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Objectives:

Cone beam CT (CBCT) requires a two-dimensional X-ray detector. In the several

CBCT systems developed for dental imaging, detection has been by the combination of an X-ray
image intensifier and charge-coupled device (CCD) camera. In this paper, we propose a new CBCT
system in which the detector is of the flat-panel type and evaluate its performance in dental imaging.
Methods: We developed a prototype CBCT that has a flat-panel-type detector. The detector
consists of a Csl scintillator screen and a photosensor array. First, the flat panel detector and image
intensifier detector were compared in terms of the signal-to-noise ratio (SNR) of projected images.
We then used these data and a theoretical formula to evaluate noise in reconstructed images. Second,
reconstructed images of a bar pattern phantom were obtained as a way of evaluating the spatial
resolution. Then, reconstructed images of a skull phantom were obtained.

Results: The SNR of the developed system was 1.6 times as high as that of a system with an image
intensifier detector of equal detector pitch. The system was capable of resolving a 0.35 mm pattern
and its field of view almost completely encompassed that of an image intensifier detector which is
used in dentomaxillofacial imaging. The fine spatial resolution of the detector led to images in which
the structural details of a skull phantom were clearly visible.

Conclusions: The system’s isotropically fine resolution will lead to improved precision in dental
diagnosis and surgery. The next stage of our research will be the development of a flat panel detector

system with a high frame acquisition rate.
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Introduction

Cone beam computed tomography (CBCT) requires a two-
dimensional (2D) X-ray detector and a conical or
pyramidal X-ray beam. Along with the 2D fluoroscopic
and radiographic functions of the basic hardware, the
acquisition of a full set (i.e. a set that covers 360°) of
projection images during a single rotation scan plus
computer processing allows us to reconstruct isotropically
fine spatial resolution three-dimensional (3D) images. The
pioneering CBCT systems were developed for application
in angiography.'~*

A system in which an X-ray image intensifier and
charge-coupled device (CCD) television camera act as the
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detector has been developed; this has been shown to be an
effective aid for diagnosis, surgical planning and expla-
nation of orthopaedic and angiographic procedures to
patients.’~” More recently, a system in which the patient
sits on a chair and the X-ray tube and detector revolve in a
horizontal plane around the patient have been developed
for dentomaxillofacial imaging.® The system can produce
thin slice images, maximum intensity projection (MIP)
images, rendered images and panoramic images from an
internal 3D representation, thus providing a comprehen-
sive range of high quality dental images. In the several
CBCT systems that have been developed for dental
imaging, detection has been achieved by the combination
of an X-ray image intensifier and CCD camera.®~'°
Recently, a flat-panel-type detector has begun to be
used.'""?
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In this paper, we propose a new CBCT system in which
the detector is of the flat panel type and compare the
performance of the two detector types in dental imaging."?

Methods

We developed two experimental setups for comparative
evaluation of the two detector types in CBCT. Projected
images of the subject on each detector were magnified by
about 1.5 times. In the flat panel detector system, the X-ray
source and detector are stationary and the subject is rotated
in the horizontal plane by a turntable (Figure la). In the
image intensifier detector system, the subject is stationary,
and the X-ray source and detector revolve around the
subject in the horizontal plane (Figure 1b). Equivalent
images are obtained by both methods. The projected
images are obtained during a 360° rotation scan. Recon-
struction processing is performed by using the Feldkamp
algorithm with the standard Shepp and Logan filter.'

