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Currently, there are many cone beam computed tomography (CBCT)
devices with various field of views (FOVs). Thus the selection of proper FOVs and
number of scans should be considered based on clinical applications and ALARA
principle. The purpose of this study is to study the effect on number of scans and
field of views such as large, medium and multi-small, on the radiation dose from

CBCT systems in phantom study.

Radiation dose from 3 CBCT devices were recorded by using RANDO
phantom. For 3D Accuitomo170, C vol (mGy), DLP (mGy.cm) and the effective
dose (E:pSv) were determined. For Kodak devices, DAP (mGy.cmA2) was recorded.

In two or three scans of small FOV, E and DAP were obtained.

Inaccuracy in C_vol verification is obtained when FOVs are less than
16cm (PMMA phantom diameter). For 3D Accuitomo 170, the radiation dose
reported in C_vol (mGy), DLP (mGy.cm) and E (uSv) of FOV 17x5 and 17x12cmA2
were 7.7, 38.5, 88.55 and 6.4, 76.8, 176.64 respectively. For Kodak9000 3D and
Kodak9500 CB 3D, FOV 5x3.7cmA2, 9.3x5x3.7cmA3, 9.3x7.4x3.7cmA3, 15x9cmA2
and 20.6x18cmA”2, DAP values were 131, 261, 392, 211 and 502 mGy.cmA/2
respectively. Two and three scans of FOV 5x3.7cmA2 were 262 and 393
mGy.cmA2 respectively. In conclusion, the radiation dose is higher when the FOVs

and number of scans increase.
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CHAPTER |
INTRODUCTION

1.1. Background and Rationale

Cone beam computed tomography (CBCT) has been developed for dentistry since the
late 1990s. Its advantages against medical CT are less expensive and compact size to be able to
install in dental office [1]. Furthermore, limited-volume scanning is available [2] and the radiation

dose is relatively low [2-4].

Even though the dose from CBCT is low, the increasing use in dentistry to assess bone
dimension for dental implant placement, impacted tooth (the proximity of lower third molar to
mandibular canal), osseous degenerative change of temporomandibular joint (TMJ), fracture of

teeth and facial structure, bony pathology [2, 5] are major concern.

Currently, there are many available CBCT devices from different manufacturers. Each
device provides variety of field of views (FOVs), making it possible to select appropriate field of
view for particular task [6] such as large FOV for maxillofacial region, medium FOV for
maxilla/mandible and small FOV for localized region (figure 1.1). In full dental arch, it can be
divided into 6 localized regions; upper right posterior region, upper anterior region, upper left
posterior region, lower left posterior region, lower anterior region and lower right posterior region

(figure 1.2).

In practice, some areas are not adjacent to each other, such as upper right molar region
and lower anterior region referred to undertake this technique. Thus the appropriate decision to
choose one large field of view, medium field of view or multi-small field of views should be

considered based on clinical applications and ALARA principle.



Figure 1.1: Various field sizes for particular task. A shows large FOV for maxillofacial region. B

shows medium FOV for maxilla/mandible. C shows small FOV for localized region.

Figure 1.2: Dental arch of 6 localized regions

(circles)

1.2, Objective

1.2.1.  To study the effect of number of scans and field of views such as large, medium

and multi-small, on the radiation dose in the phantom study.



CHAPTER Il
REVIEW OF RELATED LITERATURE

2.1. Theory

2.1.1. Principle of Cone Beam Computed Tomography [1, 2]

Cone beam computed tomography (CBCT) is the advance technique providing images of
region of interest in three orthogonal planes (axial, coronal and sagittal). The system consists of
an x-ray source and the detector mounted on the opposite side of the x-ray source. The gantry
will rotate around a fulcrum that fixed within the center of the region of interest. During the
rotation, the x-ray source emits a cone-shaped beam of x-rays directed to the area detector
(figure 2.1). The receptor detects attenuated beam by the patient. These recordings constitute

the raw data that is reconstructed by a computer algorithm to generate cross-sectional images.

OO

|
|

A
x-ray %

source Detector

Trajectory

Figure 2.1: Cone beam CT system. X-ray source emits a cone-shaped x-ray beam directed to the

area detector.

Because of beam geometry and a two-dimensional array used in cone beam scanner,
the entire region of interest is exposed in one rotational scan and enough data is acquired for

image reconstruction.



2.1.2. Image acquisition [1, 2]

Four components for image acquisition are (1) CBCT system (2) image detection system

(3) image reconstruction and (4) image display.

2.1.2.1. CBCT system: Image acquisition

There are three possible patient positions in CBCT system: (1) sitting (2) standing and (3)
supine. Immobilization of the patient’s head during the rotation scan is required for all systems

because the patient movement degrades the image quality.

Two types of exposure in CBCT system are continuous radiation exposure and pulse
radiation exposure which the actual exposure time is markedly less than the scanning time. In
acquiring an image, the detector samples the attenuated beam in its trajectory. For continuous x-
ray beam, some of which does not contribute to the formation of the image. In contrast, pulse x-
ray beam coincides with the detector sampling. Thus the latter reduces the patient radiation

dose considerably.

The shape of the scan volume can be either cylindrical or spherical shape. It depends on
the detector size and shape, the beam projection geometry and the ability to collimate the
beam. Collimation of the primary x-ray beam limits x-ray exposure to the region of interest.
Currently, various FOVs are available. They vary from few centimeters in diameter and height to a
full head size. FOVs can be divided into 5 categories according to scan volume height as the

followings:
Localized region: approximately 5 cm or less (e.g., dentoalveolar region)
Single arch: 5 to 7 cm (e.g., maxilla or mandible)
Interarch: 7 to 10 cm (e.g., both mandible and maxilla)
Maxillofacial region: 10 to 15 cm (e.g., mandible extending to Nasion)

Craniofacial region: greater than 15 cm (e.g., from lower border of mandible to the vertex

of head)



Moreover, the FOV can be divided into 3 categories according to the region of interest as the

followings [71:
Large FOV: for maxillofacial/craniofacial region
Medium FOV: for maxilla/mandible
Small FOV: for localized region

A partial or full rotational scan can be performed while x-ray source and a reciprocating
area detector move synchronously around a fixed fulcrum within the patient head. During the
rotation, each projection image is made by sequential single-image capture of attenuated x-ray
beams by the detector. The complete series of the projection images refer to the projection

data.

Frame rate is measured in frames or projection images per second. The maximum frame
rate and the rotational speed determined the number of projection acquired. With higher frame
rate, more information is received to reconstruct the image, thus the signal to noise ratio
increases. However, more projection data result in longer scan time, higher patient dose and
longer primary reconstruction time. Reducing scan time is desirable in order to reduce motion
artifact resulting from subject movement. This can be achieved by reduce number of projection
or reduce the scan arc. When the patient dose is reduced, the images are produced by this

method with greater noise.

2.1.2.2. Image detection system [2, 8]

The detectors of CBCT system are image intensifiers/charge-coupled device (II/CCD)
combination, complementary metal oxide semiconductor (CMOS) and amorphous silicon flat
panel detectors (a-Si FPD). Image intensifier may create geometric distortion which reduces the
measurement accuracy, whereas flat panel detectors do not suffer this problem. However, flat
panel detector has limitation in its own performance that related to non-uniformity response and
dead-nonfunctional pixel. These problems can be overcome by system calibration and correction
algorithm. Comparison to FPD, CMOS has smaller pixel size which provides higher resolution.
However, unlike FPD, it’s difficult to produce a single CMOS chip in a large size. To overcome this

problem, the common technique is tiling multiple CMOS chips to form a larger mosaic.



A reduction in pixel size is desirable because of higher spatial resolution. However,

smaller pixel size captures fewer x-ray photons results in more image noise. Thus greater
radiation is required and the patient dose is higher.

In CBCT system, the voxel dimension depends on the pixel size on the area detector.
Therefore, in general, CBCT system provides voxel resolution that is isotropic or equal in all three
dimensions (figure 2.2). Contrast to medical CT system of which voxel dimension depends on

slice thickness, the voxel is anisotropic or columnar with height being different from the width
and depth dimension (figure 2.3).

Figure 2.3: Voxel dimension of medical CT system

2.1.2.3. Image reconstruction [1, 2]

Once the projection data is acquired, the data must be processed to generate the

volumetric data set by applying the software program incorporating sophisticated algorithms
including filtered back projection (FBP). This process is the primary reconstruction.

Reconstruction time varies, depending on the acquisition parameters (voxel size, FOV,

number of projections), hardware (processing speed, data throughput from acquisition to



workstation computer) and software (reconstruction algorithms). Reconstruction should be
completed in an acceptable time, less than 3 minute for standard scans, to compliment the

patient flow.

2.1.2.4. Image display [1, 2]

Volumetric data is presented on the screen to the clinician as secondary images in three
orthogonal planes. Optimal visualization of images depends on the adjustment of window width

and window level to bone and the application of specific filters.

Images can be presented in non-orthogonality by using software referred to as
multiplanar reformation (MPR) such as oblique mode, curved planar reformation and serial
transplanar reformation. Furthermore, any multiplanar image can be presented in thickened
image by increasing the number of adjacent voxels included in the display. This is referred to as
ray sum. Full thickness perpendicular ray sum image can be used to create simulated projection
such as lateral cephalometric image. Unlike conventional radiograph, this ray sum image is

without magnification and parallax distortion.

Three-dimensional image (3D image) can be generated by using volume rendering
techniques of which two specific techniques are available. One is indirect volume rendering. This
is a complex process requiring selection of the intensity or density of the grayscale level in voxels
within an entire data set (segmentation) to be displayed. The other is direct volume rendering
which is much simpler process. The most common technique is maximum intensity projection
(MIP) which evaluated each voxel value along an imaginary projection from an observer’s eyes

within a volume of interest and then presenting only the highest value as the display value.

