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Objectives: In this phantom- and cadaver study we investigated the differences of coronary artery calcium (CAC)
volume on ultra-high-resolution computed tomography (U-HRCT) scans and conventional CT.

Methods: We scanned a coronary calcium phantom and the coronary arteries of five cadavers using U-HRCT in
normal- and super-high resolution (NR, SHR) mode. The NR mode was similar to conventional CT; 896 detector
channels, a matrix size of 512, and a slice thickness of 0.5 mm were applied. In SHR mode, we used 1792 detector
channels, a matrix size of 1024, and a slice thickness of 0.25 mm. The CAC volume on NR- and SHR images were
recorded. Differences in the physical- and the calculated CAC volume were defined as the error value and
compared between NR- and SHR images of the phantom. Differences between the CAC volume on NR- and SHR
scans of the cadavers were also recorded.

Results: The mean error value was lower on SHR- than NR images of the phantom (14.0 %, SD 11.1 vs 20.1 %, SD
15.2, p = 0.01). The mean CAC volume was significantly higher on SHR- than NR images of the cadavers (153.4
mm?3, SD 161.0 vs 144.7 mm?>, SD 164.8, p < 0.01).

Conclusions: As small calcifications were more clearly visualized on U-HRCT images in SHR mode than on
conventional (NR) CT scans, SHR imaging may facilitate the accurate quantification of the CAC.

1. Introduction

Coronary artery calcium (CAC) scoring using multi-detector
computed tomography (CT) is used to predict the risk for cardiovascu-
lar events including myocardial infarction and sudden cardiac death
[1-3]. The CAC score correlates histologically with atherosclerotic
plaque formation and it also reflects the total coronary plaque burden

[2,4,5]. The CAC score is a highly specific marker for arteriosclerosis and
integrates all risk factors over the lifetime of an individual [2,6,7].
The absence of CAC has been reported to reflect a very low risk for
coronary mortality and morbidity, particularly in asymptomatic in-
dividuals [2,8,9]. However, possibly due to the limited spatial resolution
on CT scans, in some patients, a zero CAC score does not eliminate the
possibility of coronary artery disease [1,9-11]. As conventional scans for
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the acquisition of CAC scores tend to use 2.5-3.0-mm-thick slices, partial
volume effects may result in missing small calcifications [1]. According
to Urabe et al. [9], on 0.5-mm slices, small calcifications were detectable
and useful for predicting coronary plaques and coronary stenosis in
patients with zero CAC scores on conventional 3.0-mm slice
reconstructions.

Ultra-high-resolution CT (U-HRCT) with 0.25-mm collimation and a
1024 matrix is now used in clinical studies [5,12-20]. As the spatial
resolution of U-HRCT is 150 pm and thus higher than of conventional
CT, it may facilitate the detection of small coronary calcifications and
the accurate quantification of the CAC.

We investigated the differences of CAC volume on normal- and
super-high resolution (NR, SHR) U-HRCT images of a phantom and of
five human cadavers.

400mgHA/cm?

Fig. 1. Our coronary calcium calibration phantom.

‘ 200mgHA/cm?
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2. Materials and methods
2.1. Phantom study

We scanned a coronary calcium calibration phantom (QRM-Cardio-
Phantom: QRM GmbH, Moehrendorf, Germany) on a U-HRCT scanner
(Aquilion Precision; Canon Medical Systems, Japan) that features a
normal-, a high-, and a super-high scan mode (NR, HR, SHR). The NR
mode is similar to the mode used for conventional CT studies; 896 de-
tector channels are used and a 512 x 512 matrix size and a 0.5-mm slice
thickness are available. In HR mode, 1792 detector channels are used,
512 x 512-,1024 x 1024-, and 2048 x 2048 matrix sizes and a 0.5-mm
slice thickness are available. In SHR mode, a slice thickness of 0.25 mm
is available; the other parameters are as in HR mode [14]. We applied
the NR- and the SHR mode for scanning the phantom.

As shown in Fig. 1, the phantom was 200 x 300 mm in its body
diameter, the depth was 100 mm. It featured a spine insert surrounded
by soft tissue-equivalent material and an artificial lung. Compartments

800mgHA/cm?

(a) Photograph of the coronary calcium calibration phantom (body diameter: 200 x 300 mm, depth: 100 mm).
(b) The phantom harbors 1-, 3-, and 5-mm-diameter cylindrical calcifications comprised of 200-, 400-, and 800 mg hydroxyapatite (HA)/cm® each.
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representing the heart contained cylindrical calcifications measuring
1—-, 3—, and 5 mm in diameter, they were comprised of 200—, 400—,
and 800 mg hydroxyapatite (HA)/cm®. The physical volume of the 1—,
3—, and 5-mm calcifications which were recorded in the instruction
were 0.8—, 21.2—, and 98.2 mm?, respectively.

