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Abstract 
In this prospective, pilot study, we tested a kV-independent coronary artery calcium scoring CT protocol, using a novel 
reconstruction kernel (Sa36f). From December 2018 to November 2019, we performed an additional research scan in 61 
patients undergoing clinical calcium scanning. For the standard protocol (120 kVp), images were reconstructed with a stand-
ard, medium-sharp kernel (Qr36d). For the research protocol (automated kVp selection), images were reconstructed with a 
novel kernel (Sa36f). Research scans were sequentially performed using a higher (cohort A, n = 31) and a lower (cohort B, 
n = 30) dose optimizer setting within the automatic system with customizable kV selection. Agatston scores, coronary calcium 
volumes, and radiation exposure of the standard and research protocol were compared. A phantom study was conducted to 
determine inter-scan variability. There was excellent correlation for the Agatston score between the two protocols (r = 0.99); 
however, the standard protocol resulted in slightly higher Agatston scores (29.4 [0–139.0] vs 17.4 [0–158.2], p = 0.028). The 
median calcium volumes were similar (11.5 [0–109.2] vs 11.2 [0–118.0]  mm3; p = 0.176), and the number of calcified lesions 
was not significantly different (p = 0.092). One patient was reclassified to another risk category. The research protocol could 
be performed at a lower kV and resulted in a substantially lower radiation exposure, with a median volumetric CT dose index 
of 4.1 vs 5.2 mGy, respectively (p < 0.001). Our results showed that a consistent coronary calcium scoring can be achieved 
using a kV-independent protocol that lowers radiation doses compared to the standard protocol.
Key Points 
• The Sa36f kernel enables kV-independent Agatston scoring without changing the original Agatston weighting threshold.
• Agatston scores and calcium volumes of the standard and research protocols showed an excellent correlation.
• The research protocol resulted in a significant reduction in radiation exposure with a mean reduction of 22% in DLP and 

25% in CTDIvol.
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Introduction

Coronary artery calcium scoring (CACS) is a well-
established tool for cardiovascular risk stratification 
[1–3]. The 2018 ACC/AHA Multisociety Guideline on 
the Management of Blood Cholesterol supports the use 
of calcium imaging for improved risk stratification and 
management decision-making [4]. The Agatston score is 
used clinically for quantifying coronary calcium, which 
is the function of the lesion area and maximal attenuation 
value per slice. The Agatston score was developed for 
electron-beam CT operated with a 130-kVp tube voltage 
[1]. For mechanical CT scanners, the standard tube volt-
age is 120 kVp. Contemporary CT scanners with more 
powerful Röntgen tubes can image the heart at substan-
tially lower tube potentials, which reduces patient radia-
tion exposure without sacrificing image quality [5–9]. 
The standard tube potential for calcium imaging has nev-
ertheless remained at 120 kVp for sake of reproducibility 
of the Agatston score [10]. Recently, a new reconstruc-
tion kernel (Sa36f) has been developed with the objective 
of calcium imaging at lower tube potentials with similar 
Agatston scores [11]. A phantom study showed that with 
this kernel, it is possible to obtain consistent calcium 
scoring results while using different tube voltages [12]. 
We aimed to prospectively investigate this new recon-
struction kernel in patients and to evaluate its potential 
for reduced radiation exposure. In addition, we compared 
the concordance of calcium scoring between standard 
and kV-independent protocol.

Methods

Study population

For this IRB-approved and HIPAA-compliant study, 
we prospectively enrolled individuals scheduled for a 
coronary calcium CT scan between December 2018 and 
November 2019 at our institution, a tertiary-care aca-
demic center. Written informed consent was obtained 
from all individuals. Exclusion criteria were as follows: 
age < 40 years (to limit proportion of negative calcium 
scans), heart rate > 75 bpm and atrial fibrillation (to opti-
mize intrinsic scan-rescan reproducibility), BMI > 35 kg/
m2 (to limit research related exposure and increase inter-
vention benefit) and pregnancy (for safety).