2.1.3. Quantities for CT dosimetry

2.1.3.1. CT air kerma index [9]

The CT air kerma index, C, 149, Mmeasured free in air for a single rotation of a CT scanner is

the integral of the air kerma along a line parallel to the axis of rotation of the scanner over a



length of 100 mm divided by the nominal thickness, T. The integration range is positioned

symmetrically about the volume scanned, thus:

+50
Ca100 = f K(z)dz
where K(z) is air kerma (Gy) along the rotation axis and T is nominal thickness (mm).

For a multislice scanner with N simultaneously acquired slices of nominal thickness T

(nominal width of irradiated beam NT), C, ;o becomes:
+50
Ca100 = NT f K(z)dz
where N is number of slices.

The CT air kerma index measured inside PMMA head and body phantoms, is defined

similarly to C, 100 and can be written in Copyya 100-

The weighted CT air kerma index, Cy, combines values of Cpyyai00 Measured at the

center and periphery of a standard CT dosimetry phantom. It is given by:

1
Cw = 3 (Cpmma00,c + 2Cpmma,io0,p)

A further quantity, Cyo, takes into account the helical pitch or axial scan spacing, thus:

NT  Cyw
CvoL =Cw— =

where L is distance of couch moving per helical rotation and p is pitch defines as total distance of

couch moving divided by number of slices and nominal thickness.

Note: In CBCT, tube moves around the patient in single rotation without couch/chair moving and

beam is emitted in cone-shaped. Thus the pitch is equal to 1.

The CT air kerma-length product determined for the standard CT dosimetry phantom

and a complete CT examination, Py c, is calculated using

Pxrcr = Zj Cyorl
where j is each serial or helical scan and lis scan length.

Note: In CBCT, scan length is equal to height of FOV.



2.1.3.2. Effective dose [9-12]

The effective dose is a quantity used as indicator of overall patient dose that related to
detriment arising from stochastic effects. It was defined by International Commission on
Radiological Protection (ICRP) Publication 60 (1991) as the sum of product of equivalent dose
(consider the radiation type) to the organ or tissue and a tissue weighting factor, Wy, for that

organ of tissue (ICRP Publication 103).

To allow comparison with other types of examination, there is sometimes a need to
assess the effective dose. Estimation of effective dose for CT procedures can be obtained from

the product of DLP value and conversion coefficient as the following formula:
E =DLP x EDLP

where E is effective dose and Epp is conversion coefficient which is region-specific normalized

effective dose (mSv.mGyfl.cmfl) such as Epp in head region equals to 0.0023 mSv.mGyfl.cmfl.

2.1.3.3. Air kerma area product [9]

The air kerma area product, Py,, is the integral of the air kerma (K) over the area of the x-

ray beam in a plane perpendicular to the beam axis. Thus
Pxa = [, K(x,y)dxdy
The unit of air kerma area product is Gy.m2 or Gy.cmz.

The useful property of air kerma area product is that it is approximately invariant with
the distance from x-ray source. Thus the measurement plane does not need to be close to the

patient or phantom that there is a significant contribution from backscattered radiation.

2.2. Review of Related Literature

Ludlow JB et al [3] compared dosimetry of 3 CBCT devices: CB Mercuray (FOVs: 30.48cm
(12inches), 22.86cm (9inches), 15.2d4cm (6inches)), NewTom 3G (FOV: 30.48cm (12inches)) and i-
CAT (FOVs: 30.48cm (12inches), 22.86cm (9inches)). Dose measurement was performed by placing
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thermoluminescent dosimeters (TLDs) in 24 sites throughout the layer of head and neck of
RANDO phantom. Exposure parameters (kVp, mAs) of CB Mercuray; NewTom 3G and i-CAT were
100, 100; 110, 8.1 and 120, 37.3 respectively. Three exposures were made without changing the
position of the phantom for each CBCT examination. Doses from TLDs at different positions
within a tissue or organ were averaged. These doses and percent of tissue irradiated were used to
calculate radiation equivalent dose (H;). Effective dose (E) could be calculated by using Hy and
tissue weighting factor from ICRP 1990 and proposed 2005. For CB Mercuray FOV 30.48cm;
22.86cm;  15.24cm, Eqcreio90 and icrr200sdrary  Were 476.6, 557.6; 288.9, 435.5; 168.4, 283.3uSv
respectively. For NewTom 3G FOV 30.48cm, Ejcrp1990 and icrr2005 drafy Was 44.5, 58.9uSv. For i-CAT
FOV 30.48cm); 22.86cm, Eqcapioo0 and icre200sdrafy Were 134.8, 193.4; 68.7, 104.5uSv respectively. In this
study, it was found that CBCT dose depended on the devices and FOVs.

Hirsch E et al [6] compared absorbed doses and effective doses of 2 CBCT devices:
Veraviewepocs 3D (FOV: dxd, dxd+panoramic and 8xdcm’) and 3D Accuitomo (FOV: 4x4 and
6x6cm’). Dose measurement was performed by placing TLDs in 16 sites in head and neck of
anthropomorphic phantom. Anterior region of maxilla was scanned three times for each
technique in order to ensure reliability. Doses from TLDs that located in the same tissue or organ
were averaged. These doses calculated into equivalent dose by the formula: Hy = W, x Dy
where H; is equivalent dose, Wy is radiation weighting factor, Dy is average absorbed dose. The
effective dose (E) is calculated by the formula: E = 2W; x Hy where W is tissue weighting factor
proposed by ICRP 2005. E for 3D Accuitomo dx4cm” was 20.02uSv and for 6x6cm” was 43.27 MSV.
E for Veraviewepocs 3D dxdcm’ was 30.24uSv, for 4x4cm2+panoramic was 29.78uSv and for
8xdcm’ was 39.92uSv. The smaller FOV provided less doses than larger FOV. However the
radiation dose from 4><4cm2+panoramic was lower than dose from dxdcm’ because panoramic

probably leads to lower dose than two scouts.

Lofthag-Hansen S et al [13] measured the dose area product (DAP) of 2 CBCT devices (3D
Accuitomo and 3D Accuitomo FPD) with different exposure parameters (60-80 kVp, 1-10 mA).
Field size for 3D Accuitomo was 30x40mm’ and for 3D Accuitomo FPD were 40x40 and
60x60mm”. DAP values were measured using a plane-parallel transmission ionization chamber
connected to electrometer. At 80 kVp, DAP value increased with higher mA. With the same tube
current, DAP was three times higher for 60x60mm’ FOV than 30x40mm’ FOV. For each tube
current (2, 4, 6, 8 or 10mA), a change of 10kVp increased DAP 30-40%. From this result, it was
found that radiation dose varied with the field size, kVp and mA. The DAP value increased with
higher mA, kVp and larger field size.
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Pauwels R et al [7] estimated the absorbed organ dose and effective dose of 14 CBCT
devices from 10 manufacturers with different exposure parameters (70-120 kVp, 8.8-169 mAs).
Two similar types of anthropomorphic male Alderson Radiation Therapy phantoms were used.
147 TLDs were placed throughout head and neck for one phantom and 152 TLDs for the other.
Equivalent dose was calculated from the formula: H; = Wq2fDy; where Hy is equivalent dose, Wy
is radiation weighting factor (being 1 for x-ray), f; is the fraction of tissue T in slice i and Dy, is
average absorbed dose of tissue T in slice i. Effective dose (E;) was calculated from the formula:
Er = Wy x Hy where Wy is tissue weighting factor recommended by ICRP103. Due to large
difference in acquired volume, the results were split up by dividing field size into three
categories: large FOV (for maxillofacial region), medium FOV (for dentoalveolar region) and small
FOV (for localized region). The average effective doses for large FOV, medium FOV and small FOV
were 131, 88 and 34uSv respectively. The result indicated that the dose depends on the field

size.

From literature review, the radiation dose from various FOVs had been studied and
presented in dose from one scan, so it is quite interesting to study the radiation dose from

different number of scans of various FOVs.



3.1.

3.2.

CHAPTER Il
RESEARCH METHODOLOGY

Research Design

This study is an experimental study (in vitro).

Keywords

— Cone beam computed tomography
- CBCT

— Dosimetry

— Multi-small field of views

— DAP
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3.3. Research Design Model

Perform QC of 3 CBCT systems

v

Record the radiation dose with various FOVs.

4 N

CyoL (MGy) from 3D DAP (mGy.cmz) from Kodak 9000 3D and

Accuitomo170 Kodak 9500 CB 3D

v

Convert into DLP by

multiplying scan length (cm)

v

Convert into effective dose (E) by

multiplying Eg.p (mSv.mGy'.cm™)

v

3D Accuitomo170 Kodak 9000 3D Kodak 9500 CB 3D
. 4 )
Small Medium Large Small Multi-small Medium Large
FOVs FOVs FOVs FOV FOVs FOv Fov
(automatic
scan two or
E multiply by 2 DAP multiply by 2 three times
and 3 for two and 3 for two and in different
and three scans three scans by position)
by manual. manual. \_ )
J v \ N\ \ 4
4 N\ Report the DAP (mGy.cm’) of Kodak 9000 3D
Report the E (uSv) of 3D Accuitomo170 in and Kodak 9500 CB 3D in
- smal.l FOVs - small FOVs
- multll—small FOVs - multi-small FOVs
- medium FOVs - medium FOVs
\ - large FOVs / \ - large FOVs /

Figure 3.1: Research design model
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3.4, Conceptual Framework

Field size

Number of

Radiation dose Milliampere
scans

Kilovoltage

Figure 3.2: Conceptual Framework

In this study, the variable factors are field size and number of scans.

