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Glossary

1-D One-dimensional

2-D Two-dimensional

3-D Three-dimensional

AEC Automatic Exposure Control

A-Si Amorpheous Silicon

CBCT Cone-Beam computed tomography
CCD Charged Coupled Device

CNR Contrast to Noise Ratio

CT Computed Tomography

CTDI Compted Tomography Dose Index
D Organ dose

Mean dose of an organ situated in slice i of

D the Rando Alderson phantom
DICOM Digital Imaging and Communications in Mediein
ESP European Spine Phantom
f Fraction of an organ situated in slice i of
' the Rando Alderson phantom
FOV Field Of View
FPD Flat Panel Detector
FWHM Full width at half maximum
FWTM Full width at tenth maximum
HU Hounsfield Unit
ICRP International Commission on Radiation Protecti
kv Kilovoltage
kvp Kilovoltage peak
LiF Lithium Fluoride
mA Miliampere
mAs Miliampere x seconds
MMI Maximisation of mutual information
MSCT Multi-Slice Computed Tomography
MTF Modular Transfer Function
PSF Point Spread Function
SEM Stochastic Expectation Maximisation
TLD Thermoluminescent Dosemeter
A Linear attenuation coefficient
W Tissue weighting factor. Not every organ is as itieas

for the effects of radiation. Organs that are nsmesitive
to radiation have a higher tissue-weighting factor.
The sum of alWris 1.






Chapter 1
Introduction

1.1 The use of 3-D imaging in oral rehabilitation
In oral implant surgery, small titanium screws argerted in the jawbone. On these en-

dosseous implants, a prosthetic suprastructureosntad. This technique provides a
good rehabilitation for edentulous patients, ondbedition that good osseointegration is
obtained. Thereto a good surgical technique is egethking into account quality and
quantity of the available bone as well as biomeid@mnd aesthetical aspects. There are
also vulnerable anatomical structures in the jaat ttave to be avoided at all cost, such
as the alveolar nerve in the mandible. Consequenthporough preoperative planning is
mandatory to perform a successful surgery (Verstre003).

(@) (b)

Figure 1.1 Example of dedicated software for the plcement of oral implants: re-
formatted 3-D slices together with a bone model and model of the prosthesis are
shown. (Courtesy Filip Schutyser, Medicim NV, SintNiklaas, Belgium)

To make this planning there is the tendency issethree-dimensional (3-D) ra-
diographic images (Verstrekert al 1996 and Sueteret al 2002). For the manipulation
of these 3-D images dedicated software has beeglaped (Figure 1.1). With such soft-
ware reformatted images or slices perpendiculahdoalveolar ridge can be calculated.
Besides these reformatted images, a bone modaledefiom the 3-D images can be
shown. This model is derived from the 3-D imageisgis segmentation algorithm for
extracting the bony tissues and applying the maghiubes algorithm (Lorensen and
Cline, 1987) for generating a triangulated model of thaebsurface. With the aid of the
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3-D bone model and the reformatted images, thec@im can determine the number of
implants and the position of these implants. Tedeine the appropriate position of the
implants it is important that the derived bone medee very accurate and that the clini-
cian can perform accurate measurements of the thiclness at various places. There-
fore, it is important that the scanners provideuaaie images.

Initially conventional single and later, multi-stic computed tomography
(MSCT) scanners were us€Bahleitneret al 2003) for the planning of oral implants.
Nevertheless, there are some constraints for tespread use of MSCT in oral implant
planning. These are the relatively high radiatiosal(Cohnemet al 2002) that is involved
with the acquisition of such images and the longimglists for dental CT scans. There-
fore alternative CT protocols for bone visualizatiand modelling that would lower the
effective radiation dose for the patient, withoign#ficant loss of image quality were
being explored. Examples of these alternativesraméified protocols on MSCT scanners
(Hein et al 2002, Imhofet al 2003a) or the introduction of other hardware, sastthe
cone-beam CTCBCT) (Guerrercet al 2006, Scarfeet al 2006). The introduction of the
CBCT has revolutionized the way images are takedeintomaxillofacial imaging. The
manufacturers claim that these scanners offer immagquired at a lower radiation dose
than conventional CT but with the possibility fdret clinician to design a good pre-
operative plan for the placement of oral implaftsis hypothesis will be tested in this

thesis.

1.2 Cone-Beam Computed Tomography

1.2.1 Introduction
In this paragraph the principle of CBCT scannemxiglained together with some impor-

tant parameters that determine the accuracy of énizmsed measurements in images
derived from CBCT scanners. Some of these paramaterdetermined by the design of
the machine and other parameters can be changeddatr to the used protocol for

imaging the patient. Due to the limitations of therdware of the scanner and the limita-
tions of the reconstruction algorithm, some feaumgght arise in the images that are not
present in the object that is imaged. These festare denoted artefacts and will be fur-

ther studied in the last part of this section.
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Figure 1.2 lllustration of the geometry of the Accitomo 3D CBCT scanner (Morita,
Kyoto, Japan).

1.2.2 Principle

In Figure 1.2, the principle of a CBCT scanner xplained based on an axial plane
through the head of the patient. Both an X-ray sewand a detector are fixed on a rotat-
ing gantry. The X-ray source may release X-raysaontinuous or a pulsed way. Dur-
ing the exposure of the X-rays, the gantry willatet This makes it possible for the detec-
tor to collect basis images, which can be seerad®graphs taken at different angles.
After the collection of all the base images, a rstauction algorithm calculates a 3-D
volume. It should be noted that not the complete pfthe head that is exposed will be
shown in the final image. Due to a combinationh#f size of X-ray beam and positioning
of the X-ray beam to the patient, it will be pos$sio acquire different sizes of Field of

Views (FOV). In Figure 1.2, we illustrate how it ynhe possible to acquire only a small
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FOV in the head of the patient. To illustrate thig X-ray beam is drawn at 2 perpen-
dicular positions. Although the X-ray beam in pinsit2 covers a large part of the pa-
tient’s head, only a small part of the beam will dmnsidered (see Figure 1.2) for the
reconstruction of the image because the area sddnnell X-ray beams is smaller. This
area is indicated by a darker shade of grey. Thaltieg part that is only used for the

reconstruction of the 3-D volume is indicated inebin Figure 1.2.

