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Abstract

Objective: We aimed to evaluate radiation doses, noise properties, and in-plane spatial resolutions for CT coronary
angiography (CTCA) using different CT scanners and phantoms.

Methods: ECG-gated step-and-shoot (SAS) and low-pitch spiral (LPS) acquisitions were performed using the 64-section
single-source CT (SSCT) system. ECG-gated high-pitch spiral (HPS), SAS, and LPS acquisitions were performed using
the 128-section dual-source CT (DSCT) system. The absorbed doses for thoracic organs were measured using an
anthropomorphic phantom and radiophotoluminescent glass dosimeters. Noise properties and in-plane spatial resolutions
were evaluated using a calibration phantom and a cylinder phantom constructed in-house, respectively.

Results: The absorbed doses for thoracic organs differed significantly depending on the acquisition modes and not the
scanners. The doses absorbed by the heart were 66.8 and 215.5 mGy with SAS and LPS acquisitions using the 64-section
SSCT system, respectively, and 10.0, 96.1, and 195.7 mGy with HPS, SAS, and LPS acquisitions using the 128-section
DSCT system, respectively. Noise properties and in-plane spatial resolutions differed significantly depending on the
scanners used but not the acquisition modes.

Conclusions: To optimize the patient dose, an appropriate acquisition mode should be chosen according to the scanner
type, patient’s average heart rate, stability of a patient’s heartbeat, and patient’s history.
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1 Introduction

The introduction of 64-section multi-detector row CT (MDCT) systems has enabled various types of CT examinations
with high spatial and temporal resolutions. CT coronary angiography (CTCA) is a type of CT examination that needs high
spatial and temporal resolutions ™. It has evolved as a high accuracy non-invasive tool for assessing coronary artery
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disease. Although some cases of coronary artery stenosis may be misdiagnosed using the 64-section system @, some
reports have demonstrated the effectiveness of this system. Das et al. ©*! reported that the 64-section CT system could
depict in-stent low-attenuation filling defects, which appear to be a reliable sign of stent restenosis, with a high degree of
accuracy. Leschka et al. ™ reported that the depiction rate of myocardial bridging, which is an important anomaly
clinically, was greater by 64-section CTCA than by conventional coronary angiography.

Dual-source CT (DSCT), one of the latest improvements in CT technology, can be used for CTCA with twice the temporal
resolution while maintaining the spatial resolution of single-source CT . Achenbach et al. [ reported that heart rate
control significantly improved the evaluation capability with single-source CT (SSCT), whereas it did not with DSCT.
Second-generation DSCT in which the system is equipped with a 128-section detector has a high temporal resolution of 75
ms 1. 1t can be used for prospective electrocardiogram (ECG)-gated step-and-shoot (SAS) acquisition for patients with
high heart rates (> 65 beats per minute; bpm).®! It can also be used for prospective ECG-gated high-pitch spiral (HPS)
acquisition that allows scanning of the heart with a total scan time of approximately 270 ms with < 1 mSv . Neefjes
et al. © reported that HPS-CTCA should be used for patients with low heart rates (< 55 bpm), while SAS-CTCA is
preferred for all other cases.

During CTCA, a patient receives a relatively high radiation dose, which has raised concerns regarding radiation
exposure 1% To perform CTCA with optimal acquisition parameters, it is necessary to evaluate the radiation dose and
physical image quality of the scanner used. In this study, we evaluated the radiation doses absorbed by thoracic organs,
noise properties, and spatial resolutions for CTCA using different CT scanners and phantoms.

2 Methods

2.1 CT scanner

For 64-section SSCT and 128-section DSCT, LightSpeed VCT (GE Healthcare, Milwaukee, WI, USA) and SOMATOM
Definition Flash (Siemens Healthcare, Erlangen, Germany) were used, respectively.

2.2 CTCA acquisition modes

In general, CTCA is performed by applying one of two acquisition modes: retrospective ECG-gated low-pitch spiral (LPS)
acquisition or prospective ECG-gated SAS acquisition 2. For LPS acquisition, CT data are acquired throughout the
cardiac cycle, and the data required for the reconstruction phase is chosen retrospectively (see Figure 1a). For SAS
acquisition, CT data are only acquired over a fraction of the R-R interval (see Figure 1b).

SAS acquisition allows for low radiation exposure during CTCA and provides a high diagnostic accuracy for the
assessment of coronary artery disease. Previous studies reported that SAS acquisition effectively reduced radiation doses
in CTCA without compromising image quality ™ . However, it can only be used for in patients with stable sinus
rhythms and low heart rates ™. In contrast, the LPS mode can be used for patients with high heart rates; however, the
radiation doses received by patients are considerably high because a low spiral pitch is chosen ).