3.5. Research Question

What is the radiation dose when using different number of scans of various FOVs?

3.6. Material

3.6.1. CBCT devices

Three CBCT devices will be used in this study.



3.6.1.1.

3D Accuitomo 170 (J

. MORITA Mfg. Corp., Kyoto, Japan) [14]

Figure 3.3: 3D Accuitomo 170 CBCT system (left) and various FOVs (right) [14]

Trade name:
Model:

Tube voltage:
Tube current:
Exposure time:
Tube focal spot
Type of exposure

Field size:

SID:

SOD:
Detector:

Software:

3D Accuitomo XYZ Slice View Tomograph

MCT-1

60-90 kv

1-10 mA

17.5 seconds (for standard mode: full scan 360°)

0.5 mm

Continuous radiation exposure

15

9 field of views (FOVs) in diameter(cm) x height (cm): 4x4, 6x6, 8x8,
10x5, 10x10, 14x5, 14x10, 17x5 and 17x12.

842 mm (4x4, 6x6, 8x8, 10x5, 10x10, 14x5 and 14x10), 744 mm

(17x5 and 17x12)

540 mm

Amorphous silicon flat panel detector (a-Si FPD)

i-Dixel software



3.6.1.2.
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Kodak 9000 3D Extraoral Imaging System (Carestream health,
Inc., New York, USA) [15]

Figure 3.4: Kodak 9000 3D CBCT system (left) and various FOVs; 5x3.7cm”
(upper right), 9.3 x 5 x 3.7cm’ (middle right), 9.3 x 7.4 x 3.7cm’ (lower right).  [15]

Model:

Tube voltage:
Tube current:
Exposure time:
Tube focal spot
Type of exposure

Field size:

SID:
SOD:
Detector:

Software:

KODAK 9000 3D

60-90 kv

2-15mA (2, 2.5,3.2, 4, 5, 6.3, 8, 10, 12, 15 mA)
10.8 seconds

0.5 mm

Pulse radiation exposure

3 FOVs, one is single volume in diameter (cm) x height (cm): 5 x 3.7
(single volume) and the other two are multi-volume (stitching) in
WxDxH (cm’): 9.3 x 5 x 3.7 (2 volumes) and 9.3 x 7.4 x 3.7 (3

volumes).

690 mm

440 mm

CMOS Sensor with Optical Fiber

Kodak Dental Imaging Software and CS 3D imaging software



3.6.1.3.
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Kodak 9500 Cone Beam 3D System (Carestream health, Inc.,
New York, USA) [16]

gy
guEEEENE,
Trmmmmun®y

ammng
anmnns

J.-...\.—../.u__

LA LE ]
Py SO

REETTTTTTE LA .
HLCUUE

EEEsEEEEw,
ANEEEEEE NG

4.'.I\IIIII‘-L‘

——_,
.

Figure 3.5: Kodak 9500 cone beam 3D system (left) and 2
FOVs; 15 x 9cm” (upper right) and 20.6 x 18cm” (lower right). [16]

Model:

Tube voltage:
Tube current:
Exposure time:
Tube focal spot
Type of exposure

Field size:

SID:
SQOD:
Detector:

Software:

K9500 3D

60-90 kV

2-15mA (2, 2.5,3.2,4,5,6.3, 8, 10, 12, 15 mA)
10.8 seconds

0.7 mm

Pulse radiation exposure

2 field of views (FOVs) in diameter (cm) x height (cm): 15x9 and
20.6x18.

770 mm
540 mm
Amorphous silicon flat panel detector (a-Si FPD)

Kodak Dental Imaging Software and OnDemand3D application
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3.6.2. QC material

3.6.2.1. Unfors Raysafe Xi dosimeter

3.6.2.1.1. Pencil ionization chamber: Unfors Xi CT detector

CT dose will be measured in dose (mGy or pGy) and automatic correction of

temperature and pressure will be applied for all dose measurement.

Figure 3.6: Pencil ionization chamber: Unfors Xi CT detector

3.6.2.1.2. Unfors Xi R/F and MAM detector

The R/F detector measures kVp, dose, dose rate, pulse, pulse rate, dose/frame, time,

HVL and waveforms simultaneously.

Figure 3.7: Unfors Xi R/F and MAM detector
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3.6.2.1.3.  Unfors Xi base unit with mAs display

The results of measured parameters are shown on three row alphanumerical display. It’s

compatible and interchangeable with all Unfors Xi detectors.

Figure 3.8: Unfors Xi base unit with mAs display

3.6.2.2. PMMA 16 cm diameter cylindrical phantom

Manufacturer: FLUKE Biomedical
Model: 76-419-4150 (CT Dose Phantom Kit for Adult/Pediatric Head and
body)

In this study, Adult/Pediatric head phantom will be used.

Figure 3.9: Adult/Pediatric head phantom
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3.6.2.3. DAP meter: PTW Freiburg Model Diamentor E

Figure 3.10: lonization chamber (left) and display unit (right)

3.6.2.4. CATPHAN phantom i 600

®
Figure 3.11: CATPHAN phantom ~ 600

3.6.2.5. QC kit of 3D Accuitomo 170

There are 3 phantoms of QC kit of 3D Accuitomo 170. All phantoms have diameter and
height of 5 cm. First is 3D phantom with mushroom-shaped at center. Second is wire phantom
that consists of PMMA tube with vertical 0.1mm stainless steel wire. Third is contrast phantom
that consists of PMMA cylinder with air, PMMA, bone equivalent plastic and aluminum blocks at

center axis.
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a b C
Figure 3.12: QC kit of 3D Accuitomo 170; 3D phantom (a),

wire phantom (b) and contrast phantom (c)

3.6.3. RANDO phantom: head and neck part

Figure 3.13: RANDO phantom: head and neck part

In this study, RANDO phantom was used to simulate the patient in positioning.

3.7. Methods

3.7.1. Perform QC of 3 CBCT devices according to manufacturer’s guideline in order to

verify the radiation dose from manual.



3.7.2.
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3.7.1.1. Dose measurement

3.7.1.1.1

3.7.1.1.2.

CTDI measurement in 3D Accuitomo 170

DAP measurement in Kodak devices

(Dose measurement will be performed three times.)

3.7.1.2.

3.7.1.2.1.

3.7.1.2.2.

3.7.1.2.3.

Image quality

3D Accuitomo 170: spatial resolution test, noise, uniformity /
grayscale and contrast resolution test, artifact test, patient

position test

Kodak 9000 3D: rotative arm axis, spatial linearity, MTF

measurement

Kodak9500 CB 3D: rotative arm axis, circular symmetry and
spatial  linearity, MTF  measurement, high  resolution
measurement, CT number accuracy, noise, uniformity and

image artifact, CT number linearity

Record the radiation doses using RANDO phantom for each scan of large,

medium and small FOVs of 3 CBCT devices. Acquisition parameters are 80kVp,

5mA and 17.5 seconds (for 3D Accuitomo 170), 10.8 seconds (for Kodak

systems).

3.7.2.1.

In 3D Accuitomo170, dose will be recorded in C,q (MGy) and

convert into DLP by the following formula:
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DLP = CVOLXl (1)

where DLP is dose length product (mGy.cm),
CyoL Measured in mGy,

Lis scan length (cm).

DLP will be converted into effective dose (E) by the following formula:

3.7.3.

3.7.4.

E = DLPXEDLP (2)

where E(effective dose): mSv
DLP: mGy.cm

Ey.» (conversion coefficient): 0.0023 mSv.mGy .cm [10]

3.7.2.2. In Kodak 9000 3D and Kodak 9500 CB 3D, dose will be recorded in
DAP (mGy.cm”).

Divide FOVs into 3 categories

3.7.3.1. Small FOVs (diameter, cm x height, cm): dx4, 6x6, 5x3.7 and multi-
small FOVs (W x D x H (crn)): 9.3x5x3.7, 9.3x7.4x3.7

3.7.3.2. Medium FOVs (diameter, cm x height, cm):8x8, 10x5, 10x10, 14x5,
14x10, 17x5, 15x9

3.7.3.3. Large FOVs (diameter, cm x height, cm): 17x12, 20.6x18

In order to get larger field size in small FOV, two or three scans were performed.
Doses, E and DAP, are obtained by multiplying both parameters of a single

exposure by 2 or 3.
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3.7.5.  Report the E of 3D Accuitomo170 and DAP of Kodak 9000 3D and Kodak 9500

CB 3D in small, multi-small, medium and large FOVs.

3.8. Data Analysis

Radiation dose of one, two and three scans of small FOV and one scan of medium-large

FOV will be reported.

3.9. Sample Size Determination

Total number of sample size was calculated from summation of variable field of views.
Those are: 9 FOVs for 3D Accuitomo170, 3 FOVs for Kodak 9000 3D, 2 FOVs for Kodak 9500 CB 3D.

Therefore, the total numbers of sample size are 9+3+2 or 14 scans.

3.10.  Statistical Analysis

Mean of air kerma (mGy) and DAP (mGy.cmz).

3.11. Outcome Measurement

Radiation dose

® Cy : mGy
® [ TN
® DAP : mGy,cm2
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3.12. Expected Benefit

An appropriate field of view and number of scans to reduce radiation dose can be

implemented to the clinical studies.

3.13.  Ethical Considerations

Although this study is performed in phantom, the research proposal will be submitted
for approval by Ethics Committee of Faculty of Medicine, Chulalongkorn University and Faculty of
Dentistry, Mahidol University.

