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Abstract Recently, region-setting computed tomography

(CT) has been studied as a region of interest imaging

method. This technique can strongly reduce the radiation

dose by limiting the irradiation field. Although mathe-

matical studies have been performed for reduction of the

truncation artifact, no experimental studies have been

performed so far. In this study, we developed a three-di-

mensional region-setting CT system and evaluated its

imaging properties. As an experimental system, we

developed an X-ray CT system with multileaf collimators.

In this system, truncated projection data can be captured by

limiting of the radiation field. In addition, a truncated

projection data correction was performed. Finally, image

reconstruction was performed by use of the Feldkamp–

Davis–Kress algorithm. In the experiments, the line profiles

and the image quality of the reconstructed images were

evaluated. The results suggested that the image quality of

the proposed method is comparable to that of the original

method. Furthermore, we confirmed that the radiation dose

was reduced when this system was used. These results

indicate that a 3D region-setting CT system using

6-channel multileaf collimators can reduce the radiation

dose without in causing a degradation of image quality.
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1 Introduction

1.1 Background

Due to developments in computed tomography (CT)

systems and the increase of CT examinations, CT

examinations are of particular interest as a source of

radiation exposure [1, 2]. However, CT examinations

may increase the risk of cancer [3–5]. Therefore, many

studies have been performed to reduce the radiation

exposure level during CT examinations [6–12]. In the

current diagnostic CT systems, an X-ray beam irradiates

the entire field of view (FOV), even if we want to

acquire only the region of interest (ROI). If a recon-

structed image can be obtained for the truncated pro-

jection data by limiting of the irradiation field, the

radiation dose can be strongly reduced. In this study,

this mechanism is referred to as region-setting CT: an

ROI imaging method.

1.2 Related works

In a prior study, Noo et al. [10] proposed an image

reconstruction algorithm based on the Hilbert transform for

truncated projection data. Kudo et al. [11] indicated that a

priori knowledge of the reconstructed image in the ROI

solves the interior problem [13], one of the inverse prob-

lems. Gong et al. [12] implemented interior micro-CT for

achieving a lower radiation dose. Their system can acquire

truncated projection data by using a fixed size collimator.

We developed two-dimensional region-setting CT that

supports ROIs of arbitrary shape [14]. To the best of our

knowledge, there has been no study on the development of

a three-dimensional (3D) experimental system for region-

setting CT.
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1.3 Objective

If multileaf collimators used during radiation therapy apply

a diagnostic CT, there is the possibility that the radiation

dose to organs at risk can be reduced. Our aim in this study

was to develop a 3D region-setting CT system by use of

multileaf collimators. In this paper, we analyze the results

obtained using the experimental system, and we evaluate

that system.

2 Materials and methods

2.1 Experimental system

2.1.1 Overview of the experimental system

A schematic of the region-setting CT system is shown in

Fig. 1. This system comprises two parts: a scan part and a

control part. The former consists of an X-ray tube (L7901,

HAMAMATSU Photonics), a detector (C7942CA,

HAMAMATSU Photonics), a multileaf collimators, etc.,

whereas the latter is connected to a motor control unit,

X-ray control unit, image interface, and executed CT scan

control and data transfer. The maximum tube voltage and

current of the X-ray tube is 100 kV and 0.1 mA, respec-

tively. The focus size is 5 lm, and the angle of the fan

beam and cone beam is 2.9�. W and Be is introduced as

target and window, respectively, and 0.5 mm Al is attached

as a filter. As a detector, an indirect-conversion type flat-

panel detector is adopted. The scintillator of the detector is

CsI (Tl). The sensor pitch and matrix size is 50 lm and

2366 9 2368, respectively. The bit depth is 12 bit (1024),

and frame rate is 2 frames per second. The computer

controls the scan system from outside the X-ray shielded

room.

In the CT system, projection data for all directions are

collected by rotating the subject using a rotation stage. The

rotation stage consists of a rotation table mounted with a

step motor (DG130R-ASBA, ORIENTAL MOTOR Co.,

Ltd.), motor driver, and motion controller. The motion

controller built in the computer transmits pulse trains to the

motor driver. Then, the motor driver gives instructions to

the step motor. The rotation speed and angle resolution is

200 rpm and 0.02�, respectively.
Considering the geometry of the system, the source-

image receptor distance (SID) can be set as 510 mm,

whereas the source-object distance (SOD) can be set from

200 to 450 mm.