1.2.3 Parameters influencing accuracy of bone relat ed
measurements

1.2.3.1 Hounsfield Units

The images, which are reconstructed by the alguoriththe CT scanner, are not given by
the attenuation coefficients for each point in Wodume but by the CT number which is
expressed in Hounsfield Units (HU). The HU of a ena A are calculated with Formula

1.1. (Suetens 2002)

HU 5 =22~ 120 1 00001.1)
m,0

In Formula 1.1, 5 represents the linear attenuation coefficient ofemial A and
represents the linear attenuation coefficient ofewawith this definition, the HU of air
and water are respectively -1000 and 0. The liagianuation coefficient depends on the
energy of the X-ray beam. Because in practice tieegy of an X-ray beam is not mono-
energetic but consists of a continuous energy gpectthe CT number also depends on
the energy and differs for each scanner. Traditibh&@CT scanners are optimised for
soft-tissue imaging; the CT numbers of soft-tisane fat do not vary (Figure 1.3) for
different energies. Therefore, one can speak ofsoate of HU for this kind of scanners.
However, if we look at the anatomical structurekicl are of interest in dentomaxillofa-
cial imaging (Figure 1.4), one can see that thersfield Units of these structures vary a
lot for different energies (Figure 1.3). This ingdithat a global scale of HU for scanners
does not exist for dentomaxillofacial imaging. Angar structure consisting of, for ex-
ample, dentine can have a CT number that varigsfisgntly depending on the energy
of the X-ray beam, which depends on the kilovoltpgek (kVp) of the X-ray beam (Fig-
ure 1.3). An MSCT scanner works mostly at a kVpugabf 120 kV and dental applica-

18



Chapter 1

tions work at a value up to 80 kVp. This means thrat has a mean energy of 60 kV for

MSCT and around 40 kV for dental applications.

—+—cortical bone
14500 = pulp

——dentine
12500

X’—’\\ ——enamel

10500 —ealr
r—\\ -+ muscle

8500 \,\\& ——fat

6500 \\\

500

——— .. - —
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—
10, 20 46 50 60 70 30

gray value [HU]

-1500

energy (keV)

Figure 1.3 Hounsfield units for different anatomicd structures. The calculations are
performed based on ICRU 44, Herkstroteret al (1990) and Hubell and Seltzer
(1996).

trabecular bone

radiolucency
dentine
pulp

enarrel

air

gutta percha

Figure 1.4 Different parts of a tooth are illustraied on a sagittal slice of the Accui-
tomo 3D CBCT scanner.

1.2.3.2 Resolution

The resolution of an image gives an idea abousthallest structures that can be distin-
guished. The resolution should not be expressetthdyoxelsize but as the full width at
half maximum (FWHM) and full width at tenth maximufWTM) of the point spread

function (PSF). This PSF can, for example, be @eriby imaging a phantom with a very
thin wire (Figure 1.5) (Beutadt al 2000). The meaning of the FWHM is that if two simal
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dots are placed at this distance, or smaller fracheother, they cannot be distinguished
and are shown as one global dot (Suetens 2002).

Another way of calculating the resolution is byideg the number of line pairs visi-
ble in a bar phantom. This is expressed by the NMwdUransfer Function (MTF). A
typical value for the MTRor a CT scanner is 3.5 (Ip/cm) (NHS 2005) andddZBCT
scanner dedicated for dentomaxillofacial imagind4slp/cm (Arakiet al 2004). Impor-
tant factors, which can influence the resolutiom, the size of the beam width of the X-
rays, the position in the scanned object, the samistance and the reconstruction algo-
rithm (Suetengt al 2002).

nsity [HU]

Inte

- o
distance [mm]

(@) (b) (©)

Figure 1.5 A wire is imaged as a blurred dot (a) v the PSF shown in (b). When
profiles are generated out of the PSF (¢), FWHM an&WTM can be calculated.

1.2.3.3 Contrast-to-Noise ratio
When a structure consisting of one material is imdaghe gray values of this structure

are not all the same everywhere in the image dumadge noise. The four types of noise,
which can be distinguished in CT, are quantum nataistical noise, electric noise and
round-off noise that results from the limited dynamange of the scanner. The main
contribution is from quantum noise, which is duethe statistical nature of X-rays

(Suetens 2002). The contrast is the differencéérbrightness between different regions.

This can be calculated using the following formula:

B, beingthe brightness of the smallest object &3jds the brightness of its surroundings.
When the computer processes an image, the meansiigtef a structure can be used as

the brightnes8;. When a radiologist is analysing the image, envirental factors like
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Chapter 1

the darkness of the room and the display deviae réed to be taken into account. The
contrast in CT scanners is determined by the HUlgnthe window level settings of the
screen on which the image is visualized. The enmisand detection of light and all other
electromagnetic waves are stochastic processesinfage processing however, it is
important how noise influences the detection ofghkouring structures. Therefore, a
third quality measure is the difference in the algo-noise ratio (SNg).
SNR, = meanB; - B,)

std(B,)

1.2.4 Image artefacts
As mentioned before the energy of an X-ray is nohoienergetic but consists of a con-

tinuous spectrum. Standard reconstruction algosthto not take into account these
physical properties of X-rays. Another shortcomoggurs in the implementation of an
algorithm. For the implementation of a reconstauttalgorithm in a scanner, it is only
possible to take a finite number of projection®iatcount. Due to these shortcomings,
features in the reconstructed image of a scanngtiothat are not present in the actual

object may appear. These features are called cairtefhcts.

1.2.4.1 Aliasing artefacts

It is practically not achievable to acquire annité number of projections for the recon-
struction algorithm. This under sampling can caalé®sing artefacts (Figure 1.6). This
can be noticed as dark streaks in the reconstrugctage. These occur due to an under
sampling of the projections. If an infinite numlzgrprojections could be acquired, these

could be removed. This is however not possible.

@) (b)

Figure 1.6 Reconstruction of an image of a phantoracquired with 166 basis images
(a) and with 599 basis images (b) on the i-CAT scaar. Therefore there are more
aliasing artifacts in (a) presented as dark lines.
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1.2.4.2 Beam Hardening

When an X-ray passes through material, the lowergnX-ray photons are first ab-
sorbed. The resulting beam has a higher energytemdfore gets less attenuated. There-
fore, the CT-number calculated by the reconstractitgorithm will be an underestima-
tion of the real attenuation coefficient. This &att, known as the beam hardening arte-

fact is illustrated in Figure 1.7 (a).

