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Abstract
To measure the effective temporal resolution (eTR) and image quality for three reconstruction modes for non-helical vol-
ume scanning in area detector CT. Temporal sensitivity profiles (TSPs) were obtained and the full width of the TSP at half 
maximum was used as an index of the eTR. Image quality was assessed by image noise and the corrected artifact index. The 
half reconstruction mode had a higher eTR than the full and automatic patient motion collection (APMC) reconstructions. 
Compared to full reconstruction, the image noise with APMC and half reconstruction were increased by 16% and 35%. The 
corrected artifact index was lowest with APMC. The square root of full width at tenth maximum of the TSP showed a high 
coefficient of determination (R2 = 0.934) for image noise. This study revealed the TSPs and eTRs for non-helical volume 
scanning in area detector CT. A high eTR resulted in higher image noise.

Keywords  Temporal resolution · Non-helical volume scanning · Computed tomography · Temporalsensitivity profiles · 
Motion artifact

Introduction

The development of high-speed data acquisition tech-
nology for multidetector-row computed tomography 
(MDCT) has allowed scanning at a high temporal reso-
lution, thereby reducing motion artifact and blur in the 
acquired images [1, 2]. Recent studies have reported that 

Advances in knowledge  To our knowledge, this is the first 
study to assess the effective temporal resolution and TSP of 
volume scanning in an area detector CT. To maintain the image 
quality while reducing motion artifacts, the CT operator should 
determine the optimal reconstruction mode.
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advanced CT scanners with high temporal resolution can 
reduce image quality degradation caused by motion arti-
facts [3–5]. Ohashi et al. [5] demonstrated the optimal 
temporal resolution for coronary CT-angiography (CCTA) 
in dual-source CT, showing that images with a high tem-
poral resolution of 83 ms significantly reduced coronary 
artery motion artifacts. Hutt et al. [6] evaluated the effect 
of cardiogenic artifacts on depiction of the bronchial wall. 
Using dual-source CT, they acquired images at temporal 
resolutions of 75 ms and 140 ms and showed by visual 
assessment that these images depicted 78% and 30% of 
bronchi without motion, respectively. They concluded that 
a high temporal resolution reduced cardiac motion artifacts 
on bronchial walls.

Taguchi et al. [7] proposed a method to apply temporal 
resolution as a quantitative index by using the temporal sen-
sitivity profile (TSP) that corresponds to the helical inter-
polation and/or gantry rotation time. Their results showed 
that the temporal resolution of the helical acquisition was 
improved by optimizing the interpolation algorithm. In a 
previous study, we proposed a method for obtaining the TSP 
and effective temporal resolution (eTR) in helical scanning 
by using a temporal impulse signal [8]. Subsequent meas-
urements obtained by helical acquisition using 320-row area 
detector computed tomography (ADCT) and dual-source CT 
demonstrated that eTR was remarkably different between 
the two scanners [9]. The results for helical acquisition indi-
cated that the temporal resolution was dependent not only on 
rotation time and pitch factor but also on the interpolation 
algorithm used for the image reconstructions.

Non-helical volume scanning (NVS) allows longitudinal 
data acquisition with a wide range of up to 160 mm using 
ADCT. It has been reported that NVS is effective for exami-
nations that require high temporal resolution, such as CCTA 
or for thoracic aortic aneurysm. It has also been reported that 
NVS is a useful scanning method for chest CT as it helps to 
suppress blurring of the bronchi and pulmonary vessels due 
to the heartbeat [10, 11]. Furthermore, it has been shown 
that the NVS in 320-row ADCT without step artifact and 
motion artifact is useful for thoracic imaging in neonates 
and small children [12, 13].

The 320-row ADCT scanner has three types of recon-
struction mode for NVS: full, half, and automatic patient 
motion correction (APMC). Although the APMC and half 
reconstruction modes are used to improve the temporal reso-
lution in imaging such as CCTA, the eTR values for the 
images reconstructed with the three modes have not yet been 
fully established; to the best of our knowledge, no study 
has assessed eTRs for the three non-helical scanning recon-
struction modes for 320-row ADCT. However, knowing the 
eTR and image quality for the NVS reconstruction modes 
is important for determining the scan parameters in clinical 
examinations, such as CCTA, chest, and pediatric CT.

The aims of this study were to measure the eTRs for NVS 
with a 320-row ADCT scanner and the three reconstruction 
modes, and to investigate the relationship between TSP and 
image quality.

