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Abstract.
BACKGROUND: Mobile computed tomography (CT) with a cone-beam source is increasingly used in the clinical field.
Mobile cone-beam CT (CBCT) has great merits; however, its clinical utility for brain imaging has been limited due to problems
including scan time and image quality.
OBJECTIVE: The aim of this study was to develop a dedicated mobile volumetric CBCT for obtaining brain images, and to
optimize the imaging protocol using a brain phantom.
METHODS: The mobile volumetric CBCT system was evaluated with regards to scan time and image quality, measured as
signal-to-noise-ratio (SNR), contrast-to-noise-ratio (CNR), spatial resolution (10% MTF), and effective dose. Brain images
were obtained using a CT phantom.
RESULTS: The CT scan took 5.14 s at 360 projection views. SNR and CNR were 5.67 and 14.5 at 120 kV/10 mA. SNR and
CNR values showed slight improvement as the x-ray voltage and current increased (p < 0.001). Effective dose and 10% MTF
were 0.92 mSv and 360 µm at 120 kV/10 mA. Various intracranial structures were clearly visible in the brain phantom images.
CONCLUSIONS: Using this CBCT under optimal imaging acquisition conditions, it is possible to obtain human brain images
with low radiation dose, reproducible image quality, and fast scan time.
Keywords: Cone-beam computed tomography, volumetric computed tomography, dedicated mobile CT, brain imaging

1. Background
Mobile computed tomography (CT) for brain imaging is clinically useful and cost-effective when
employed in the intensive care unit (ICU), operating room, or emergency department, because it elim∗
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Fig. 1. Photograph of the mobile cone-beam computed tomography (CT) scanner for brain imaging. The CT system is linked
to the hospital PACS system. (Colours are visible in the online version of the article; http://dx.doi.org/10.3233/XST-150502)

