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CCT protocol design in SCAPIS reexamination

CT in SCAPIS reexamination is performed using a dual-source photon counting detector CT 

system (NAEOTOM Alpha; Siemens Healthineers GmbH, Forchheim, Germany) with a 

QuantaMax detector. Automatic exposure control (CARE Dose 4D and CARE keV; Siemens 

Healthineers) is applied to all scans. All six study sites are equipped with similar scanners 

and, in agreement with the vendor, no software or hardware updates are performed during the 

study period. Detailed scan and reconstruction parameters are presented in Table E1-E3. 

Coronary artery calcium CT protocol

Coronary artery calcium CT (CAC CT) is performed as a non-contrast enhanced ECG-gated 

scan using either high-pitch helical or sequential technique (Table E1). The scan mode is 

automatically suggested by the CT based on heart rate (HR) and HR variability. This 

recommendation is followed by the operator if it aligns with the study protocol but can be 

manually overridden when necessary. A high-pitch helical protocol with image acquisition 

initiated at 65% of the cardiac cycle is used for subjects with a regular HR below 70 bpm. For 

individuals with unstable HR below 70 bpm or a stable HR above 70 bpm, a sequential 

protocol is used, with acquisition at 75% of the cardiac cycle. Subjects with arrhythmic heart 

rates are scanned using a sequential protocol at 350 ms. Scans are performed at a tube voltage 

of 120/140 kV and an image quality level (IQ level) of 19. Images are reconstructed at 70keV 

using a quantitative kernel (Qr36), with a slice thickness of 3 mm and an increment of 1.5 

mm. This reconstruction approach has previously been demonstrated to generate Agatston 

scores with excellent correlation with Agatston scores obtained from energy-integrating 

detector CT and high reproducibility 1,2. 

CCTA scan modes and detector configuration 

Three ECG-gated scan modes are available on the NAEOTOM Alpha system: high-pitch 

helical, sequential and low-pitch helical. In SCAPIS reexamination, only the high-pitch 

helical and sequential modes are utilized (Table E2). The high-pitch helical mode enables 
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single-heartbeat acquisition, offering the lowest radiation dose but with increased 

susceptibility to motion artifacts. Prior studies have shown that a HR above 60 bpm is 

associated with higher incidence of non-diagnostic segments when using this mode3. 

Consequently, the high-pitch mode is reserved for individuals with HR below 60 bpm, regular 

rhythm and an Agatston score of 0. All other scans are performed using the sequential 

technique, where the data acquisition window is decided based on HR and rhythm variability 

(Figure E1). In cases with HR above 70 bpm, or when the variability is high, both the systolic 

and diastolic phases are covered. The low-pitch helical mode results in the highest radiation 

dose with previously reported effective dose around 10-13 mSv and is not used in the 

reexamination3,4.

Sequential cardiac scanning in SCAPIS reexamination can be performed in two different 

detector configurations. In the standard detector mode, a collimation of 144x0.4 mm is used. 

In the ultra-high resolution (UHR) mode, the spatial resolution is increased with a minimal 

slice thickness of 0.2 mm. This does however come at the cost of a reduced number of 

detector rows (96x0.2 mm) and thus a narrower detector width. The primary advantage of the 

UHR mode is that the increased spatial resolution results in significantly less calcium 

blooming5. The drawbacks are longer scan times, potentially increased number of 

misalignment artifacts (due to the scan including an increased number of heart beats) and 

slightly higher radiation doses to compensate for the slice thickness reduction and application 

of sharper convolution kernels.

Since the primary advantages with the UHR mode are expected in cases with extensive 

calcifications, it is applied in the study protocol only when the automatically calculated 

Agatston score from CAC CT exceeds 100. A previous study demonstrated that scores above 

600 significantly increased the number of non-diagnostic segments in standard mode 

scanning3. A lower threshold was selected in this study to enable more detailed plaque volume 

and stenosis assessments in a research context. 

