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A B S T R A C T   

Purpose: The combined testing for coronary artery and pulmonary diseases is of clinical interest as risk factors are 
shared. In this study, a novel ECG-gated tin-filtered ultra-low dose chest CT protocol (GCCT) for integrated heart 
and lung acquisition and the applicability of artificial intelligence (AI)-based coronary artery calcium scoring 
were assessed. 
Methods: In a clinical registry of 10481 patients undergoing heart and lung CT, GCCT was applied in 44 patients 
on a dual-source CT. Coronary calcium scans (CCS) with 120 kVp, 100 kVp, and tin-filtered 100 kVp (Sn100) of 
controls, matched with regard to age, sex, and body-mass index, were retrieved from the registry (ntotal=176, 
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66.5 (59.4–74.0) years, 52 men). Automatic tube current modulation was used in all scans. In 20 patients un
dergoing GCCT and Sn100 CCS, Agatston scores were measured both semi-automatically by experts and by AI, 
and classified into six groups (0, <10, <100, <400, <1000, ≥1000). 
Results: Effective dose decreased significantly from 120 kVp CCS (0.50 (0.41–0.61) mSv) to 100 kVp CCS (0.34 
(0.26–0.37) mSv) to Sn100 CCS (0.14 (0.11–0.17) mSv). GCCT showed higher values (0.28 (0.21–0.32) mSv) 
than Sn100 CCS but lower than 120 kVp and 100 kVp CCS (all p < 0.05) despite greater scan length. Agatston 
scores correlated strongly between GCCT and Sn100 CCS in semi-automatic and AI-based measurements (both ρ 
= 0.98, p < 0.001) resulting in high agreement in Agatston score classification (κ = 0.97, 95% CI 0.92–1.00; κ =
0.89, 95% CI 0.79–0.99). Regarding chest findings, further diagnostic steps were recommended in 28 patients. 
Conclusions: GCCT allows for reliable coronary artery disease and lung cancer screening with ultra-low radiation 
exposure. GCCT-derived Agatston score shows excellent agreement with standard CCS, resulting in equivalent 
risk stratification.   

1. Introduction 

Cardiovascular and pulmonary diseases belong to the leading causes 
of morbidity and mortality worldwide, showing an ongoing increase in 
prevalence in the recent decade [1]. Strategies for their early detection 
and the risk stratification of patients are of great clinical and 
socio-economic interest. Computed tomography (CT) of the lungs has 
been shown to decrease cancer-associated mortality in risk populations 
[2,3]. It has been recommended by several medical societies and several 
countries have introduced lung cancer screening programs employing 
low dose chest CT [4,5]. Cardiovascular and pulmonary diseases such as 
chronic obstructive pulmonary disease (COPD) and lung cancer share 
several risk factors such as smoking, unhealthy dietary patterns, air 
pollution, and age. Consequently, a significant proportion of patients 
undergoing lung cancer screening CT show coronary artery calcifica
tions and require medical therapy according to established risk strati
fication models [6–8]. While coronary artery calcification measured by 
ECG-gated cardiac CT is an established marker for coronary artery dis
ease (CAD) and a robust predictor for adverse events, the assessment of 
coronary artery calcifications in ungated lung CT shows promising re
sults but is less than ideal as it does not allow for their exact quantifi
cation [9]. 

In recent years, advancements in CT scanner technology including 
the use of high-pitch acquisitions and tin-filters have enabled the use of 
ultra-low dose protocols for unenhanced chest CT as well as for coronary 
calcium scans (CCS) in clinical routine resulting in significant radiation 
dose savings [10–12]. Hence, the combined assessment of the lungs and 
coronary calcifications with high diagnostic quality at the cost of very 
low radiation exposure seems feasible. Recently, an ECG-gated tin-fil
tered ultra-low dose chest CT protocol (GCCT) was introduced, which 
combines a tin-filter with an ECG-gated high-pitch spiral acquisition. 
Furthermore, automatic coronary artery calcium scoring (CACS) using 
artificial intelligence (AI) has become feasible, which may facilitate and 
accelerate image analysis. This is the first study assessing the GCCT with 
regard to clinical applicability, measurement accuracy, radiation dose 
saving, and applicability of AI-based CACS. 