inates the risk of transportation-related adverse events and saves time [2,26]. Previous studies have reported the incidence of adverse events during patient transport to be as high as 71%. This risk may reach
15% even with a well-trained transport team; therefore, it is important to limit patient transport [3].
Clinical applications of mobile CT brain imaging include intraoperative evaluations for central nervous
system surgery, cerebral edema, suspected hydrocephalus, suspected bleeds, cerebral infarct localization,
and skull base applications, among others [17,26].
Mobile CT techniques have been designed using 2 different approaches. One is volumetric cone-beam
CT (CBCT), which is already used in micro- and dental-CT applications. The other is conventional
fan-beam multi-detector CT (MDCT). CBCT offers smaller, less expensive, and more maneuverable
equipment. It requires a lower effective radiation dose and a shorter scan time compared to MDCT.
The limitations of CBCT include a small field-of-view (FOV), and artifacts such as rings, streaks, and
motion [29]. The FOV of CBCT is limited by the flat-panel detector size, but the half-scan cone-beam
technique (offset scan method) can be used to increase the FOV [24]. Ring artifacts are troublesome in
flat-panel detector-based volumetric CBCT because they can degrade image quality, but these artifacts
can be removed using image processing on sonograms [12,23]. Mobile MDCT has typically been used
for brain scanning, and CBCT systems have only recently been designed for imaging of the sinus, skull,
temporal bone, and extremities [4,10,27]. Until now, there has been no dedicated mobile volumetric
CBCT for human brain imaging [8].
Recently, we developed a novel dedicated mobile volumetric CBCT for brain imaging using a complementary metal oxide semiconductor (CMOS) detector. Due to the substantial increase in CT usage,
optimization of proper CT imaging protocols is critical [23]. We measured the performance of this system including scan time, spatial resolution, contrast-to-noise ratio (CNR), signal-to-noise ratio (SNR),
and effective dose, according to various x-ray conditions and number of projection views (PVno). The
use of mobile dedicated CBCT with an optimized brain imaging protocol may be helpful for critically
ill patients, because this system delivers a low radiation dose. In this paper, we report the performance
of the CBCT for dedicated brain imaging using a brain phantom.
2. Materials and methods
2.1. System configuration
A dedicated mobile volumetric CBCT (PhionTM , NanoFocusRay Ltd, Jeonju, Korea) for brain imaging
using a stationary anode cone-beam x-ray source and a flat-panel detector with a CMOS sensor (Dexela
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2923, PerkinElmer, USA) was used. The CMOS sensor has 3888 × 3072 pixels with 75 µm pixel pitch
and a 600 µm CsI scintillator. And it can grab 70 frames per second using 2 binned mode. We did not
use anti-scatter grid. The x-ray source could generate 50–130 kV and 4–10 mA with a 500 µm focal
spot size. The FOV of the mobile CBCT for brain imaging was 221 mm (XY) × 163 mm (Z), and the
voxel size was 215 µm3 in 1024 (XY) × 796 (Z). The shortest scan time of this volumetric CBCT was
5.14 s. The entire system is shown in Fig. 1. The scanner weighs approximately 275 kg, and is 1.15 m
wide, 0.88 m deep, and 1.43 m tall. A Feldkamp back-projection algorithm [21] was used for image
reconstruction and for generating a pre-processed sinogram. We adapted Yousuf’s algorithm [23] for
ring artifact reduction to the 3D sinogram obtained from the 2D projection set.
2.2. Image acquisition
For image acquisition, we specified the data acquisition and x-ray generation conditions as follows.
The data acquisition conditions were defined as 360 (PVno.360), 480 (PVno.480), 720 (PVno.720), and
1440 (PVno.1440) projection views. The x-ray voltage was defined as 110 kV, 120 kV, and 130 kV, and
current was defined as 8 mA, 9 mA, and 10 mA. Combinations of each condition were quantitatively
analyzed according to image quality parameters and effective dose. The obtained images were preprocessed into 2D projection images in parallel, to decrease image-processing time. The brain CT images
R
, Japan).
were obtained using a brain phantom (Angiographic CT head phantom ACS, Herago
2.3. Analysis of image quality
We analyzed image quality according to the x-ray generation condition and acquisition protocol. The
criteria generally used for objective image quality assessment are the determinations of SNR, CNR,
and spatial resolution [22]. SNR and CNR are the ratio of the input signal to background noise, and a
description of the contrast potential in the image, respectively [5,6,16,19]. The SNR was calculated as
the ratio of the bone equivalent material value (400 mgHA/cm3 ) and noise. The CNR was calculated
as the ratio of water-air contrast and noise. Both the SNR and CNR were mean values obtained using
three image sets for each condition. The modulation transfer function (MTF) has generally been used
to characterize the spatial resolution of imaging systems [6,9]. There are some basic methods for MTF
calculation such as the line-spread function, the point spread function, and usage of a line pattern [3,18].
We used the line-spread method with a CT phantom (QRM-ConeBeam, QRM GmbH, Germany) to
generate MTF curves.
All statistical analysis was performed with one-way anal ysis of variance (ANOVA) using the statistical package for the social sciences (SPSS version 17.0 Chicago, IL, USA). Coefficient of variance (CV)
was calculated for the variability of SNR and CNR in the CT measurements. The variations in CT signals
according to different x-ray conditions were analyzed by ANOVA with a Tukey post hoc adjustment, to
test for significant interactions between each conditions.
2.4. Measurement of effective radiation dose
We calculated the effective dose using the method described by the International Commission on Radiological Protection (ICRP 2007) [11]. The radiation dose measurement was performed using thermoluminescent dosimeter chips (TLD-200; CaF2 : Dy, Thermo Scientific, USA). One chip was positioned
R
dosimetry verification phantom
at each of 27 locations within the head and neck region of an ATOM
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Table 1
Radiation effective dose according to the location of TLD chips at the 120 kV/10 mA condition

TLD No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Organ
Brain, parietal
Cranium, left parietal
Cranium, frontal
Cranium, right parietal
Cranium, occipital
Brain, left frontal
Brain, right frontal
Brain, left temporal
Brain, right temporal
Brain, left frontal
Brain, right frontal
Brain, left temporal
Brain, right temporal
Orbit of left eye

Level
2
3
3
3
3
3
3
3
3
4
4
4
4
5

Dose (mGy)
5.44
6.91
5.87
7.58
6.39
6.20
5.98
6.28
6.43
6.06
6.05
6.82
6.76
8.25

TLD No.
15
16
17
18
19
20
21
22
23
24
25
26
27

Organ
Orbit of right eye
Brain, mid
Brain, mid
Mandible, left
Mandible, right
Mandible, left
Mandible, right
Cervical spine
Mandible, left
Mandible, right
Thyroid, left
Thyroid, right
Cervical spine