Standard detector mode scans are acquired at a tube voltage of 140 kV to provide CT data 

with the broadest possible energy spectrum, thereby optimizing spectral performance. In 

contrast, UHR scans are performed at 120 kV, representing a compromise between 

maintaining adequate spectral separation and achieving high image contrast in 0.2 mm slice 

reconstructions.  Notably, UHR scans at this slice thickness can only be reconstructed as 

polyenergetic images. Although a 140 kV tube potential offers superior spectral separation for 

thicker slices, its use at 0.2 mm would significantly reduce iodine attenuation. 
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Coronary stents, coronary artery bypass grafts and heart transplants

In study participants with coronary stents, the UHR scan mode is used following the same 

decision tree as for Agatston score>100, since in-stent lumen visibility has been shown to 

improve using sharp reconstruction kernels and UHR mode6. For participants with previous 

coronary artery bypass grafting, a modified protocol is used to include mammary artery grafts 

and vein grafts. This protocol is an extended high-pitch scan from the clavicle to the 

diaphragm, timed to scan the aortic root at 60 % of the cardiac cycle. For participants with 

previous heart transplants, the standard CCTA protocol is used. 

Radiation dose consideration

The scan protocol was developed considering the older age of participants in the 

reexamination compared to baseline, as well as the anticipated higher burden of coronary 

calcification. Consequently, a higher radiation dose was deemed acceptable to ensure 

adequate image quality for plaque characterization, even in heavily calcified lesions. 

Radiation dose is influenced by several parameters, including IQ level, tube voltage, scan 

mode, and scan phase, as detailed in Figure E1 and Table E2. Although a lower tube voltage 

could have reduced radiation exposure, spectral image reconstruction necessitates the use of 

120 kV or 140 kV settings. 
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Figure. E1 Decision tree. Protocol selection is automatically suggested by the scanner software and based on the 
three parameters: Agatston score, heart rate (HR) and variability. The variability is defined as regular (REG) if 
<4 heart beat variation, irregular (IRR) if 4-12 beat variation and arrhythmic (ARR) if >12 beat variation. 
Percentages refer to scanned phases of the cardiac cycle. 
Seq=sequential technique; UHR=ultra-high resolution

CCTA reconstruction parameters

Images used for coronary plaque assessment are reconstructed using vascular kernels (Bv) 

with varying sharpness levels, employing a quantum iterative reconstruction (QIR) algorithm 

set to a noise reduction level of 4. The standard and UHR scan modes require different kernel 

sharpness levels for optimal visualization of vessel walls and plaques. While lower sharpness 

levels yield higher signal-to-noise ratios (SNR), they also introduce more pronounced 

blooming artifacts. In UHR mode (0.2 mm slice thickness), it is feasible to use higher 

sharpness levels. Mergen et al previously demonstrated that Bv64 provides optimal image 

quality for plaque characterization and delineation in UHR mode5. Consequently, kernel 

selection was tailored to the scan mode (Table E3).
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For high-pitch helical scans — used exclusively in subjects with an Agatston score of zero —

Bv44 is applied. Sequential scans in standard mode are reconstructed with Bv44 and, in the 

presence of calcifications, with Bv56, whereas sequential UHR scans are reconstructed with 

sharper kernels, Bv48 and Bv64. The softer kernels are used for anatomical overview and for 

excluding coronary artery disease and the sharper kernels enhance plaque evaluation and 

stenosis assessment, particularly in the presence of calcifications. 

For each scan, a separate reconstruction is performed in the spectral postprocessing format 

(SPP), enabling e.g. image visualization at different virtual monoenergetic imaging (VMI) 

levels. In accordance with the manufacturer's recommendation, these reconstructions use a 

quantitative kernel (Qr44 for standard detector mode and Qr48 for UHR mode). 

High-pitch helical and standard sequential CCTA images are reconstructed at a VMI level of 

60 keV, which offers a balanced compromise between the increased iodine contrast at lower 

keV levels and the reduced image noise at higher keV levels, closer to the mean energy of the 

spectrum. UHR scans are reconstructed as 120 kV polyenergetic images when the thinnest 

slice thickness (0.2 mm) is used. Additionally, a 60 keV VMI reconstruction with 0.4 mm 

slice thickness and Bv48 kernel is performed. 