2. Materials and methods 

2.1. Study population 

Patients undergoing clinically indicated CT examinations of the chest 
and the heart were enrolled in a clinical registry. Out of 10 481 patients 
included between November 2014 and July 2021, a subgroup of 44 
patients was identified, in whom the novel GCCT was used due to con
traindications to or refusal of contrast agent application between June 
2020 and June 2021. Data on controls, who had undergone standard 
CCS with 120 kVp, 100 kVp, or tin-filtered 100 kVp (Sn100), were 
retrospectively retrieved from the registry. Of note, controls were indi
vidually matched to the subjects of the GCCT group with regard to age, 
sex, and body mass index (BMI). For correlation and agreement ana
lyses, datasets of 20 patients, who had a GCCT scan and a standard 

Sn100 CCS during the same examination, were obtained from the 
registry. 

The CT examinations were based on clinical indications provided by 
referring physicians and approval for the retrospective scientific data 
analysis was obtained from the local ethics committee. The registry 
study is listed at clinicaltrials.gov (NCT03815123). 

2.2. Acquisition protocols 

CT examinations were performed on a dual-source CT scanner of the 
3rd generation (SOMATOM Force, Siemens Healthcare, Forchheim, 
Germany). An anterior-posterior topogram was used for the planning of 
the subsequent CCS or GCCT scan. For standard CCS, the scan length 
included the heart, whereas the GCCT included the entire chest. The 
detector configuration was 192 × 0.6 mm and the pitch factor was 3.2. 
Due to the advancement of CCS protocols in recent years, dedicated CCS 
with tube potentials of 120 kVp, 100 kVp, or 100 kVp with a tin-filter 
(Sn100) for spectral shaping were available in the registry, as 
mentioned above. The GCCT combined a tube potential of 100 kVp with 
a tin-filter. Automatic tube current modulation (CareDose4D) was 
applied in all scans. 

2.3. Image reconstruction and analysis 

Images for CACS were reconstructed with a slice thickness of 3.0 mm 
and an increment of 1.5 using the dedicated Qr36 kernel for 120 kVp 
CCS and 100 kVp CCS and the Sa36 kV-independent reconstruction al
gorithm for Sn100 CCS and GCCT scans. This algorithm enables an 
artificial 120 kVp equivalent CT image reconstruction, which allows the 
calculation of an Agatston-equivalent calcium score based on the con
ventional scoring thresholds, regardless of the tube potential and filter 
setting of the original CT acquisition [13]. The Agatston score equivalent 
was measured semi-automatically applying a threshold of 130 HU and 
using dedicated analysis software (syngo.via, Siemens Healthcare, For
chheim, Germany) by experienced radiologists and cardiologists (each 
>5 years of experience in cardiac CT). Additionally, 
observer-independent CACS of the GCCT scans and standard CCS were 
performed in the subset of patients having undergone both acquisitions 
using an AI, which had been validated in a previous study [14]. Patients 
were classified into six groups according to their coronary artery calci
fications (0: absent, <10: minimal, <100: mild, <400: moderate, 
<1000: severe, and ≥1000: extensive) as described before [15]. For the 
assessment of the chest including the lungs and mediastinum, images 
were reconstructed with a slice thickness of 3.0 mm and an increment of 
1.5 using the Br40 and the Bl57 kernel. Additional reconstructions, e.g., 
with higher spatial resolution, were performed, if required for 
diagnostics. 

The volumetric computed tomography dose index (CTDIvol), the dose 
length product (DLP), and the exposure time were derived from the dose 
reports of the scanner. Effective radiation exposure was estimated using 
a conversion factor of 0.017 mSv/mGy*cm [16]. 
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2.4. Statistics 

Continuous data are reported uniformly as median and interquartile 
range since part of the data showed a non-parametric distribution in the 
D′Agostino-Pearson test. Categorial data are reported as numbers and 
proportions. The Kruskal-Wallis test with a post-hoc analysis according 
to Conover and a Jonckheere-Terpstra trend test were used for the 
comparison of different groups. Spearman’s rho (ρ) was used to assess 
correlations in non-parametric data. The Chi-squared test was applied 
for the analysis of categorical data. Agreement in patient classification 
was assessed using Kappa (κ) with linear weights. A p-value < 0.05 was 
regarded as statistically significant. Analyses were conducted using 
dedicated statistical software (MedCalc Statistical Software version 20, 
MedCalc Software, Ostend, Belgium). 

3. Results 

The final study population included 176 patients (66.5 (59.4–74.0) 
years, 52 men, 124 women) consisting of the GCCT (n = 44) and the 
three matched CCS groups (120 kVp, 100 kVp, Sn100, each n = 44). Age, 
BMI, and sex distribution did not differ significantly between groups 
(Table 1, Fig. 1). Arterial hypertension was reported in 105 patients, 
hyperlipidemia in 89 patients, smoking in 13 patients, diabetes in 24 
patients, and family history of CAD in 91 patients. 