In the flat panel detector (provided by Varian Medical
Systems, Inc., Palo Alto, CA), the sensor elements are
produced in a thin film of amorphous silicon (a-Si) and a
large detector is thus realisable. The flat panel detector
consists of a CsI scintillator screen and a photosensor array
(Figure 2a). The photosensor array consists of arrayed
photodiodes and switching devices. The scintillator con-
verts an X-ray beam into an optical signal, which the
photodiode converts to an electrical signal, which is in turn
read out by the switching device array. The flat panel
detector does not generate veiling glare or distortion in the
image, and has a smaller detector pitch than an image
intensifier detector.'>~!” The flat panel detector provides us
with a square field of view (FOV). However, the flat panel
detector is unlike the image intensifier detector in that it
does not have an optical iris as a direct means for
adjustment; this makes it difficult to prevent saturation of
the pixels. Correction for saturated pixels, defective pixels,
offsets, and the sensitivity of the detector is applied in the
new system and reduces the intensity of streak and ring
artefacts in reconstructed images. The flat panel detector
has three operating modes: a 1 X 1 non-binning mode, a
2 X 2 binning mode, and a 4 X 4 binning mode (Table 1).

X-ray source

Turntable 123()%0:1{
mm
Flat panel Bt Image
detector | I intensifier
a b

Figure 1 Experimental set-ups (top view): (a) flat panel detector system;
(b) image intensifier detector system
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Figure 2 Components of the detectors: (a) flat panel detector; (b) image
intensifier detector

All modes provide the same FOV, but the detector pitch of
the 2 X 2 and 4 X 4 binning modes is twice and four times,
respectively, the pitch in the 1 X 1 non-binning mode.

The image intensifier detector consists of a 9" X-ray
image intensifier, optics and a CCD television camera
(Figure 2b). The X-ray beam is converted to an optical
signal by the input phosphor screen; this signal is in turn
converted to electrons by the photocathode screen.
Electrons are accelerated by the electric field inside the
image intensifier and converted back to an optical signal at
the output phosphor screen. The intensity of the optical
signal is adjusted by the optical iris; the signal is then
detected by the CCD. The read-out image includes
geometrical distortion and a blurring component of veiling
glare generated by the image intensifier. This detector’s
FOV is circular. In this system, correction for the offset and
sensitivity of the sensors, and the distortion of the detector
is applied to reduce the intensity of artefacts in the
reconstructed image. The image intensifier detector has
three imaging modes: a 4.5” mode, 7" mode and 9" mode
(Table 1). The FOV differs with the mode. The detector
pitch in the 4.5” mode is the minimum, i.e. fits the
minimum FOV, while that in the 9” mode is the maximum,
i.e. fits the maximum FOV.

The flat panel detector in the 2 X 2 binning mode has a
0.254 mm detector pitch and acquires projected images that
consist of 768 X 960 12-bit pixels at 15 frames s '. The
image intensifier detector in the 4.5” mode has a 0.239 mm
detector pitch and acquires projected images that consist of
512 X 512 12-bit pixels at 30 frames s~'. The pitch of this
detector in the 9” mode is 0.438 mm pitch; acquisition is as
in the 4.5” mode. The flat panel detector has a larger FOV
than the image intensifier detector in the 4.5” mode or 7"
mode; its FOV is, in fact, almost equal to that of the image
intensifier detector in the 9” mode (Figure 3).

The flat panel detector was evaluated in the 2 X 2
binning mode. This mode was selected because the pitch of
the detector is then almost equal to that of the image
intensifier detector in 4.5” mode and its FOV is almost
equal to that of the image intensifier detector in 9" mode.
Thus, this mode provides the combination of small detector
pitch and large FOV that is suitable for dentomaxillofacial
imaging.

First, the two detectors were compared in terms of the
signal-to-noise ratio (SNR) of projected images. We then
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Flat panel detector