Level
5
5
5
7
7
8
8
8
9
9
10
10
10

Dose (mGy)
8.28
6.47
6.34
6.36
7.36
4.22
4.27
4.51
1.08
1.22
1.03
1.05
0.85

Abbreviation: TLD, thermoluminescent dosimeter.
Table 2
The SNR, CNR, and spatial resolution according to different x-ray conditions
Voltage Current
SNR
CNR
Spatial
(kV)
(mA) (Mean ± SD) [CV]∗ P-value† P-value‡ (Mean ± SD) [CV]∗ P-value† P-value‡ resolution§ (µm)
110
8
4.884 ± 0.159 [3] < 0.001 < 0.001
11.627 ± 0.231 [2] < 0.001 < 0.001
357.1
9
5.228 ± 0.135 [3]
12.284 ± 0.317 [3]
359.7
10
5.331 ± 0.119 [2]
12.981 ± 0.211 [2]
387.6
120
8
5.115 ± 0.120 [2] < 0.001
12.784 ± 0.218 [2] < 0.001
378.8
9
5.337 ± 0.089 [2]
13.554 ± 0.298 [2]
375.9
10
5.677 ± 0.139 [2]
14.505 ± 0.308 [2]
359.7
130
8
5.303 ± 0.156 [3] < 0.001
13.721 ± 0.330 [2] < 0.001
354.6
9
5.528 ± 0.098 [2]
14.694 ± 0.376 [3]
347.2
10
5.834 ± 0.146 [2]
15.358 ± 0.310 [2]
378.8
Abbreviations: SD, standard deviation; CV, coefficient of variation; SNR, signal to noise ratio; CNR, contrast to noise ratio
*CV indicates the percentage of the coefficient of variation ([SD/Mean value] × 100). †Statistical analysis at each different
mA value was performed with a one-way analysis of variation (ANOVA) test using a Tukey post-hoc adjustment. ‡The difference according to different kV was analyzed with a one-way ANOVA test. §Spatial resolution was calculated by 10% MTF
(modulation transfer function) using the pattern of the cone-beam CT phantom.

(701-HN-D; CIRS, USA). Each TLD chip ID, organ, and phantom level is displayed in Table 1. Radiation experiments were repeated three times and the average was used to obtain the radiation value. Ten
additional chips were kept outside the scanning room to allow for a later determination and subtraction
of the mean accumulated background radiation dose [13]. The radiation-weighted dose was multiplied
by the obtained radiation value of these TLD chips and the estimated percentage of tissue irradiated. Final effective dose was calculated by the summation of the multiplied radiation weighted dose and tissue
weighting factors [15,28].
3. Results
We successfully obtained a brain phantom image using the dedicated mobile CBCT with a short acquisition time. The CT scan times were 5.14 s for PVno.360, 6.85 s for PVno.480, 10.28 s for PVno.720,
and 20.56 s for PVno.1440. The exposure times were 2.67, 3.43, 5.14, and 10.28 s at each PVno, respectively. Effective dose based on the ICRP 2007 method was 0.92 mSv at the condition of 120 kV/10 mA
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Fig. 2. Bar graph demonstrating the signal to noise ratio (SNR; A) and the contrast to noise ratio (CNR; B) for each condition.
The SNR and CNR values showed a slight increase as the voltage and current of the x-ray increased (p < 0.001). Overall, the
condition at 130 kV/10 mA showed the best values in the various conditions of x-ray currents and voltages. All of the SNR
and CNR values are expressed as mean ± standard deviation (SD). *†‡indicates significant difference using the Tukey post-hoc
test: * 8 mA vs 9 mA; †9 mA vs 10 mA; and ‡10 mA vs 8 mA.

Fig. 3. MTF Curve of the optimal protocol (120 kV/10 mA and PVno.360).10% MTF was 13.9 lp/(359.7 µm).

and 1.75 mSv at the condition of 130 kV/10 mA (Table 1). The SNR, CNR, and spatial resolution
according to each x-ray condition are summarized in Table 2 and Fig. 2. The SNR and CNR values
showed a slight improvement as the voltage and current of the x-ray increased (p < 0.001). Overall, the
130 kV/10 mA condition showed the best values out of all the various conditions of x-ray currents and
voltages. The spatial resolution at a condition of 120 kV/10 mA was better than that at 130 kV/10 mA.
Therefore, the condition of 120 kV/10 mA and PVno.360 was optimal to obtain human brain imaging
based on the SNR, CNR, MTF, scan time and effective dose. Figure 3 shows MTF curve of the optimal
protocol. And Fig. 4 shows the CT images of a brain phantom under the preferred image acquisition
conditions. Various intracranial structures are clearly distinguishable.
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Fig. 4. Computed tomography (CT) images of the axial (A) and sagittal (B) planes of the brain phantom as obtained with the
mobile volumetric cone-beam computed tomography (CBCT) system. The intracranial vessels and various brain structures are
clearly seen. The brain structure is also shown on a multiplanar rendering image (C). (Colours are visible in the online version
of the article; http://dx.doi.org/10.3233/XST-150502)

