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Abstract

To validate the accuracy of coronary artery calcium score (CACS) using photon-counting detector (PCD) CT under vari-
ous scanning settings and explore the optimized scanning settings considering both the accuracy and the radiation dose.
A CACS phantom containing six hollow cylindrical hydroxyapatite calcifications of two sizes with three densities and 12
patients underwent CACS scans. For PCD-CT, two scanning modes (sequence and flash [high-pitch spiral mode]) and five
tube voltages (90kV, 120kV, 140kV, Sn100kV, and Sn140kV) at different image quality (IQ) levels were set for phantom, and
patients were scanned with 120kV at IQ19 using flash mode. All acquisitions from PCD-CT were reconstructed at 70keV.
Acquisitions in sequence mode at 120kV on an energy-integrating detector CT (EID-CT) was used as the reference. Agatston,
mass, and volume scores were calculated. The CACS from PCD-CT exhibited excellent agreements with the reference (all
intraclass correlation coefficient [ICC] > 0.99). The root mean square error (RMSE) between the Agatston score acquired
from PCD-CT and the reference (5.4-11.5) was small. A radiation dose reduction (16-75%) from PCD-CT compared with
the reference was obtained in all protocols using flash mode, albeit with IQ20 only at sequence mode (22-44%). For the
patients, ICC ( all ICC >0.98) and Bland—Altman analysis of CACS all showed high agreements between PCD-CT and the
reference, without reclassifying CACS categories(P=0.317). PCD-CT yields repeatable and accurate CACS across diverse
scanning protocols according to our pilot study. Sn100kV, 90kV, and 120kV using flash mode at IQ20 are recommended for
clinical applications considering both accuracy and radiation dose.
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Introduction

Coronary artery calcium (CAC) presents as a distinctive
coronary artery disease manifestation, which is a potent
predictor of cardiovascular morbidity and mortality [1-3].
The CAC quantification, accomplished through coronary
artery calcium scores (CACS), including the Agatston, mass,
and volume scores, holds significant clinical value and the
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Agatston score is particularly vital for cardiovascular risk
stratification and patient management [4—6].

Conventionally, standard CACS is derived from fixed
scanning parameters, such as 2.5- or 3-mm slice thickness
with 120 kV using sequence mode [7], which have remained
largely unaltered amidst advances in CT technology, making
it difficult to further reduce radiation exposure. While qual-
itative and quantitative assessments of CAC in non-gated
CT have been explored to mitigate radiation dose, these
approaches have not yet fully supplanted ECG-gated non-
contrast cardiac CT in terms of accuracy [8]. The prospect
of dose reduction through tube voltage reduction is promis-
ing, though the requisite standardization and implementation
of corresponding threshold adjustments to get comparable
CACS as standard CACS acquisition present challenges
[9-11].

Recent studies in CT technology have ushered the era
of photon-counting detector CT (PCD-CT) [12, 13]. In
contrast to the conventional energy-integrating detector
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CT (EID-CT) involving the conversion of X-ray photons
into visible light and then into an electrical signal —a pro-
cess that can interfere with adjacent detector elements, the
direct conversion of X-ray photons into an electrical signal
in PCD-CT can avoid such interference [14]. Furthermore,
unlike conventional CT using energy-integrating detectors
that only acquire the total amount of energy across multi-
ple photons concurrently, the photon-counting detector of
PCD-CT can discriminate individual photon according to
its energy from the X-ray beam, then making it possible to
acquire high spatial resolution, less electronic noise, fewer
beam-hardening artifacts and more stable Hounsfield unit
(HU) numbers [15]. The potential to enhance quantitative
CT applications lies in the consistency and standardization
of CT values secondary to dual-source PCD-CT [16]. The
accuracy and stability of CACS obtained through various
scanning parameters, including the potential of reducing
radiation dose and maintaining CACS stability on PCD-CT,
remains unknown.

To test whether PCD-CT can result in accurate and sta-
ble CACS with different scanning protocols, we aimed to
systematically evaluate CACS of PCD-CT using multiple
tube voltages and scanning modes at different radiation dose
levels in phantom and patients by using acquisitions on EID-
CT as the reference.

Table 1 Scanning parameters of PCD-CT and EID-CT

Material and methods
Phantom study

In this study, a commercial static anthropomorphic chest
phantom (QRM, Moehrendorf, Germany) was used (ante-
rior posterior diameter, 20cm; lateral diameter, 30cm). The
simulated coronary arteries (water-equivalent and CaHA
material) contained six cylindrical inserts with different
diameters (3 and 5 mm) and various densities (hydroxyapa-
tite at 200, 400, and 800 mg/cm3, indicating low, medium,
and high density, respectively).