Note: The research proposal has been approved by Ethics Committee of Faculty of Medicine,

Chulalongkorn University and Faculty of Dentistry, Mahidol University.



CHAPTER IV
RESULTS

4.1. Quiality control of the CBCT systems

The results of quality control of three CBCT systems (3D Accuitomo 170, Kodak 9000 3D
and Kodak 9500 Cone Beam 3D) are shown in Appendix B-D.

4.2. Dose measurement

The results of dose measurement are shown in table 4.1-4.2 and figure 4.1-4.2.
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4.2.1. Radiation doses (Cyq,, DLP, E) of 3D Accuitomo 170

Table 4.1: Cyo.(MGy) in each FOVs of 3D Accuitomo 170 and DLP (mGy.cm), E (uSv) in FOV
17%5, 17x12 cm”

. ¢ EOv FOVs (diameter (cm) x o (mGY) DLP E (USw)
e 0 s m vV
yp height (cm)) vor Y (mGy.cm) !
axa 3.4 - -
Small FOV
6Xx6 4.3 - -
8x8 4.9 - -
10x5 6.0 - -
10x10 Sl - -
Medium FOV
14x5 553 - -
14x10 6.0 - -
17x5 1.7 38.5 88.55
Large FOV 17x12 6.4 76.8 176.64

Remark: The dose calculation for FOV 4x4, 6x6, 8x8, 10x5, 10x10, 14x5 and 14x10cm2 are
not acceptable to display in Table 4.1 for DLP and E.

E of FOV 17x5 and 17x12 cm?
E (pSv)

176.64
200.00 -

150.00 -

88.55
100.00

50.00 -

0.00 ' . FOVs
17x5 17x12 (cm?

Figure 4.1: The effective dose at two FOVs (17x5 and 17x12 sz) of 3D Accuitomo 170
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4.2.2. Radiation dose, DAP, of Kodak9000 3D and Kodak9500 Cone Beam 3D

Table 4.2: DAP (mGy.cmz) from one scan in each FOVs of Kodak 9000 3D and Kodak 9500 CB 3D
and DAP (mGy.cmZ) from two and three scans in small FOV of Kodak 9000 3D

T fFOV FOV DAP DAPx2 DAPx3
e o S s
P (mGy.cm?) (mGy.cm’) (mGy.cm’)
Small FOV 5x3.7 131 262 393
9.3x5x3.7 261 - -
Multi-small FOV
9.3x7.4x3.7 392 - -
Medium FOV 15x9 211 - -
Large FOV 20.6x18 502 - -
DAP DAP from Kodak 9000 3D and Kodak 9500 CB 3D
(mGy.cm?)
600 7 502
393 392 -
400 DAP (mGy.cm2)
262 261 211 Z DAPx2 (mGy.cm2)
200 131 l I 1 DAPx3 (mGy.cm2)
0
53.7 | 9.3x5x3.7 |9.3x7.4x3.7|  15x9 20.6x18 FOVs
Small FOV Multi-small FOV Medium | Large FOV
FOV

Figure 4.2: DAP of Kodak 9000 3D and Kodak 9500 cone beam 3D at various FOVs.



CHAPTER V
DISCUSSION AND CONCLUSION

5.1. Discussion

When a uniform phantom was positioned at the center of field of view, the dose
distribution in x-y plane of full rotation scan should be symmetry with the highest dose at the
center of rotation and gradient towards the peripheral, furthermore the dose distribution should
drop outside the primary beam. When the phantom was positioned off-center, the dose
distribution in x-y plane of full rotation scan was asymmetry with highest dose in the region of
interest [13, 17, 18]. According to asymmetrical dose distribution in off-center position, CTDI
would be unreliable for the effective dose estimation of small FOV, but could be reliable for
large FOV with a center of rotation set in the mid-sagittal plane [13]. From our study at both
small and medium FOVs, the phantom may be positioned off-center because the proper center
of rotation was not identified by the manufacturer. In practice, the position of small FOV was
within region of interest along the dental arch while the medium FOV, the center of rotation was
located anteriorly from center to cover the jaws. Therefore, FOV 17x5 and 17x12cm” in 3D

Accuitomo 170 were most reliable for the dose calculation of DLP and E.

Since ICRP Publication 103 (2007) has recommended the new tissue weighting factors to
determine the effective dose and replace the factor recommended in ICRP Publication 60 (1991).
The differences in tissue weighting factors for head and neck region are salivary glands, thyroid
and remainder organs such as, lymphatic nodes and oral mucosa (Table 5.1). However, the

conversion coefficient of DLP to E (Ep ) based on ICRP Publication 103 is not available.

The other limitation of this study is the conversion coefficient of DAP to E for CBCT
imaging. Therefore, the DAP values were reported in this study of different systems regardless of

beam geometry and field sizes to simulate real condition.
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Table 5.1: Tissue weighting factors in ICRP Publication 60 versus those in ICRP Publication 103 [12]

Tissue or organ Tissue weighting factors in Tissue weighting factors in
ICRP Publication 60 ICRP Publication 103

Gonads 0.20 0.08
Red bone marrow 0.12 0.12
Colon 0.12 0.12
Lung 0.12 0.12
Stomach 0.12 0.12
Bladder 0.05 0.04
Liver 0.05 0.04
Esophagus 0.05 0.04
Thyroid 0.05 0.04
Breast 0.05 0.12
Bone surface 0.01 0.01
Skin 0.01 0.01
Brain Remainder organ 0.01
Salivary glands None 0.01
Remainder organs 0.05 0.12

Note: Tissue weighting factors of lymphatic nodes and oral mucosa in remainder organs are not

defined in ICRP Publication 60, but they are defined in ICRP Publication 103.

In this study, the radiation dose was determined according to field size and number of
scans. In one scan, the effective dose from 3D Accuitomo 170 and DAP values from Kodak
devices increased linearly with field size. Similarly, DAP values from different acquisition in
Kodak9000 3D increased with number of scans. DAP values of two and three scans of small FOV
(5><3.7cm2) were 262 and 393 mGy.cm2 respectively, which were higher than DAP value of one
scan of medium FOV (211 mGy.cmz) and the large FOV resulted in the highest value of 502
mGy.cmz. It is highly recommended to use the medium FOV rather than two or three scans of
small FOV. If the medium FOV is not available, two or three scans of small FOV are dose saving
in comparison to one scan of large FOV. Similarly, Lukat TD et al [19] showed two small FOV
acquisitions of bilateral TMJ provided significant less radiation dose than one scan of large FOV
and recommended to take individual right and left TMJ with small FOVs (one for each TMJ) as

dose reducing alternative to large FOV. However their study did not include medium FOV.

Endo A et al [20] showed DAP values of Kodak 9000 3D ranged from 260.3-296.4
mGy.cmz. These values were higher approximately twice than this study because of the higher

acquisition parameters at 70-74 kVp, 10 mA.



31

The UK’s Health Protection Agency [21] proposed an achievable dose of 250mGy.cm2 for
CBCT imaging taken for upper first molar implant in adult procedure. In this study, DAP values of
one scan of small FOV and medium FOV were less than this value, except for one scan of large
FOV. It was approximately higher than twice of achievable dose. Moreover, due to large field size,
critical organs such as eyes, thyroid gland, salivary glands were involved in primary beam during

the scan. Thus large FOV should be chosen only when maxillofacial region is required.

The benefit of this study is the appropriate selection of FOV and number of scans

according to ALARA principle.

5.2. Conclusion

The CBCT radiation dose was affected by the field size and number of scans. The
radiation dose is higher when the FOVs and number of scans increase. Selection of proper FOV

and number of scans result in the patient radiation dose reduction.
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Data record form of 3D Accuitomo 170

Appendix A: Data record form

Table Al: Data record form of 3D Accuitomo 170
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(diameter (cm) x
height (cm))

FOVs (diameter (cm) x CvoL DLP E Ex2 Ex3
Type of FOVs ]
height (cm)) (mGy) (mGy.cm) uSv) | WSv) | (uSv)
4xa
Small FOV
6Xx6
8x8 - -
10x5 - -
10x10 - -
Medium FOV
14x5 _ -
14x10 - -
17x5 - -
Large FOV 17x12 - -
2. Data record form of Kodak 9000 3D and Kodak 9500 CB 3D
Table A2: Data record form of Kodak 9000 3D and Kodak 9500 CB 3D
DAP DAPx2 DAPx3
Type of FOVs FOVs 2 2 2
(mGy.cm”) (mGy.cm”) (mGy.cm”)
Small FOV
(diameter (cm) x 5x3.7
height (cm))
Multi-small FOV ORI K \
3
WD xH (em) 93x7.4x%37 .
Medium FOV
15x9
(diameter (cm) x -
height (cm))
Large FOV
20.6 x 18




1.

kVp accuracy

Purpose:

Method:

Tolerance:

Results:
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Appendix B: Quality control of the CBCT scanner -
3D Accuitomo170 FPD XYZ Slice View Tomograph

To evaluate accuracy of measured kVp and set kVp.

- Place dosimeter at center of rotation and choose field size 10x10cm”.
- Vary kVp from 60-90 in step of 10, set mA at 5 and 1 second, mAs is 5.
- Record measured kVp and exposure (mGy).

- Calculate tube output (MGy/maAs).

- Plot graph of linearity of set and measured kVp and kVp vs tube
output (MGy/mAs).