Motion correction

A misalignment correction algorithm, ZeeFree, is applied in sequence mode to all vascular 

kernel reconstructions with a sharpness level of ≤56. This algorithm has previously been 

shown to reduce misalignment artifacts and decrease the number of non-diagnostic coronary 

segments7. Misalignment artifacts between adjacent scan volumes are more pronounced in the 

UHR-mode due to the narrow detector collimation and the increased number of scans required 

for full cardiac coverage. To facilitate artifact evaluation, one reconstruction (Bv64 in UHR-

mode and Bv44 multiphase in standard mode) is always generated without misalignment 

correction (TrueStack). 

Patient preparation

To lower and stabilize the heart rate, the betablocker metoprolol is administered unless 

contraindicated, striving for a HR below 60 bpm. Metoprorol is administered orally (Seloken, 

Metoprololtartrat 50 mg, Astra Zeneca AB, Södertälje, Sweden) 1.5-2 hours prior to the 

examination (up to 100 mg) and/or intravenously (Seloken, Metoprololtartrat, 1 mg/ml, Astra 

Zeneca AB) just prior to the examination (up to 15 mg) to all subjects with a systolic blood 

Supplement – Photon Counting CCTA in SCAPIS reexamination 5/11



pressure >110 mm Hg. The dosing regimen is as follows: 25 mg orally if HR 50-59 bpm, 50 

mg orally if HR 60-65 bpm and 100 mg orally if HR>65 bpm followed by 2.5 mg 

intravenously if HR 55-59 bpm or 5 mg intravenously if HR ≥60 bpm. Nitroglycerin 

(Nitrolingual, glyceryl trinitrate 0.4 mg/dose sublingual spray G. Pohl-Boskamp, GmbH  Co 

KG, Hohenlockstedt, Germany) is administered at least 4 minutes prior to the CCTA scan, 

with 2 doses given if blood pressure >110 mm Hg, and 1 dose if blood pressure >100 mm Hg.

Iodine contrast medium

Contrast-enhanced imaging is performed using a Medrad Centargo CT injection System 

(Bayer, Solna, Sweden). The iodinated contrast agent iohexol (Omnipaque 350 mg I/ml; GE 

Heathcare, Stockholm, Sweden) is administered using a biphasic injection protocol. The first 

phase consists of a mixture of 75 % contrast medium and 25 % saline, followed by a 50 mL 

saline flush.

Both the contrast volume and injection rate are adjusted according to patient body weight and 

the specific scan protocol, as detailed in table E4. For example, a participant with 75 kg body 

weight is administered 70 mL 75%/25% dual flow contrast media at 5.8 mL/s for high pitch 

helical protocol, 70 mL 75%/25% at 5.0 mL/s for standard sequential protocol and 80 mL 

75%/25% dual flow at 5.0 mL/s for UHR sequential protocol.

To determine the optimal scan delay, a test bolus of 10 mL contrast medium is injected, 

followed by a 50 mL saline flush. Both are administered at the same injection rate planned for 

the CCTA. An additional five seconds are added to the time-to-peak enhancement to ensure 

complete opacification of the coronary arteries at the time of image acquisition. 

Scan and reconstruction parameters and contrast media protocol

Detailed scan parameters for CAC CT and CCTA are presented in Supplemental table E1-E2. 

The choice of CCTA protocol is based on Agatston score, HR and HR variability according to 

figure E1. Reconstruction parameters for CCTA are presented in table E3 and contrast media 

protocol for CCTA in table E4. 
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Table E1. Scan parameters for Coronary Artery Calcium CT

Flash Sequential

Scan mode CardiacFlashSpiralAdultQuantumplus CardiacDualsourceSequenceAdultQuantumplus