Phantom scan acquisition and reconstruction

For the reference acquisition, scanning was first performed
on a conventional EID-CT (SOMATOM Force; Siemens
Healthineers, Forchheim, Germany) using sequence mode
with 120 kV to obtain the the gold standard CACS. Other
detailed parameters are listed in Table 1. For PCD-CT
(NAEOTOM Alpha; Siemens Healthineers GmbH) acqui-
sition, 20 protocols using two scanning modes (sequence
and “flash” [high-pitch spiral: pitch factor 3.2]) with five
tube voltages (90 kV, 120 kV, 140 kV, 100 kV with tin
filter [Sn100], and 140 kV with tin filter [Sn140]) and
automatic tube current modulation (CARE Dose4D) at two
image quality (IQ) levels optimized for non-contrast (low-
1Q20; high-1Q42 or 1Q50) were adapted. IQ 42 was used
only for Sn100 because the highest IQ level of Sn100 is 42
and IQ 50 for the other tube voltage. Each of the scanning

Parameters Phantom Patient

EID-CT* PCD-CT* EID-CT* PCD-CT*
Tube voltage [kV] 120 90, 120, 140, Sn100, Sn120, Sn140 120 120
Tube current [mAs] 38 7-141 40-85 11-22
ECG-pulsing window / / 65-85% 65-85%
1Q level / low (IQ20), high (IQ50 or 42) / 1Q19
Scanning mode Sequence Sequence and flash Sequence Flash
Collimation [mm] 192*0.6 144*0.4 192*0.6 144*0.4
Rotation time [s/rot] 0.25 0.25 0.25 0.25
Field of view [mm] 220 220 220 220
Slice thickness/increment [mm)] 3mm/1.5mm 3mm/1.5mm 3mm/1.5mm 3mm/1.5mm
Reconstruction kernel QR36 QR36 QR36 QR36
Reconstruction algorithm FBP QIR 2 FBP QIR 2
Matrix size [pixels] 512x512 512x512 512x512 512x512
Virtual monoenergetic level [keV] / 70 / 70

#SOMATOM Force; Siemens Healthineers, Forchheim, Germany
#NAEOTOM Alpha; Siemens Healthineers GmbH
Sn- with tin filter
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protocols was repeated three times. IQ level indicates the
effective mAs that are applied for the reference water-
equivalent diameter specific to the protocol along with a
CT geometry correction, specifically for the focal spot to
iso-center distance effect. As a result, the image quality
level offers a definition of image quality that is independ-
ent of systems and reconstruction.

All acquisitions were then reconstructed via virtual
monoenergetic imaging at 70 keV according to a previous
study [17] with 3-mm slice thickness and 1.5-mm incre-
ments. The quantum iterative reconstruction (QIR) level was
set at QIR2 by default setting.

All scanning parameters are listed in Table 1. For sim-
plicity, we will denote the scan mode as “Scan mode, tube
voltage_IQ level” next.

Patient study

Our study was approved by Ruijin Hospital Ethics Com-
mittee Shanghai Jiaotong University School of Medicine
(Number 2023-186). All volunteers who were suspected
of coronary artery disease (CAD) and indicated by clini-
cians for CCTA were recruited in September 2023, and all
patients provided written informed consent. The inclusion
criteria were as follows: (1) age > 18 years; and (2) previous
chest CT or coronary CT angiography (CCTA) examina-
tion indicating coronary artery calcification.The exclusion
criteria were as follows: (1) pregnant or lactating women; (2)
coronary stents or coronary artery bypass graft surgery; (3)
severe arrhythmia; and (4) chest CT or CCTA examination
performed within a year (to avoid excessive radiation expo-
sure). We recruite 15 patients but 12 patients were finally
included after excluding two with severe atrial fibrillation
and one with coronary stents.

Patient scan acquisition and reconstruction

All patients did not use any medical agents to control heart
rate before CT examination. First, the EID-CT mentioned
above in phantom scan was also used to scan the patients
with sequence mode to obtain the referred ECG-gated
CACS, followed by a PCD-CT ECG-gated CACS scanning
on the same day. For PCD-CT scanning, the tube voltage
was 120kV and current were determined using the auto-
mated tube current modulation (CARE Dose4D) with the
1Q level set to 19. Then, the PCD-CT images were recon-
structed at 70 keV according to the previous study[17]. The
detailed scanning parameters are shown in Table 1. Volu-
metric Computed Tomography Dose Index (CTDIvol) and
Dose-Length Product (DLP) were recorded from dose report
automatically produced by CT system.