The CTDIvol differed significantly between all CCS groups with 120 
kVp CCS (1.6 (1.3–1.9) mGy) showing the highest value, followed by 
100 kVp CCS (1.1 (0.8–1.2) mGy) and Sn100 CCS (0.5 (0.4–0.6) mGy; 
overall p < 0.001, p < 0.05 for post-hoc group comparisons). GCCT 
showed a significantly lower CTDIvol (0.5 (0.4–0.5) mGy) than 120 kVp 
CCS and 100 kVp CCS, whereby the difference to Sn100 CCS was not 
significant due to the similar tube settings. The DLP decreased signifi
cantly from 120 kVp CCS (29.1 (23.9–35.6) mGy*cm) to 100 kVp CCS 
(19.8 (15.2–21.0) mGy*cm) to Sn100 CCS (8.3 (6.6–9.9) mGy*cm; 
overall p < 0.001, p < 0.05 for post-hoc group comparisons). DLP in the 
GCCT group (16.3 (12.4–18.9) mGy*cm) was significantly higher than 
in the Sn100 CCS group due to the greater scan length, but significantly 
lower than in the 120 kVp CCS and the 100 kVp CCS group. There was a 
decrease in the estimated effective dose from the 120 kVp CCS group 
(0.50 (0.41–0.61) mSv) to the 100 kVp CCS group (0.34 (0.26–0.37) 
mSv) to the Sn100 CCS group (0.14 (0.11–0.17) mSv). The estimated 
effective dose in the GCCT group (0.28 (0.21–0.32) mSv) was lower than 
in the 120 kVp CCS and the 100 kVp CCS group but higher than in the 
Sn100 CCS group. All differences were statistically significant (overall 
p < 0.001, p < 0.05 for post-hoc group comparisons). Data are dis
played in Fig. 2. 

An expert-based analysis showed a strong and highly significant 
correlation between Agatston score equivalents derived from GCCT 
scans and standard Sn100 CCS (ρ = 0.98, p < 0.001). Accordingly, the 
classification of coronary calcifications showed a high agreement be
tween the GCCT scans and standard Sn100 CCS (κ = 0.97, 95% CI 
0.92–1.00) using six different classes as described above. Only one case 
was classified differently (severe in the Sn100 CCS and moderate in the 
GCCT scan). Using solely the AI for observer-independent CACS, the 

correlation between GCCT scans and standard Sn100 CCS was strong 
and highly significant (ρ = 0.98, p < 0.001) and subsequent case clas
sification showed a good agreement (κ = 0.89, 95% CI 0.79–0.99). The 
data are displayed in Fig. 3 and an image sample is given in Fig. 4. 

Main pulmonary findings were emphysema in 28 patients, lung or 
pleural nodules (with or without suspected malignancy) in 26 patients, 
other pulmonary pathologies (e.g., fibrosis, infiltrates) in 48 patients, 
and pleural lesions in 49 patients. Further diagnostic testing or follow-up 
examinations were recommended in 28 patients (15.9%). 

The exposure time of the GCCT scan was 0.55 (0.51–0.58) s. The 
image quality of the dedicated chest reconstructions was good and 
allowed for diagnostic assessment in all cases. The estimated radiation 
dose derived from 10 481 CCS drawn from the registry declined 
significantly over time (p < 0.05) as displayed in Fig. 5. 

4. Discussion 

4.1. Rationale of combined heart and lung assessment 

The recently introduced GCCT allows for a reliable assessment of the 
lungs and coronary artery calcifications for CAD risk stratification with 
low radiation exposure in clinical routine. 

Since risk factors for cardiovascular and pulmonary diseases show 
considerable overlap, a combined screening approach seems reasonable 
in risk populations, estimated to be 7 000 000 in the USA alone [17]. 
Coronary artery calcification is the most predictive cardiovascular risk 
factor improving risk stratification even in patients eligible for lung 
cancer screening [7,8,18–20]. Reporting coronary artery calcifications 
in all non-contrast chest examinations is therefore recommended [21]. 
In addition, coronary artery calcification is an independent risk factor 
for cancers, especially lung cancer as shown in a recent analysis of the 
MESA study underlining its potential role for combined risk evaluation 
[22]. Although several studies showed a reasonable agreement between 
coronary calcium estimations in non-gated chest CT examinations and 
dedicated CCS, such approaches are not optimal [9]. They are associated 
with higher inter-observer and inter-scan variabilities and showed an 
underestimation of severe coronary calcifications in 19% and 
false-negative results in 9% of subjects in a meta-analysis [23–25]. As 
the exclusion of coronary artery calcification, the so-called “Power of 
Zero”, is a strong negative predictor of cardiovascular events and may 
allow a downward risk classification of patients, the detection of even 
minimal calcifications is crucial [26]. Thus, the implementation of a 
gated CCS in chest CT examinations has been proposed [9,17,24,27,28]. 
Besides the clinical advantages of assessing several major diseases such 
as CAD, COPD, and lung cancer in a single CT scan, such an approach 
may be more cost-effective than two separate examinations. Recent 
advances in image acquisition and post-processing have rendered the 
creation of ECG-gated ultra-fast ultra-low dose CT protocols possible. 

