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Objective: To investigate the accuracy of the Agatston score obtained with the ultra-high-pitch (UHP) acquisition mode using
tin-filter spectral shaping (Sn150 kVp) and a kVp-independent reconstruction algorithm to reduce the radiation dose.
Materials and Methods: This prospective study included 114 patients (mean + standard deviation, 60.3 + 9.8 years; 74 male)
who underwent a standard 120 kVp scan and an additional UHP Sn150 kVp scan for coronary artery calcification scoring (CACS).
These two datasets were reconstructed using a standard reconstruction algorithm (120 kVp + Qr36d, protocol A; Sn150 kVp +
Qr36d, protocol B). In addition, the Sn150 kVp dataset was reconstructed using a kVp-independent reconstruction algorithm
(Sn150 kVp + Sa36d, protocol C). The Agatston scores for protocols A and B, as well as protocols A and C, were compared.
The agreement between the scores was assessed using the intraclass correlation coefficient (ICC) and the Bland-Altman plot.
The radiation doses for the 120 kVp and UHP Sn150 kVp acquisition modes were also compared.

Results: No significant difference was observed in the Agatston score for protocols A (median, 63.05; interquartile range
[IQR], 0-232.28) and C (median, 60.25; IQR, 0-195.20) (p = 0.060). The mean difference in the Agatston score for protocols
A and C was relatively small (-7.82) and with the limits of agreement from -65.20 to 49.56 (ICC = 0.997). The Agatston
score for protocol B (median, 34.85; IQR, 0-120.73) was significantly underestimated compared with that for protocol A
(p < 0.001). The UHP Sn150 kVp mode facilitated an effective radiation dose reduction by approximately 30% (0.58 vs. 0.82
mSv, p < 0.001) from that associated with the standard 120 kVp mode.

Conclusion: The Agatston scores for CACS with the UHP Sn150 kVp mode with a kVp-independent reconstruction algorithm
and the standard 120 kVp demonstrated excellent agreement with a small mean difference and narrow agreement limits.
The UHP Sn150 kVp mode allowed a significant reduction in the radiation dose.
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INTRODUCTION has been used as a critical tool for cardiovascular risk
assessment and patient management since its introduction
The coronary artery calcification scoring (CACS) system in the 1990s [1]. It represents calcific atherosclerosis in
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the coronary arteries and is associated with the overall
burden of coronary atherosclerosis. Moreover, it has been
proven to be superior to risk scores or cardiac biomarkers
for identifying those individuals who would benefit from
primary prevention of cardiovascular disease [2-4].

According to the Society of Cardiovascular Computed
Tomography (CT) guidelines, CACS is performed using
a multidetector CT scanner with sequential acquisition
and a standard fixed tube voltage of 120 kVp [5]. With
the increasing interest in reducing the radiation dose,
some investigations have been conducted in this field for
CACS scans, including tube voltage reduction [6], tube
current reduction, and spectral shaping with tin-filter
techniques [7,8]. Although reducing the tube voltage
results in a partial decrease in the radiation dose, the image
artifacts and CT value changes during the process limit
the application of this method [9]. Tin filter technology
eliminates low-voltage electrons and modifies X-ray spectra,
which facilitated a significant dose reduction in previous
studies [10-12]. However, this method may change the CT
value of the images and require a shift in the threshold
for calcium scoring [11]. The ultra-high-pitch (UHP) mode
using dual-source CT (DSCT) can reduce respiratory motion
artifacts in CT images, which benefit patients who are
incapable of holding their breath, and further reduce the
radiation dose. However, due to the speed of the table
movement, derived measurements could substantially result
in different Agatston scores [10,13,14].

A novel kVp-independent reconstruction algorithm was
introduced by Siemens Healthineers to adapt the Agatston
score to different tube voltages. The accuracy of this
algorithm has been validated using sequential modes at
Sn100 kVp and patient-adapted tube voltages in previous
studies [15,16]. In this study, we sought to extend the
algorithm to validate the Agatston score accuracy using the
UHP scan mode. To the best of our knowledge, this is the
first study to investigate the accuracy of the Agatston score
under UHP modes.

This study aimed to investigate the accuracy of the
Agatston score obtained with the UHP Sn150 kVp
acquisition mode and a kVp-independent reconstruction
algorithm to reduce the radiation dose.