Standard and research CT acquisition protocols

Each participant underwent a clinically indicated standard 
coronary calcium scoring CT scan and a research calcium 

scan in sequence. We used a state-of-the-art 3rd-genera-
tion dual-source CT scanner (SOMATOM Force, Siemens 
Healthineers). The standard protocol was performed by pro-
spectively electrocardiogram (ECG)-triggered, axial scan 
mode using the following parameters: tube voltage 120 
kVp, automatic tube current modulation (CARE Dose4D), 
reference tube current–time product of 126 mAs, collima-
tion of 2 × 192 × 0.6 mm, gantry rotation time 0.25 s. The 
research calcium scan protocol was identical to the standard 
scan, except for the tube voltage, which was determined 
by an automatic system (CARE kV) with customizable 
kV selection aimed to optimize the contrast-to-noise ratio 
(CNR). Within the CARE kV function, the dose setting 
can be optimized using a slider bar that defines the level of 
subject contrast for a diagnostic task [13, 14]. The slider bar 
ranges from “0,” indicating an unenhanced scan with poor 
structure contrast, to “11” where the contrast is expected 
to be high (i.e., coronary CT angiography). The principles 
of this setting have been previously described [13, 14]. We 
sequentially tested 2 slider positions: in research protocol 
A, the slider bar position was set on 5; in research protocol 
B, the slider bar was set on position 8. In brief, the rationale 
behind the slider bar is that in high-contrast cases, low kV 
will help to improve the image contrast when iodine is used 
intravenously. In such cases, increased noise can be toler-
ated without a significant change in the CNR. In cases with 
low subject contrast (i.e., unenhanced CT scan), there is no 
benefit from using low kV because the image noise is the 
main determinant of image quality.

CT reconstruction parameters

All calcium scans were reconstructed with a 3.0-mm slice 
thickness and an increment of 1.5 mm. The standard scans 
were reconstructed with a conventional, medium sharp ker-
nel (Qr36d). The research scans were reconstructed with 
the new Sa36f kernel. This kernel uses a tube voltage-
dependent lookup table for image reconstructions, which 
allows generating images at any tube voltage with Houns-
field unit (HU) values equivalent to 120 kV for bone and 
calcium [12].

Image analysis

Images were analyzed with a dedicated software (syngo.
via VB10 Calcium Scoring) (Fig. 1). Calcifications were 
defined according to the Agatston convention as a plaque 
with an area of at least 1.03  mm2 and an attenuation thresh-
old of 130 HU. Agatston scores and calcium volumes were 
calculated independently by a radiologist with 7 years of 
experience in cardiovascular imaging and a cardiology fel-
low with level 2 cardiac CT training. Both observers were 
unaware whether the CT scan evaluated was performed with 
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the standard or the research CT protocol. Agatston score 
risk categories were defined as follows: 0, 1–10, 11–100, 
101–400, and > 400. The tube voltage, tube current, volu-
metric CT dose index (CTDIvol), effective tube current–time 
product, and dose-length-product (DLP) were recorded for 
both standard and research scans.

Inter‑scan variability

We conducted a phantom study to systematically determine 
the effect of acquisitions with different tube voltages and the 
Sa36f kernel. A commercially available anthropomorphic 
phantom (QRM Thorax Phantom) with a 10-cm cardiac cal-
cification insert (QRM CCI) containing nine hydroxyapatite 
inserts and an extension ring (QRM extension, large) was 
used. The routine clinical protocol (120 kVp) was applied as 
described above. Additionally, tube voltage was decreased to 
100 kVp and 80 kVp to assess inter-scan variability. Acqui-
sition and reconstruction parameters are listed in Supple-
mentary Table 1.

Statistical analysis

SPSS version 26.0 (IBM) was used for statistical analy-
sis. Continuous variables were expressed as medians 
with interquartile ranges (IQR). Normal distribution was 
assessed using the Kolmogorov–Smirnov test. Wilcoxon 

testing was used to compare Agatston scores and calcium 
volumes as well as kV, mAs, DLP, and CTDIvol. Pearson’s 
correlation coefficients were calculated to compare the 
Agatston between the standard and the research CT pro-
tocol. Bland–Altman analysis was performed to assess the 
agreement between the two protocols. p value ≤ 0.05 was 
considered statistically significant.

Results

A total of n = 61 individuals underwent both standard and 
research calcium scoring CT scan and were included in the 
final analysis. The first 31 (51.6%) participants were scanned 
with research protocol A (slider bar on 5), and the last 30 
(48.4%) participants with research protocol B (slider bar on 
8). The median age of participants was 62 (55–69) years, and 
the median BMI was 23.8 (22.5–28.3) kg/m2. There was no 
significant difference in age and BMI between both cohorts 
(p > 0.05). Further baseline characteristics are presented in 
Table 1.

