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Abstract The purpose of our study was to investigate the

validity of a spatial resolution measuring method that uses

a combination of a bar-pattern phantom and an image-

averaging technique, and to evaluate the spatial resolution

property of iterative reconstruction (IR) images with mid-

dle-contrast (50 HU) objects. We used computed tomog-

raphy (CT) images of the bar-pattern phantom

reconstructed by the IR technology Adaptive Iterative Dose

Reduction 3D (AIDR 3D), which was installed in the

multidetector CT system Aquilion ONE (Toshiba Medical

Systems, Otawara, Japan). The contrast of the bar-pattern

image was set to 50 HU, which is considered to be a

middle contrast that requires higher spatial resolution

clinically. We employed an image-averaging technique to

eliminate the influence of image noise, and we obtained

averaged images of the bar-pattern phantom with suffi-

ciently low noise. Modulation transfer functions (MTFs)

were measured from the images. The conventional wire

method was also used for comparison; in this method,

AIDR 3D showed MTF values equivalent to those of fil-

tered back projection. For the middle-contrast condition,

the results showed that the MTF of AIDR 3D decreased

with the strength of IR processing. Further, the MTF of

AIDR 3D decreased with dose reduction. The image-

averaging technique used was effective for correct evalu-

ation of the spatial resolution for middle-contrast objects in

IR images. The results obtained by our method clarified

that the resolution preservation of AIDR 3D was not suf-

ficient for middle-contrast objects.

Keywords Computed tomography � Iterative

reconstruction � Spatial resolution � Image noise � Dose

reduction � MTF

1 Introduction

Multidetector computed tomography (MDCT) has played

an important role in diagnostic imaging; it is increasingly

being used because it can quickly and accurately help

diagnose various diseases [1–3]. However, the increase in

CT examinations prompts the need for a discussion of

radiation risks versus medical benefits [4]. For reducing the

risk of CT examination, a number of dose reduction tech-

niques have been developed and installed in clinical

MDCT systems [5].

In the image reconstruction method of CT, filtered back

projection (FBP) has been the gold standard for several

decades. Recently, some reconstruction methods that make

use of the iterative reconstruction (IR) technique have been
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developed by major CT manufacturers, and these methods

have been applied to clinical CT examinations [6–8].

IRs are used for reducing the radiation dose because

they have features that reduce the image noise occurring

mainly due to radiation quantum fluctuation while main-

taining the spatial resolution. Because most IRs are

designed on the basis of non-linear processes [9, 10], their

image properties are complicated in comparison with those

of FBP, and the image quality evaluation methods for IR

images have not yet been established. The conventional

methods for spatial resolution, noise, and slice thickness

cannot be applied because they were devised for images

reconstructed by FBP with a linear signal response.

The resolution property is important for the evaluation

of image quality in CT, and high-contrast objects such as

metal wires and high-contrast periodic patterns are required

for obtaining accurate results with the conventional mea-

surement method [11]. Although there are some reports

regarding the image quality of IRs, in which the resolution

properties were evaluated with high-contrast objects [6, 7,

9, 12], the results represent resolution properties only for

high-contrast parts of the human body (e.g., bones) and do

not indicate the properties for low- or middle-contrast

objects.

In general, spatial resolution is not important for

detection of low-contrast objects. This is apparent because

objects with diameters smaller than 2.0 mm are not

included in low-contrast resolution phantoms [13]. Liver

tumors, which had been reported as having 5–20 Houns-

field units (HU) in contrast with normal liver parenchyma

[14, 15], are well-known as typical low-contrast objects in

clinical CT images. Therefore, the evaluation of spatial

resolution is less important in such low-contrast regions.

On the other hand, for diagnosis of lipid-rich plaque (with

an attenuation of about 50 HU) in coronary CT, repre-

senting a detailed structure of the plaques is important [16].

Deep venous thrombosis with 50 HU contrast also requires

higher resolution for accurate diagnosis [17]. Therefore, it

is important to evaluate the spatial resolution of objects

with contrasts of around 50 HU (middle contrast) for

assessing the resolution property of IRs.

Richard et al. [18] demonstrated the measurement

method for the modulation transfer function (MTF) with

averaging of the edge spread functions obtained from the

circular objects built in the ACR phantom (model 464,

Gammex, WI). They revealed that MTFs obtained from

adaptive statistical iterative reconstruction (ASIR, GE, WI)

and model-based iterative reconstruction depends on the

contrast and the exposure dose. In their study, the circular

objects with contrasts of 995, 120, and 95 HU were used

for MTF measurement, and remarkable deviations of MTF

values (error bars) due to image noise were shown in MTF

results for objects with contrasts of 120 and 95 HU.