(@) (b)
Figure 1.7 Sagittal image (a) of a phantom. This iage illustrates the beam harden-
ing artefact (a). The thin white structures shouldhave the same intensity every-
where in the image but this is not the case due the beam hardening artefact. Fig-
ure (b) presents the influence of scatter on imagga phantom. Due to the scatter
the border between the soft-tissue and air is notery well visible.

1.2.4.3 Scatter

Not all photons that arrive at the detector follawstraight path from the X-ray tube.
Typically about 1% of the incident radiation is diseCompton scatter (Suetens 2002).
Scatter also influences the CT-number; due to ¢thadtey the attenuation coefficients will
be underestimated. In CBCT, this phenomenon widldpce an intensity inhomogeneity
of the CT-number (Carlsson 1999), (Figure 1.7 (B0 the cupping artefact and re-
duced contrast detect ability can be noticed. Duthé larger size of the detector and the
larger size of the X-ray beam in CBCT in relatianMISCT, there is more scatter in
CBCT images. However this is not a major issue entdmaxillofacial radiology, be-

cause the focus is in high-contrast anatomy likeitherfaces between bone, soft-tissue
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Chapter 1

and not the low-contrast anatomy like the diffeiaidan between different soft-tissues
(Alspaugh).

1.2.4.4 Truncated view artefact
A truncated view artefact is produced whenever geny of the patient or imaged object

is present in some but not all of the views obtifter a slice. Although this artefact may
not create a severe visual disturbance in the ipiagan alter the CT numbers in a man-
ner that will compromise the accuracy of quantiatnalyses. The truncated view arte-
fact can be noticed as a white edge at the borfdiedmage in Figure 1.8 (a) or a darker

area at the top and the bottom of the image inrEi@u8 (b). (Lehr 1983)

(b)

Figure 1.8 An axial (a) and sagittal (b) view of ghantom scanned with the i-CAT
CBCT scanner. The white border in (a) and darker boder in (b) show the trun-
cated view artifact.

1.2.4.5 Limited dynamic range of the detector
The CBCT scanners in dentomaxillofacial imaginguon the imaging of hard density

structures (Figure 1.9). These are structures migh HU (Figure 1.3 and 1.4). Because
the range of the detector is only limited, it ig possible to capture all intensities which
correspond to air and high-density structures. &leee in CBCT scanners for dentomax-
illofacial applications, the focus is on the vidsation of high-density structures, and

there is a loss of the visualisation of soft-tissue
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(@) (b)

Figure 1.9 A cadaver specimen is scanned both witncomputed tomography scan-
ner, Sensation 16 (a) and a CBCT scanner, Accuiton8D (b). For the CT scanner, it
is possible to see the transition between soft-tiss and air. For the Accuitomo 3D it
is not possible to see this transition because dfe limited dynamic range of the de-
tector.

1.3 CBCT scanners in dentomaxillofacial radiology
Different manufacturers have launched their CBCanser for the dentomaxillofacial

field (Mozzoet al 1999, Araiet al 2001, Sukovieet al 2003 and Araket al 2004). Be-
cause these scanners come from different manuéasiuhey may have different techni-
cal specifications. Therefore it is useful to aselthe specifications of these scanners
(Table 1.1) before properties like image qualityradiation dose are studied. A proper
knowledge of the specifications may help in underding results acquired in later stud-
ies. The four scanners, which are described inélatl, are the scanners that were stud-
ied in this thesis. These were the models that \weadable in the winter of 2006 at our
institute or collaborating universities. After 20@%&re was a massive growth of the dif-

ferent available CBCT scanners. But these scanvi#nsot be discussed in this thesis.
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Table 1.1 Properties of the evaluated CBCT scanners

i-CAT NewTom 3G MercuRay Accgll:t)omo
Current (mA) 5.5 15° 10 or 15 1-10
. 60-120 60-80 kV
Potential (kVp) 120 110 (step 20 kV) (step 1 kV)
Scanning time (s) 10, 20, 40 36 10 9, 18
. 1.92, 3.67,
Exposure time (S) 7 188 54 10 8.31, 16.02
Exposure time of one 12 15 33 30
frame (ms)
Current x exposure time . 56 0.208 0.347-0521  0.030-0.300
for one frame (MAs)
Basis images 160, 306, 599 360 288 512
Current x exposure time  10.56, 20.2, 8.31-83.1 or
(MAS) 39.53 75 mAS 1000r150 16 02.160.2
Focal spot (mm) 0.5 05,15 0.6 0.5
Type of exposure Pulsed Pulsed continuous continuous
Scanning
Parameters selected Scanning time . kv, mA for 1 time, kV,
. Size of the FOV frame, size of the
by the operator and scan height FOV mA for 1
frame
Patient positioning Sitting Supine sitting Sitting
Source to rotational 48.069 66.3 82.0 335
Centre distance (cm)
Rotational center
to detector distance (cm) 20.51 285 29 34.9
Source to sensor 68.58 94.8 111,00 68.4
Distance (cm)
Detector type Flat panel CCD 12-hit CCD 12-hit CCD 8-hit
Detector size (cm) 20x 25 @ l?)rzgo i2'86 @12 to 29 ?10.16
Detector size (pixel) 960 x 768 1000 x 1000 1024 x 1024 240 x 320
16 x 21 51.2 x51.2,
. . ' 10x 10,13 x 13, 102.4x102.4,
FOV dimensions (cm) 16 x 13, 18 x 18 150 x 150, 193.5 4x3
16 x8,16x6
x 193.5
Voxelsize in plane (mm) 0.2-0.4 0.16-0.42 0.1-0.4 0.125
Min reconstruction 0.2 0.4 0.1 0128
increment (mm)
Suggested priZe £ 97.000 £ 146.000 £ 159.400 £ 103.600

This is the minimal slice increment that can beseld For these scanners, only cubi-
cal voxels are possible and the smallest dimersi@ubical voxel is given.

*The NewTom 3G works with automatic exposure cor(@®@&C), therefore in this table
the value with maximum exposure is given.