4.2. Application of advanced imaging techniques 

In recent years, different dose-saving techniques for CCS have been 
introduced and their use has resulted in a significant reduction of 

Table 1 
Demographic parameters of the study population.   

120 kVp CCS 100 kVp CCS Sn100 CCS GCCT p-value 

Sex (male) 13 (29.5%) 13 (29.5%) 13 (29.5%) 13 (29.5%)  1.00 
Age (years) 67.2 

(60.4–75.8) 
66.2 
(59.3–73.2) 

66.5 
(60.4–73.7) 

66.4 
(58.8–72.4)  

0.98 

BMI 
(kg/m2) 

27.2 
(24.2–29.7) 

26.9 
(23.8–29.5) 

25.8 
(23.3–29.9) 

26.2 
(23.8–30.0)  

0.99 

Height (cm) 168.0 
(163.5–172.0) 

167.0 
(160.0–174.5) 

165.0 
(160.5–170.0) 

165.5 
(160.0–175.0)  

0.55 

Values are given as numbers and proportions or as medians and interquartile ranges. 
BMI: body mass index CCS: coronary calcium scan, GCCT: ECG-gated tin-filtered ultra-low dose chest CT, Sn100: tin-filtered 100 kVp calcium scoring 
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radiation exposure in clinical routine. In this study, three dose-saving 
techniques were combined to enable ECG-gated CACS in chest CT 
scans with ultra-low dose radiation exposure: high-pitch spiral acquisi
tion, low tube potential, and tin-filtering. While the high-pitch spiral 
acquisition allows for dose reductions compared to standard or 

sequential acquisition modes, it also provides a high temporal resolution 
of 66 ms decreasing the risk of significant motion artifacts. The median 
acquisition time of the GCCT scan was 0.55 s and, thus, would allow for 
the examination of poor breath holders, e.g., patients with COPD. Image 
quality of reconstructions for CACS and for the chest assessment was 
good, allowing for diagnostic image assessment in all cases of the study 
population. Patients showed a wide variety of chest pathologies and in 
nearly one in six patients further diagnostic work-up or follow-up ex
aminations were recommended underlining the clinical purpose of a 
combined lung and CAD screening approach. 

4.3. Dose savings and diagnostic image quality 

The reduction of the tube potential from 120 kVp to 100 kVp resulted 
in a decrease in radiation exposure of approximately a third in the CCS, 
which is in line with a study by Marwan et al. comparing high-pitch CCS 
with 120 kVp and 100 kVp and a fixed tube current of 80 mAs [29]. The 
reduction of the tube potential results in a decrease of the average 
photon energy and, thus, increases the attenuation possibly affecting 
CACS. However, the addition of a tin-filter reduces the proportion of 
low-energy photons at a given tube potential and, therefore, increases 
the average photon energy counteracting the effect of the high attenu
ation in low-energy parts of the X-ray spectrum. In a phantom study by 
McQuiston et al. comparing sequential 120 kVp, high-pitch 120 kVp, 
and high-pitch Sn100 CCS, Agatston scores were not significantly 
affected when using filtered back projection, whereas the application of 
iterative reconstruction models resulted in lower Agatston scores in the 
Sn100 group [30]. The use of the calcium-aware reconstruction kernel 
Sa36, which was also employed in our study, resulted in comparable 

Fig. 1. Demographic parameters of the study population. All subgroups, standard CCS (120 kVp, 100 kVp, Sn100) and GCCT, showed a comparable distribution with 
regard to age, BMI, and sex (all p = n.s.). 

Fig. 2. Radiation exposure of the subgroups. CTDIvol did not differ significantly between Sn100 CCS and GCCT, whereas the DLP of the GCCT scans was significantly 
higher due to the longer scan length. All other differences were also statistically significant. Of note, the DLP of the GCCT scan was lower than that of standard 120 
kVp CCS and 100 kVp CCS. 