2.1.2 Multileaf collimators

The experimental system shields the outside ROI by using

multileaf collimators and collects the truncated projection

data. A schematic for the multileaf collimators is shown in

Fig. 2. The source–collimator distance is 100 mm, and a

6-channel Pb-leaf is controlled independently by use of

servo motors (HS-785HB, Hitec Multiplex). Illustration of

the system geometry is shown in Fig. 3. The Pb-leaf is

controlled until the straight line connecting the X-ray tube

focus and the outline of the ROI.

The operating speed of the Pb-leaf is 2.17 mm/s, and the

mechanical errors of the Pb-leaf are within ±0.7 mm.

These control programs are developed by use of Visual

C?? 6.0 (Microsoft Corporation).

2.2 Image reconstruction

A flowchart of the image reconstruction process is shown

in Fig. 4. In our imaging system, truncation artifacts occur

in the reconstructed images if the truncated projection data

are obtained directly. To reduce truncation artifacts, we

performed truncated projection data correction and image

reconstruction.

2.2.1 Truncated projection data correction

The data correction process for truncated projection data

consists of extension and extrapolation of the projection

data. A diagrammatic representation of the data correction

Fig. 1 Schematic for the region-setting CT system
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is shown in Fig. 5. The horizontal direction of the raw

projection data is extended, as shown in Fig. 5a and b.

Then, the projection data are extrapolated truncated area

(Fig. 5c). The data correction details are explained in the

following.

2.2.1.1 Extension of the projection data For extension of

the projection data, the extrapolating area is reserved. Two-

dimensional projection data p(u,v) are extended in the

horizontal direction, and extended projection data

p0(u0,v) are obtained.

Here, u and v are the spatial coordinates of the detector

(horizontally, vertically), and u0 is the horizontal spatial

coordinate of the extended projection data. A schematic

diagram for the extended projection data is shown in

Fig. 6.

2.2.1.2 Extrapolation of the projection data For extrap-

olation of the projection data, the projection data

p0(u0,v) are extrapolated along the horizontal direction of

the data based on the cosine function. Let us denote the

extrapolated distance by Wl(v), Wr(v), and the horizontal

spatial coordinates of the truncated boundary by kl(v), kr(v).

First, Wl and Wr are calculated from coordinates at kl
and kr and the left and right end parts of the projection data

p0, respectively. Then, the projection data are extrapolated

from kl, kr toward the end parts of the data based on the

cosine function.The extrapolation equation is defined as

follows:

qðu0;vÞ ¼
p0ðklðvÞ;vÞ � cos2

pðklðvÞ � u0Þ
2WlðvÞ

� �
klðvÞ[u0

p0ðkrðvÞ;vÞ � cos2
pðkrðvÞ � u0Þ

2WrðvÞ

� �
krðvÞ\u0

8>><
>>:

;

ð1Þ

where q(u0,v) is the extrapolated projection data. A sche-

matic diagram for the extrapolated projection data is shown

in Fig. 7.

By application of processing, the error of the signal at

the truncated boundary can be reduced. Therefore, trun-

cation artifacts caused by the reconstruction filtering can be

suppressed.

2.2.2 Image reconstruction

As an image reconstruction algorithm, the Feldkamp–

Davis–Kress (FDK) algorithm [15, 16] is introduced. In

addition, the Ramachandran–Lakshminarayanan filter is

Fig. 2 Schematic for the

multileaf collimators

Fig. 3 Illustration of the structure of the Pb-leaf. The Pb-leaf is

controlled until the straight line connecting the X-ray tube focus and

the outline of the ROI

Fig. 4 Flowchart of the image reconstruction process
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introduced as a reconstruction filter. This program is

developed by use of Visual C?? 2012 (Microsoft Cor-

poration) and an Intel C?? compiler (Intel Corporation).

Furthermore, the program performs parallel processing by

using a multi-core processor (Intel Core i5-3470,

3.20 GHz).

2.3 Performance evaluation

Both original and region-setting CT scans of two cus-

tomized phantoms were conducted for image and radiation

dose evaluations. The original method acquired non-trun-

cated projection data without multileaf collimators and was

employed as the baseline for the evaluations. For the pur-

pose of comparison, we evaluated three methods. First, we

compared the uncorrected method obtained directly using

the truncated projection data. Second, we compared the

mean value substitution (MVS) method [14] and finally the

proposed method. Tube voltage and current of the experi-

ment were set to 80 kV and 0.1 mA, respectively. The

number of projection was 360; our CT system acquired

using step and shoot technique.