Therefore, it is suspected that the deviation becomes larger

for the middle contrast due to its lower contrast-to-noise

ratio, and it is not clear that their method can be applied to

such middle-contrast objects.

Our purpose in this study was to investigate the validity

of our proposed MTF measurement method, which can be

applied to middle-contrast (50 HU) objects, and to evaluate

the spatial resolution differences between FBP and IR

images.

2 Methods and materials

2.1 CT scanner and iterative reconstruction

All examinations were performed with a multidetector CT

scanner (Aquilion ONE; Toshiba Medical Systems,

Otawara, Japan). This system was equipped with 320-row

detector arrays that could obtain up to 160-mm coverage in

the z-direction. We evaluated an IR technology, Adaptive

Iterative Dose Reduction 3D (AIDR 3D) which was

installed in Aquilion ONE. To reduce the image noise,

AIDR 3D uses an algorithm to work in both the raw data

and image data domains, while spatial resolution and

structural edges are preserved and even improved [9]. In

addition, AIDR 3D has four strengths of noise reduction

levels (weak, mild, standard, and strong). All data acqui-

sitions were performed with a non-helical scan mode,

which was used routinely for coronary CT angiography and

brain CT examinations.

2.2 Bar-pattern method

An acrylic bar-pattern phantom as shown in Fig. 1a was

used. This phantom consisted of six bar-pattern segments

with bar sizes of 0.5–5.0 mm (corresponding frequencies,

1.0–0.1 cycles/mm), and the CT number was 135 HU for

the CT system used. The bar-pattern phantom was fixed in

a cylindrical acrylic case with a diameter of 200 mm, so

that the surface plane of the bar-pattern phantom was

parallel to the axial plane of the cylindrical case, as shown

in Fig. 1b. The cylindrical case was placed at the isocenter,

and the phantom rotation was adjusted so that the long axis

of the bar-pattern phantom was tilted slightly (roughly

2.5�) relative to the y-axis. This tilting was needed to

provide a sufficiently small effective sampling pitch for the

Fourier analysis described below [19]. To make the con-

trast (DHU) between the bar pattern and the background

50 HU, the case was filled with diluted iodine contrast

medium (2.7 mgI/ml). For setting of the high-contrast

conditions that were used for the validity investigation

described in Sect. 2.5, the case was filled with air

(DHU = 1,135 HU).
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MTFs were measured by a method employing the

Fourier transform for extracting sinusoidal amplitudes from

square-wave profiles across each bar-pattern segment [20].

For MTF calculations, the following steps were performed:

(1) Rectangular regions of interest (ROIs) were placed at

each segment, as shown in Fig. 2a. (2) Within each ROI,

various pixel values were projected onto a line orthogonal

to the bar line, and we obtained the response for a square-

wave profile with a finer effective sampling pitch than the

actual pixel pitch (Fig. 2b). The projection angle was finely

adjusted around 2.5� so that the blurring of projected data

due to misalignment was visually minimum. This

procedure provides an oversampled profile and therefore

allows measurement of the frequency response of the

segment beyond the Nyquist limit. (3) By application of the

Fourier transform to the profile obtained, the sinusoidal

amplitude (An, n = segment number) for a fundamental

frequency in the profile was extracted. (4) The input

amplitude (A0) was determined by the contrast measured

from the reference ROI which was located in the near-top

region of the phantom, as shown in Fig. 2. (5) The MTF

value at each segment (frequency) was obtained by cal-

culation of the ratio of the amplitudes from An to A0. The

slight effect of the binning process used in the step (2) was

Fig. 1 a Acrylic bar-pattern

phantom used in this study.

Thickness of the phantom was

5.0 mm. b The bar-pattern

phantom was placed in a

cylindrical acrylic case with a

diameter of 200 mm

Fig. 2 a Placement of regions

of interest in a bar-pattern

phantom image. The reference

region of interest was used to

determine the input sinusoidal

amplitude A0. b Within the ROI,

various pixel values were

projected onto a line orthogonal

to the bar line
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corrected by the sinc function corresponding to a width of

the bin [21].