MATERIALS AND METHODS

Study Population
A total of 120 clinically indicated patients underwent
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prospective electrocardiogram (ECG)-triggered CACS

using the standard 120 kVp acquisition mode, followed

by an additional UHP Sn150 kVp scan between June and
August 2020. Four patients with prior percutaneous stent
implantation were excluded from this study. To ensure UHP
image quality, two patients with a heart rate of > 75 bpm
were also excluded. Therefore, a total of 114 patients (mean
age + standard deviation, 60.3 + 9.8 years, 74 male) were
enrolled in this prospective single-center study. The local
Institutional Review Board approved our study, and written
informed consent was obtained from all the patients (IRB
No. 20200619-33).

CT Image Acquisitions and Image Reconstructions

The CT images were acquired using a third-generation
DSCT system (SOMATOM Force, Siemens Healthcare) with
two different acquisition parameters.

1) A standard sequential acquisition with prospective ECG
triggering, 120 kVp tube voltage, 80 mAs reference tube
current, 0.25 seconds gantry rotation time, and 2 x 192 x
0.6 mm collimation.

2) A UHP ECG-gated spiral acquisition with Sn150 kVp
tube voltage, 180 mAs reference tube current, 0.25 seconds
gantry rotation time, and 2 x 192 x 0.6 mm detector
collimation with a pitch of 3.2.

Automated tube current modulation (CAREDose 4D,
Siemens Healthineers) was turned on for both acquisitions.
The radiation exposure was recorded as CT dose index
volume (CTDL,,) and dose length product (DLP) provided
by the scanner. The radiation effective dose (ED) was
calculated using a cardiac-specific conversion factor of
0.026 mSv x mGy* x cm™, as shown in equation [17]:

ED (mSv) = DLP (mGy x cm) x 0.026 (mSv x mGy™ x cm™)

Two reconstruction algorithms were used for image
reconstruction. Both standard 120 kVp acquisitions and
UHP Sn150 kVp acquisitions were reconstructed using
the standard Qr36d kernel. In addition, UHP Sn150 kVp
acquisitions were reconstructed using a kVp-independent
algorithm (Recon CT 14.2.0, Siemens Healthineers). The
algorithm includes a voltage-dependent look-up table.
Using a delegated Sa36d kernel, the algorithm could
generate images at any kVps with calcium Hounsfield unit
(HU) values equivalent to that at 120 kVp, which minimizes
the dependence of Agatston scores on tube voltage [16].

Thus, each patient had three datasets acquired from two
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scans: protocol A (120 kVp + Qr36d), protocol B (Sn150 kVp +
Qr36d), and protocol C (Sn150 kVp + Sa36d). All images
were reconstructed with a 3.0-mm section thickness with an
increment of 3.0 mm.

Agatston Score Assessments and Objective and
Subjective Analyses

One radiologist (with 14 years of experience), blinded
to the acquisition protocols and patient information,
interpreted the CACS datasets of all patients. Calcification
was defined as plaque covering an area of 1.03 mm’
determined with a detection threshold of 130 HU [1].
The Agatston scores were categorized into four based on
the results derived from protocol A used as the reference
value [18-23]: 1) non-identifiable disease group, Agatston
score = 0, 2) mild disease group, Agatston score = 1-99,
3) moderate group, Agatston score = 100-300, and 4)
severe group, Agatston score > 300. The Agatston score
for the UHP Sn150 kVp mode was compared with that for
the standard 120 kVp mode. A radiologist also rated the
overall dataset image quality from protocols A and C using
a 5-point Likert scale, as previously described [14]. The
scale was interpreted as follows: 1 as non-diagnostic, due
to the presence of severe image noise and artifacts, 2 as
poor diagnostic with image noise and artifacts, 3 as fairly
diagnostic with moderate image quality, 4 as diagnostic,
defined as good image quality with minimal image noise
and artifacts, and 5 as diagnostic, with excellent image
quality. For each patient, a 1-cm’ region of interest
(ROI) was placed at the root of the aorta. Consistent ROI
placement and size during all examinations were ensured
using the copy-paste function of the evaluation software
(Syngo.via, version VB20, Siemens Healthineers). The
standard deviation of the (T attenuation for the ROI was
defined as the image noise. The CT value, image noise,
and signal-to-noise ratios (SNRs, defined as CT values of
ROIs divided by the standard deviations of the ROI) were
recorded.