The difference between the set and measured kVp should not exceed 5

kVp or the percent kVp deviation should not exceed 10% of set kVp

Table B1: kVp accuracy for the set and measured values

Set kVp Measured kVp % kVp Dev. mGy mGy/mAs
60 59.64 -0.60 0.185 0.04
70 69.75 -0.36 0.261 0.05
80 80.82 1.02 0.351 0.07
90 90.67 0.74 0.445 0.09




Comment:

mAs linearity

Purpose:

Method:

kVp accuracy

100

90

80

70

Measured kVp

60

50 T T T T
50 60 70 80 90 100

y = 1.0416x - 2.9
R? = 0.9995

Set kVp

Figure B1: The linearity of set and measured kVp with R® of 0.9995

kVp vs tube output

0.10

2 Pt
é 0.08

3 006

é 0.0 /

-

§_ 0.04 &

3

S 0.02

(]

Q

P 0.00 . . . .

y = 0.0017x - 0.0684
R2 = 0.9977

Set kVp

50 60 70 80 90 100

Figure B2: The linearity of set kVp and tube output with R’ of 0.9977

Absolute values of % kVp deviation range from 0.36-1.02%.

PASS

To determine the response of the tube output with increasing mAs.

-Place dosimeter at center of rotation.

- Vary mAs from 1-10 in steps of 5, set 90 kVp and 17.5 seconds.

- Record the exposure (MmGy).

- Calculate tube output (MGy/maAs).
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- Calculate mean, SD and coefficient of variation (CV) of tube output.

- Plot graph of mAs linearity.

Tolerance: Coefficient of variation should not exceed 0.1.

Results:

Table B2: The linearity of m

As with mGy/mAs

mA mAS mGy mGy/mAs CV.
1 17.5 0.0995 0.0057
5 87.5 0.4450 0.0051 0.0557
10 175 0.8530 0.0049 0.0212
SD = 0.0004

Mean = 0.0052

cv =0.08
mAs linearity
0.06
£ o004 y = -5E-06x + 0.0057
Ny
G‘ R? = 0.8927
= 0.02
4 e
0.00 T T T
0 50 100 150 200 ™MAS
Figure B3: The linearity of mAs and mGy/mAs with R’ of 0.8927
Comment: Coefficient of variation is 0.08.

PASS
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Ca,100

Purpose:
Dosimeter:

Method:

Results:
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To measure C, 199

Unfors Xi CT detector

- Place the dosimeter at center of rotation (54 cm from x-ray source).
- Set 80kVp, 5mA and 17.5 seconds for every FOVs.

- Record the exposure.

Table B3: C, ;o of every FOVs of 3D Accuitomo 170

FOv Air Kermal Air Kerma2  Air Kerma3 Average Air Tube output
(MGy) (MGy) (MGy) Kerma (mGy) (MGy/mAs)
4xa 5.797 5.779 5.794 5.79 0.07
10x5 7.61 7.61 7.61 7.61 0.09
14x5 7.838 7.822 7.827 7.83 0.09
17x5 8.4 8.406 8.4 8.40 0.10
6x6 8.735 8.728 8.737 8.73 0.10
8x8 11.43 11.41 11.45 11.43 0.13
10x10 12.73 12.74 12.74 12.74 0.15
14x10 12.74 12.72 12.74 12.73 0.15
17x12 13.26 13.24 13.247 13.25 0.15
Tube output of 3D Accuitomo 170 at 80 kVp, 5mA and 17.5
seconds
0.20
—~ 0.15
2 016 0.5 01>
S O'13/“/’
Ny
> 010 010 &
E 0.12 .05 0.09 < y = 0.0111x + 0.0571
5 008 {0079 R? = 0.9419
5
[e]
8 0.04
>
l_
OOO T T T T T T T T 1
& o 2
V—\_ \9_(9 \&\?) </\_*<_’) b+ %_\2) \/Q ~\r_\,Q \/&{_\9 \/'\ _\r_\:\/ FOV (Cm )

Figure B4: Tube output of various FOVs of 3D Accuitomo 170 with R® of 0.9419
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4. CT dose index

Purpose: To compare measured and system manual CT dose index values
Tolerance: Measured CT dose index should be within 230% from system manual.
4.1- CVOL
Method: - Place PMMA 16 cm diameter phantom at the center of rotation

- Set 90kVp, 5mA and 17.5 seconds

- Measure CTDI center and CTDI peripheral (4 points) (figure B5)

90 degree
O

Center

® 0 degree O O O 180 degree
Source

O

270 degree

Detector

Figure B5: Position of ionization chamber

- Calculate Cy, and Cy,

- Compare the calculated and system manual Cy
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Table B4: CTDI at 90kVp, 5mA and 17.5 seconds

CT Dose Index (mGy)

Acquisition  scan

2 CTDI CTDl
(cm?) mode 0 90 180 270 _ Cw CuoL
center peripheral
axa 360 2553 1435 1.191 1.421 1.034 1.27 1.70 1.70
6X6 360 4365 2964 2445 2927 2773 2.78 3.31 3.31
10x10 360 7.287 6.292 5459 6369  6.098 6.05 6.47 6.47
17x12 360 8.064 7927 6.411 7513  7.939 7.45 7.65 7.65

Table B5: Comparison of measured and system manual Cyq, values

Acquisition CyoL from Different o
2 scan mode  Cy or Gy % deviation
(cm”) manual values
4x4 360 1.70 4.6 2.9 63%
6x6 360 3.31 57 2.39 42%
10x10 360 6.47 6.9 0.43 -6.23%
17x12 360 7.65 8.7 1.05 -12.03%

Comment: Absolute value of % deviation of FOVs 10x10 and 17x12 cm2 are 6.23

and 12.03% respectively.
PASS

The differences between measured and system manual C result
from uncertainties of phantom and ionization chamber positioning.
Measured C,q from FOVs dxd and 6x6 cm’ are not acceptable
because the ionization chamber at peripheral site of phantom was
outside the primary beam and the dose distribution across the FOV is

non uniform.

4.2. CTDI center at various tube current

Method:

- Place PMMA 16 cm diameter phantom at the center of rotation.
- Select FOV 10x10cm’ with scan mode 360°.

- Set 90kVp and 17.5 seconds.
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- Measure CTDI center at various tube current; 1, 5, 10mA.

- Normalize CTDI center.

Table B6: Normalized CTDI center at 90kVp, 17.5 seconds and various tube currents normalized

CTDI to 5 mA

Tube )
CTDI center Normalized CTDI center
current % Dev,
(MGy) from measurement  from system manual
(mA)
1 1.55 0.21 021
5 7.29 1 .
10 14.23 1.95 195

Comment: Normalized CTDI center in this study is the same as normalized CTDI

from system manual.

4.3. CTDI peripheral at various tube potential

Method: - Place PMMA 16 cm diameter phantom at the center of rotation.
- Select FOV 4x4 and 10x10cm” and scan mode 360°.
- Set 5mA and 17.5 seconds.

- Measure CTDI peripheral at various kVp from 60-90kVp in steps of
10kVp.

- Normalize CTDI peripheral.

Table B7: CTDI peripheral at 60kVp, 5mA and 17.5 seconds

Acquisition scan CT dose index
FOV(cm?) mode 0 90 180 270 CTDI peripheral
ax4 360 0.09 0.35 0.42 0.40 0.32

10x10 360 2.21 1.84 2.20 212 2.09
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Table B8: CTDI peripheral at 70kVp, 5mA and 17.5 seconds

Acquisition scan CT dose index
FOV(cm”) mode 0 90 180 270 CTDI peripheral
axa 360 0.14 0.56 0.62 0.59 0.48
10x10 360 3.35 2.84 3.37 3.23 3.20

Table B9: CTDI peripheral at 80kVp, 5mA and 17.5 seconds

Acquisition scan CT dose index
FOV(cm”) mode 0 90 180 270 CTDI peripheral
axa 360 0.20 0.79 0.85 0.81 0.66
10x10 360 475 4.08 4.80 4.59 4.55

Table B10: CTDI peripheral at 90kVp, 5mA and 17.5 seconds

Acquisition scan CT dose index
FOV(cm’) mode 0 90 180 270 CTDI peripheral
axa 360 1.435 1.191 1.421 1.034 1.27
10x10 360 6.292 5.459 6.369 6.098 6.05

Table B11: Normalized CTDI peripheral at 5mA, 17.5 seconds and various kVp normalized CTDI

to 90 kVp
5 Normalized CTDI peripheral
FOV (cm’) kvp Different values
from measurement from manual
60 0.25 0.38 -0.13
70 0.38 0.56 -0.18
ax4
80 0.52 0.77 -0.25
90 1 1 0.00
60 0.35 0.37 -0.02
70 0.53 0.55 -0.02
10x10
80 0.75 0.77 -0.02

90 1 1 0.00
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Comment: The measured CTDI were almost less than the manual values
according to the various uncertainties such as position of phantom

and ionization chamber, environment and etc.

Spatial resolution test

Purpose: To ensure that the spatial resolution of a reconstructed image comply

with manufacturer’s standard.

Method: - Place wire phantom (PMMA tube 5cm diameter with vertical 0.1mm

stainless steel wire) on the table.

- Select FOV dxdcm”.

- Acquire image at 60kVp, ImA and 17.5 seconds.

- Analyze the image using A3dxImageQA software.
Tolerance: MTF value at 2 lp/mm is more than 10%.

Result: MTF value at 2 lp/mm is 13.3%.

MTF at 2Lp/mnm = 13.3%

@Lp/mm ALp/mm  2Lp/mm  3Lp/mm  4lp/mm  SLp/mm  6Lp/mm

Figure B6: The relation of MTF and line pairs/mm

Comment: PASS
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6. Noise, Uniformity/Grayscale and contrast resolution test

Purpose: SD values of grayscale and noise comply with the manufacturer’s

specifications.

For contrast resolution, four different materials show different ROI

values.