Because of its high temporal resolution, 128-slice DSCT can be used for prospective ECG-gated HPS acquisition that
allows scanning of the heart during a single heartbeat (see Figure 1c). With SSCT, sampling gaps, which are the causes of
wide slice sensitivity profiles and image artifacts, occur when the spiral pitch is > 1.5. With 128-section DSCT, however,
data acquired using the second x-ray tube and detector can be used to fill these gaps, and the spiral pitch can be increased
up to 3.4. By using a spiral pitch of 3.4, it can also scan the heart in a total time of approximately 270 ms ..
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Figure 1. lllustration of the concept of three acquisition modes in CTCA: (a) prospective ECG-gated HPS acquisition; (b)
prospective ECG-gated SAS acquisition, and (c) retrospective ECG-gated LPS acquisition

2.3 Comparison of absorbed doses for thoracic organs

An anthropomorphic RANDO phantom (RAN-110; Phantom Laboratory, Salem, NY, USA; see Figure 2) and
radiophotoluminescent glass dosimeters (RPLDs) (GD-302M; Chiyoda Technol, Tokyo, Japan) were used to measure
radiation doses absorbed by thoracic organs. Dose calibration of RPLDs was performed against an ionizing dosimeter
(Ramtec 1500B; Toyo Medic, Tokyo, Japan) using a 3-cm® ion chamber attached to a 120-kVp diagnostic x-ray beam
(effective energy = 50 keV). The ionizing dosimeter was calibrated prior to use.

b

Figure 2. An anthropomorphic female thoracic RANDO phantom. The phantom has multiple transverse sections, and
radiophotoluminescent glass dosimeters can be inserted into the sections

RPLDs were annealed at 400°C for 30 min before use. Locations and numbers of RPLDs are shown in Table 1. The
RPLDs were evenly distributed at locations that corresponded to those of each organ. Subsequently, SAS (SnapShot
Pulse) and LPS acquisitions at a heart rate of 60 bpm were performed using the 64-section SSCT system. ECG-gated HPS
(Flash Cardio Spiral), SAS (Flash Cardio Sequence), and LPS acquisitions at a heart rate of 60 bpm were performed using
the 128-section DSCT system. Exposure parameters for radiation dose measurements are shown in Table 2. To achieve
accurate RPLD readings, the measurement was repeated twice using separate sets of RPLDs.
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After each exposure, RPLDs were further heated to 70°C for 30 min and were read using a FGD-1000 reader (Chiyoda
Technol) in accordance with the manufacturer’s recommended protocol. The absorbed organ doses were obtained by
multiplying the averaged dose value of the organ obtained from the reader, calibration factor, and the ratio of mass
energy-absorption coefficients for each organ to air *°.

Table 1. Locations and numbers of radiophotoluminescent glass dosimeters

Location Number of dosimeters
Breast 6
Heart 8
Lung 8
Red bone marrow (ribs) 6
Red bone marrow (sternum) 2
Red bone marrow (thoracic vertebrae) 4
Thymus 2
Skin 12
Background 2
Total 50

Table 2. Exposure and reconstruction parameters for measuring absorbed doses for thoracic organs and for evaluating
physical image quality

Acquisition mode

Parameters

64-SSCT SAS 64-SSCT LPS 128-DSCT HPS  128-DSCT SAS  128-DSCT LPS
Collimation (mm) 64x0.625 64x0.625 128x0.6 128%0.6 128%0.6
kv 120 120 120 120 120
Spiral pitch N/A 0.16:1 3.4:1 N/A 0.17:1
mAs 245 245 340 340 340
Rotation time (s) 0.35 0.35 0.28 0.28 0.28
Scan range (mm) 175 150 153 172 153
Padding window™* 200 ms N/A N/A 35%-85% N/A
Slice thickness (mm) 0.625 0.625 0.75 0.75 0.75
Kernel Standard Standard B35f B35f B35f
CTDlIvol (mGy) 37.45 114.22 5.49 51.32 110.21

Note. *Prolonging window in data acquisition to adapt heart rate variation.
64-SSCT = 64-section single-source computed tomography; 128-DSCT = 128-section dual-source computed tomography; SAS = step-and-shoot; LPS = low-pitch spiral; HPS = high-pitch spiral; N/A =

not applicable.

2.4 Comparison of noise properties

A calibration phantom (Catphan 600; Phantom Laboratory), which was attached a part #579, was used to evaluate noise
properties (see Figure 3). The Catphan 600 calibration phantom consisted of five modules: CTP 404, 486, 515, 528, and
591. The reconstructed images for CTP 486 (image uniformity module), which were scanned at the isocenter, were
used 1. All images were reconstructed with a displayed field of view (DFOV) of 200 mm. Exposure and reconstruction
parameters were the same as those shown in Table 2.