Volume scans were performed at 80 x 0.5 mm and with 896 chan-
nels (NR mode) and at 160 x 0.25 mm with 1792 channels (SHR mode).
We acquired five scans in each mode. The focus size was 0.6 x 1.3 mm
(NR mode) and 0.4 x 0.5 mm (SHR mode). As in an earlier study [21],
the reference standard exposure settings were tube voltage 120 kVp,
tube current 250 mA. In NR- and SHR mode the rotation time was 0.35 s,
the field of view (FOV) was 250 mm. The reconstruction algorithm was
model-based reconstruction (Forward projected model-based Iterative
Reconstruction SoluTion Body standard; Canon Medical Systems,
Japan). In NR mode the matrix size was 512 x 512, the slice thickness
was 0.5 mm; in SHR mode, they were 1024 x 1024 and 0.25 mm.

The CAC volume were calculated as: number of voxels over the
threshold CT value x volume of one voxel. The threshold CT value was
determined as: [(maximum CT value of the calcification) + (CT value of
the soft tissue-equivalent material)] / 2. We applied the full-width at
half maximum (FWHM) method [22-24]; it is commonly used for
quantitative measurements on CT images to increase the accuracy of
quantitative data. When the threshold CT value was less than 130
Hounsfield units (HU) we adopted 130 HU, i.e. the threshold applied in
clinical settings [25]. The error value (%) was defined as: {[(calculated
volume) — (physical volume)] / (physical volume)} x 100. We compared
the mean error value of nine calcifications scanned in NR- and SHR
mode.

Two board-certified radiologists with 11 and 17 years of experience
with CT image interpretation evaluated the visibility of cylindrical
calcifications.

Using Image J software (NIH, Bethesda, MD) and its particle analysis
tool (Plot profile) we generated a profile curve for each calcification
scanned in NR- and SHR mode to compare the effect of blooming arti-
facts. As shown in Fig. 2, we measured the width of the edge response of
the calcifications, determined by the 10-90 % edge rise distance (ERD),
and calculated the edge rise slope (ERS) as: ERS = (CT90 %-CT10
%)/ERD [26]. The ERD and ERS were examined on both sides and the
ERS obtained in NR- and SHR mode was compared.

The image noise, determined as the standard deviation (SD) of the
attenuation value in a single circular region of interest (ROI, about
100 mm?) placed in the homogeneous soft tissue-equivalent material
was measured on axial NR- and SHR images.

2.2. Cadaver study

We used five human cadavers. Ethical approval was waived as the
individuals had provided written consent for their use in scientific
procedures. Their permission is also in accordance with Dutch law.
Demographic data on the cadavers are shown in Table 1.

The coronary arteries were scanned twice on a U-HRCT scanner in
NR- and SHR mode. Volume scans were performed at a tube voltage of
120 kVp, the tube current was regulated by automatic exposure control
(AEC). The preset noise value was 40 HU, the slice thickness was
0.5 mm. Other parameters were: rotation time 0.35 msec, beam colli-
mation 896 channels, 0.5 mm x 80 rows (NR mode); in SHR mode they
were 1792 channels, 0.25 mm x 160 rows. The focus size was auto-
matically selected depending on the scan conditions (Table 1). In NR
mode the image matrix was 512 x 512, the slice thickness was 0.5 mm,
in SHR mode they were 1024 x 1024 and 0.25 mm. The FOV was
250 mm.

We recorded the CAC volume of the left anterior descending-, the left
circumflex-, and the right coronary artery (LAD, LCX, RCA) on images
reconstructed with model-based iterative reconstruction using a
commercially-available image processing workstation (Virtual Place
Plus; Aze, Tokyo, Japan). The CAC volume is the summed volume of all
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Fig. 2. Phantom study. Profile curve of calcifications. To assess blooming ar-
tifacts, we measured the width of the edge response. The edge rise distance
(ERD) and the edge rise slope (ERS) at a pixel attenuation ranging from 10 to 90
% of the maximum CT attenuation are shown.

voxels within coronary arteries whose HU exceeded 130 HU.

The difference (%) in the CAC volume obtained in NR- and SHR
mode was defined as: {[(SHR volume) — (NR volume)] / NR volume} x
100. To assess the relationship between the difference value and the CAC
volume obtained in NR mode we performed simple regression analysis.

The image noise, determined as the SD of the attenuation value in a
single circular 100-mm? ROI placed in the ascending aorta was
measured on axial NR- and SHR images.

The calculated volume CT dose index (CTDI,)) and the dose-length
product (DLP) were recorded as the radiation dose. The effective dose
was calculated using a standard conversion factor of 0.014 mSv/mGy for
chest CT studies.