Methods and materials

Data acquisition

The examinations were performed with volume scan mode 
installed in a second-generation ADCT scanner (Aquilion 
ONE ViSION Edition, Canon Medical Systems, Tokyo, 
Japan). The NVS acquisition parameters were as follows: 
120 kVp, 200 mA, 0.5-mm thickness, detector configura-
tion of 320 × 0.5 mm, and the FC01 reconstruction kernel. 
All images were reconstructed using the full, APMC, and 
half modes. The TSP and image qualities were measured 
with gantry rotation times of 275 and 400 ms. For the TSP 
measurement, the reconstruction time interval was set at 10 
and 20 ms for the 275 and 400 ms gantry rotation times, 
respectively. The display field of view was adjusted 100 mm 
for TSP and 320 mm for the artifact index and image noise 
measurements.

Measurement of TSP and eTR using an impulse 
method

In a previous study, we showed that temporal resolution in 
helical acquisition could be measured by using a temporal 
impulse signal, firing a metal ball at high speed in a direc-
tion vertical to the slice plane and using the intensity of the 
streak artifacts generated by this to produce the TSP [8]. In 
helical scanning, images with short time intervals disable to 
be acquired at the same slice position, so the images were 
reconstructed with fine slice increments and the time incre-
ment for each image could be calculated using a transforma-
tion equation. In the present study, we adapted this approach 
for non-helical scanning, in which the continuously scanned 
dynamic data allows the acquisition of images with the same 
slice position at arbitrary time intervals. Thus, when plotting 
the TSP, the image reconstruction interval on the time axis is 
synonymous with the temporal sampling interval.

In the present study, a metal ball (11-mm in diameter) 
was shot from a launcher at high speed along the lon-
gitudinal axis at the center of the gantry (Fig. 1), and 
dynamic NVS was acquired as the ball passed through 
the axial plane. The average velocity of the metal ball 
was 11.6 ± 0.3 m/s, which was described in our previ-
ous study. Image reconstruction from the continuous 
NVS data was performed at 10- or 20-ms time intervals. 
Some reconstructed images included a streak artifact 
caused by the metal ball passing through. The CT value 
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of this artifact corresponds to the impulse response in 
the temporal domain, allowing the TSP to be generated 
by measuring the CT values of the streaks. A 40-pixel 
circular region of interest (ROI) was set at the center of 
each streak image and the CT values corresponding to the 
temporal responses were measured and plotted as the TSP 
(Fig. 2). The full width at half maximum (FWHM) and 
full width at tenth maximum (FWTM) of the TSP curves 
were measured. FWHM was used as an index of the eTR 
for the three reconstruction modes.

Image noise

Image noise was evaluated by measuring the standard 
deviation (SD) of CT value (in Hounsfield units, HU). The 
CTP712 Uniformity Module of a Catphan 700 phantom 
(Phantom Laboratory, New York, USA) was positioned at 
the isocenter with its cross-section parallel to the in-plane. 
CT values within a 120-mm diameter circular ROI placed at 
the center of the phantom images were measured 10 times 
for each condition and used to calculate the SD values.

Artifact index

As an assessment of artifacts similar to respiratory motion in 
chest CT, a rod phantom 50 mm in diameter was scanned as 
it moved along the y-axis at 10 mm/s, and the images were 
used to calculate the artifact index (AI), an index of motion 
artifact including both streaks and blurring. The CT value 
of the rod phantom was 90 HU, and that of the background 
was − 1000 HU. Figure 3 shows the acquired images of the 
rod with the circular ROIs (60 mm in diameter) placed for 
the AI calculation. The AI was calculated using the follow-
ing equation [14]:

where σa is the SD of the mean CT values for ROIs 1 to 6, 
defined as the pixel amplitude with artifact, and σb is the SD 
of the mean CT values for ROIs 7 to 12, defined as the pixel 

(1)AI =

√

�
2
a
− �

2

b
,

Fig. 1   Photograph of the metal ball launcher for TSP measurement. A 
metal ball passed through the barrel and was launched at high speed 
along the z-direction (black dash arrow)

Fig. 2   Measurement of the temporal sensitivity profile using the 
impulse method. Circular regions of interest were placed on the 
streak images resulting from a metal ball passed through the scanning 

area. The temporal sensitivity profile was obtained by measuring the 
CT values of the streaks at the same slice position along the temporal 
direction
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amplitude without artifact (Fig. 3). To eliminate the influ-
ence of image noise, corrected AI (cAI) was calculated by 
multiplying AI by the coefficient of the background image 
noise:

where n is expressed as the noise ratio of the target image to 
the full-reconstruction image,

where SDfull is the SD of σb for the full reconstruction mode 
and SDtarget is the SD of σb for the respective reconstruction 
mode.