Sample Size Calculation

The sample size estimation was performed using the
MedCalc software (version 16.8). As no previous publication
exists regarding the new algorithm with UHP using Sn150
kVp, we determined the sample size based on 15 preliminary
results in our institute (not the current cohort). We set
the expected mean difference as 10, the expected standard
deviation of the difference to 25, and the maximum allowed
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difference as 72 in the software. A total of 90 participants
were required to achieve 80% power to reject the null
hypothesis at a two-sided significance level of 0.05. A
total of 114 participants were enrolled in our study, which
provided a power of > 80%.

Statistical Analyses

The statistical analyses were performed using IBM SPSS
Statistics for Windows, version 25.0. (IBM Corp.) and R
software (https://www.r-project.org/). Normal distributions
were assessed using the Shapiro-Wilk test. Normally
distributed variables are expressed as mean + standard
deviation, whereas non-normally distributed variables
are reported as medians with interquartile ranges (IQRs).
Student’s t test was used to analyze the normally distributed
data, and the Mann-Whitney U test was used to analyze
skewed data. The categorical variables were reported as
counts (%) and compared using Fisher’s exact test or chi-
squared test, according to the data cell sizes. The inter-
technology agreement of the Agatston score for all patients
using the three protocols was examined using two-way,
mixed, and consistency intraclass correlation coefficients
(ICCs). Inter-technology agreement of risk stratification
was assessed using linear weighted kappa analyses. Bland-
Altman analyses were performed to evaluate the differences
among the Agatston scores derived from three datasets, and
scatter plots were used to show the inter-technology delta
(A) Agatston score tendency as calcification increased.
The correlation between protocols A and C was assessed
using Spearman’s rank correlation coefficient. Statistical
significance was set at p < 0.05.

RESULTS

Patient Characteristics

The mean heart rate and body mass index (BMI) of the 114
patients were 62.5 + 5.2 bpm and 25.0 + 2.7 kg/m?, respectively.
The patient demographics and baseline characteristics are
presented in Table 1.

Agatston Score and Risk Stratification

No significant differences in the Agatston score were
observed between protocols A and C (median 63.05 [IQR,
0-232.28] vs. median 60.25 [IQR, 0-195.20], p = 0.060)
(Fig. 1). For protocol B, the Agatston score, compared
with protocol A, was significantly underestimated (median,
34.85; IR, 0-120.73; p < 0.001) (Fig. 1). The ICC of
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Table 1. Patient Characteristics

Factor Value
Age, year 60.3 +9.8
Male 74 (64.9)
Heart rate, beats/min 62.5+5.2
BMI, kg/m’ 25.0+ 2.7
Hypertension 44 (38.6)
Dyslipidemia 77 (67.5)
Diabetes 22 (19.3)
Family History of CAD 54 (47.4)

Data are presented as mean + standard deviation or number of
patients with the percentage in parentheses. BMI = body mass
index, CAD = coronary artery disease

Hu et al.

the Agatston scores for protocols A and B was 0.947
(95% confidence interval [CI]: 0.924-0.963), and it was
0.997 (95% CI: 0.996-0.998) for protocols A and C. A
representative case is shown in Figure 2.

The Bland-Altman plot showed that the mean difference
between the Agatston score values obtained from protocols
A and C was -7.82 (95% limits of agreement, -65.20 to
49.56), whereas the mean difference between protocols
A and B was -73.45 (95% limits of agreement, -264.55
to 137.64) (Fig. 3A, B). An excellent correlation was also
found between the Agatston scores for protocols A and C,
as shown in Figure 3C.

The patients were divided into no identifiable (n = 33),
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Fig. 1. Ladder plots show the Agatston scoring comparison.

A, B. Agatston scoring for protocol A compared with those for protocol B (A) and protocol C (B).

Fig. 2. A representative case of Agatston scores using protocols B and C. The patient was a 71-year-old female.