Statistical differences were determined with the two-sided paired t-
test. Differences of p < 0.05 were considered statistically significant. We
use software for statistical analysis (JMP software, SAS Institute, Cary,
NO).

3. Results
3.1. Phantom study

The mean volume and error value of 1—, 3—, and 5 mm diameter
calcifications comprised of 200—, 400—, and 800 mg HA c¢m?, respec-
tively, are presented in Table 2. In NR mode, the mean error value was
20.1 % (SD 15.2); in SHR mode it was 14.0 % (SD 11.1). The mean error
value was significantly lower on SHR- than NR images (p = 0.01).

On NR images, both radiologists identified all but the smallest and
lowest density calcification (1-mm and 200 mg HA/cm3). On SHR im-
ages the error value of the smallest and lowest density calcification was
high (43.3 %), all calcifications were clearly detectable. Representative
images are shown in Fig. 3.

The mean ERS for calcifications on NR- and SHR images were 404.0
(SD 296.6) and 558.2 (SD 332.4) HU/mm, respectively. The mean ERS
on SHR images were significantly higher than on NR images (p < 0.01).

The image noise was higher on SHR- than NR images [25.0— (SD
0.06) vs 18.2 (SD 0.03)].

3.2. Cadaver study

The mean CAC volume for the LAD, LCX, and RCA in the five ca-
davers was 153.4 (161.0) mm® in SHR- and 144.7 (164.8) mm® in NR
mode. The relationship between the difference value and the CAC vol-
ume obtained in NR mode is shown in Fig. 4. Simple regression analysis
revealed a negative correlation between the difference value and the
CAC volume on NR images although the correlation coefficient was not
strong (R = 0.55, p = 0.03).

The mean CTDIy, and DLP were 7.4 (SD 4.0) mGy and 137.7 (SD
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Table 1
Basic data on five cadavers.

European Journal of Radiology Open 7 (2020) 100253

Cadaver number Gender Age Height Weight BMI Postmortem Cause of death Focus size (mm)

(years old) (cm) (kg) (kg/mz) interval NR SHR
1 Male 83 165 51 18.7 5h30 Parkinson and dementia 0.4 x 0.5 0.4 x 0.5
2 Male 61 170 84 29.1 26h40 Lung cancer 0.6 x 1.3 0.6 x 1.3
3 Male 86 160 60 23.4 6h15 Lung cancer 0.4 x 0.5 0.4 x 0.5
4 Female 70 162 81 30.9 5h30 Colon cancer meta 0.6 x 1.3 0.6 x 1.3
5 Female 97 162 62 23.6 18h Natural senile decay 0.6 x 0.6 0.6 x 1.3

BMIL: body mass index.
NR: normal resolution.
SHR: super high resolution.

Table 2
Phantom study: Mean volume and error value of calcifications.

Calcification Mean volume (mm?) Error value (%)
Density (mg HA/ cm3) Size (mm) NR SHR NR SHR
800 5 93.7 93.2 4.6 5.1
3 17.3 18.8 185 11.3
1 1.1 0.8 40.1 2.8
400 5 89.7 89.6 8.6 8.7
3 17.9 18.8 15.5 11.5
1 1.2 0.9 49.0 15.5
200 5 92.8 85.0 5.5 13.4
3 17.1 18.2 19.1 14.3
1 ND 1.1 ND 43.4
Mean 20.1 14.0
Standard deviation 15.2 11.1

HA: hydroxyapatite.

NR: normal resolution.
SHR: super high resolution.
ND: not detectable.

79.6) mGycm in NR mode. They were 16.1 (SD 8.0) mGy and 298.4 (SD
153.1) mGycm in SHR mode (both p = 0.02). The mean effective dose
was 1.9 mSv in NR- and 4.2 mSv in SHR mode. The mean image noise
was 23.2 HU (SD 3.0) in NR- and 34.5 HU (SD 5.5) in SHR mode
(p < 0.01). The radiation dose and the image noise were significantly
higher on SHR- than NR images.

4. Discussion

Our evaluation of the CAC volume on U-HRCT images of a phantom
and of five human cadavers showed that on phantom scans, small cal-
cifications were more accurately detectable on SHR- than NR images. In
the cadaver study, the mean volume score of the coronary arteries was
significantly higher on SHR- than NR scans, probably because the spatial
resolution is higher on SHR- than NR-, i.e. conventional CT images.
Representative images are shown in Fig. 5.