Agatston scores and calcium volumes

Agatston scores of the standard scans were higher (29.4 
[0–139]) than of the research scans (17.4 [0–158], 
p = 0.028), while the total calcium volumes were similar 

Fig. 1  Upper row: axial view of 
the research scan reconstructed 
with the novel Sa36d kernel at 
3 mm. Lower row: axial view 
of the same patient scanned 
with the standard protocol and 
reconstructed with the Qr36d 
kernel at 3 mm. Qr36d = con-
ventional, medium sharp kernel; 
Sa36f = novel kernel
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(11.5 [0–109] versus 11.2 [0–118], p = 0.176), respectively 
(Table 2). Despite the difference in absolute Agatston scores, 
the median relative difference between both scans was small: 
0 (0–8) (Table 2) [10]. The intraclass correlation coefficients 
between the standard and research protocols were excellent 
for the Agatston scores and calcium volumes: 0.994 (95% CI 
0.990–0.996) and 0.996 (95% CI 0.994–0.998), respectively 
(Table 2). The number of detected calcified lesions was also 
similar between the standard (2 [0–6]) and the research pro-
tocol (2 [0–7], p = 0.092) (Table 2). Bland–Altman plots 
(Fig. 2) revealed a slight difference in Agatston score and 
calcium volume between the standard and research scans: for 
the Agatston score, the mean difference was 10.7; limits of 

agreement − 88.8 to + 67.2, and for the calcium volume the 
mean difference was 5.6, limits of agreement − 52.5 to + 41.3 
(Fig. 1). One patient was reclassified to another risk category 
with the research protocol. In this case, the Agatston score 
was 0 based on the standard protocol, and 3.0 based on the 
research protocol (Table 3; Fig. 3; Supplementary Table 2).

Radiation exposure

For the standard protocol, tube potential was 120 kVp for 
all individuals. For the research protocol, tube potential 
was 70 kVp (n = 6, 10%), 80 kVp (n = 18, 30%), 90 kVp 
(n = 15, 25%), 100 kVp (n = 16, 26%), or 110 kVp (n = 6, 
10%) (Table 2). Median current was lower in the standard 
protocol (136 [101–176] mAs) compared to the research pro-
tocol (270 [221–334] mAs, p < 0.001). The scans resulted 
in a median  CTDIvol of 5.2 (3.8–7.0) mGy for the standard 
protocol, which decreased to 4.1 (3.1–6.3) mGy (p < 0.001) 
for the research protocol (Table 2). Similarly, DLP was 
74.8 (55.2–93.7) mGy·cm for the standard protocol, which 
decreased to 59.3 (40.7–86.6) mGy·cm (p < 0.001) for the 
research protocol.

Effect of dose setting variation

Spearman’s correlations of calcium scores between the 
standard protocol and research protocol A (slider posi-
tion at 8) were excellent (Agatston score: 0.997; volume: 

Table 1  Baseline characteristics of the study population

Values are reported as median (interquartile range) or n (%)

Demographics Total

N 61
Male 37 (61%)
Age, years 62 (55–69)
Body-mass index, kg/m2 23.8 (22.5–28.3)
Dyslipidemia 27 (44%)
Hypertension 26 (43%)
Diabetes mellitus 2 (3%)
Current smoker 4 (7%)
Current statin use 12 (20%)

Table 2  Comparison between standard and research CT scanning protocol and results

Values are reported as N (%), median (interquartile range) or n (%). All p values are based on Wilcoxon signed ranks test. Significant p values 
are indicated in bold
CTDIvol volume computed tomography dose index; DLP dose-length product; kVp peak kilovoltage; mAs milliampere-second; mGy milligray; 
Qr36d conventional, medium sharp kernel; Sa36f novel kernel
* Cohen’s kappa
** Intra-class correlation coefficient

Protocol comparison Standard protocol Research protocol p value ICC or kappa 95% CI

Tube voltage (kVp) 120 (120–120) 90 (80–100)  < 0.001
  70 kVp 6 (10%)
  80 kVp 18 (30%)
  90 kVp 15 (25%)
  100 kVp 16 (26%)
  110 kVp 6 (10%)
  120 kVp 61 (100%) 0 (0%)