Image intensifier detector

Mode 1 X 1 no binning 2 X 2 binning 4 X 4 binning 45" 7" 9"
Detector pitch (mm) 0.127 0.254 0.508 0.239 0.344 0.438
Measured image matrix (pixel) 1536 x 1920 768 X 960 384 x 480 512 X512 512 x 512 512 x 512
Detector field of view (mm) 185 X 244 185 X 244 185 X 244 @122 @176 @224
ADC bit number (bit) 12 12 12 12 12 12
Frame rate (frame s~ ') 4 15 30 30 30 30
ADC, apparent diffusion coefficient
Flat-panel detector 1000
9-inch-mode Image-intensifier detector =
7-inch-mode Image-intensifier detector S | Flat-panel detector e
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Figure 3 Field of view of the detectors 1
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used these data and a theoretical formula to evaluate noise in
reconstructed images. Second, reconstructed images of a
bar pattern phantom were obtained as a way of evaluating
the spatial resolution. Here, the image obtained by the flat
panel detector was compared with that obtained by the
image intensifier detector in 4.5” mode, because this mode
provides the smallest pitch available to the image intensifier
detector. Reconstructed images of a skull phantom were
then obtained. Here, images obtained by the flat panel
detector were compared with those obtained by the image
intensifier detector in 9” mode, since this mode provides the
largest FOV available to the image intensifier detector, and
is capable covering the whole skull.

Results

Noise in reconstructed images

Projected images from the flat panel detector in 2 X 2
binning mode (0.254 mm detector pitch, 15 framess™'
frame rate) and the image intensifier detector in 4.5” mode
(0.239 mm detector pitch, 30 frames s~ ' frame rate) were
evaluated for noise. The SNR was measured at a 120 kV
X-ray tube voltage (Figure 4). Measured SNR values for
the former and latter detectors are plotted as A and e,
respectively. The horizontal axis shows X-ray dose per
pixel as measured at the surface of the detector. These
measured data approximate the equation for the SNR of
each detector. The equation consists of a first term that is
proportional to the X-ray dose incident on the detector and
a second term proportional to the square of this X-ray dose.
The SNR of the flat panel detector calculated by using the
equation is plotted as a solid line. The SNR of the image
intensifier detector as calculated by using the equation is
plotted as a dashed line. The lines fit the measured data
well. Figure 4 shows that the projected image from the flat

X-ray dose at the detector (mR/projection)

Figure 4 Signal-to-noise ratio (SNR) of projected images

panel detector has an SNR 1.72 times that of the image
intensifier detector.

According to the Feldkamp algorithm, the noise of a
reconstructed image is given by Equation (1).

| 2
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Here, sd means the standard deviation of the voxels of the
reconstructed image, a is the detector pitch as projected
on the subject (mm), n the number of projected images,
SNR; the signal-to-noise ratio of the ith projected
image, w(k) the convolution filter and c is the coefficient
for transformation from X-ray absorption coefficient
(mm™") to CT number (HU). When the Shepp and Logan
filter with linear interpolation is in use, the convolution
filter is as given by Equation (2).
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Here, 0.440 is the coefficient obtained for this filter.
Substituting Equation (2) into Equation (1) gives us
Equation (3).

e 1Y1 &f 1)
=.|=.(0440-— ). —. .
sd J n (O 0 2a4> n Z(SNRi) c @

i=1

When the subject is assumed to be a cylinder, the SNR of
the projected image is as given by Equation (4).

! i ! 2_( ! )2 4
n &\ SNR, | \SNR
Here, SNR indicates the signal-to-noise ratio of the
projected image. With Equation (4), Equation (3) becomes

Equation (5).
0440 ¢
4=y, s\ 5)

The noise of the reconstructed image is given by Equation
(5), i.e. is inversely proportional to the detector pitch and
SNR of the projected image. Table 1 shows that the
detector pitch of the flat panel detector is 1.06 times that of
the image intensifier detector. In that case, Figure 4 shows
that the projected images of the flat panel detector have
SNR values 1.72 times as high as use of the image
intensifier detector. As the SNR is proportional to the
detector pitch, the SNR of the flat panel detector when it
has the same pitch as the image intensifier detector will be
1.62 times that of the image intensifier detector. Thus,
given equal detector pitch, the reconstructed image of the
flat panel detector is presumed to have a noise level 1.62
times lower than that of the image intensifier detector.