CACS measurement

Using a dedicated semi-automatic software (CT CaScor-
ing, Syngo.Via, Version VB70; Siemens Healthineers),
The CACS acquired from all scanning protocols was cal-
culated on two separate occasions, with a 2-week interval
between each calculation, by a radiologist with 3-year
experience in cardiovascular imaging. The software identi-
fied all pixels with a density > 130 HU as calcification and
the observer can correct the wrong segmentations manu-
ally. The factor used to calculate mass score was 0.743.
For phantom, the Agatston, mass, and volume scores were
calculated for each calcification (Fig. 1a). For the patients,
the Agatston, mass, and volume scores were calculated
at single lesion and patient level (Fig. 1b and 1c). CACS
categories based on the Agatston score are as follows: 0,
1-10, 11-100, 101-400, and > 400 [7].

Figure 1a shows our phantom containing six hollow
cylindrical hydroxyapatite calcifications of various sizes
(large and small) and densities (200, 400, and 800 mg/
cm?). Figure 1b and lc demonstrates the CACS of a
65-year-old male patient scanned using energy-integrat-
ing detector computed tomography (EID-CT) and photon-
counting detector CT (PCD-CT), respectively.

Statistical analysis

In this study, two commercial statistical programs (SPSS,
version 26 and R, version 4.1.3) were used. To test con-
tinuous data for normality, the Kolmogorov—Smirnov test
was used. Data that conform to a normal distribution are
expressed as mean + standard deviation, whereas those
with a non-normal distribution are reported as median
(interquartile range). CACS and radiation dose differ-
ences between PCD-CT and EID-CT were compared using
paired-samples ¢ tests or Wilcoxon rank sum tests, depend-
ing on distribution. Agreements between PCD-CT- and
EID-CT-derived CACS were assessed through intraclass
correlation coefficient (ICC), Bland—Altman with 95%
confidence interval limits of agreement (LoA), and root
mean square error (RMSE) analysis. ICC was interpreted
as follows: 0.0 to 0.3, lack of agreement; 0.31 to 0.5, weak
agreement; 0.51 to 0.7, moderate agreement; 0.71 to 0.9,
strong agreement; and 0.91 to 1.00, very strong agreement.
Statistical significance was set at a P <0.05.
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Fig.1 Coronary artery calcium
score (CACS) measurement dia-
gram of EID-CT and PCD-CT

Results

Radiation dose

In vitro

The CTDIvol of the phantom using the standard CACS
scan protocol on EID-CT served as reference was 2.4
mGy and DLP was 31.1 mGy-cm, recorded form dose

report provided by CT system, and SSDE was 4.2 mGy,
calculated by the formula[18] CTDIvol, DLP and SSDE

@ Springer

of all PCD-CT protocols were recorded in Supplementary
materials-Table S1.

A radiation dose reduction (16-75%) from PCD-CT
compared with the reference was obtained in all protocols
using flash mode, with Flash spiral Sn100kV 1Q20 got the
lowest radiation dose (75% dose reduction). For sequence
mode, only low IQ level (IQ20) got a radiation dose reduc-
tion (22-44%) while the high IQ level got a radiation dose
increase(5-94%) compared with the reference, with Sn140
kV 1IQ50 got the highest radiation dose (94% increase) as
shown in Fig. 2.
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Fig.2 Radiation dose reduction
or increase of CACS scanning kV . 120 ‘ 90 . 140 ' Sn100 ‘ Sn140

with PCD-CT compared with
the reference
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In vivo

A total of 12 patients (age, 69.83 +9.27 years, body mass
index, 21.34 + 1.72 kg/m?) with 28 calcified coronary arter-
ies were finally recruited. The CTDIvol of the reference and
PCD-CT were 2.21(1.94, 2.68) and 1.03(0.83, 1.51) mGy,
respectively.

-0 0.0 0.5 1.0

dose_percentage

CACS analysis
In vitro
All intra-observer ICC of CACS were>0.99. As shown in

Table 2, there is no difference between Agatston and vol-
ume scores from all PCD-CT scans and the references (all
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P>0.05), except for the volume scores acquired from Flash
Spiral 120 kV/90 kV_IQ50, as well as sequence 140 kV/
Sn 140kV_IQ20 and sequence 90 kV_IQ50. However, mass
scores were significantly higher (P < 0.05) for most PCD-CT
settings than the references except Flash Spiral 90 kV_I1Q20,
sequence 90 kV_I1Q20/50, and sequence 140 kV_IQ20 (all
P>0.05). ICC analysis showed strong agreements between
Agatston, mass, and volume scores obtained with PCD-CT
using various settings and references, with all ICC > 0.99
(Table 2).