Statistical analysis

Linear regression analyses were performed to determine the 
associations between the image noise and the FWHM and 
FWTM of the TSP curve. Because photon noise in a linear 
system is proportional to the reciprocal of the square root 
of the dose, the horizontal axis was denoted by the square 
root of FWHM and FWTM, respectively. For each regres-
sion, the adjusted coefficient of determination (R2) was used 
as a goodness-of-fit measure. For the statistical analyses in 
this study, the null hypothesis was rejected at P < 0.05. The 

(2)cAI = n ⋅ AI,

(3)n = SDfull∕SDtarget,

statistical analyses were performed with EZR software ver-
sion 1.36 [15].

Results

Figure 4 shows the TSP graphs obtained with gantry rotation 
times of 275 and 400 ms and the three reconstruction modes. 
These were rectangular in shape for the full reconstruction 
mode, triangular for APMC, and convex for the half recon-
struction mode. Table 1 shows the eTR and FWTM values 
for the three reconstruction modes and two rotation times. 
Full mode was the lowest in eTR and FWTM, followed by 
APMC and half mode.

Table 2 shows the image noise values for the three recon-
struction modes and two rotation times. The image noise 
with APMC and half reconstruction were approximately 
16% and 35% higher than that with full reconstruction.

Figure 5 shows the images of the moving rod phantom 
obtained with three reconstruction modes, and Table 3 shows 
the calculated AI and cAI values. The cAI values obtained 
with 275 ms rotation were lower than those with 400 ms 
rotation. At 275 ms rotation, cAI was lower for the APMC 
reconstruction than for the full and half reconstructions.

Figure 6 shows the predictability of the image noise 
according to the square root of FWHM and FWTM values 
obtained from the TSP curve. Linear regression analyses 
of the relationship between image noise and FWHM and 
FWTM showed that FWTM had the higher coefficient 
of determination, with R2 values of 0.787 (P = 0.018) for 
FWHM and 0.934 (P = 0.002) for FWTM.

Discussion

To our knowledge, this is the first study that documents rela-
tionship between eTR and image quality for the three recon-
struction modes of NVS in an area detector CT. The results 
revealed the eTR values and the shapes of the TSPs for each 
reconstruction mode, with eTR differing between the modes 
and between the two rotation times. In our previous study 
with helical acquisition [8], eTR depended on the rotation 
time, pitch factor, and interpolation algorithm, and image 
blur associated with the moving phantom improved with 
the scan parameters for a high eTR. In the present study, 
the motion artifact was improved by setting a short rota-
tion time. Although the eTR was slightly lower with APMC 
than with the half reconstruction mode, the cAI value was 
smaller. Our results showed that the triangular shape of the 
TSP with APMC was effective for reducing artifacts due to 
the moving object.

Because the TSP of conventional step-and-shoot scanning 
with full reconstruction is rectangular shape, the rotation 

Fig. 3   Measurement of the artifact index using a moving rod phan-
tom. Regions of interest (ROIs) 50 mm in diameter were place on the 
image of the moving rod. The artifact index was calculated from the 
standard deviation (SD) of the mean CT values obtained from ROIs 1 
to 6, defined as amplitudes of CT value with artifact (σa), and the SD 
value of averaged CT value of ROIs 7 to 12, defined as amplitudes of 
CT value without artifact (σb)
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time and eTR can be considered to be the same. In contrast, 
various image reconstruction algorithms are applied to NVS 
acquisition with ADCT to improve image quality and tem-
poral resolution. Taguchi et al. [16] proposed four different 
Feldkamp-based algorithms for dynamic volumetric imag-
ing, and evaluated the image quality and temporal resolu-
tion for these. With a moving object, the image quality and 
temporal resolution depended on the weighting function of 
the reconstruction algorithm. In our study, the reconstruction 
algorithm with the highest eTR (half reconstruction) showed 
higher image noise compared to the full reconstruction mode 
with the same raw data because it used only limited projec-
tion data in the temporal domain. Furthermore, the streak 
artifact resulting from the motion of the object was greatly 
influenced by the shape of the TSP; the triangular-shaped 
TSP (with APMC) was effective in reducing streak artifacts. 
Thus, APMC would be clinically effective when scanning 
moving organs and in dynamic four-dimensional examina-
tions. Kunitomi et al. [17] reported that image reconstruc-
tion by APMC was effective for reducing misregistration 
in cerebral four-dimensional CT-angiography. Their results 
were consistent with those of the present study.