A. The Agatston score for protocol A showed a total score of 154.6. B. The Agatston score for protocol B shows an underestimation to 93.0 due
to a lower CT value, which led to an incorrect classification of the risk category. C. Agatston score for protocol C after CT value correction. The
calculated Agatston score of 136.9 remained comparable to that for protocol A.
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mild (n = 34), moderate (n = 23), and severe disease
(n = 24) using the standard 120 kVp protocol. The
underestimation of the Agatston score for protocol B was
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Fig. 3. Agreement and correlation among protocols.

A. Bland-Altman plot for protocols A and B. B. Bland-Altman plot
for protocols A and C. C. Scatter plot shows an excellent correlation
between protocols A and C, with r=0.99. SD = standard deviation
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observed in the mild, moderate, and severe groups. In
contrast, protocol C achieved a correct estimation of the
Agatston score in these groups. For the mild-risk group,
the mean difference was -18.94 (95% limits of agreement,
-50.08 to 12.19) for protocols A and B and -1.97 (95%
limits of agreement, -24.75 to 20.81) for protocols A and
C. For the moderate-risk group, the mean difference was
-86.13 (95% limits of agreement, -153.33 to -18.94) for
protocols A and B and -29.86 (95% limits of agreement,
-87.73 to 28.01) for protocols A and C. For the severe-
risk group, the mean difference was -239.52 (95% limits
of agreement, -474.97 to -4.08) for protocols A and B

and -5.73 (95% limits of agreement, -104.80 to 93.34)
for protocols A and C. An underestimation tendency was
observed for protocol B as calcification increased, whereas
protocol C remained stable (Fig. 4).

There were eight outliers between protocols A and C in
the Bland-Altman plot. No statistical differences in the
heart rate and BMI were observed between the outlier and
non-outlier patients (heart rate: 59.9 + 6.0 bpm vs. 64.2 +
11.2 bpm, p = 0.145; BMI: 26.1 + 2.5 kg/m? vs. 25.0 + 2.7
kg/m?, p = 0.218). Seven out of eight outliers were from
the severe-risk group and the remaining one was from the
moderate-risk group. The outlier group had more severe
patients with an Agatston score of 882.85 (IQR, 509.73-
1280.25) than the non-outlier group, with an Agatston
score of 46.05 [IQR, 0-175.53]; p < 0.001). A representative
patient is shown in Supplementary Figure 1. Excluding one

-200

Difference in Agatston score

-400

= Protocol C - protocol A
= Protocol B - protocol A

0 500 1000 1500 2000

Agatston score from protocol A

Fig. 4. Scatter plot shows the difference in the Agatston
score as calcification increases. The blue line indicates that the
difference in the Agatston score using the Sa36d kernel is stable,
whereas the red line shows that using the Qr36d kernel results in an
underestimation as calcification increases.
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Table 2. Patient Reclassification for Protocols B and C

Hu et al.

Table 3. Comparisons between Protocols A and C according to

Protocol A Protocol C Classification the Radiation Dose and Image Quality
Classification No Mild Moderate Severe Protocol A Protocol C P
No 33 0 0 0 Image quality
Mild 0 34 0 0 CT value, HU 43.5 (40, 46) 44 (41, 45) 0.370
Moderate 0 4 19 0 Noise, HU 14 (12, 17) 14 (13, 17) 0.859
Severe 0 0 1 23 SNR 3.11(2.76, 3.49)  3.14 (2.58, 3.44)  0.869
kappa 0.96 (95% confidence interval: 0.93-1.00) Subjective rate 5 (4, 5) 5 (4, 5) 0.735
Protocol A Protocol B Classification Dose
Classification No Mild Moderate Severe Standard UHP
Scan mode
No 33 0 0 0 120 kVp mode Sn150 kVp mode
Mild 1 33 0 0 CTDLo, mGy  2.51(2.13,2.86)  1.35(1.22, 1.47) <0.001
Moderate 0 14 9 0 DLP, mGy x cm 31.6 (27.53, 35.95) 22.1 (20.43, 24.10) < 0.001
Severe 0 2 7 15 ED, k=0.026  0.82 (0.72, 0.94)  0.58 (0.53, 0.63) < 0.001
kappa 0.80 (95% confidence interval: 0.73-0.88) Data are presented as median (interquartile range). CTDI,q =

outlier with suboptimal image quality (subjective score, 3%
difference, -34.68%), the percent difference ranged from
-12.82% to 16.56%. None of the patients was misclassified.