“These are the price indications of 2005 given by &tzdl 2005. Please note that this is a
snapshot.
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1.3.1.1 X-ray exposure

The properties of the X-ray exposure of a CBCT Bearare mainly determined by the
energy of the X-ray beam, which is determined leyttibe voltage and the tube current.
The tube voltage is expressed by the kVp. It isdrtgnt to note that there are scanners
which work at a rather low kVp range like the Adonno 3D (60-80 kVp) and scanners
which work at a higher kVp range like the i-CAT (LRVp).

The tube current is expressed in miliampere (mAy. EBCT scanners, different
basis images or frames are captured. This meangliffexent radiographs are acquired.
To acquire such a radiograph the X-ray tube mustiveed on during a certain amount of
time. This is called the exposure time for one faifo capture the next basis image, the
gantry must rotate over a certain angle, determinethe number of basis images. Dur-
ing this rotation the X-ray beam still releasesa¥s in case of continuous exposure or
does not release X-rays in case of pulsed expo3$his.means that for CBCT scanners
with pulsed exposure, there is a difference betwherscanning and the exposure time.
Mainly due to the combination of continuous expesuand high mA per frame, large
miliampere x seconds (mAs) values are achievedtferMercuRay (100 mAs or 150
mAs) and the Accuitomo 3D (8.31 mAs to 160 mAs)isltalso important to note that
there is a large variability between the differecdéinners.

When the operator uses the scanner, there arel#vale of freedom offered. 1)
He has complete freedom; he can choose all kind/pfand mAs settings. 2) The opera-
tor has less freedom; he can choose between diffpretocols with different mAs or
kVp values. These settings are programmed in bymhbaufacturer defined dedicated
protocols. 3) He has no freedom at all when autmnedposure control is programmed
on the scanner; it means that the user of the scatwes not have any freedom for the
selection of the tube settings. The tube settinggten defined by the scanner based on
two scout views of the patient: one in lateral ané in coronal position. This is the case

for the NewTom 3G.

1.3.2 X-ray detector

The X-ray detector captures the X-rays. This dete@d an image intensifier with a
charged coupled device (CCD) or a flat panel dete@tPD) (Guerreret al 2006). The

first type of detector works as follows: a phosploreen converts the X-rays into visible
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light. The emitted light hits a photo cathode anel €énergy of the photons releases elec-
trons from this cathode. A large potential diffeserbetween the cathode and the output
accelerates the ejected electrons. The resultiagireh beam is directed into a small
phosphor screen by electrostatic or magnetic fogusind converted to light photons
again. This focusing makes the system suitableet@dupled to a camera without any
loss of light. The main advantage of an image sifesr system is that it is capable of
producing dynamic image sequences in real timédaobwate (Suetens 2002).

The second type of detector is the flat panel deteia which the sensor ele-
ments are produced in a thin film of amorphousaili (a-Si). The flat panel detector
consists of a scintillator screen and a photo seasay composed of arrayed photodi-
odes and switching devices. The scintillator cotsvan X-ray beam into an optical signal
that is converted to an electrical signal by a ptimde, which is in turn read out by the
switching device array. The flat panel detectorsdnet generate veiling glare or distor-
tion in the image and has a smaller detector ghen an image intensifier detector. Be-
sides the type of the detector, also the sizemfittector and the number of pixels for the
detector are important factors (Suetens 2002).

The first CBCT scanners for dentomaxillofacial apgtions were made with
Image Intensifiers (Accuitomo 3D and NewTom 900)e i-CAT was the first scanner,
which introduced the flat panel detector. Nowaddks, general trend is to use a flat

panel detector for CBCT scanners.

1.3.3 Size of the X-ray beam

The size of the X-ray beam in combination with thameter of the X-ray detector de-

termines the size of the FOV that is acquired ley@BCT device. The size of the X-ray

beam is determined by the size of the detectothbyselected protocol and by the dis-
tance between X-ray source and detector. Thisrtistean be divided into the distance
between X-ray source and rotational centre of ttamser and the distance between the
rotational centre and the X-ray detector. To enshat the skin dose on the patient is
reduced, the distance between the rotational camilethe X-ray source should be large.
To reduce patient scatter and have a high signabise ratio, the distance between the
rotational centre and the detector should be smalbst asset is to have the distance

between the X-ray source and the detector as sxmgdbssible such that a compact scan-
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ner can be built that can be easily placed in ansomdental practice. This is mainly
achieved by the Accuitomo 3D and the i-CAT.

1.3.4 Reconstruction parameters
The studied reconstruction parameters are: reagnign filter, FOV and resulting vox-

elsize. Because not a lot of information is avddadbout the reconstruction algorithms of
the different scanners, this is omitted here. Masinners offer the ability to use different
FOV such that various clinical indications can bwged without the unnecessary expo-
sure of healthy tissue. These are clinical indis®tifor oral implants, Temporo Mandibu-

lar Joint (TMJ) imaging, orthodontic applicationsdanaxillofacial indications.

1.3.5 Patient positioning

For CBCT scanners, there are two possibilitiestfier patient positioning. The patient
may lie down or be seated during image acquisitiost scanners have a model in
which the patient can sit during image acquisitibhis is more comfortable for the pa-
tient and also helps in making the scanner morepeainso it can be placed in the dental

practice.

1.4 Radiation dose

1.4.1 The need for radiation dose assessment
When an X-ray passes through the body of a paiieeieases energy and may cause

possible biological damage. This can lead to aepair of the damage, to cell destruction
or to initiation of uncontrolled cellular divisio(Suetenset al 2002). To evaluate the
harm of ionisation exposure, the International Cassion of Radiation Protection
(ICRP) has set up some guidelines that consistuahiifies to measure the radiation dose
and to express the harm of radiation dose (ICRRFR00
The released energy of the X-ray to the body {wressed as thabsorbed dosén

Gray (Gy). One Gy is an absorbed dose of one joliergy per kilogram of irradiated
material. The absorbed dose is independent ofyibe of radiation. Alpha particles for
example can cause more damage than X-rays. Toirttk@ccount the nature of the ra-
diation, the absorbed dose needs to be convertetietaadiation weighted dose or

equivalent dose by multiplying the absorbed dogh wiradiation weighting factor (ICRP
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2007). For X-rays this factor is 1. The radiationighted dose is expressed in Sievert
(Sv) (Suetens 2002).