Tube current (mAs) 136.0 (101.0–179.0) 270.0 (221.0–333.5)  < 0.001
CTDIvol (mGy) 5.2 (3.8–7.0) 4.3 (3.1–6.3)  < 0.001
Dose-length product (mGy·cm) 74.8 (55.2–93.7) 59.3 (40.7–86.6)  < 0.001
Lesions 2 (0–6) 2 (0–7)     0.092 0.604*
Agatston score 29.4 (0–139.0) 17.4 (0–158.2)     0.028 0.994** (0.99–0.996)
Calcium volume  (mm3) 11.5 (0–109.2) 11.2 (0–118.0)     0.176 0.996** (0.994–0.998)
Agatston relative difference 0 (0–7.8)
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0.992) (Fig.  4). Similarly, Spearman’s correlations 
between the standard protocol and research protocol B 
(slider position at 5) were also excellent (Agatston scores: 
0.990; calcium volume: 0.991). The Bland–Altman plot 
revealed mean difference of 17.1 ± 53.2 between the stand-
ard and research scans for the research protocol A, and a 
mean difference of 4.2 ± 16.3 for the research protocol B. 
For calcium volumes, the mean difference was 10.2 ± 31.7 
 mm3 and 0.9 ± 10.2  mm3 for research protocol A and B, 
respectively (Table 4).  CTDIvol and DLP were lower for 
research protocol B  (CTDIvol 3.7 [2.7–4.8] mGy; DLP 
52.7(39.2–69.3) mGy·cm) compared to research proto-
col A  (CTDIvol 6.0 [4.1–7.2] mGy, p = 0.002; DLP 75.9 
[53.5–93.4] mGy·cm, p = 0.008) (Table 4) (Supplementary 
Fig. 1).

Inter‑scan variability

The reference Agatston score of the phantom at 120 kVp 
with the Qr36d kernel was 659 (Supplementary Fig. 2). 
Decreasing the kVp with the conventional Qr36d kernel 
resulted in a slight increase of Agatston scores, ranging 
from 675 at 100 kVp to 734 at 80 kVp, respectively. While 
these scores with the Sa36f kernel increased to 703 at 120 
kVp, and decreased to 587 at 100 kVp and 618 at 80 kVp, 
respectively.

Fig. 2  Bland–Altman plots of the Agatston (upper row) and calcium volumes (lower row) between the standard and research scans

Table 3  Risk category 
reclassification

Agatston score Risk Category Research Group

Risk Category 
Standard Group

0 23 1 0 0 0 24
1-10 0 4 0 0 0 4

11-100 0 0 15 0 0 15
101-400 0 0 0 9 0 9

> 400 0 0 0 0 9 9
Total 23 5 15 9 9 61

Reclassifications (N, %): 1, 1.6%
Cohen’s kappa: 0.978
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Discussion

Our pilot study demonstrated that a low-dose calcium CT 
protocol with patient-optimized kV setting and similar 
Agatston scores can be achieved using a dedicated novel 
image reconstruction kernel (Sa36f). The reduced tube volt-
age resulted in significantly lower radiation exposure while 
maintaining an excellent reproducibility of the calcium 
measurements. The Sa36f kernel uses a voltage-dependent 
lookup table based on raw data for image reconstruction of 
non-contrast CT acquisitions. It can produce images with 
Hounsfield units equivalent to 120 kV for bone and calcium. 
The standard HU threshold for calcium classification is 130 
HU. Previous studies that investigated low-kV calcium scans 
required an increased HU threshold or used conversion fac-
tors to recalibrate the Agatston scores [15, 16]. The Sa36f 
kernel reproduces 120 kV-equivalent images and similar 
Agatston scores for a range of tube voltage settings without 
the need for changing the calcium threshold or converting 
results. Although in our study there was a small but signifi-
cant difference in the absolute Agatston scores between the 
research and standard calcium scan, the relative difference 
was small and resulted in no more than a single risk group 

re-classification (2%). Moreover, the small difference of 0 
(0–7.6%) easily falls within the published limits of inter-
scan variability (11–27%) [17–20]. It is well known that the 
Agatston score has limited reproducibility [10, 21, 22]. Wil-
lemink et al. demonstrated that different CT scanners may 
produce significantly different Agatston scores and result 
in risk category reclassification [23]. Detrano et al. showed 
a mean Agatston score relative difference of 20.1 between 
two scans performed with the same scanner and protocol 
[10]. Apfaltrer et al. showed Agatston score relative differ-
ence of 16.4 between a high-pitch scan mode with tin filtra-
tion and standard 120-kVp high-pitch acquisition; however, 
Agatston score categories and percentile-based risk catego-
ries showed excellent agreement [24]. The Bland–Altman 
plots in this study (Fig. 2) indicated that the mean differ-
ence in Agatston score between the standard protocol and 
the research protocol was 11, which is well in range with the 
published scan-rescan reproducibility for calcium imaging 
[17–20]. The small mean difference appears to be caused 
by a small number of patients with relatively high calcium 
scores, more suggestive using the slider 5 protocol than the 
slider 8 protocol. Although the effect on clinical reclassi-
fication should be minimal, confirmation in larger cohorts 