The linear regression analysis of image noise showed 
a high coefficient of determination for the FWTM of the 
TSP. This suggests that TSP is effective not only as an 
index of actual temporal resolution but also as an index 
of image noise, corresponding to the weighting func-
tion of the projection data in NVS. However, because 
the image noise reflects the utilization efficiency of the 
projection data in the temporal domain corresponding 

Fig. 4   The temporal sensitivity profile (TSP) graphs obtained with 
gantry rotation times of 275 (a) and 400  ms (b). The shape of the 
TSP was rectangular for the full reconstruction mode, triangular for 

automatic patient motion collection (APMC), and convex for the half 
reconstruction mode

Table 1   Full width at half 
and tenth maximums for three 
reconstruction modes and two 
rotation times

Full width at half maximum was 
used as an index of the effective 
temporal resolution for the three 
reconstruction modes
Full full reconstruction mode, 
APMC automatic patient motion 
collection, Half half reconstruc-
tion mode

Rotation 
time (ms)

Full APMC Half

Full width at half maximum 
(ms)

 275 271 150 139
 400 400 219 158

Full width at tenth maximum 
(ms)

 275 282 256 170
 400 416 375 254

Table 2   Image noise for the three reconstruction modes and two rota-
tion times

Full full reconstruction mode, APMC automatic patient motion col-
lection, Half half reconstruction mode

Rotation time 
(ms)

Image noise (HU)

Full APMC Half

275 13.7 ± 0.10 15.8 ± 0.17 18.6 ± 0.21
400 11.4 ± 0.05 13.2 ± 0.05 15.5 ± 0.07
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to the weighting function of the interpolation algorithm 
[16], the FWTM alone obtained from the TSP may not 
sufficiently reflect the overall temporal element in the CT 
images. In particular, it is unclear whether similar results 
can be obtained with helical acquisition performed using 
advanced CT scanners, which have complicated interpola-
tion algorithms. Thus, although the detailed relationship 

between TSP shape and image noise should be consid-
ered, characterization of the TSP was partly possible for 
using the FWTM as an index for image noise prediction. 
Our results showed that foot spreading of the TSP profile 
was effective in reducing image noise while improving the 
temporal resolution. To maintain the image quality while 
reducing motion artifacts, CT operator should determine 
the optimal reconstruction mode.

Kawaguchi et al. [18] assessed image quality with the 
three reconstruction modes for CCTA using an Aquilion 
ONE scanner. They suggested that, compared to the half 
reconstruction mode commonly used in CCTA, the use of 
APMC or full reconstruction could reduce the radiation 
dose while maintaining a clinical diagnostic performance. 
These two modes resulted in lower image noise than with 
half reconstruction, even with radiation doses that were 
30% (for APMC) and 50% (for full reconstruction) lower. 
However, their study used a hybrid iterative algorithm for 
image reconstructions. It is therefore difficult to directly 
compare relationships between radiation dose and image 
noise [19, 20], but their results were similar to the trend 

Fig. 5   Rod images acquired by full (a, d), automatic patient motion 
collection (APMC) (b, e), and half (c, f) reconstruction with gantry 
rotation times of 275 ms (upper row) and 400 ms (lower row). The 
window width and center settings were adjusted to 800 and − 750 

Hounsfield units. The streak artifact and blur were better with the 
275 ms rotation than with the 400 ms rotation, with the APMC image 
for the 275  ms rotation showing significantly improved streak and 
blur

Table 3   Artifact index and 
corrected artifact index values 
measured using a moving rod 
phantom

Full full reconstruction mode, 
APMC automatic patient motion 
collection, Half half reconstruc-
tion mode

Rotation 
time (ms)

Full APMC Half

Artifact index
 275 7.2 6.0 8.3
 400 15.3 12.0 15.2

Corrected artifact index
 275 7.2 5.2 6.4
 400 15.3 10.5 11.8
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for an association between image noise and the FWTM 
from the TSP curve showed in the present study.

Our study had several potential limitations. It was a 
phantom study performed with an ADCT scanner from 
a single vendor. Various interpolation algorithms are 
employed in other advanced ADCT scanners, and so these 
may exhibit different TSP shapes and image noise tenden-
cies. In addition, our study did not include assessments of 
clinical images. The impact on motion artifacts and image 
noise in clinical images will be addressed in a future study.

In conclusion, this study revealed the TSP shapes and 
eTR values for NVS with three reconstruction modes. 
Motion artifact was improved by setting a short rotation 
time and using a reconstruction mode that produces a high 
eTR. Although APMC was associated with a lower eTR 
compared to the half reconstruction mode, it had a lower 
cAI. The half reconstruction algorithm with a high eTR 
showed higher image noise compared to the full recon-
struction mode with same raw data because it used only 
limited projection data in temporal domain.
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