For protection means, the radiation weighted dogbke tissues needs to be evaluated.
Not all the organs are equally sensitive to radmgtitherefore to calculate the complete
harm of an X-ray to the body or the effective réidiadose, tissue weighting factors need
to be applied which take into account the sensgjtiof the different organs to radiation
dose. The weighted sum of the radiation dose igtir respective tissue weighting fac-
tors is called the effective radiation dose (ICRPD).

The tissue weighting factors are determined byl@RP and are updated on a regular
basis based on epidemiological studies such akitheéSpan Study (LSS) cohort of the
atomic bomb survivors (Brennet al 2003).

There is international agreement that intermediat high doses of ionising radiation
(this means doses of more than 100 mSv) producdedielus consequences in humans
including but not exclusively cancer (Brenratral 2003). At lower doses, however, the
situation is not that clear but no evidence exidta threshold value below which no
damage occurs. Therefore the non-threshold linemtem(NLT) is used (Brennest al
2003). The radiation dose levels of CBCT scannary between 40 uSv and 400 uSv
(Ludlow et al2003 and Ludlovet al2006).

A study performed by Arouat al (2004) in Switzerland in 1998 showed that 43% of
the total number of X-ray examinations which weesfprmed in Switzerland in all the
modalities of diagnostic and interventional radgylovere coming from dentistry. De-
spite the high use of dental X-rays, they were aBbkponsible for 1% of the radiation
dose, which the Swiss population received. Thislystuas performed, however, before
the introduction of CBCT in dentistry. Thereforke largest contributions to the radiation
dose of dental exposures were derived from paneraxposures, periapical exposures
and long bitewing. The last two are both intra-aaposure types. When some of these
radiographic modalities will be replaced by CBClie texposure derived from dental
applications may increase. It is also importanhdte that children are a sensitive group
receiving a lot of dental radiographs. Therefohere is a need for a better assessment of
the radiation dose levels for CBCT.
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1.4.2 Quantification of radiation dose
The effective dose cannot be measured directlythik dissertation a Rando Alderson

Phantom (Alderson Research Laboratories, Long ds@ity, NY, USA) was used. Such
a phantom consists of a humakeleton embedded in soft-tissue simulating mdteria
taking into account the differential density of eage organs. The phantom is divided
into several slices. Radiation dose can be meadweaulitting thermoluminescent dose-
meters (TLD) at the positions of the organs, which sensitive to radiation dose. After
an exposure of the phantom and a read out of tHgsTthe effective radiation dose can
be calculated.

Because measurement of the effective radiatioe tla®ugh the use of a Rando Al-
derson phantom is a very time consuming procedechnical methods have been devel-
oped to estimate the effective radiation dose. 8asetabulated conversion factors, the
effective radiation dose can be estimated fromrtieeth parameters (McNitt-Gray 2002).

The technical parameter, which is mostly usedoimmuted tomography, is the Com-
puted Tomography Dose Index (CTDI) displayed ondtwesole of MSCT scanners. The
CTDI is measured in dedicated cylindrical phantanith the use of an electrometer and
an ionisation chamber with a length of 10 cm. Bseathhe CTDI is shown on the console
of MSCT scanners, the change in dose can be eedlbgtvarying the different parame-
ters like tube current, tube voltage, collimatiardaable feed, which all influence the
radiation dose to the patient. The CTDI howeverncarbe used as a measure for the

radiation dose in CBCT scanners.

1.5 State-of-the-art of validation of bone related image meas-
urements
In general, four different imaging-based method@sgan be applied for the evaluation

of the accuracy of image based measurements (Veyn@hbreugeét al 1997): the use
of software phantoms (De Maat al 1999), hardware phantoms (Van Cleynenbreetjel
al 1997, Prevrha¢t al 1999, Marmullaet al 2001, Kanget al 2003, Loubelest al2006),
cadaver studies (Aamodét al 1999, Cavalcantt al 1999, Cavalcantt al 2004, Koba-
yashiet al 2004, Lascalat al 2004, Eggeet al 2005) and in-vivo measurements (West
et al 1997). Each method has its own criteria to esthbihe relationship between a
known gold standard and its measurement by an iigagiodality. In practice, however,

establishing a 3-D geometric gold standard withfigeht accuracy and detail is not
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straightforward for complex shaped anatomical dsjemd even impossible for clinical
patient images acquired in vivo. While phantom msichllow a direct access to the ob-
jects under study for geometric characterizatibaijrtvalidity for in vivo imaging is nec-
essarily questionable.

For evaluation of the accuracy of CBCT, differefutdées have been performed.
Three studies will be discussed in further detdbl{ayashiet al 2004, Marnullaet al
2001, Lascalat al 2004). Marmullaet al 2001 used a geometrical object to evaluate the
accuracy of the Newtom 9000 DVT. The purpose of #iiady was to evaluate the geo-
metrical distortion of the NewTom 9000. The geoinedeviations, which were found in
this study, were below the resolution power of KeswTom 9000. The conclusion of this
study was that the digital volume tomography of M@wvTom 9000 presented images
that were geometrically correct and, from a geoicetipoint of view, suitable for 3-D
implant planning.

Kobayashiet al(2004) used five cadavers with edentulous mandiodlevaluate
the accuracy of the Dental 3D CT (PRS 9000 [praiekyAsahi Roentgen, Kyoto, Japan)
and the RADIX-Prima (Hitachi Medical, Tokyo, Japamhe accuracy was measured at
seven different anatomical sites on a cadaver rhémdiy selecting slices by manually
searching for the holes drilled into the mandibevarious sites: Distances were meas-
ured by indicating a point in the hole and a pointthe alveolar ridge. The ground truth
was acquired by making slices through the holéh@rhandible and measuring the dis-
tances with a calliper. This study showed that @RCT device was a useful tool for
preoperative evaluation in dental surgery becahser¢latively small field size of its
images limits the patient's exposure to radiation.

Lascalaet al(2004) used a similar approach to evaluate theracgwof the NewTom
9000 (Quantitative Radiology, Verona, Italy). Metarkers were put on different land-
marks on dry skull. The skulls were immersed inevand direct calliper measurements
between markers were compared to radiographic mesmausing dedicated software
(Quantitative Radiology, Verona). The conclusiontiedir study was that, although the
CBCT image underestimates the real distances betaldl sites, differences are only
significant for the skull base and therefore irésiable for linear evaluation measure-

ments of other structures more closely associatdddentomaxillofacial imaging.
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The study of Kobayaslkgt al (2004) and Lascalat al (2004) are representative stud-
ies that evaluate the accuracy of scanners usddritomaxillofacial imaging. Common
for these studies are the bone thickness measutereth on the dry skull and the ra-
diographic data performed by observers and theotisearkers to indicate the sites that

need to be measured.