The scanning conditions were 120 kV, 80 mA, 2.0 s/

rot., and 80 9 0.5 mm detector configuration. The CT

images were reconstructed by FBP and AIDR 3D with a

240-mm display field of view (DFOV), a 0.5-mm slice

thickness, and a reconstruction kernel of FC12.

For the middle-contrast condition, we scanned the

phantom and then selected two axial images including axial

planes of the bar-pattern phantom from the reconstructed

images. The scanning was repeated 50 times, and conse-

quently, 100 images were obtained for each FBP and two

strengths of AIDR 3D (weak and strong). These images

were used for investigations in which we used the image-

averaging technique we adopted to measure the correct

resolution properties, as described in the subsequent sec-

tions. For the high-contrast condition, we performed the

phantom scanning two times, and four images were

obtained for each reconstruction.

2.3 Image-averaging technique

The spatial resolution in CT images needs to be evaluated

in a noiseless field [11]. To satisfy this requirement in

conventional spatial resolution measurements, a high-con-

trast object (e.g., metal wire) is used, which can approxi-

mate the noiseless condition. Therefore, middle- or low-

contrast objects cannot be used for the measurement

because the noise requirements are not satisfied on such

contrasts. To solve this problem, we used an image-aver-

aging technique which reduces image noise by averaging

many images at the same table position. By application of

this technique, quantum noise, which is well-known as a

dominant random noise component in CT image noise, can

be reduced, and therefore we were able to obtain bar-pat-

tern low-noise images suitable for resolution measurement

(Fig. 3). This procedure rendered unnecessary the use of

approximation techniques such as data fitting. To obtain

many images with the same table position, we repeated the

phantom scanning several times at a fixed table position.

2.4 Required contrast-to-noise ratio

We investigated the minimally required contrast-to-noise

ratio (CNR) [22] for obtaining a correct resolution mea-

surement using the bar-pattern phantom. Specifically, we

used the FBP images of the bar-pattern phantom in this

investigation, and CT images with various CNRs were

obtained by adjustment of the image number of the aver-

aging technique. For correct assessment of the resolution

property, it was important that the square-wave profile was

obtained correctly at each ROI. Thus, we adopted a con-

trast transfer factor (CTF) to evaluate the precision of the

profile because the MTF error is expected to be at about the

same level as the CTF error. In each averaged image, a

CTF for each bar-pattern segment with a square-wave

frequency of u was calculated by the following equation.

CTF uð Þ ¼ Contrasttarget=Contrastreference ð1Þ

Contrast reference and Contrast target, respectively, were

differences between the upper and lower levels of the

profiles obtained in the reference ROI and an ROI at each

bar-pattern segment shown in Fig. 2. The upper and lower

levels were calculated by averaging of several points at the

upper and lower peaks, respectively.

We tested the following five CNR levels: 20, 24, 28, 32,

and 36; their corresponding image numbers for the aver-

aging were 44, 60, 100, 140 and 180, respectively. The

Fig. 3 Overview of the image-

averaging technique. For

obtaining several images with

the same table position, the

phantom was scanned 50 times

with the table in a fixed position
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CTF values measured from the averaged images were

compared with the true CTF values, which were defined as

those measured from an averaged image with high-contrast

conditions as described in Sect. 2.2.

2.5 Validity of the bar-pattern method

To verify the accuracy of the bar-pattern method, we

compared the MTF values measured by the bar-pattern

method and those measured by the conventional method

using a wire phantom [23–25]. FBP images were used

because its linearity was suitable for this comparison.

The wire phantom consisted of a cylindrical acrylic case

with a diameter of 50 mm, in which a 0.05-mm thin tung-

sten wire was tensed along the center axis of the case. The

case was filled with water. The wire phantom was placed

along the isocenter line of CT system. The scanning con-

ditions were 120 kV, 100 mA, 2.0 s/rot., and 80 9 0.5 mm

detector configuration. CT images were reconstructed by

FBP and four strengths of AIDR 3D with 50 mm DFOV,

0.5-mm slice thickness, and a reconstruction kernel of

FC12. To extract a line spread function (LSF) from the wire

CT image, we used the numerical slit scanning method

proposed by Giger et al. [26]. The slit size (x 9 y) was set to

1 9 40 pixels, and the scanning was performed in the x-

direction. By application of slit scanning, an LSF with 256

data points was obtained, and the tail portion of the data on

both sides far from the LSF center was replaced by zero data

for reduction of the adverse influence of noise in the tail

portions [27]. The MTF was calculated by use of the one-

dimensional Fourier transform of the corrected LSF.