To calculate a noise power spectrum (NPS), the central 256 x 150 pixels in the reconstructed images were used.
One-dimensional NPS was calculated using a Fourier transform of one-dimensional noise profiles obtained using the
numerical slit scanning technique 7. In this technique, five slits each with a height of 30 pixels (1 x 30 pixels) were used.
To improve the accuracy of NPS data, an average NPS was calculated using five different CT images.
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Figure 3. A calibration phantom with an attached elliptical-shaped part. Using an elliptical-shaped phantom is a better
choice for evaluating noise properties because the images obtained with a circular-shaped phantom may be biased

2.5 Comparison of in-plane spatial resolutions

A cylinder phantom constructed in-house was used to evaluate in-plane spatial resolutions (see Figure 4) 8], The phantom
was positioned 20 mm above the isocenter of the gantry along the y-axis. To avoid aliasing errors, images were
reconstructed so that the wire was located at the center of the images with a DFOV of 100 mm (sampling pitch was
0.196 mm). Exposure and reconstruction parameters were the same as those shown in Table 2.

To calculate an in-plane modulation transfer function (MTF), a slit with a height of 40 pixels (1 x 40 pixels) was used to
obtain one-dimensional profiles that were equivalent to a line spread function (LSF). Subsequently, the in-plane MTF was
calculated using one-dimensional Fourier transformations of LSF. To improve the accuracy of MTF data, the average
MTF was calculated using three different CT images.
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Figure 4. A cylinder phantom constructed in-house for evaluation of in-plane spatial resolutions. (a) the arrangement of
the phantom and (b) the construction of the phantom. The cylinder phantom was filled with water and had a diameter of
50 mm. A copper wire with a diameter of 0.1 mm was stretched in the center of the phantom

2.6 Software
ImageJ (National Institutes of Health, Bethesda, MD, USA) and Excel 2010 (Microsoft, Redmond, WA, USA) were used
to evaluate the physical image quality.
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3 Results

3.1 Comparison of absorbed doses for thoracic organs

Figure 5 shows the results of the doses absorbed by each organ according to the scanners used and the acquisition modes at
a fixed heart rate of 60 bpm. These results showed that the absorbed doses for thoracic organs differed significantly
depending on the acquisition modes but not the scanners. However, they differed even if the same acquisition mode was
selected with different scanners because the spiral pitch or padding window differed between the scanners used.

In the results shown in Figure 5, the doses absorbed by the heart were the highest; 66.8 and 215.5 mGy with SAS and LPS
acquisitions using the 64-section SSCT system, respectively, and 10.0, 96.1, and 195.7 mGy with HPS, SAS, and LPS
acquisitions using the 128-section DSCT system, respectively. The doses absorbed by the breast were approximately half
those absorbed by the heart.

Breast g

Heart

Bl c4-55CT sAS
64.55CT LPS
Il 128-DSCT HPS
Il 128-DSCT SAS
I 128-DSCT LPS

é 50 100 1‘1;0 200 Q%D
Absorbed dose (MGy)

Figure 5. Differences in absorbed doses for each organ according to the scanners used and the acquisition modes at a fixed
heart rate of 60 bpm

3.2 Comparison of noise properties

Figure 6 shows the results of NPS values according to the scanners used and the acquisition modes. NPS values of < 0.7
cycles/mm with LPS acquisition were superior to those with other acquisitions, and NPS values of > 0.7 cycles/mm with
LPS acquisition were inferior to those with other acquisitions using the 128-section DSCT system. However, noise
properties differed significantly depending on the scanners used.
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Figure 6. Differences in NPS values according to the scanners used and the acquisition modes
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3.3 Comparison of in-plane spatial resolutions

Figure 7 shows the results of in-plane MTF according to the scanners used and the acquisition modes. The values for 50%
MTF were 0.44 and 0.42 with SAS and LPS acquisitions using the 64-section SSCT system, respectively, and the values
were 0.31, 0.34, and 0.34 with HPS, SAS, and LPS acquisitions using the 128-section DSCT system, respectively. The
values for 10% MTF were 0.69 and 0.68 with SAS and LPS acquisitions using the 64-section SSCT system, respectively,
and the values were 0.59, 0.59, and 0.59 with HPS, SAS and LPS acquisitions using the 128-section DSCT system,
respectively. In-plane spatial resolutions also differed significantly depending on the scanners used.
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Figure 7. Differences in in-plane MTF according to the scanners used and the acquisition modes

4 Discussion

In this study, we evaluated absorbed doses for thoracic organs, noise properties, and in-plane spatial resolutions for CTCA
using two different CT scanners. The absorbed doses for thoracic organs differed significantly depending on the
acquisition modes but not the scanners. In contrast, although physical image quality, such as noise properties and in-plane
spatial resolutions, differed slightly depending on the acquisition modes, it differed significantly depending on the
scanners used, especially the reconstruction kernel that was used.