2.3.1 Evaluation using image evaluation phantom

Line profile and quantitative evaluations were performed

with use of an image evaluation phantom for evaluation of

the image quality of the system. The image evaluation

phantom is shown in Fig. 8. This phantom consists of a

cylindrical ABS resin container and three rods (ABS resin,

acrylic resin, and aluminum). The diameters of the con-

tainer and rods were 30 and 5 mm, respectively. The

exposure time per projection was 1.0 s.

We set the ROI shape to a sphere and an ellipsoid. Three

quantitative metrics were measured, including the corre-

lation coefficient (CC), mean absolute error (MAE), and

normalized mean square error (NMSE) [17]. The MAE and

NMSE were calculated using of the following equation:

Fig. 5 Outline of the correction of the truncated projection data. a Raw projection data. b Extended projection data. c Extrapolated projection

data

Fig. 6 Schematic diagram for the extended projection data. The

black region of p(u,v) is shielded by the multileaf collimators

Fig. 7 Schematic diagram for the extrapolated projection data
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MAE ¼ 1

N

X
i2R

f 0ðiÞ � f ðiÞj j; ð2Þ

NMSE ¼

P
i2R

f 0ðiÞ � f ðiÞf g2

P
i2R

f ðiÞ2
; ð3Þ

where f(i) and f0(i) indicate the baseline image and the

target image, respectively. Region R indicates the ROI. N is

the number of voxels in region R. If the target image was

exactly the same as the baseline image, the MAE and

NMSE would be 0.

2.3.2 Evaluation with use of chest phantom

To verify the effectiveness of the experimental system, we

designed and scanned a tiny chest phantom. The illustration

of the chest phantom is shown in Fig. 9. This phantom is

made of acrylic resin and consists of lung, cardiac, and

vertebral regions. A bone-equivalent material (dipotassium

hydrogen phosphate, CT value = 500 HU) is filled in the

vertebral region. The exposure time per projection was

1.0 s, and we set the ROI on a cardiac region. In addition,

the air kerma in the chest phantom were evaluated with a

thermoluminescent dosimeter (TLD) (MSO-S, Kyokko).

The TLDs were annealed using an annealing oven (AO-SL,

Kyokko) at 450 �C for 20 min. After measurements, the

TLDs were read immediately on the TLD reader (3000,

Kyokko). Finally, the air kermas were calculated by mul-

tiplying of the measured TLD value and conversion factor

of each dosimeter. Here, the conversion factors (mGy/mSv)

were calculated by division of the TLD value by the air

kerma measured with an ionization chamber dosimeter

(9015, Radcal). The exposure time was set to 180 s.

3 Results

3.1 Image evaluation

The reconstructed images of the image evaluation phantom

and the volume-rendered images are shown in Figs. 10 and

11, respectively. Figure 10 shows an axial section of the

image evaluation phantom. With the proposed method,

artifacts were not found in the peripheral region. The line

profiles are plotted in Fig. 12. The line profile selection is

shown by the yellow line of Fig. 10a. Regarding shape

similarity of the profile between two ROI imaging methods

and original method, the similarity of the proposed method

was better than that of the uncorrected method.

The reconstruction images of the chest phantom are

shown in Fig. 13. In the proposed method, the 3D ROI

images were clearly identified; however, artifacts are found

in the peripheral region of the images obtained.

Quantitative evaluation results for the image quality

phantom are shown in Table 1. In the evaluation, three

methods (uncorrected, proposed, and MVS methods) were

evaluated. The proposed methods were found to have a

strong correlation. The MAE and NMSE in the spherical

Fig. 8 Schematic of the image evaluation phantom

Fig. 9 Schematic of the tiny

chest phantom

64 F. Hashimoto et al.



ROI were reduced to 1/8 and 1/32, respectively, by the

truncated projection data correction as compared to the

uncorrected method. The MAE and NMSE in the ellip-

soidal ROI were also reduced to 1/5 and 1/9, respectively.