Fig. 3  Coronary artery calcium 
scoring CT scan (axial view) 
of the only patient who was 
reclassified. The Agatston score 
was 3.0 based on the research 
protocol (upper row), and 0 
based on the standard protocol 
(lower row). Qr36d = conven-
tional, medium sharp kernel; 
Sa36f = novel kernel
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may further establish the performance of the Sa36f kernel 
in patients with a high calcium score.

The research protocol resulted in a substantial reduc-
tion in radiation exposure with a mean reduction of 22% 
in DLP and 25% in  CTDIvol. Setting the slider bar at posi-
tion 8 (low target CNR) resulted in a greater radiation 
exposure reduction, while maintaining an excellent cor-
relation in Agatston scores with standard scans. However, 
the Agatston mean relative difference between research 
and standard scans trended higher when the slider position 
was set on position 8 compared to position 5.

Our study had a few limitations. First, this was a single-
center study including a relatively low number of patients. 

The results may not apply to patients with a BMI > 35 kg/
m2. Larger studies are warranted to confirm our results and to 
establish the dose saving potential further. Second, our results 
are vendor-specific, and it might be challenging to translate 
our settings on other CT platforms. The effect of the Sa36f 
kernel on other materials requires further investigation.

In conclusion, in this pilot study, we demonstrated the 
feasibility of a kV-independent coronary artery calcium 
scoring CT scan protocol with a novel image reconstruction 
kernel. Our protocol was tested in patients and resulted in 
lower radiation exposure while maintaining an excellent 
correlation with the standard protocol Agatston and volume 
results.

Fig. 4  Correlation of the Agatston (upper row) and calcium volumes (lower row) between the standard and research scans
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00330- 021- 08451-2.
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Values are reported as median (interquartile range) or n (%). All p values are based on Mann–Whitney U test, except for * (Pearson’s chi-square 
test). Significant p values are indicated in bold
CTDIvol volume computed tomography dose index; DLP dose-length product; kVp kilovoltage peak; mAs milliampere-second; mGy milligray; 
Qr36d conventional, medium sharp kernel; Sa36f novel kernel

Cohort A
(Slider 5)

Cohort B
(Slider 8)

p value

N 31 30
Male 16 (52%) 21 (70%) 0.142*
Age (years) 63 (56–73) 60 (52–68.25) 0.639
BMI 24.7 (22.4–28.6) 23.7 (22.6–27.1) 0.678

Standard Research Standard Research Standard Research
Tube voltage (kVp) 120 (120–120) 100 (90–100) 120 (120–120) 80 (80–90) 1.000  < 0.001

  70 kVp 1 (3%) 5 (17%)
  80 kVp 2 (6%) 16 (53%)
  90 kVp 7 (23%) 8 (27%)
  100 kVp 15 (48%) 1 (3%)
  110 kVp 6 (19%) 0 (0%)
  120 kVp 31 (100%) 0 (0%) 30 (100%) 0 (0%)
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CTDIvol (mGy) 6.4 (4.1–7.4) 6.0 (4.1–7.2) 4.9 (3.8–6.1) 3.7 (2.7–4.8) 0.157     0.002
DLP (mGy·cm) 78.5 (55.5–99.3) 75.9 (53.5–93.4) 71.0 (54.6–87.2) 52.7 (39.2–69.3) 0.411     0.008
Calcium quantification

  Lesions 2 (0–6) 3 (0–6) 2 (0–7) 2 (0–8) 0.841     0.603
  Agatston Score 29.4 (0.0–220.0) 17.4 (0.0–214.6) 25.1 (0.0–129.5) 24.3 (0.0–122.4) 0.842     0.789
  Volume  (mm3) 21.0 (0.0–161.2) 15.6 (0.0–157.5) 11.5 (0.0–96.7) 11.1 (0.0–92.9) 0.722     0.635
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