4. Discussion
In this study, we successfully developed a novel volumetric CBCT with a CMOS detector for dedicated brain imaging. Mobile brain CT has been used for intraoperative evaluation of the extent of tumor
resection, early assessment of re-bleeding after craniotomy, and skull base applications. Brain scanning
using mobile CT is also used for the evaluation of cerebral edema, suspected hydrocephalus, suspected
bleeds, and cerebral infarct localization. Although it is well known that CBCT has several disadvantages including a small FOV and artifacts, mobile CBCT has the advantages of lower cost, smaller size,
lighter weight, and lower radiation dose as contrasted with mobile MDCT. Taking all the information,
we initiated to develop a novel dedicated mobile volumetric CBCT for brain imaging.
Present study adapted a flat-panel CMOS detector with a CsI scintillator in this CBCT system. A flat
panel CMOS x-ray detector has many features necessary for brain imaging, including a high frame-rate,
low read noise, high reliability, high detective quantum efficiency (DQE), and high spatial resolution.
Because the CMOS detector can obtain projections at a high frame rate, the radiation dose for the patient
can be minimized. Our CBCT could acquire 360 projection images of 360 degrees within 5.14 s using
a combination of the CMOS detector and a camera link interface. The high speed of acquisition is
sufficient to obtain a brain perfusion image. Ring artifacts are a significant problem in flat-panel detectorbased volumetric CBCT because they can degrade image quality. Unlike ring artifacts in other types of
CBCT, such as image intensifier-based CT, ring artifacts in flat-panel detector-based CBCT are not
removable [12,23]. To reduce ring artifacts, this system used an algorithm either before or after CT
reconstruction. This system used “monoblock” technology, where the x-ray tube and the high-voltage
generator are incorporated into a single casing. This reduces the size and cost of the x-ray tube. The
closer the x-ray tube is to the patient, the less power is needed for diagnostic image quality.
Recently angiographic CBCT have been used in clinical interventional radiology suite [27]. A study
had shown that image quality of angiography flat-panel CT with low dose protocol is not enough to
diagnosis of brain parenchyma for signs of ischemia [27]. On the contrary, the image quality with high
dose protocol is possible to diagnose the patient. Therefore, brain protocol optimization is essential for
medical imaging equipment, particularly concerning the effective radiation dose and image quality. To
optimize this brain imaging protocol, we defined several protocol conditions for the x-ray in this study.
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In terms of image quality, a study reported that CNR of other volumetric CTs are 8.2–18.8 and 10%
MTF are 0.1–0.8/mm−1 [7]. With our system, SNR and CNR increased as the voltage and current of
the x-ray and number of projection views increased. That is, SNR, CNR and 10% MTF at each condition (minimum to maximum) were 4.9–5.8, 11.6–15.4 and 347–387 µm, respectively. With regard to
effective dose, a study reported that effective dose of CBCT using flat-panel detector with low-dose protocol was approximately 1.0-mSv and effective dose of conventional CT was 17.8 mSv [27]. Effective
doses of our system were 0.92 mSv at the condition of 120 kV/10 mA and 1.75 mSv at the condition of
130 kV/10 mA. Although 10% MTF of 130 kV/9 mA condition were better than 120 kV/10 mA condition, effective dose of 130 kV/9 mA protocol was much higher than that of 120 kV/10 mA protocol.
There were some opposite results. In this regards, we considered that the effective dose to the patients is
more important than that of spatial resolution in diagnostic imaging.
Acquisition time of our system was 5.14 seconds at 360 projection views. On the contrary, other commercialized volumetric CT scanner of dedicated extremity CBCT (Planmed Verity, Finland) is 18 seconds. Maxillofacial CBCT such as i-CAT (Imaging Sciences International, USA), CB Mercuray (Hitachi, Japan), AZ3000CT (Asahi, Japan), Promax (Planmeca, USA), Implagraphy (Vatrech, Korea), and
3D EXAM (Kavo, Germany) are 8.9, 10, 17, 18, 19, and 26.9 seconds, respectively [1,14,25].
When we used the low x-ray voltage less than 100 kV, the beam hardening artifacts were increased
markedly on CT images. It was not enough to obtain the images of brain parenchyma via skull bone.
Therefore, we did not study using less than 100 kV. By taking the SNR, CNR, MTF, scan time, and
effective dose into account, we could choose the optimal protocol: 120 kV, 10 mA, 360 projection
views and scan time of 5.14 seconds. Therefore, the proposed image quality data and effective dose
were acquired at the same setting condition. The increase of x-ray and projection views caused increase
effective dose to the patients. We have chosen that protocol of higher radiation dose is not appropriate
protocol for brain imaging on this mobile CT. The calculated effective dose was 0.92 mSv, and the spatial
resolution with 10% MTF was 360 µm under these conditions. And our system was able to obtain highresolution images of a brain phantom using our chosen protocol. All studies using this scanner were
deemed clinically acceptable and were of appropriate diagnostic quality.
5. Conclusion
We have successfully developed a volumetric CBCT for dedicated brain imaging using a CMOS detector. We obtained high-quality brain phantom images, enabling the interpreter to distinguish major
brain structures. The use of mobile dedicated CBCT with an optimized brain imaging protocol may be
helpful for critically ill patients, as it delivers only a low radiation dose.
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