Rotation time 0.25 s 0.25 s

Pitch 3.20 -

IQ Level 19 19

kV 120/140 120/140

CARE keV Optimized 
for

Non-Contrast Non-Contrast

Cardiac cycle pulsing 65% 75-75%/350 ms

Collimation 144 x 0.4 mm 144 x 0.4 mm

Table E2. Scan parameters for Coronary CT Angiography 

Flash Standard sequential UHR sequential Bypass

Scan mode CardiacFlashSpiral-
AdultAngioQuantumplus

CardiacDualsource-
SequenceAdultAngio-
Flexquantumplus

CardiacDualsource-
SequenceAdultAngio-
FlexHighresultra-
QuantumplusResearch

CardiacFlashSpiral-
AdultAngio-
Quantumplus

Rotation time 0.25 s 0.25 s 0.25 s 0.25 s

Pitch 3.40 - - 3.40

IQ Level 64 64 56 64

kV Manual 140 Manual 140 Manual 120 Manual 140

CARE keV 
Optimized for

Vascular Vascular Vascular Vascular

Collimation 144 x 0.4 mm 144 x 0.4 mm 96 x 0.2 mm 144 x 0.4 mm

Cardiac cycle 
pulsing

60% 70-75%, 
65-75%, 
60-80%, 
30-80%, 
250-750ms

70-75%, 
65-75%, 
60-80%,
30-80%

70%
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Table E3. CCTA Reconstruction Parameters by Scan Mode

Kernel(s) Slice thickness (mm) Reconstruction type

High-pitch helical Bv44 0.4 mm 60 keV VMI

Standard sequential Bv44, Bv56 0.4 mm 60 keV VMI

UHR sequential Bv48, Bv64

Bv48

0.2 mm

0.4 mm

120 kV polyenergetic

60 keV VMI

All scan modes 
(SPP)

Qr44/Qr48 0.4 mm 60 keV VMI

SPP: spectral postprocessing; VMI: virtual monoenergetic imaging

Table E4. Contrast media protocol

High pitch helical Standard sequential UHR sequential

Iodine dose 244 mg/ kgbw 244 mg/ kgbw 281 mg/ kgbw

Injection time 12 s 14 s 16 s

Contrast media iodine concentration 350 mg/mL 350 mg/mL 350 mg/mL

Dual flow mix (contrast 
media/saline)

75%/25% 75%/25% 75%/25%

Effective iodine concentration a 262.5 mg/mL 262.5 mg/mL 262.5 mg/mL

Iodine dose rate 20.3 mg/(s * kgbw) 17.4 mg/(s * kgbw) 17.6 mg/(s * kgbw)

Upper body weight limit b 80 kg 80 kg 80 kg

Note: kgbw – kg body weight. a The dual flow effective iodine concentration is calculated as 

75% of the actual contrast media iodine concentration. b Participants >80 kg body weight 

received the same contrast media protocol as participants with 80 kg body weight.

Detailed stenosis assessments - CAD-RADS 2.0 grading
Maximum stenosis

The maximum stenosis in each case is graded according to CAD-RADS 2.0 with the 

following categories: 0, 1, 2, 3, 4A, 4B, 5. If one or more segments are classified as non-

diagnostic, the CAD-RADS class is set to N unless a diagnostic segment meets the criteria for 
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class 3, 4a, 4b or 5. Furthermore, CAD-RADS modifiers are noted according to the CAD-

RADS 2.0 instructions8. Manual grading of plaque burden (P1-P4) is not performed since this 

can be calculated retrospectively based on Agatston score8. 

High risk plaque features

Evaluation of high-risk plaque (HRP) features is performed for all plaques and reported on 

case level. A plaque is defined as HRP if it meets the criteria for at least one of four high-risk 

plaque features. This is a modification of the CAD-RADS 2.0 classification, which requires 

two HRP features8. The rationale for our broader definition of HRP is to enable analysis of the 

difference in outcomes between individuals with one and those with two or more HRP 

features. For each case, the presence of the following four HRP features are registered: 

1. Positive remodeling: Present in a plaque when the ratio of the outer vessel diameter at 

the site of plaque to the outer diameter of an adjacent reference point is greater than 

1.18. This criterion is valid for non-calcified and partially calcified plaques. 

2. Low attenuation plaque: Present when a plaque contains a component with mean 

attenuation <30HU, measured with a small region of interest9.

3. Napkin ring sign: Present when a plaque has a central area of low attenuation in 

contact with the lumen and a ring-like peripheral rim of high attenuation10. 

4. Spotty calcifications: Present when there are one or more small dotted calcifications in 

an otherwise non-calcified plaque9.
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