Bland—Altman analysis (Table 2) revealed excellent
agreements of CACS between PCD-CT and the reference.
For Agatston score, the bias ranged from — 1.7 to 4.95, with
only a single dot outside the LoA (Flash Spiral 90kV_IQ50)
and Sequence Sn100kV_IQ42 obtained the narrowest LoA
(12.72). For the mass scores, the bias spanned from —2.02
to—0.27, with only three dots outside the LoA (Flash Spi-
ral Sn140kV_IQ20) and Sequence 90kV_IQ50 obtained
the narrowest LoA (1.33). For the volume score the bias
extended from — 1.35 to 4.20, with only one dot outside the
LoA (Flash Spiral 120kV_IQ50 and Sequence 140kV_IQ20)
and Sequence 90kV_IQS50 obtained the narrowest LoA
(3.73).

For all PCD-CT scannnig modes, Fig.S1 illustrates
that the RMSE of the Agatston score between PCD-CT
and the reference ranged from 5 to 11.5. For the 200,
400, and 800 mg/cm? calcification, RMSE (Fig.S2-4)
ranged from 1.4 to 10.9, 6.8-18.3, and 1.8-10.9, respec-
tively. Bland—Altman and ICC analysis also showed high
Agatston score agreements between all PCD-CT scanning
settings and the reference, with all dots in the LoA (bias
range, 0.6/10.1,—14.8/— 0.4, — 10.8/0.2, respectively) and
all ICC > 0.90.

The Agatston score of calcifications with different sizes
and densities scanned with PCD-CT using various scan-
ning modes presented good agreements with the references
(Fig. 3), except for the calcification with both low density
and small size (200 mg/cm3, 3mm).

In-vivo

All intra-observer ICC of CACS at the single calcified plaque
level was >0.99. Agatston, volume, and mass scores of the
patients were 494.45(142,45, 1187.05), 417.45(136.25,
1046), and 114.46(23.87, 250.13) for the EID-CT and
514.9(175.33, 1302.6), 454.95(156.98, 1111.63), and
123.58(29.91, 286.03) for the PCD-CT, respectively. The
radiation dose of PCD-CT was significantly lower than
that of EID-CT (CTDIvol, 1.03[0.83, 1.51] vs. 2.21[1.94,
2.68]mGy, p<0.001). Table 3 shows the CACS of EID-CT
and PCD-CT. At both the single lesion and patient levels,
Bland—Altman analysis (Fig. 4) and ICC (from 0.991 to
0.998) showed good agreements between the PCD-CT and

EID-CT. No significant difference was found for the CACS
categories (P=0.317), except for one patient who upgraded
from 100 to 400 to > 400.

Discussion

In our in vivo and in vitro study, we comprehensively
evaluated the accuracy of CACS with various scan settings
acquired from PCD-CT. In the in vitro settings, we ascer-
tained that the CACS measurements acquired from PCD-CT,
spanning varying tube voltages, scanning modes, and 1Q
levels reconstructed at 70 keV, remain accurate and repro-
ducible and the results were also validated in patients.

CACS has been widely used routinely in clinics to quan-
tify coronary calcification. Precise and reproducible CACS
measurement is imperative for guiding clinical patient
management [4-6]. However, CACS is susceptible to scan
parameters, particularly varying tube voltages [19-21],
which may compromise CACS reproducibility and affect
the monitoring of coronary artery sclerosis progress. The
standard scanning tube voltage for CACS is 120 kV [7],
which is insufficient to satisfy the requirement of radiation
exposure reduction. No widely acknowledged thresholds
complementary to the low tube voltages exist currently,
although many studies have put forward different adjusted
thresholds for varying tube voltages and reconstruction algo-
rithms [22-24].

Since the combination of dual-source and PCD tech-
niques enables spectral imaging with high temporal resolu-
tion and spatial resolution [25], which may provide high CT
value accuracy at low-dose levels, and the consistency and
standardization of CT values provided by PCD-CT improved
the screening and monitoring of calcium plaques. This prop-
erty has been validated by several phantom studies [26, 27]
and holds great potential in advancing quantitative applica-
tion of CT such as CACS. Confirming whether the param-
eter measurements of PCD-CT now extensively employed
in clinical practice such as CACS are accurate is therefore
requisite.