1.6 Main contribution of this thesis
In literature, a comparative report on image qualitd radiation dose of different CBCT

devices is lacking. Because most studies are peeiion the evaluation of image quality
based on cadaver skulls, it is not possible to @mghe results of different studies. The
study of Kobayashét al (2004) and Lascalet al (2004) also need much user interaction,
making these studies time consuming and suffetiam finter-and intra-observer agree-
ment.

Based on the observations there is a need fomaatadized protocol making it
possible to evaluate image quality and radiatiosedof different CBCT scanners. In this
dissertation, methods will be searched for that loalp for the development of such a
standardized protocol. The focus will mainly lie ttve improvement of the assessment of
image quality and to balance these results withrdélgéation dose. To reach this overall
aim, a more automated method was used for the av@huof image quality. The most

important issues are discussed in the followinggeaphs.

1.6.1 Software design

In this thesis, software is further developed whigdis designed in our research group
(Van Cleynenbreugett al 1997), for the evaluation of the accuracy of imdgesed
measurements. This software generates a geometroziedl based on the technical draw-
ings of a phantom. This model is registered witBtla CT-image of the phantom based
on maximisation of mutual information (MMI) (Maes$ al 1997). Based on this registra-
tion, similar positions in the geometrical modetidahe CT-image can be found and so at
corresponding places the thickness of differenicstires can be measured and compared
with the sizes derived from the geometrical desicnip

This software was first applied to the Europeam8&g?hantom (ESP). But for
the evaluation of bone segmentation accuracy fartameaxillofacial scanners, more

realistic models of relevant anatomical structuresd to be implemented in the software.
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These extensions were performed in Chapter 3 fatetsoderived from CT scanners, in
Chapter 4 for a model derived from a laser scaandrin Chapter 5 for models derived

from medical physics phantoms.

Figure 1.10 The ESP-phantom, presented as a 3-D meldgenerated from a CT-
image (a) and as model generated from the 3-D geoirie description (d). Thanks to
the registration, slices at corresponding places oabe selected in the CT-image (b)
and the geometric model (e). Thanks to this regisaition at the corresponding places
the interesting structures can be segmented (c) andompared (f). (Courtesy
Frederik Maes and Johan Van Cleynenbreugel)

1.6.2 Search for an optimal phantom
As mentioned in 1.6.1 there is a need for moreigi@lphantoms for the evaluation of

CBCT scanners for dentomaxillofacial applicatioAsi appropriate phantom was not
available at the start of this dissertation; themefalso a search was performed for more
appropriate phantoms towards this thesis. Stanskutl phantoms (chapter 2), a dedi-
cated skull phantom (chapter 4) and phantoms fafityuassurance testing (chapter 5)

testing were evaluated during this dissertation.
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1.6.3 Protocol for comparative evaluation of differ  ent

scanners
The final goal of this dissertation was to compdiffierent CBCT scanners for dentomax-

illofacial applications and also to compare therthwi similar protocol on an MSCT

scanner. The final result of this study is presgimechapter 4.

1.6.3.1 Outline of the thesis

Presentation of software for automated image quatisessment (Chapter 3)
Proposal for optimisation of image quality versadiation dose on MSCT scanners
(Chapter 3)

Extension of software for automated image qualitseasment to different phantoms
(Chapter 3, 4 and 5)

Evaluation of image quality versus radiation doséoar different CBCT scanners

and one MSCT scanner (Chapter 5)
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Chapter 2

Radiation dose versus image quality for low-
dose CT protocols of the head for maxillofacial
surgery and oral implant planning.

2.1 Abstract
Objectives The goal of this study was to design a spiralgedtocol for 3-D visualisation

of the skull with an effective dose as low as achide for indications of 3-D image
based dental implant planning, maxillofacial suygelanning and postoperative evalua-
tion. For this purpose, the tube voltage and ctiwéthe X-ray tube were decreased.
Material and Methodd he effective radiation dose of the low-dose Cdtpeol with 80
kV and 28 mAs was compared with the radiation dwiseroutinely used CT protocol for
the head with 120 kV and 90 mAs on a multi-sliceradpCT scanner. The semi-
anthropomorphic European Spine Phantom (ESP) vaamed with a voxel size of 0.49
mm x 0.49 mnx 0.4 mm. The total effective dose was determingankasuring effec-
tive organ doses using an anthropomorphic Rand@&rétth phantom, loaded with 91
TLD 100 lithium fluoride dosimeters at 9 differemtgans. In order to obtain an upper
estimate for the above-mentioned examinations, ee@red the complete head of this
phantom. The bone was segmented based on an otitireshold value. Before segmen-
tation, the noise in the low-dose images was redludgéh an anisotropic diffusion filter.
The absolute accuracy of this segmentation algaritlas measured by comparison with
the geometric ground truth provided by the ESP.

Results:The effective dose for the routinely used CT-protdor the whole head was 1.5
mSv and for the low-dose protocol was 0.16 mSvchilig in the order of the dose of a
radiographic image of the skull. The mean diffeeebetween the ground truth and the
thickness measured on the clinical protocol wasllemthan 0.1 mm and the standard
deviation was smaller than 0.24 mm. For the lowedpotocol, the mean difference was
smaller than 0.3 mm with a standard deviation beélotvmm.

Conclusions:The tests on the ESP indicate that the accuratlyeofneasurements on the
low-dose CT is still acceptable. Further tests anae realistic head phantom and ca-

daver studies are needed.
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2.2 Introduction
For the planning of maxillofacial and oral implasurgery (Schutyseet al 2000, van

Steenberghet al 2002), multi-slice CT is commonly used. Since amtional CT proto-
cols are generally associated with high radiatiosedlevels, a number of studies have
attempted to work with low-dose CT protocols foaming purposes (Heiet al 2002,
Hagtvedtet al 2003, Imhofet al 2003a, Imhokt al 2003b). Lowering the radiation dose
can be done by decreasing mAs or kV, increasingiticd, using thicker slices or using a
larger focus (Imhoét al2003a, Imhogt al2003b).