Regarding risk stratifications, 109 of 114 (95.61%)
patients were correctly identified using protocol C,
whereas protocol B only identified 90 of 114 (78.95%)
patients. For the non-identifiable disease group, all
patients were correctly classified using both protocols.
Protocol C demonstrated superiority in performance at
risk classification to protocol B. Nineteen patients were
reclassified using protocol C.

As shown in Table 2, when compared with protocol A,
protocol C had a higher weighted kappa value (0.96; 95%
(I, 0.93-1.00) than protocol B (0.80; 95% CI, 0.73-0.88).
Five patients who were classified into a different risk
category by protocol C did not show a higher BMI (median,
24.4 kg/m?% IQR, 23.1-27.1) than the concordant cases
(median, 24.9 kg/m?; IQR, 23.4-26.7; p = 0.800) or a
higher heart rate (median 63 [IQR, 56-77] vs. median 62
[IQR, 57-68], p = 0.590).

Image Quality Assessments

The CT values (median 43.5 HU vs. 44.0 HU), image
noises (both 14 HU), and SNR (3.113 vs. 3.143) showed
no significant differences for protocols A and C (all p >
0.05). Subjective image quality assessment also showed
comparable performances of protocols A and C (Table 3).

Dose Comparison

Protocols B and C used the same parameters for CT scan
acquisition; therefore, their radiation doses were the same.
Compared with the standard ECG-triggered mode (protocol
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volumetric CT dose index, DLP = dose-length-product, ED =
effective dose, HU = Hounsfield unit, SNR = signal-to-noise ratio,
UHP = ultra-high-pitch

A), the UHP mode (protocols B and C) significantly reduced
the radiation dose in terms of CTDI,y (1.35 mGy vs. 2.51
mGy, p < 0.001), DLP (22.1 mGy x cm vs. 31.6 mGy x cm,

p < 0.001), and ED (0.58 mSv vs. 0.82 mSy, p < 0.001). ED
was reduced by approximately 30% (Table 3).

DISCUSSION

In this study, the Agatston score for the UHP Sn150
kVp acquisitions using the Sa36d kernel showed excellent
agreement and correlation with the standard 120 kVp
acquisition mode using the standard reconstruction
algorithm. The Agatston score and risk stratification for the
UHP Sn150 kVp acquisitions using the standard algorithm
showed an underestimation and was improved by the kVp-
independent algorithm. The improvement was observed
especially in patients with Agatston scores ranging from
100 to 300 and greater than 300. In addition, the UHP
Sn150 kVp acquisitions allowed for a 30% reduction in the
radiation dose without affecting the overall image quality,
compared with the standard 120 kVp mode.

CACS has been proven to be an important risk
stratification factor in patients with coronary artery disease
and plays an essential role in disease monitoring [24,25].
The radiation dose from CACS scanning has decreased in
recent years and now falls within the range of 1-1.5 mSv in
daily clinical practice [26]. Due to the increasing demand
for CT examinations to obtain CACS, any further reduction of
radiation exposure may lead to a reduced radiation-related
risk not only on one patient but also at a population level
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while following the “as-low-as-reasonably-achievable”
principle [9]. The implementation of a low-dose protocol
could lead to higher noise and, ultimately, result in an
inaccurate Agatston score. Our study attempted to use two
technologies, UHP and spectral shaping, to achieve this
goal while maintaining the Agatston score accuracy by
introducing a novel reconstruction algorithm.

Previous studies have investigated whether the UHP
acquisition mode could reduce the radiation dose while
maintaining imaging accuracy [27-29]. With a sample size
of 1000 patients, Xia et al. [29] found that the Agatston
score was significantly lower in the 120 kVp non-gated
high-pitch chest CT mode than that on cardiac CT, and the
median percentage difference in CACS was 29% (range,
0%-200%). We also found that using the standard Qr36d
kernel in UHP mode with Sn150 kVp resulted in a CACS
underestimation as compared with the standard 120 kVp
mode. However, by using the kVp-independent algorithm,
similar Agatston scores can be achieved in UHP Sn150 kVp
acquisition as compared to the standard 120 kVp mode.