The 128-section DSCT system had an advantage in that we could apply a dose-saving acquisition mode, such as HPS
acquisition, for patients with relatively high heart rates. Srichai et al. % reported that HPS acquisition had image quality
no worse than that of LPS acquisition, and there was no significant difference in the inter-reader variability in diagnosis
between the HPS and LPS acquisitions. However, they excluded patients who had a history of coronary artery bypass
surgery or metallic prosthetic valve replacement surgery from the study population. In our previous study, the number of
artifacts in the reconstructed image for the HPS acquisition was larger than those for the SAS and LPS acquisitions !, It
is important that we should choose an appropriate acquisition mode according to the scanner type, patient’s average heart
rate, stability of a patient’s heartbeat, and patient’s history to optimize the patient dose.

The radiation doses absorbed by thoracic organs are somewhat different depending on the scanner, even if the same
acquisition mode is chosen because the spiral pitch or padding window is different between scanners. The radiation dose
can be reduced when the spiral pitch is increased or the padding window is narrowed. Therefore, this is effective for dose
saving that can be adjusted in addition to selecting an appropriate acquisition mode.

Of course, adjusting the tube current is also effective for dose saving. Recently, some scanners have been used for CTCA
by using the tube current modulation (TCM) technique. May et al. ?YJ reported that radiation dose savings up to 52% were
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achievable by TCM at low and regular HR. Scanners for which a TCM technique cannot be used for CTCA, we should
adjust the tube current manually based on patient size.

If images having good noise properties are needed, choosing a smooth reconstruction kernel is the most effective rather
than increasing the tube current or selecting other acquisition modes. It is also effective to apply an iterative reconstruction
algorithm. Some previous study reported that the iterative reconstruction algorithm significantly reduced image noise and
yielded a higher contrast-to-noise ratio of coronary artery %%, Takata et al. ™ also demonstrated that the iterative
reconstruction algorithm had the noise reduction performance with exact preservation for high contrast resolution and
slight degradation of middle contrast resolution. However, generally noise properties and in-plane spatial resolutions have
a trade-off relationship. Our results showed that images obtained using the 64-section SSCT system had better in-plane
spatial resolutions than those obtained using the 128-section DSCT system, while those obtained using the 128-section
DSCT system had better noise properties than those obtained using the 64-section SSCT system. It is almost impossible to
identify one type of physical image quality with another, although we need to choose an appropriate reconstruction kernel
to improve diagnostic capability through evaluation of physical image quality.

Due to the experimental design of the study, our results cannot be directly transferred into the clinical situation. For
example, it is well known that cardiac motion artifacts can degrade the diagnostic accuracy and interpretability of coronary
artery disease in CTCA ® 21 |n this study, however, physical image quality of only motion artifact-free images was
evaluated. Penzkofer et al. ") used a cardiac motion phantom and showed that motion artifacts were present in the 90 bpm
HPS acquisition, which were not present in the LPS acquisition or the 50 or 70 bpm HPS acquisition. Therefore, we
believe selecting appropriate acquisition mode and reconstruction kernel are both important for improving diagnostic
capability.

There were some limitations of our study. First, we used one specific female anthropomorphic phantom. The absorbed
dose for each organ differed according to the size and shape of each phantom. Second, although we evenly distributed
RPLDs at locations that corresponded to those of each organ, a limited number of RPLDs caused the uncertainty of
obtained organ doses. Third, we only simulated a heart rate of 60 bpm, and hence, no data was available for other heart
rates. Finally, we only evaluated radiation dose and physical image quality (NPS and in-plane MTF) of the scanners used.
We think observer-performance studies regarding phantom and clinical images will also be needed to evaluate
comprehensive image quality.

5 Conclusion

The absorbed doses for thoracic organs differ significantly depending on the acquisition modes but not the scanners used.
In contrast, noise properties and in-plane spatial resolutions differ significantly depending on the scanners used but not the
acquisition modes. One should choose an appropriate acquisition mode according to the scanner type, patient’s average
heart rate, stability of a patient’s heartbeat, and patient’s history to optimize patient dose, and choose appropriate
acquisition mode and reconstruction kernel to improve diagnostic capability.
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