The aim of this study was to determine the pararadte a low-dose multi-slice
CT protocol of the head that allows segmentatiotheffacial bones with sufficient accu-
racy for oral implant and maxillofacial surgery ipténg. For this purpose, a CT-protocol
with lower kV and mAs and higher pitch was usedefthe effective radiation dose and

the image quality were evaluated.

2.3 Material and methods

2.3.1 Radiation dose assessment
The effective radiation dose was measured usingrahropomorphic Rando Alderson

Phantom. The phantom represents an average macoasidts of a human skeleton em-
bedded in tissue-equivalent material. It consi$t36oslices, each with a thickness of 2.5
cm. Each slice has a 3cm spaced grid of holegfartion of thermoluminescence do-
simeters (TLD). For the dose measurements, TLDype TLD-100 (Lithium Fluoride
(LF) : Mg, TI) and TLD-100H (LiF: Mg, Cu, P) weresed. In this study, 87 TLDs were
put in the upper nineteen slices. During pilotexments with multi-slice CT scans of
the head, the contribution to the effective dos¢heforgan doses situated between slice
20 and 36 were found negligible (only 1.45%). Tbeakion of sensitive organs and tis-
sues was determined by visually comparing the slafehe phantom to an atlas of cross-
sectional anatomyCahill and Orland, 1984). The number of TLDs u$sdmeasuring
the mean absorbed dose per anatomic region or @ggown in Table 2.1.

After radiographic exposure, the TLDs were analysétth a fully automated
Harshaw 6600 read®i(Bicron NE, Solon, OH). Calibration was performeith an Al-
cyon cobalt-60 radio therapeutic unit (General #ledCGR MeV, Buc, France). The

effective organ doses were calculated based om#esured organ doses and the tissue
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weighting factors according to International Consitia of Radiation Protection (ICRP)

60 (1992) (The calculation according to the new PCEFO07 guidelines can be found in
Chapter 5). The brain and salivary glands wererceghas the only remainder organs
that contribute substantially to the effective ediin dose. For the salivary glands, the
tissue weighting factors described by Golikov aridithh (1989) were used. The mean

radiation dos® of an organ was calculated following Huda and &md(1984)

D= fxD,

wheref; is the fraction of the total organ mass in slicd the Rando Alderson phantom,
D; is the average radiation dose to the fractiorhefdrgan situated in slidgei.e., to the
part of thisorgan lying within Rando sectiain For the fractiond; the values defined in
Golikov and Nikitin (1989) and Huda and Sandison (1984) were usedtheothyroid
gland, the mean organ dose was measured as thegavafrthe 9 TLDs. The mean dose
of the salivary glands was calculated as the méaheoparotid, submandibular glands
and sublingual glands.

Table 2.1 Organs in anatomic regions situated in # upper nineteen slices of the

Rando Alderson phantom in which TLDs are placed formeasuring the mean organ
doses.

Organ/anatomic region ~ Number of TLDs

Skeletal/red bone marrow 22
Oesophagus 9
Lungs 18
Thyroid gland 9
Brain 13
Salivary gland 8
Skin 10

For the dose measurements, the whole head wasegtdnrthis way, the effec-
tive dose for CT-protocols for all possible max#loial surgeries was overestimated.
First, a topogram was made with 50 mAs and 120lk\arder to reach sufficiently high
radiation dose levels for the TLDs and to loweritifeience of the topogram dhedose
values, each scan protocol was repeated 10 timb®wtichanging the position of the

phantom in the CT scanner.
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2.3.2 CT protocols

CT scanning of the Rando Alderson phantom for 3iglalization of the head region
was performed using a multi-slice CT scanner (SiremB8ensation 16, Erlangen, Ger-
many). Scanning was performed using different agitjoin protocols in order to allow
comparison between a routinely used clinical protand a low-dose protocol (see Table
2.2) for the associated scanning parameter settiige low-dose CT protocol used in
this study was derived from a protocol on the Siesr8ensation 16 aimed for maxillofa-
cial surgery planning.

The low-dose CT protocol was defined as the oneghee the lowest CTRY,
for this scanner by lowering the mAs and the kV amdeasing the pitch. The CTl
displayed on the scanner console was used fopftimisation procedure. The low mAs
and kV settings were only possible if the pitch waseased. Although the use of thicker
slice thickness makes it possible to reduce furtherradiation dose (Imhat al 2003a
and Imhofet al2003b), this parameter was not changed in theestiprotocol because of
the accuracy demands for surgical planning purposes

Table 2.2 Parameters of the protocol used for indations of maxillofacial surgery
(clinical) and the low-dose protocol (low-dose) othe Siemens Sensation 16.

Clinical Low-dose

Slice thickness (mm) 0.75 0.75
Slice collimation (mm) 0.75 0.75
Slice increment (mm) 0.4 0.4
Table feed (mm/rot) 6 12
Pitch p () 0.5 1
Current (mAs) 20 28
Potential (kV) 120 80
Rotation time (s) 0.75 0.75
Scan length (mm) 225 227
Scan time (s) 29.48 14.19
Reconstruction filter H60s H60s
CTDlyq (MmGy) 20.16 2.5

2.3.3 Image Quality

Because the CT images are used for maxillofaciajesy and oral implant planning
purposes, image quality can be assessed by quagtifiyje segmentation accuracy of
bone structures. The segmentation quality is ev@dlibased on two phantoms, the Euro-
pean Spine Phantom (ESP) (Kalendeal 1995) and a skull phantorfihe ESP phantom

is a geometrically defined semi-anthropomorphicnpbian (Figure 2.1). It contains a
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spine insert consisting of three vertebrae of iasirgy bone mineral density and thickness
of cortical structures. It is made of water- andché@quivalent solid materials. Further-

more, the geometry is guaranteed to be known @pltanm (Kalendeet al 1995).

(@) (b)
Figure 2.1 The ESP phantom (a) and a virtual modedf the ESP phantom (b).

For evaluating the segmentation accuracy basetherESP, the CT-images
were first registered to a CAD-model of the ESPri@ximization of mutual information
of corresponding voxel intensities (Magtsal 1997). This method leads to a rigid trans-
formation that maps every location in the geomatnghantom description space into the
image volume space. As a result, measure linegeatbfat particular positions of interest
in the phantom description can be mapped througttrdnsformation in the image vol-
ume space to generate one-dimensional (1-D) depifiles. Measure lines perpendicu-
lar to model edges are considered.