Fig. 3. Correlation of Agatston score equivalents between standard CCS and 
GCCT scans. The Agatston score equivalent, semi-automatically measured by 
experts in a subgroup of 20 patients (66.1 (60.7–71.6) years, 6 men, 14 women) 
who underwent both standard Sn100 CCS and GCCT scans, showed a strong 
correlation (ρ = 0.98, p < 0.001). Local regression smoothing trendline with a 
span of 50%. 
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Agatston scores in a wide range of tube voltage settings (70–150 kVp) 
inclusive of Sn100 in another phantom study [31]. Apfaltrer et al. 
demonstrated in a clinical study of 78 patients an excellent agreement in 
Agatston score and percentile-based cardiac risk categorization between 
Sn100 and 120 kVp high-pitch protocols [32]. In our study, the quan
tification of the coronary artery calcifications measured by the Agatston 
score equivalent showed a strong correlation between the GCCT scans 
and standard CCS in both the semi-automatic as well as AI analyses. Of 
note, the classification of the coronary artery calcification severity using 
six different classes showed also an excellent agreement resulting in 
equal risk stratification. Hence, the GCCT can take advantage of the 
profound data basis of the well-established Agatston score. Since AI 
calcification measurements on standard CCS and GCCT scans yielded 
comparable results, the GCCT is suitable for automatic image process
ing. This is particularly of interest for high-volume screening approaches 
such as combined heart and lung assessment in risk populations. 

4.4. Clinical relevance of diagnostic radiation exposure 

Estimated radiation exposure of the GCCT scans was higher than that 
of the Sn100 CCS due to the higher scan length. However, radiation 
exposure of the GCCT scans, which include the entire chest, was lower 
than of standard 120 kVp or 100 kVp CCS, which assess only the heart 
and the adjacent lungs. A combined CAD and lung cancer screening can 
therefore be done with less radiation exposure than these standard CCS 
by applying the GCCT protocol. CTDIvol values of the GCCT were lower 

than those recommended for lung cancer screening by the American 
College of Radiology and the European Society of Thoracic Imaging 
[33–35]. The median effective radiation dose of the GCCT scans was 
0.28 mSv whereas ranges from 0.65 mSv to 2.36 mSv for lung cancer 
screening were reported in a recent systematic review [36]. The median 
BMI of the GCCT group was 26.2 kg/m2, thus reflecting patient char
acteristics in clinical routine. Although the health impact of low-dose 
radiation is still a matter of debate, the radiation dose of < 0.5 mSv is 
well below the average worldwide natural background radiation of 
2.4 mSv and risk populations for lung cancer and CAD, e.g., smokers 
may even have considerably higher radiation exposure [37,38]. Radia
tion exposure from lung cancer screening CT can be considered 
acceptable due to the substantial mortality reduction associated with 
screening [39]. As the GCCT additionally provides a CAD risk assess
ment at even lower radiation doses, the overall clinical benefits may be 
even higher. Since this is the first study assessing the GCCT for the 
simultaneous assessment of heart and lungs, these findings may 
contribute to the advancement of combined screening approaches in 
clinical routine. 

4.5. Limitations 

Accounting for the moderate size of the subgroups, patients of the 
standard CCS groups were individually matched with regard to age, sex, 
and BMI to the subjects of the GCCT group resulting in highly compa
rable distributions. As data analyzed in this study were obtained from a 

Fig. 4. Example of similar Agatston score equivalents derived from standard CCS and GCCT scans. CACS based on a) standard CCS (Sn100, DLP 8.4 mGy*cm) and b) 
GCCT scan (DLP 18.0 mGy*cm) resulted in similar Agatston score equivalents (863.0 and 880.6) in a 64-year-old man with normal BMI (22.6 kg/m2). 

Fig. 5. Estimated radiation exposure from CCS over time. Mean radiation exposure of CCS declined significantly over time due to the increased use of dose-saving 
techniques as tube potential reduction and tin-filtering (n = 10 481). Q: quarter. 
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clinical registry, prospective trials are needed to assess the impact of the 
GCCT on risk stratification and outcome in risk populations. 

5. Conclusions 

In conclusion, the novel GCCT allows for a combined CAD and lung 
cancer screening. Agatston score equivalents showed excellent agree
ment with standard CCS in both semi-automatic as well as AI analyses, 
resulting in equivalent risk stratifications. The estimated radiation 
exposure was well below current values for lung cancer screening and 
current recommendations, making the GCCT suitable for clinical appli
cation, especially in screening programs. 
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