A previous study found that CACS reconstructed with
70 keV obtained from various voltages (70kV, 90kV,
Sn100kV, Sn140kV, and 140 kV) at the same IQ levels
yielded comparable results to a 120 kV reference [28].
However, there is no systematic analysis was not con-
ducted for CACS obtained from PCD-CT with differ-
ent tube current and scanning modes. Furthermore, the
agreement and variability of CACS between conventional
EID-CT and PCD-CT were absent, and the established
risk catergories of CACS was based on EID-CT, mak-
ing it necessary to validate the comparability of CACS
between PCD-CT and EID-CT. Similarly, several previous
phantom studies explored the accuracy of PCD-CT CACS

@ Springer
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Fig.3 Bar chart of the Agatston score of phantom with different sizes
and densities scanned on PCD-CT with different radiation doses.
L and S indicate large and small sizes with 5 and 3mm diameter,
respectively. 200, 400, and 600 indicate different densities (200, 400,

at different tube voltages; however, none of these stud-
ies validated their findings in patients [28-30]. Although
Eberhard M’s study encompassed both the phantom and
patients, but they only analyzed the accuracy of PCD-CT
CACS acquired using 120 kV in the phantom [31]. Our
study presents a comprehensive exploration of the accu-
racy of CACS using different scan modes and tube volt-
ages at different radiation dose levels in the phantom, as

@ Springer

and 600 mg/cm?). Low and high indicate a low radiation dose (IQ
level at 20) and high radiation dose (IQ level at 42 or 50), respec-
tively. Flash indicates flash spiral mode (high pitch 3.2). The grey
dashed line indicates the CACS of EID-CT

well as a validation of these findings in a small cohort of
patients by using 120 kV sequence scanning on EID-CT
as reference.

In our study, we assessed not only Agatston scores but
also mass and volume scores by using simulating calcifi-
cation with different densities in detail. Our findings were
inconsistent with the study by van der Werf NR [30],
which demonstrated clinically relevant differences from the
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Table 3 Radiation dose and EID-CT PCD-CT P value
CACS of PCD-CT and EID-CT
in patients Heart rate [beats/min] 71.5(64.5, 85.75) 69.5(62, 84.5) 0.342
CTDIvol [mGy] 2.21(1.94, 2.68) 1.03(0.83, 1.51) 0.004
DLP [mGy-cm] 33.95(27.68, 40.55) 20.5(16.5, 26.98) 0.002
Single calcified plaque level
Volume score 58.9 (25.8, 167.1) 62.5 (27.3,171.0) 0.002
Mass score 11.3 (4.0, 36.3) 13.3(4.9,42.5) <0.001
Agatston score 74.8 (22.5, 203.8) 81.5(26.7, 193.5) 0.002
Patient level
Volume score 417.5(136.3, 1046.0) 455.0(157.0, 1111.6) 0.002
Mass score 114.5(23.9, 250.1) 123.6(29.9, 286.0) 0.002
Agatston score 494.5(142.5,1187.1) 514.9(175.3, 1302.6) 0.005

CTDlvol volumetric computed tomography dose index, DLP dose-length product
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Fig.4 Bland-Altman analysis of CACS in vivo between PCD-CT and the reference. a shows CACS at the single lesion level and b shows CACS

at the patient level

reference in low-density calcification when using reduced
tube current protocols, whereas our study demonstrates that
PCD-CT achieves a minor Agatston score RMSE relative
to the reference for low-density calcification. However,
our study found that the mass scores derived from PCD-
CT demonstrated a relatively greater deviation from refer-
ences than the Agatston and volume scores. The mass score
is calculated as the product of the calibration factor, vol-
ume, and mean attenuation values for each calcification [8],
whereas the traditional CACS is calibrated and converted
using 120 kV tube voltage. In the context of our study, the
decision to employ 70 keV images was based on that 70 keV
images are the most similar to 120 kV images among the

mono-energetic images, which was also adapted by a prior
Agatston score phantom study [17]. The calibration factor
and this specific choice of energy level may need further be
elaborated for accurate mass score calculation on PCD-CT.

This study has the following limitations: (1) Our phantom
classifications were stationary and homogeneous; however,
we subsequently performed patient validation, which to
some extent compensated for this limitation. (2) The num-
ber of included patients was small, which might reduce the
statistical power to assess whether PCD-CT led to CACS
reclassification. Moreover, the sample size needs to be
expanded in the future. (3) The effect of different QIR and
keV levels of PCD-CT on CACS was not explored because

@ Springer
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our study purpose was to explore the effect of scanning
parameters and not reconstruction parameters on CACS,
the latter of which has been investigated in previous studies.

Conclusions

In conclusion, PCD-CT employing different tube voltages,
scanning modes, and IQ levels can generate an accurate and
repeatable CACS, improving atherosclerotic disease screen-
ing and monitoring. Sn100kV, 90kV, and 120kV using flash
mode at 1Q20 are recommended for clinical applications
considering both accuracy and radiation dose.
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