Method: -Place contrast phantom (PMMA cylinder 5cm diameter with air, PMMA,
bone equivalent plastic and aluminum blocks at center axis) on the

table by putting the air side up and aluminum side down.
- Select FOV dxdcm”.

- Acquire image at 70kVp, 1mA and 17.5 seconds.

- Analyze the image using A3dxImageQA software.

Tolerance: Gray scale (SD of 5 means) and noise (SD at A) value in axial slice of

acrylic part should be less than 12.5.

For contrast resolution, ROl value of each material should not overlap

each other.

Results: Gray scale (SD of 5 means) = 1.23 (Figure B7)
Noise (SD at A) = 3.51 (Figure B7)

ROI value didn’t overlap each other (Figure B8)

GrayScale (SD of 5 Means) = 1.23
Hoise (SD at A) = 3.51

Figure B7: Axial slice of the plain acrylic part with 5 ROIs (a)

and noise, uniformity/grayscale graph (b)
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ROIB: 163.82 +/- 3.78
ROIM1: 121.37 +/- 3.89
ROI2: 69.43 +/- 3.88

ROI3: 6.59 +/- 3.69

Figure B8: Contrast scale ROI of four different materials (a) and contrast scale graph (b)

Comment:

Artifact test

Purpose:

Method:

Tolerance:

Result:

PASS

To test for image artifacts.

- Place 3D phantom horizontally on the table.

- Select FOV 4xdcm’.

- Acquire image at 70kVp, 1mA and 17.5 seconds.
- Using “i-Dixel” software.

1) No significant distortion along the straight and round parts of the

mushroom that can affect clinical diagnosis.

2) No significant distortion at the edge of the mushroom that can affect

clinical diagnosis.

3) No virtual image around the mushroom image that can affect clinical

diagnosis.

Figure B9 shows neither distortion nor artifact in the mushroom image.
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Figure B9: Mushroom image for artifact test

Comment: PASS

Patient position test

Purpose: To evaluate accuracy of the patient position.
Method: -Place the 3D phantom with cap side up on the table.
- Select FOV dxdcm’”.
- Acquire image at 70kVp, 1mA and 17.5 seconds.

- After reconstruction, move green and blue lines to the center of the
mushroom cap in z plane and red line to the bottom edge of the cap

in X, Y planes.

- Using “i-Dixel” software.
Tolerance: XYZ values of the slice position should be within & 2mm.
Result: Green line (X) is 0.5mm out of center.

Blue line (Y) is Omm out of center.

Red line (Z) is about 1.5mm out of center.



Comments:

Figure B10: Mushroom image for patient position test

XYZ values - PASS.

a8
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Appendix C: Quality control of the CBCT scanner - Kodak 9000 3D

1. kVp accuracy

Purpose: To evaluate the accuracy of measured and set kVp.
Method: - Place dosimeter at center of rotation.

- Vary kVp from 60-90 in step of 10 and set mA at 5 and 10.8seconds,
mAs is 54.

- Record measured kVp and exposure (mGy).
- Calculate tube output (MGy/maAs).

- Plot graph of linearity of set and measured kVp and kVp vs tube
output (MGy/mAs).

Tolerance: The difference between the set and measured kVp should not exceed 5

kVp or the percent kVp deviation should not exceed 10% of set kVp

Results:

Table C1: kVp accuracy for the set and measured values

measured DAP (mGy.cmz)
Set kVp % kVp Dev. mGy mGy/mAs ]
kVp from monitor
60 57.66 -3.90 0.73 0.013 83.6
70 65.63 -6.24 0.94 0.017 109
80 74.89 -6.39 1.14 0.021 131

90 81.91 -8.99 1.30 0.024 150




kVp accuracy
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Figure C1: The linearity of set and measured kVp with R of 0.9975

kVp vs tube output
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Figure C2: The linearity of set kVp and tube output with R® of 0.9955

Comment: Absolute values of % deviation vary from 3.90-8.99%.

PASS

mAs linearity

Purpose: To determine the effect on tube output when increasing mAs.
Method: -Place dosimeter at center of rotation.

- Vary mAs (3.2, 5, 8, 10) and set kVp at 80 and 10.8seconds.

- Record the exposure (mGy).

- Calculate tube output (MGy/mAs).



- Calculate mean, SD and coefficient of variation (CV) of tube output.

- Plot graph of mAs linearity.
Tolerance: Coefficient of variation should not exceed 0.1.

Results:

Table C2: The linearity of mAs with mGy/mAs

DAP (mGy.cmn’)

mA mAs mGy mGy/mAs CV. .
from monitor
3.2 34.6 1.432 0.041 83.7
5.0 54.0 2.263 0.042 0.006 131
8.0 86.4 4.324 0.050 0.089 209
10.0 108.0 5.449 0.050 0.004 261
SD = 0.0005
Mean = 0.004
cv =0.1

mAs linearity

0.06
< y = 1E-05x + 0.0033
£ 004 R? = 0.9014
>
(O]
£

0.02

| e |
OOO - 1 1T 1 1 1

20 40 60 80 100 120 MAs

Figure C3: The linearity of mAs and mGy/mAs with R’ of 0.9014

Comment: Coefficient of variation = 0.1.

PASS
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Ca,100

Purpose: To measure C, jq9
Dosimeter: Unfors Xi CT detector
Method: - Place the dosimeter at center of rotation (44 cm from x-ray source).

- Set various kVp, mA (as shown in table C3) and 10.8 seconds.
- Record the exposure.

Results:

Table C3: C, 140 and tube output of Kodak 9000 3D with various kVp and mAs

] ] ) : Average Tube
Patient Air Air Air
. kVp mA  FOV Air Kerma output
size Kermal Kerma2 Kerma3
(mGy) (MGy/mAs)
medium 68 6.3  5x3.7 3.820 3.869 3.843 3.84 0.056
small 70 8 5x3.7 5.163 5.179 5.160 5.17 0.060
child 70 10 5x3.7 6.484 6.506 6.491 6.49 0.060
large 74 10 5x3.7 6.963 6.970 7.006 6.98 0.065
large 80 5 5x3.7 3.858 3.839 3.845 3.85 0.071

Tube output (mMGy/mAs) VS kVp
of Kodak 9000 3D

0.100

<

£ 0.080 0.071

& 0056 0060  0.060 0.065 P

£ : . N *

= 0.060

5 . o

2

3 0.040

(]

Ke]

3

F0.020

0.000

68‘70‘70‘74‘80"“""
63‘8‘10‘10‘5"“A

Figure C4: Tube output vs kVp of Kodak 9000 3D



4. Dose area product

Purpose:

Dosimeter:

Method:

Tolerance:
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To compare measured and system manual value of DAPs.

To confirm, for selected scan protocols, the accuracy of the displayed

DAP (mGy.cmZ) values on the monitor.
DAP meter: PTW Freiburg Model Diamentor E
- Place the dosimeter at x-ray source side.

- Choose the patient size in program and set parameters (the same as

shown in system manual) as the followings:

B Large size: 68kVp, 6.3mA
B Medium size: 70kVp, 8mA
B Small size: 70kVp, 10mA
" Child size: 74kVp, 10mA

- Expose one (10.8 seconds), two (21.6 seconds) and three volumes

(32.4 seconds).

" One volume: FOV (&J x H) 5x3.7 cm’
" Two volumes: FOV (W x D X H) 9.3x5x3.7 cm’
®  Three volumes: FOV (W x D X H) 9.3x7.4x3.7cm’

- Record DAP values.
- Compare measured and system manual value of DAPs.

- Compare DAP from monitor with DAP value from system manual.

Doses should be within £30% from system manual.
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Results:

Table C4: Comparison of measured and system manual DAP values

Patient DAP (mGy.cmn’) DAP (mGy.cmn’) .
] kVp mA  volume %deviation
size from measurement from manual

One 130 131 0.76

Large 68 6.3 Two 260 263 1.14

Three 390 394 1.02
One 170 175 2.86
Medium 70 8 Two 350 349 0.29
Three 520 524 0.76
One 210 218 3.67
Small 70 10 Two 440 436 0.92
Three 650 654 0.61
One 230 235 2.13
Child 74 10 Two 470 471 0.21
Three 700 706 0.85

Table C5: Comparison of DAP from monitor with DAP value from system manual

Patient DAP (mGy.cmn’) DAP (mGy.crn’) o
] kVp mA  volume - % deviation
size from monitor from manual
One 131 131 0.00
large 68 6.3 Two 262 263 0.38
Three 394 394 0.00
One 174 175 0.57
medium 70 8 Two 348 349 0.29
Three 523 524 0.19
One 218 218 0.00
small 70 10 Two 435 436 0.23
Three 653 654 0.15
One 236 235 0.43
child 74 10 Two 472 471 0.21

Three 708 706 0.28




Comments:

Rotative arm axis

Purpose:

Method:

Tolerance:

Result:

Comment:
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Absolute values of % deviation between measured and system manual

DAP values are in the range of 0.21-3.67, PASS.

Absolute values of % deviation between DAP from monitor with DAP

from system manual vary from 0.00-0.57, PASS.

To check the rotative arm axis.

- Place tool base on the chin rest base.

- Position the testing tubes and the metal rod on the tool base.
- Raise the chin rest base to the maximum height.

- Acquire an image at 60kVp, 2mA and 10.8 seconds.

- Adjust appropriate contrast of the image.

- Acquire image that displays 3 circles is satisfactory.

Figure C5: Axial view of metal rod and tubes

- Image is satisfactory.

PASS



56

6. Spatial linearity

Purpose: To verify spatial linearity by measuring the distance between pin points

(center to center) compare with known distance (50mm).