Tin filter technology is often combined with UHP to further
reduce the radiation dose. For spectral-shaping technology,
a tin filter is positioned in front of the X-ray tube radiation
exit window, leading to narrower X-ray tube spectra with
fewer quanta at lower energies. Spectral changes result
in the modification of CT values, thus impacting the
accuracy of the Agatston score. Apfaltrer et al. [10] found
that the Agatston score from the Sn100 kVp protocol was
overestimated (34.9% vs. 41.7%, p < 0.001), although the
CACS risk category was not affected. Marwan et al. [6] also
demonstrated that CACS threshold adjustments should be
implemented to maintain consistent Agatston scores while
using UHP Sn100 kVp scan modes. Usually, the UHP mode
achieves a dose reduction of 60%-70% [10-12] compared
with the standard protocol when Sn100 kVp is used.
However, their results may suggest an underestimation of
the Agatston score or the use of a new threshold. To obtain
a more accurate CACS, ECG-triggered UHP mode with Sn150
kVp was used in this study, which may limit the potential
for dose reduction. This is the first step in investigating
the accuracy of the algorithm under the UHP mode. Further
studies can be carried out to investigate the strategies for
dose reduction using a lower kVp protocol setting or non-
ECG-gated mode. The Sa36d kernel, which is independent
of the tube voltage, was used to improve the inaccurate
estimation of the Agatston score for different tube voltage
settings [16]. With a prospective ECG-triggered mode, a
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strong agreement of the Agatston scores for Sn100 kVp

or patient-adapted kVp using this algorithm and the
standard protocol was observed [15,16]. In this study, we
focused on determining whether the Sa36d reconstruction
algorithm could also maintain CACS accuracy using the UHP
Sn150 kVp mode. No statistical differences were observed,
although the underestimation of CACS still exists. Therefore,
a low-dose CACS scan can be directly interpreted without
threshold modifications.

We also observed several outliers in the Bland-Altman
plot, with the majority occurring in the severe-risk group.
This indicates that the acquired Agatston score difference
between the UHP Sn150 kVp and standard 120 kVp modes
was enlarged in the severe calcification case, even when
the correction algorithm was applied to the images.
Nevertheless, the relative difference remained acceptable
and did not alter risk classification. Additionally, the
Agatston score calculation does not use a continuous
equation. Four weights were identified based on the CT
value range [1]: 1, 130-199; 2, 200-299; 3, 300-399; and
4, > 400. The Agatston score sums up the product of the
area and weight for all the CT value ranges. These outliers
have suboptimal image quality, and the CT value may not
be sufficiently accurate to obtain the same weight as in the
standard mode.

Since the pitch was largely augmented and the radiation
dose of the Sn150 kVp acquisitions was significantly
reduced, which may have affected the image quality, we
also performed subjective and objective assessments. For
subjective assessments, visual rankings were clinically
feasible for the Sa36d kernel dataset (median: level 4).

For objective measurements, no significant differences in
attenuation, noise, and SNR were observed. Several studies
have shown that the image quality of the UHP mode is
comparable to that of the standard modes [30,31]. The
improvement in ICC in our results indicated that the Sa36d
kernel applied in protocol C effectively preserved the
Agatston score accuracy as compared with the standard 120
kVp mode. The absolute value of dose reduction is limited
(0.8 mSv vs. 0.6 mSv).

This study has several limitations. First, only patients
with regular heart rates (< 75 bpm) were included in this
study to ensure that the scan results were interpretable.
This limitation should be carefully considered during the
implementation of UHP modes in the future. Second, this
was a single-center study with a relatively small sample. A
larger cohort is needed to validate our results. Third, only
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one radiologist performed the quantitative and qualitative
analyses. No interobserver results were obtained. However,
the measurement of CACS is routine for clinicians. We
assume that these results are reliable and reproducible.
Finally, the UHP scan mode, tin filter technology, and

new Sa36d reconstruction algorithm are only available

for some systems from one vendor, which may impact the
generalization of our results.

In conclusion, CACS based on UHP Sn150 kVp acquisitions

with a kVp-independent reconstruction algorithm
demonstrated excellent agreement with that based on the
standard 120 kVp acquisitions, as shown by the Agatston
score and risk categorization. The new algorithm also
allowed a significant decrease in radiation dose.

Supplement

The Supplement is available with this article at
https://doi.org/10.3348/kjr.2021.0050.
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