2.6 MTF of iterative reconstruction

1. We measured the MTFs of the FBP and two different

strengths of AIDR 3D (weak and strong) from the averaged

images of the bar-pattern phantom. The image number for

the averaging was determined for the minimally required

CNR that was already obtained in the investigation (see

Sects. 2.4 and 3.1). To examine the dose dependence of the

resolution property, we measured an MTF at a high-dose

condition with a tube current of 270 mA. Thirty-two

images for averaging were used each for FBP and AIDR

3D weak under the high-dose condition.

3 Results

3.1 Required CNR

Figure 4 shows the relationships between CNR and CTF

error (difference from the true CTF value) and between

CNR and percentage error of the CTF, for 0.25, 0.5, and

1.0 cycles/mm. The CTF errors dropped at the CNR level

of 24, and the errors were sufficiently small for CNR levels

of 28 and above. Therefore, we determined the CNR level

of 28 as the requisite for adequate accuracy of the MTF

measurement using the bar-pattern method.

3.2 Validity of the bar-pattern method

Figure 5 shows MTF results for the wire and bar-pattern

methods measured from the FBP images. For the bar-pat-

tern method, the results of high- and middle-contrast con-

ditions were indicated. The results of the bar-pattern

method mostly agreed with those of the wire method;

therefore, the accuracy of the bar-pattern method was

validated.

3.3 MTF measured by the wire method

Figure 6 shows MTF results for the conventional wire

method for FBP and four strengths of AIDR 3D. All MTF

results were correctly identical, and this demonstrates that

the resolution property for high-contrast objects was

independent of the AIDR 3D strength.

3.4 MTF for AIDR 3D

Figure 7a shows MTF results for the middle-contrast

condition for FBP; weak and strong of AIDR 3D. For the

MTF plots of AIDR 3D, Gaussian-fitted MTF curves were

also indicated. The frequencies at 10 % MTF for FBP,

weak, and strong were 0.64, 0.56, and 0.44, respectively.

The MTF of AIDR 3D decreased with the strength of

AIDR 3D.

Figure 7b shows MTF results for FBP and weak strength

of the noise reduction level of AIDR 3D for two different

dose levels (270 and 80 mA). The volume computed

tomography dose indices (CTDIvol) for high- and low-dose

levels were 44.2 and 11.5 mGy, respectively. The MTF of

AIDR 3D varied depending on the dose level. The fre-

quency at 10 % MTF decreased from 0.618 to 0.562 with a

decrease in the dose level.

3.5 Processed images

Figure 8 shows bar-pattern images processed by the image-

averaging technique for FBP, weak of AIDR 3D with high

dose, weak of AIDR 3D with low dose, and strong of AIDR

3D with low dose. The CNR values of original images with

low dose for FBP, high dose for weak of AIDR 3D, and

low dose for weak and strong of AIDR 3D were 2.43, 4.67,

3.60, and 6.50, respectively. The sharpness of weak with

high dose was almost equal to that of FBP. For the low
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dose, sharpness was degraded by the weak and strong of

AIDR 3D, in which strong showed the lowest sharpness.

Especially at 0.50- and 0.67-cycles/mm bar-pattern seg-

ments (areas within dotted line boxes in Fig. 8), the bar

separation changes were remarkable. These findings were

well correlated with the MTF results measured by the bar-

pattern method.

4 Discussion

The results of the conventional wire method showed no

difference in spatial resolution between FBP and AIDR 3D.

Miéville et al. [12] presented the MTF results of three IRs,

ASIR, VEO (GE Healthcare, Milwaukee, WI, USA) and

iDose4 (Philips Healthcare, Cleveland, OH, USA) mea-

sured by use of a high-contrast bead object. In this work,

ASIR and iDose4 provided almost the same MTF as that of

FBP, and VEO indicated a higher MTF than that of FBP.

Gervaise et al. [8] demonstrated MTF results of the first

generation of IR developed by Toshiba Medical Systems,

AIDR, measured using a phantom including a 0.28-mm

tungsten wire. In the study, there was no spatial resolution

difference between FBP and AIDR. Because IRs are gen-

erally based on a non-linear process, these results are not

more than those for high-contrast objects only. In addition,

the conventional wire or bead methods require a small

DFOV to provide accurate LSFs with sufficiently small

sampling pitches [23–25]. Because it is possible that the

IRs resolution depends on the DFOV, MTF results mea-

sured from wire or bead images do not indicate the correct

MTF corresponding to clinical images with large DFOVs

for adult bodies.