Method: -Place CATPHAN®6OO in upright position.
- Acquire an image of section CTP 404 at 90kVp, 10mA and 10.8seconds.

- Measure the distance between Teflon pins.

Tolerance: Difference between measured and known distance should be within
+0.5mm.
Result: -Distance between Teflon is 49.7mm.

Figure C6: Measurement of distance between Teflon pins

Comment: - Measured distance is 0.3mm different from actual distance (50mm).

PASS

7. MTF measurement

Purpose: To ensure that the spatial resolution of a reconstructed image comply

with manufacturer’s standard.
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Method: -Place CATPHAN®6OO in upright position.
- Acquire an image of section CTP 591 at 90kVp, 10mA and 10.8seconds.
- Measure MTF by Image J.

Tolerance: - The value of the Modulation Transfer Function (MTF) at 10% is

superior to 1 lp/mm.

Result: - MTF at 10% is 2.5 [p/mm

MTF

0.8
™
08 ~

0:4 \
0.2 \"‘-
\\""«... .

0 1 2 3 4
Spatial frequency (lp/mm)

Figure C7: Modulation transfer function VS spatial frequency graph

Comment: PASS
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Appendix D: Quality control of the CBCT scanner - Kodak 9500 Cone Beam 3D

kVp accuracy

Purpose:

Method:

Tolerance:

To evaluate the accuracy of measured and set kVp.
-Place dosimeter at center of rotation.

- Select FOV 15><9cm2

- Vary kVp from 70-90 in steps of 10 and set mA at 5 and
10.8seconds, mAs is 54.

- Select FOV 20.6x18cm’

- Vary kVp from 70-90 in steps of 10 and set mA at 5 and
10.8seconds, mAs is 54.

- Record the exposure (mGy) and displayed kVp.
- Calculate tube output (MGy/maAs).

- Plot graph of linearity of set and measured kVp and kVp vs tube
output (MGy/mAs).

The difference between the set and measured kVp should not exceed 5

kVp or the percent kVp deviation should not exceed 10% of set kVp



Results:

Table D1: kVp accuracy for the set and measured values of medium FOV (FOV 15x9cm’)

measured % kVp DAP (mGy.cm”)
Set kVp mGy mGy/mAs )
kVp Dev. from monitor
70 68.79 -1.73 0.10 0.002 135
80 78.09 -2.39 0.20 0.004 211
90 88.92 -1.20 0.32 0.006 302

kVp accuracy
(FOV 15x9cm?)

100
S
- y = 1.0065x - 1.92
g 80 R? = 0.9981
2 70
(]
= 60

50 T T T T 1

Set kVp
50 60 70 80 90 100
Figure D1: The linearity of set and measured kVp
with R’ 0.9981 of medium FOV (FOV 15x9cm’)
kVp vs tube output

. (FOV 15x9cm?)
£ 0010
£
& 0008 y = 0.0002x - 0.0123
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2 0.004
8
3
o 0.002
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S 0.000 ——
'_

Set kVp
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Figure D2: The linearity of set kVp and tube output
with R’ 0.9984 of medium FOV (FOV 15x9cm’)
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Table D2: kVp accuracy for the set and measured values of large FOV (FOV 20.6x18cm’)

measured % kVp DAP (mGy.cm”)
Set kVp mGy mGy/mAs )
kVp Dev. from monitor
70 67.22 -3.97 0.09 0.002 313
80 76.57 -4.29 0.23 0.004 502
90 84.96 -5.60 0.37 0.007 733
kVp accuracy
(20.6x18cm?)
100
s % . y = 0.887x + 5.29
o 80 R? = 0.999
(0]
3 70 y/
©
2 60
50 T T T T 1
50 60 70 80 90 100 “etkVP
Figure D3: The linearity of set and measured kVp
with R’ of 0.999 of large FOV (FOV 20.6x18cm’)
kVp vs tube output
2
3 0010 (FOV 20.6x18cm?)
£ y = 0.0003x - 0.0165
S o R? = 0.9998
2 0.006 / '
5 0.004
g
3 0.002
8 0.000 ——————
= 50 60 70 80 90 100 Setkvp
Figure D4: The linearity of set kVp and tube output
with R’ of 0.9998 of large FOV (FOV 20.6x18cm’)
Comment: For FOV 15><9cm2, absolute values of % kVp deviation vary from 1.2-

2.39%.

For FOV 20.6x18cm2, absolute values of % kVp deviation vary from 3.97-
5.60%.

PASS



2. mAs linearity

Purpose: To determine the response of the tube output with increasing mAs.
Method: - Place dosimeter at center of rotation.
- Vary mAs (3.2, 5, 8, 10mAs) and set at 80kVp and 10.8seconds.
- Record the exposure (mGy).
- Calculate tube output (MGy/mAs).
- Calculate mean, SD and coefficient of variation (CV) of tube output.
- Plot graph of mAs linearity.
Tolerance: Coefficient of variation should not exceed 0.1.

Results:

Table D3: The linearity of mAs with mGy/mAs of medium FOV (FOV 15><9cm2)

DAP (mGy.cmz)

mA mAs mGy mGy/mAs CV. .
from monitor
3.2 34.6 0.53 0.0154 135
5.0 54.0 0.85 0.0158 0.011 211
8.0 86.4 1.38 0.0159 0.004 337
10.0 108.0 1.72 0.0160 0.001 421
SD = 0.00002
Mean = 0.0015

cv =0.01
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mAs linearity

0.020

5 0015 y = 6E-07x + 0.0014
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Figure D5: The linearity of mAs and mGy/mAs with
R’ of 0.8079 of medium FOV (FOV 15x9cm’)

Table D4: The linearity of mAs with mGy/mAs of large FOV (FOV 20.6x18cm2)

DAP (mGy.crn’)

mA mAs mGy mGy/mAs CV. .
from monitor
3.2 34.6 0.5946 0.017 321
5.0 54.0 0.9325 0.017 0.004 502
8.0 86.4 1.506 0.017 0.005 804
10.0 108.0 1.877 0.017 0.001 1004
SD = 0.00001
Mean = 0.0016
v =0.01
0.020 mAs linearity
" 0.015 y = 3E-07x + 0.0016
< 2 —
§ 0010 Rz =0.797
[©)
£ 0.005
R e e
0.000 T T T T ]
mAs
20 40 60 80 100 120
Figure D6: The linearity of mAs and mGy/mAs
with R of 0.797 of large FOV (FOV 20.6x18cm°)
Comment: Both FOVs (15><9cm2, 20.6><18cm2), coefficient of variations are 0.01.

PASS
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3. Ca,100
Purpose: To measure C, jq9
Dosimeter: Unfors Xi CT detector
Method: - Place the dosimeter at center of rotation (54 cm from x-ray source).
- Set 80kVp, 5mA and 10.5 seconds for every FOVs and record the
exposure.
Results:

Table D5: C, ;oo and tube output of Kodak 9500 CB 3D

OV Air Air Air Average Air Tube output
Kermal  Kerma2  Kerma3 Kerma (mGy) (MGy/mAs)
15x9 1.550 1.555 1.551 1.55 0.03
20.6x18 1.619 1.609 1.612 1.61 0.03

Tube output (mMGy/mAs)

2 0.05

E

3 0.04 0.03 0.03

E 003 * L 2

5

o 0.02

8

3

© 001

()

5

2 0.00 . .
15x9 20.6x18 FOV (cm?)

Figure D7: Tube output of Kodak 9500 CB 3D

4. Dose area product

Purpose: To compare measured and system manual value of DAPs.

To confirm, for selected scan protocols, the accuracy of the displayed

DAP (mGy.cmz) values on the monitor.

Dosimeter: DAP meter: PTW Freiburg Model Diamentor E



64

Method: - Place the dosimeter at x-ray source side.

- Set 80kVp, 5mA and 10.8 seconds.

- Record DAP values.

- Compare measured and system manual value of DAPs.

- Compare DAP from monitor with DAP from system manual.
Tolerance: Doses should be within £30% from system manual.
Results:

Table D6: Comparison of measured and system manual DAP values

2 DAP from measurement DAP from manual %
FOV (cm’) 2 2 .
(mGy.cm”) (mGy.cm”) deviation
15x9 133.33 185 -27.93
20.6x18 296.67 435 -31.80

Table D7: Comparison of DAP value from monitor with DAP value from system manual

2 DAP from monitor DAP from manual %
FOV (cm’) 2 2 -
(mGy.cm”) (mGy.cm”) deviation
15x9 211 185 14.05
20.6x18 502 435 15.40
Comment: - Absolute values of % deviation between measured and system

manual DAP values in medium FOV is 27.93%, PASS. In large FOV, %
deviation is 31.8 %, FAIL.

Percent deviation in large FOV exceeds the tolerance because of the
uncertainties in position of ionization chamber and external DAP meter

was not calibrated for long time.

- Absolute values of % deviation of DAP from monitor compared with

DAP from system manual varied from 14.05-15.4%, PASS.



5.

Rotative arm axis

Purpose:

Method:

Tolerance:

Results:

Comment:
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To check the rotative arm axis.

-Place tool base on the chin rest base.

- Position the testing tubes and the metal rod on the tool base
- Raise the chin rest base to the maximum height.

- Acquire an image for both FOVs (15x9, 20.6x18cm”) at 60kVp, 2mA and

10.8 seconds.
- Adjust appropriate contrast of the images.

-Acquired image that displays 3 circles is satisfactory.

a. FOV 15x9cm’ b. FOV 20.6x18cm’

Figure D8: Axial view of metal rod and tubes of

medium FOV (a) and large FOV (b)

Both images are satisfactory.

