) and photon-
counting detector (PCD) scans 
in the QRM cardiac phantom

CNR contrast-to-noise ratio, HU Hounsfield unit

Measurement Detector Calcium insert Soft tissue

800 HA 400 HA 200 HA

Attenuation value (HU) EID 909.3 ± 5.1 431.8 ± 7.1 238.7 ± 5.5 42.5 ± 2.2
PCD 1052.4 ± 4.6 522.0 ± 4.9 260.5 ± 6.7 36.8 ± 1.4
P value < 0.001 < 0.001 0.003 0.02

Contrast (HU) EID 866.8 ± 4.4 389.3 ± 5.3 196.2 ± 4.8 –
PCD 1015.6 ± 5.1 485.2 ± 4.5 223.7 ± 6.9 –
P value < 0.001 < 0.001 0.002

CNR EID 19.7 ± 0.2 8.9 ± 0.1 4.5 ± 0.1 –
PCD 22.7 ± 0.1 10.9 ± 0.1 5.0 ± 0.2 –
P value < 0.001 < 0.001 0.005
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HU, respectively). However, the average number of voxels 
with a density of > 130 HU was slightly higher for low 
dose EID images than low dose PCD images (177.4 vs. 
125.2, P < 0.05). Qualitative assessment of motion arti-
facts showed no significant difference between EID and 
PCD scans (1.3 ± 1.0 and 1.4 ± 0.9, respectively) (Fig. 5).

Discussion

We hypothesized the improved tissue contrast, HU stabil-
ity, and suppression of electronic noise of photon-counting 
CT detector technology may improve quality of CAC score 

Fig. 3   CAC score reproduc-
ibility (a) and CAC score 
accuracy (b) measured in ten 
ex vivo human hearts, with five 
repeated EID and PCD scans 
at each mAs setting. At the 
lowest dose setting (50 mAs) 
CAC score reproducibility was 
significantly higher for the PCD 
scans (P = 0.002), whereas CAC 
score accuracy was similar for 
both detector systems at all dose 
settings

Fig. 4   Low dose performance 
of photon-counting CT: linear 
regression plots (a, b) showed a 
slope of 0.96 for low dose PCD 
CAC scores when compared to 
standard dose EID (b), indicat-
ing excellent linear reliability. 
Conversely, low dose EID CAC 
scores showed a slope of 0.84, 
indicating a tendency to under-
estimate CAC scores when 
compared to standard dose EID 
(a). Bland–Altman analysis (c, 
d) showed no significant bias 
between standard dose EID 
CAC scores and low dose EID 
or PCD CAC scores. However, 
reproducibility of low dose PCD 
CAC scores was better with 
smaller limits of agreement (d)
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scans. Our results indicated superior calcium-soft tissue 
contrast for PCD CAC scans with better low dose CAC 
score reproducibility and a smaller number of voxels above 
the Agatston threshold of > 130 HU (i.e. false positives) 
compared to the EID low dose CAC scans.

Simulations and phantom studies have shown the poten-
tial benefits of PCD for calcium imaging [16]. First, PCD 
calcium attenuation values at 120 kVp are higher than those 
of EID scans due to the better weighting of low-energy 
photons which carry more soft tissue contrast [5, 10]. The 
resulting increase in calcium versus soft tissue contrast may 
explain the observed higher reproducibility of PCD CAC 
scores at low dose in vivo. Second, the improved HU stabil-
ity and lower susceptibility to electronic noise of PCD at low 
radiation doses strengthen the reliability of CAC scores at 
low radiation doses [8–10]. Finally, the potential introduc-
tion of high-resolution CAC scores imaging with PCD may 
not only lead to the detection of smaller calcified coronary 
lesions, but also further reduce radiation doses by the better 
sampling of high-frequency noise and reduced noise alias-
ing [12, 17].

Our results suggest PCD technology may play a role in 
reducing CAC score radiation doses. This is of particular 
importance as technological advances have dramatically 
reduced the radiation dose of coronary CT angiography 
(CCTA) from > 15 to < 1 mSv in select patients with good 

reproducibility making serial CCTA with CAC score clini-
cally feasible for non-invasive longitudinal coronary plaque 
follow [18–20]. These technological advances include pro-
spective electrocardiographically gated spiral scan modes, 
low tube voltage scanning, iterative reconstruction tech-
niques, and single heartbeat scans using wide-detectors or 
dual-source systems with high pitch modes. However, the 
radiation dose reductions in CAC score imaging have been 
far less dramatic with CAC score now representing up to 
50% of the total radiation dose of a CCTA study [21]. Our 
results suggest the superior performance of PCD technology 
at low radiation doses and the improved calcium—soft tissue 
contrast may play a complementary role to other radiation 
dose reducing techniques such as iterative reconstruction 
to further reduce the radiation dose of CAC scans [22, 23].

Some study limitations should be mentioned. First, 
the PCD prototype scanner used in this study is an inves-
tigational device. No US Food and Drug Administration 
approved PCD scanner is commercially available at the 
time of this study. Second, ECG gating was not available 
yet on the PCD prototype system. However, motion artifacts 
were rather limited for in vivo CAC scores and comparable 
between both detector systems. Nevertheless, future stud-
ies with ECG-gated CAC scoring are warranted to confirm 
our findings. Third, we opted to use FBP to avoid any bias 
or non-linearities in our reconstruction and allow for the 
fairest comparison between the two detector technologies. 
However, further studies have to confirm the superiority 
of PCD technology with the use of iterative reconstruction 
algorithms which can further reduce CAC score radiation 
doses [23]. Finally, PCD technology may have additional 
substantial benefits for CAC score and CCTA such as high-
resolution imaging [24] and spectral material decomposition 
[25–31], which were beyond the scope of this study.

In conclusion, our phantom and in vivo human studies 
demonstrated the potential of PCD technology to improve 
CAC score image quality and/or to reduce radiation dose 
while maintaining diagnostic image quality.
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