3.2 Radiation dose

The results of the radiation dose measurements are shown

in Table 2. The proposed method reduced the radiation

dose for the lung region by 80 % as compared to the

original method.

4 Discussion

We have presented a dose reduction technique in X-ray CT

by use of multileaf collimators.

Fig. 10 Reconstructed images of the image quality phantom. a Orig-

inal method and line profile selection. b Uncorrected method (ROI:

sphere). c Uncorrected method (ROI: ellipsoid). d Proposed method

(ROI: sphere). e Proposed method (ROI: ellipsoid)

Fig. 11 Volume-rendered images of the image quality phantom. a Original method. b Proposed method (ROI: sphere). c Proposed method

(ROI: ellipsoid)

Fig. 12 Line profiles of the reconstructed images of the image

quality phantom
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As shown from the line profiles, the uncorrected method

was considerably different from that obtained using the

original method. On the other hand, the profile of the

proposed method was similar to that obtained using the

original method. In the proposed method, the MAE and

NMSE in the spherical ROI were reduced to 1/8 and 1/32,

respectively, as compared to the uncorrected method. The

MAE and NMSE in the ellipsoidal ROI were also reduced

to 1/5 and 1/9, respectively. Furthermore, the MAE and

NMSE were reduced compared with the MVS method.

These improvements are due to the reduction of truncation

artifacts. Because the signal edge at the truncated projec-

tion data was attenuated gradually, it is likely to suppress

the truncation artifacts. These results indicate that our

proposed system can set the ROI to any shape. It also

suggests that the image quality of the proposed method is

similar to that of the original method. In addition, by using

the proposed method, we can obtain ROI images without a

priori knowledge of the reconstructed image in the ROI,

which is required by existing methods [10, 11]. Further-

more, the proposed method does not use parallel beam

reconstruction as used in previous research, but uses cone

beam reconstruction [10, 11]. Thus, our proposed method

is more practical than existing methods.

In the tiny chest phantom, as compared to the

uncorrected method, our proposed method provided

favorable reconstructed images. However, artifacts

appeared in the peripheral region of the images. In the

experimental system, the X-ray beam is shielded by the

multileaf collimators, and this causes scattering from the

Pb-leaf of the multileaf collimators. Further studies need

to be performed a design of collimators for the sup-

pression of scattering.

In the radiation dose measurements, the air kerma of

the lung region was reduced to a maximum of 80 %,

whereas the air kerma of the cardiac region was reduced

to 79 % by lower scattering because of the limited X-ray

beam. These results indicate that 3D region-setting CT

system using 6-channel multileaf collimators can reduce

the radiation dose without in causing a degradation of

image quality.

5 Limitation

This study is restricted to an experimental system. The

differences between the geometry of the system are likely

to result in artifacts from scattering. In addition, this study

is a phantom study. In the future, we need to examine a

biological sample such as a human body. Future work

involves validation for diagnostic CT systems. In addition,

we will need to evaluate image contrast, spatial resolution,

and noise.

Fig. 13 Reconstructed images of the chest phantom. a Original

method with bone. b Proposed method with bone. c Original method

without bone. d Proposed method without bone

Table 1 Quantitative evaluation results for the image quality phantom datasets

Sphere Ellipsoid

Uncorrected method MVS method Proposed method Uncorrected method MVS method Proposed method

Correlation coefficient 0.995 0.999 0.999 0.999 0.998 0.999

MAE [HU] 1027.0 171.5 130.5 841.2 204.0 165.9

NMSE 0.66 0.04 0.02 0.37 0.05 0.04

Table 2 Radiation dose results of the chest phantom

Organs Original method (n = 2) Proposed method (n = 3)

Average SD Average SD

Cardiac 18.4 0.93 14.4 2.11

Lung (left) 18.3 1.23 3.79 0.60

Lung (right) 16.2 0.21 3.79 0.17

Units in mGy
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6 Conclusion

We have developed a dose reduction technique for diag-

nostic CT by using multileaf collimators. In addition, we

evaluated the image quality and radiation dose of the

proposed method. We found that the image quality of the

proposed method is similar to that of the original method.

Furthermore, we confirmed that the radiation dose was

reduced in this system. These results indicate that 3D

region-setting CT system using 6-channel multileaf colli-

mators can reduce the radiation dose without in causing a

degradation of image quality.
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