The image-averaging technique was effective for

obtaining a sufficient CNR (28 and more) for a middle

contrast of 50 HU. In the middle-contrast condition, the

Fig. 4 Relationships a between

CNR and CTF error and

b between CNR and percentage

error of CTF value

Fig. 5 MTF results for the wire and bar-pattern methods for FBP

images
Fig. 6 MTF results for the conventional wire method for FBP and

four strengths of AIDR 3D
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image-averaging technique allows us to measure the spatial

resolution with low noise. It was not difficult to repeat

scans 50 times because the CT system used had a sufficient

heat capacity for the X-ray tube. This level of heat capacity

is not especially high; therefore, the image-averaging

technique can be applied to most current CT systems. In

addition, the tilted placement of the bar-pattern phantom

used for obtaining a sufficiently small sampling pitch was

effective in the application with large DFOVs corre-

sponding to clinical use.

The MTF results for FBP images obtained from both

methods with the bar pattern and a wire were almost

identical. Further, in the comparison study between the

high- and middle-contrast conditions with the bar pattern,

the MTFs of both the contrasts showed almost identical

values. This demonstrates that the image-averaging tech-

nique applied to the middle-contrast images did not affect

the MTF measurement accuracy, as shown in Fig. 5,

because the alignment difference among images for the

image-averaging could be ignored. In most MTF results for

the bar pattern, MTF increases at 0.1 cycles/mm were

found. Because the ring artifacts can be recognized at the

segment with 5-mm bar (with a frequency of 0.1 cycles/

mm) in Fig. 8, it was suspected that the MTF increases

were caused by the artifact-related profile distortions.

Although the image-averaging technique is effective in

reducing the random noise (quantum noise), it does not

work properly to reduce the ring artifact and other fixed

pattern noises. Therefore, besides a measurement proce-

dure that uses our method, more careful calibration oper-

ations, which were usually performed with air or water

phantoms to reduce these artifacts, are required.

For the middle-contrast condition, the MTF of AIDR 3D

decreased with the strength of the IR process compared

with FBP. In the strategy of dose reduction by use of IRs,

we hope that the IRs maintain the resolution while simul-

taneously reducing the noise for objects with any contrasts.

However, AIDR 3D was not able to maintain the resolution

for the middle-contrast objects which requires the resolu-

tion clinically. In addition, the MTF of AIDR 3D decreased

under low-dose conditions, while the MTF was almost

maintained with high-dose conditions. These results indi-

cated that the more noise reduction we expect, the more

resolution degradation occurs in IR images. Unfortunately,

these relationships make it difficult to select the strength

setting and the dose reduction rates by operators.

Fig. 7 a MTF results for the

middle-contrast condition for

FBP; weak and strong AIDR

3D. For MTF plots of AIDR 3D,

Gaussian-fitted MTF curves are

also indicated. b MTF results

for FBP and weak AIDR 3D for

two different dose levels (44.2

and 11.5 mGy)

Fig. 8 Processed images for a FBP (11.5 mGy), b weak AIDR 3D

with high dose (44.2 mGy), c weak AIDR 3D with low dose

(11.5 mGy), d strong AIDR 3D with low dose (11.5 mGy). Especially

at 0.50- and 0.67-cycles/mm bar-pattern segments (areas within

dotted line boxes in Fig. 8), the bar separation changes were

remarkable. The CTDIvol values for the images are shown in the

brackets
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Our study has several limitations. First, because we

measured MTFs at a fixed position of the bar-pattern

phantom, in our results the effects of the directional or

positional dependence of the resolution might be mixed.

Second, in this study, we did not have a comparison with

the method of Richard et al. [18] by use of cylindrical

objects. Mori and Machida [28] proposed an MTF calcu-

lation method which can be used for edge images with

CNRs as low as 2. Although it was thought that this method

could be applied to IR images, we did not compare our

method with their method. Thus, the shape dependence of

the resolution was not investigated.

5 Conclusion

With our method, in which we used a combination of the

bar-pattern phantom and the image-averaging technique, it

was possible to evaluate the resolution of IR for the middle

contrast (50 HU) with reasonable accuracy. The results

obtained with our method clarified that the resolution of a

tested IR was degraded with the strength of the IR process

and dose reduction. In the determination process of the

dose reduction rate by IRs, the contrast and dose depen-

dencies of MTF, which can be evaluated accurately by our

method, should be considered.
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