Because in humans the coronary artery can harbor different amounts
and forms of calcifications and their distribution is more complex than in
our phantom, we compared the results of the phantom- and cadaver
studies. On cadaver scans there was a negative correlation between the
differences value and the amount of CAC volume; the difference in the
CAC volume of NR- and SHR images was larger for arteries with a low
CAC volume. The profile curve of phantom images showed that on U-
HRCT scans acquired in SHR mode, blooming artifacts were reduced;
consequently, the CAC volume was lower [21]. This effect may
compensate the increase of CAC volume by detecting small calcifica-
tions, particularly among the coronary arteries with high CAC volume.
In the other words, U-HRCT with SHR mode may not influence the
outcome clinically in patients with high degrees of coronary artery
calcification. Thus, the measuring the CAC using U-HRCT may allow for
a more precise risk classification in patients with low degrees of coro-
nary artery calcification.

Although a zero calcium score is associated with a low risk for

Fig. 3. Phantom study. CT scans were obtained in (a) NR- and in (b) SHR mode.
The smallest and lowest density calcifications (1-mm and 200 mg HA/cm3)
were clearly identifiable only in SHR mode (arrow).

cardiovascular events [2,8,9], other studies [1,9-11] showed that it does
not eliminate the presence of obstructive disease. In the CoRE-64 study
[27]1, 19 % of patients with a zero CAC score manifested obstructive
disease. According to Urabe et al. [9], in patients with a zero CAC score,
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Fig. 4. Plot of the difference value and the CAC volume obtained in NR mode.
Simple regression analysis revealed a negative correlation between the differ-
ence value and the CAC volume.

Fig. 5. CT images of the right coronary artery in an 83-year-old male corpse.
The scans were obtained in (a) NR- and (b) in SHR mode. On the scan obtained
in SHR mode, small spotty calcifications are clearly identified (arrows).

0.5-mm slices were superior to 3-mm slices for the detection of small
calcifications and thus for assessing the risk for obstructive and
non-obstructive coronary artery disease. They also reported that

European Journal of Radiology Open 7 (2020) 100253

patients with small calcifications presented with more coronary risk
factors than did patients without such calcifications. Therefore, the
detection of small CACs is important for assessing the risk for cardio-
vascular events in patients with a zero CAC score on conventional CT
scans.

The mean error value of calcifications using U-HRCT with SHR mode
was 14.0 % and it was superior value compared to previous studies [5,
28,29]. The error is mainly attributable to voxels in tissues adjacent to
calcified structures. Due to the partial volume effect, their attenuation
might result in values that exceed the calcium scoring threshold and be
included in the volume score [29]. As the partial volume effect is
reduced on 0.25-mm slices acquired in SHR mode, the volume score may
be close to the true value. In earlier investigations the interscan vari-
ability among volume scores ranged from 9 to 16 % [5,25], therefore, we
consider the CAC volume we calculated to be acceptable in clinical
settings.

CAC volume was used instead of CAC scores in this study because it is
simply calculated as the product of the number of voxels containing
calcium and the volume of one voxel [25,30]. This allows for linear
augmentation in the CAC volume as calcium increases. The physical
volume of calcifications was also known in the phantom study. Although
the Agatston score which is calculated by multiplying the weighting
factor by the area of calcification is widely used in clinical settings, it
does not correspond to a physical measure, so it cannot be easily
compared to a true value. Also, the Agatston score increase nonlinearly
with increases in the amount of CAC [25]. Therefore, measurement of
CAC volume is adequate for the investigating the difference of CAC on
U-HRCT which has higher spatial resolution.

Due to relatively insufficient incident photons on smaller detectors,
the radiation dose and image noise present problems when CAC is
evaluated on U-HRCT images [12]. We found that the radiation dose and
image noise were significantly higher on SHR- than NR images; the
increased image noise rendered reliable discrimination between small
calcifications and image noise difficult. A reduction in the image noise
requires higher radiation exposure at U-HRCT. The Society of Cardio-
vascular Computed Tomography (SCCT) recommends radiation doses of
1.0— to 1.5 mSv for image acquisition. The effective dose for the
acquisition of SHR images in our cadaver study was about 4.0 mSv, thus
exceeding the clinically-allowable dose. The new CT image reconstruc-
tion methods that involve deep convolutional neural networks improve
the image quality and reduce the image noise and may help to resolve
the problems encountered with U-HRCT [12,31].

Our study has some limitations. Our phantom was motion-free and
the cadaver study did not account for the effect of cardiac motion.
However, we thought evaluating the CAC measurements on U-HRCT in
ideal conditions was important as a preliminary study. Also, to increase
the accuracy of our quantitative data, we calculated the CAC volume in
our phantom study by applying the FWHM method. The maximum
density of each coronary calcification should be assessed although such
determinations are not feasible in clinical settings. Therefore, we used
130 HU as the threshold in our cadaver study.

Based on our findings we conclude that U-HRCT in SHR mode is
superior to scans obtained in NR mode for the detection of small coro-
nary calcifications. It may facilitate the accurate assessment of the CAC.
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