PASS
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6. Circular symmetry and spatial linearity

Purpose: To test for circular symmetry of the CBCT image, including calibration of

the CBCT display system.

To verify spatial linearity by measuring diameter of the phantom and
the distance between pin points (center to center) compared with

known distance.
Method: -Place CATPHAN®6OO in upright position.

- Acquire an image of section CTP 404 for both FOVs (15x9, 20.6x18cm”)
at 90kVp, 10mA and 10.8seconds.

- Look at shape of the image.

- Measure diameter of the phantom and the distance between Teflon

pins.
Tolerances: Images are circular symmetry.

Difference between measured and known distance should be within

F0.5mm.

Results:

Circular symmetry

a. FOV15x9cm’ b. FOV 20.6x18cm”

Figure D9: Axial view of circular phantom of medium FOV (a) and large FOV (b)
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Spatial linearity

[50.13 (o) }
50.13 [mm) }
[50.13 [men) 45,85 o]

Figure D10: Measurement for distance accuracy between

Teflon pins in medium FOV (FOV15x9cm’)

149,59 [mm]

Figure D11: Measurement for diameter distance

accuracy in medium FOV (FOV15x9cm2)
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Figure D12: Measurement for distance accuracy between

Teflon pins in large FOV (FOV20.6x18cm’)

Figure D13: Measurement for diameter distance accuracy

in large FOV (FOV20.6x18cm’)

68
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Table D8: Measured diameter distances, measured distance between Teflon pin and

differences between the measured and actual distance

FOV 15x9cm’ 20.6x18cm”
. . Distance Different Distance Different
Position of distance ) .
(mm) distance (mm) distance
Diameter of Phantom in x-axis
149.68 0.32 149.79 0.21
(mm)
Diameter of Phantom in y-axis
149.59 0.41 150.16 0.16
(mm)
Distance between Teflon pin
50.13 0.13 49.81 0.19
X, (mm)
Distance between Teflon pin
50.13 0.13 49.81 0.19
X, (Mmm)
Distance between Teflon pin
50.13 0.13 49.94 0.06
y; (mm)
Distance between Teflon pin
49.89 0.11 50.25 0.25

y, (mm)

Remark: Known distance between pin points is 50mm and known diameter is 150mm.

Comment: For both FOVs, images are circular symmetry.

Differences between the measured and actual distance for both FOVs

varied from 0.11-0.41mm for FOV 15><9cm2 and 0.06-0.25mm for FOV

20.6x18cm’”.
PASS
7. MTF measurement
Purpose: To ensure that the spatial resolution of a reconstructed image comply

with manufacturer’s standard.

Method: -Place CATPHAN®6OO in upright position.

- Acquire an image of section CTP 591 for both FOVs (15x9, 20.6x18cm”)

at 90kVp, 10mA and 10.8seconds.

- Measure MTF by Image J.

Tolerance: - The value of the Modulation Transfer Function (MTF) at 10% is

superior to 1 lp/mm.



Results:
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Figure D14: Modulation transfer function vs spatial frequency graph of medium FOV
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Figure D15: Modulation transfer function vs spatial frequency graph of large FOV

Table D9: Modulation Transfer Function at 10% of medium and large FOV

70

Spatial frequency (lp/mm)

MTF 5 >
FOV 15x9cm FOV 20.6x18cm

10% 3.0 3.1

Comment: PASS
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8. High resolution measurement

Purpose: To visually evaluate the spatial resolution of a reconstructed image.
Method: - Place CATPHAN®6OO in upright position.

- Acquire an image of section CTP 528 for both FOVs (15x9, 20.6><18cm2)
at 90kVp, 10mA and 10.8seconds.

- Count line pair per centimeter.

a. FOV 15><9cm2 b. FOV 20.6><18<:m2

Figure D16: Image of 21 line pairs per centimeter of medium FOV (a) and large FOV (b)

Table D10: Line pair per centimeter of medium and large FOV

FOV High resolution (lp/cm) Gap size
FOV 15x9cm’ 7 0.071 cm
FOV 20.6)(18cm2 7 0.071 cm
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9. CT number accuracy, noise, uniformity and image artifact

Purpose: CT number and noise values comply with the manufacturer’s

specifications.
CT number values in homogenous medium are uniform.
Artifacts are not visible.

Method: - Place CATPHAN®6OO in upright position.

- Acquire an image of section CTP 486for both FOVs (15x9, 20.6x18cm”)
at 90kVp, 10mA and 10.8seconds.

- Measure ROI (5cm”) with eFilm'" software (see figure below).

©

ORONO,
©

Figure D17: ROI position for measurement

Tolerance: - CT number is within 5% from baseline value.

- Image noise is within 125% from baseline value.

- Difference of CT numbers (measured ROl mean value) between a

centrally placed ROl with each of four ROIs placed on the edge should
be within 210 HU

- No artifact in the image.



Results:

CT number accuracy, noise, uniformity

a. FOV 15x9cm’

A
1N

Im: 101/38
Ax: 124.4

Mag: 1.1x

799 X 759

0.2 mm/0.0:1

Tilt: 0.0

10.8

Lin:DCM / LiniDCM £ 1dA4D.
W:3943 L:621

b. FOV 20.6x18cm”
KS500

73

A

569

/ LiniDCM /1d:ID.
05 L:341

Figure D18: Measurement of 5 ROl in different position. Central ROl used for CT number

and image noise; peripheral and central ROl used for uniformity.

Table D11: Mean and SD of ROl values and difference CT number

FOV 15x9cm’

FOV 20.6x18cm’

Position
of ROI Difference Mean Difference
Mean (HU) SD SD
CT number (HU) CT number
1 26.9 97.9 -5.7 14.8 66.7 9.4
2 28.7 96.3 -3.9 15.2 66.3 9.8
3 24.1 98.5 -8.5 12.7 62.8 7.3
4 26.7 99.3 -5.9 14.9 64.6 9.5
5 32.6 98.5 0 54 67.1 0
Average 27.8 98.1 12.6 65.5

PASS
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Image artifact

a. FOV 15x9cm’ b. FOV 20.6x18cm’

Figure D19: Axial view of phantom section CTP 486 used for inspection of artifact

Comment: FOV 15x9cm2,

- CT number = 32.6HU and SD = 98.5

- Differences of CT numbers vary from -8.5 to -3.9HU, so the mage is
uniformity.

- There is no artifact in the image.

PASS
FOV 20.6x18cm’

- CT number = 5.4HU and SD = 67.1

- Differences of CT numbers vary from 7.3 to 9.8HU, so the mage is
uniformity.

- There is no artifact in the image.

PASS

(CT number and noise cannot compare with manufacturer’s

specification because it’s not available.)
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10. CT number linearity

Purpose:

Method:

Tolerances:

Results:

a. FOV 15x9cm’

90.0 kV
10.0 mA
0.2 mm/0.0:1

LiniDCM L1d:AD.
L:12

To ensure that the CT number of range of material falls within the

required values.

- Place CATPHAN®6OO in upright position.

- Acquire an image of section CTP 404 for both FOVs (15x9, 20.6><18cm2)
at 90kVp, 10mA and 10.8seconds.

- Measure CT number for each material (ROI O.7cm2) with eFiLmTM

software.

-Difference between measured CT number and CT number specified by

manufacturer should be within Z20HU

- R-square between measured CT number and linear attenuation

coefficient (u) more than 0.9

b. FOV 20.6x18cm’

A

BB86575926866027346828671

2013
Acq Tm: 17:0

Mag: 1.2x
759 x

90.0 kV
10.0 mA
0.3 mm/0.0:1
Tilt: 0.0
108s
D! DCM /1d:1D.

15.2x 15.2cm

Figure D20: Measurement of CT number for each material of medium FOV (a) and large FOV (b)
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Table D12: Difference between estimated and measured CT number

FOV FOV Linear
) Estimated 15x9cm” ) 20.6x18cm’ ] attenuation
Material Difference Difference ]
CT number  Measured Measured coefficient
CT number CT number u (cm™)
Airl -1000 -627.0 373.0 -456.9 543.1 0
Air2 -1000 -603.2 396.8 -462.6 5374 0
PMP -200 -127.7 72.3 -96.5 103.5 0.25
LDPE -100 -85.4 14.6 -57.9 42.1 0.277
Polystyrene -35 -81.5 -46.5 -38.6 -3.6 0.31
Delrin™ 340 158.7 -181.3 135.1 -204.9 0.548
Teflon 990 523.2 -466.8 395 -595 1.091
CT number linearity
FOV 15x9cm?
p (em™) 5
; R 2
/ y = 0.0009x + 0.4607
65 R? =0.9148
800  -600  -400  -200 200 400 600 Measured CT number

=U.0

Figure D21: The linearity of CT nu

mber with R* of 0.9148 of medium FOV

CT number linearity

FOV 20.6x18cm?

p (em™
, <*
' y = 0.0013x + 0.4391
/ R? = 0.9046
05
T T ‘/\/ T U T T 1
-800  -600  -400  -200 200 400 600 Measured CT number

=U0

Figure D22: The linearity of CT n

umber with R* of 0.9046 of large FOV
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Comment: Although R-square between measured CT number and linear
attenuation coefficient (u) for both FOV are more than 0.9 (FOV
15x9cm’: R® =0.9148, FOV 20.6x18cm’: R’ =0.9046), differences between
measured CT number and CT number specified by manufacturer are
more than 120HU except LDPE (difference = 14.6HU) in FOV 15x9cm”
and polystyrene (difference = -3.6HU) in FOV 20.6x18cm’”.

CT number in CBCT is inaccuracy.

FAIL
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