Spatial resolution of reconstructed images

We evaluated the spatial resolution of reconstructed images
obtained by the flat-panel detector in 2 X 2-binning mode
(0.254 mm detector pitch, 15 frames s~ ' frame rate) and the
image intensifier detector in 4.5” mode (0.239 mm detector
pitch, 30 frames s~ ' frame rate). The spatial resolution was
evaluated by measuring a high-contrast bar pattern in a
165 mm diameter cylindrical water phantom. The pattern
was set in a plane perpendicular to the axis of rotation for the
evaluation of axial images and in a plane parallel to the same
axis for the evaluation of coronal images.

When the detector pitch of the flat panel detector was
0.254 mm, a 0.35 mm bar pattern was resolved in both axial
and coronal images extracted from the respective recon-
structed images (120 kV tube voltage, 460.8 mAs total dose,
576 frame projection, 0.169 mm voxel pitch) (Figure 5a, b).
The 0.35 mm pattern was also resolved in the reconstructed
image of the image intensifier detector with a detector pitch
of 0.239 mm (Figure 5c). The respective reconstructed
images had roughly equal spatial resolution. CBCT using
the flat panel detector had isotropic spatial resolution equal
to that of the image intensifier detector with the smallest
detector pitch, i.e. in the imaging mode that is used for
dentomaxillofacial imaging.

Skull phantom imaging

A skull phantom in water was imaged by the flat panel
detector system in 2 X 2-binning mode (0.254 mm detector
pitch, 15 frames s~' frame rate) and by the image
intensifier detector system in 9” mode (0.438 mm detector
pitch, 30 frames s~ ' frame rate). The reconstructed image
obtained with the flat panel detector system had a
cylindrical FOV with 0.215 mm voxel pitch. The recon-
structed image obtained with the image intensifier detector
system had a globular FOV with 0.293 mm voxel pitch.
Reconstructed images covered the skull.

In the flat panel detector system, correction for
defective or saturated pixels and the offset, and sensitivity
of detector elements was applied to the projected images,
so that neither streak nor ring artefacts were found in the
reconstructed images (120kV tube voltage, 214.8 mAs
total dose, 288 frame projection) (Figure 6a). The details of
the skull’s structures were more clearly depicted by the flat
panel detector system than by the image intensifier detector
system (Figure 6b, c). The reconstructed images obtained
by the flat panel detector system had high resolution on
all planes (axial, coronal and sagittal, Figure 6a and
Figure 7a, b). The surface of the bone appears smooth in
the volume rendered image because this system had a high
spatial resolution and little blurring (Figure 7c). Even the
thin bone in the nasal cavity is distinguishable.

Conclusions and discussion

The evaluation showed that, given equal detector pitch,
reconstructed images obtained with the flat panel detector

Figure 5 Three-dimensional images of a high-contrast pattern: (a) coronal image by flat panel detector (2 X 2-binning mode); (b) axial image by flat
panel detector (2 X 2-binning mode); (c) axial image by image intensifier detector (4.5” mode)

Dentomaxillofacial Radiology
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Figure 6 Axial images of a skull phantom: (a) flat panel detector system (2 X 2-binning mode); (b) flat-panel detector system (2 X 2-binning mode);

(c) image intensifier detector system (9" mode)

Figure 7 Three-dimensional images of a skull phantom obtained by the flat panel detector system: (a) coronal image; (b) sagittal image; (c) volume

rendered image

have less noise than those obtained with the image
intensifier detector. The flat panel detector system we
developed had spatial resolution equal to that of the image
intensifier detector system in its smallest detector pitch
mode, and our system’s FOV was almost equal to that of
the image intensifier detector system at its largest FOV, that
is, in the operating mode used for dentomaxillofacial
imaging. The high quality of reconstructed images obtained
with the CBCT system using a flat panel detector offers

improved precision in dentistry, for both diagnosis and
surgery.

The next stage of our research will be the development
of a flat panel detector CBCT with a high frame-
acquisition rate. We also intend to improve fineness of
contrast resolution as this will be important if we are to
expand the application of CBCT. We are currently
evaluating a new prototype CBCT in which the detector
is of this type.

Dentomaxillofacial Radiology
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