The resulting 1-D profiles are block and step edgspectively. 1-D segmenta-
tion based on an optimal threshold (Previétadl 1999) can be applied to calculate the
location of the edge points on these profiles. @p@mal threshold is defined as the 50%
value of the plateau values at either side of ttgee The plateau values are estimated as
average values for all measure lines defined ors#éinee structure. A number of measure
lines (\;) were defined on a number of axial planis) for the three cortical walld\{ =
255,N, = 21, 23, 23) and the three processi spimgsi (\, = 60 25, 40 17, 32 14).

For each measure line the distance between theunegbedge position and the
edge position on the model is calculated. For itst ¢ortical wall and the three processi
(Figure 2.2 till Figure 2.4), the thickness is mgasl on each measure line as an extra
quality measure. For each structure, mean, stardkaridtion and 95% percentile for the

absolute differences are calculated fromihe N, measurements.
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Y (b)

Figure 2.2 Figure (a) illustrates a line used forlte measurement of the thickness of
the diameter of the arch Dg;) and for the measurement of the thickness of onef o
the spinosi processi. Figure (b) illustrates the dtribution of the measure lines for

the thickness of the arch.

Figure 2.3 lllustration of the distribution of the measure lines in coronal view of the
geometrical model of the ESP phantom.

Figure 2.4 lllustration of the distribution of the measure lines in sagittal view of the
geometrical model of the ESP phantom.
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The skull phantom is a complete dry adult skull edded in plastic. In the ab-
sence of an accurate geometric description of kKudl phantom, image quality is as-
sessed by quantifying differences between segnensadf the skull obtained with the
low-dose imaging protocol (Figure 2.5 (b)) and gemence clinical protocol (Figure 2.5
(a)). The skull is segmented based on a threshsitth umarching cubes (Lorensen and
Cline; 1987) resulting in a triangular mesh. The optirhaéshold value cannot be calcu-
lated based on the measure lines because no gaahdéscription of the skull phantom
is available. Therefore the threshold is calculdiaded on the intensity histogram of the
image. We assume that the intensity histogramefrttage can be modelled as a mixture
of two Gaussian distributions: soft-tissue and b@Baillard and Barillot, 2000). The
parameters of these two distributions can be catledl with a Stochastic Expectation-
Maximization (SEM) algorithm (Dempstet al 1976).

@) (b) ()

Figure 2.5 Axial slices of the skull phantom acquied with (a) a clinical protocol and
(b) a low-dose protocol are shown. Figure (c) illieates the use of anisotropic diffu-
sion filtering, which makes it possible to reducehe image noise, while the edges are
preserved.

The image intensity for which the two Gaussian fioms give the same prob-
ability is used aghe bone threshold for the marching cubes algoritBefore segmenta-
tion of the skull in the low-dose CT images, ndis¢hese images is also reduced with an
edge-preserving non-linear anisotropic diffusioltefi (Iba ez et al 2003), (Figure 2.5
(c)). Differences in segmentation are evaluateddlgulating the distance between each
point on the reference segmentation surface (dgtire@m the clinical protocol) and the
closest point on the other surface (derived froenlttw-dose protocol) (De Groew al
2001). No additional surface registration is regdjrsince both surfaces are obtained
from images of the skull phantom scanned in theesposition. Again mean, standard

deviation and 95% percentiles of the absolute dhiffees are calculated.
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2.4 Results

2.4.1 Radiation dose assessment
Table 2.3 shows the calculation of the effectiveadfor the clinical protocol and the low-

dose protocol. The effective dose for the low-dpestocol was 12.7% of the effective
dose of the clinical protocol. For both protocdl® largest contribution to the effective
dose comes from the red bone marrow, the thyrtid,rain and the salivary glands
because these were positioned in the primary b&&m®.thyroid was positioned in the
primary beam because the chin was included intgptheary beam due to the construc-

tion of the phantom.

Table 2.3 Calculation of effective doses for a CTean of the whole head acquired
with the clinical protocol for maxillofacial indications and the low-dose protocol

Absorbed dos (mGy) Absorbed dose ¥ W
W; Clinical Low-dose Clinical Low-dose

Gonads 0.2 0 0 0 0
Red bone marrow 0.12 2.96 0.30 0.36 0.04
Colon 0.12 O 0 0 0
Lung 0.12 0.44 0.05 0.05 0.01
Stomach 0.12 O 0 0 0
Bladder 0.05 O 0 0 0
Breast 005 O 0 0 0
Liver 005 O 0 0 0
Oesophagus 0.050.44 0.05 0.02 0
Thyroid 0.05 6.74 1.23 0.34 0.06
Skin 0.01 1.22 0.06 0.01 0
Bone surface 0.01 2.83 0.29 0.03 0
Remainder
Brain 0.025 13.11 1.39 0.33 0.03
Salivary glands  0.02514.31 1.69 0.36 0.04
Total (mSv) 1.50 0.18

W+ tissue weighting factor (Gijbett al 2003).
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2.4.2 Image Quality
The image quality results based on the ESP phaatenshown in Table 2.4 and Table

2.5. Table 2.4 shows the mean, standard deviatidn98% upper limit of the absolute
distances between measured and exact edge poiitidghe clinical protocol, the low-
dose protocol and the low-dose protocol with reduoeise by anisotropic diffusion
filtering. Table 2.5 shows the mean, standard diewiaminimum and maximum, and the
95% confidence interval of the measured thicknéshefirst cortical wall and the three
processi of the ESP. The largest error was obtdmethe third cortical wall of the ESP,
which is the smallest structure with a thicknes®.& mm, which is below the accuracy
limit for detection for segmentation purposes. B other cortical walls and the three
processi, the maximum of the 95% upper limit inse=afrom 0.41 mm to 0.95 mm when
the low-dose protocol is used. This value is fotordthe first processus that has a thick-
ness of 10 mm.

An edge-preserving anisotropic diffusion filter §llez et al 2003) applied to the
images could reduce the noise. With this filtasipossible to reduce the 95% percentile
of the distances between edges of the CAD-modeltmadges of the CT-image of the
third cortical segmentation wall from 1.23 mm t@® mm, and the maximum 95% per-
centile of the two other cortical walésd the three processi reduced from 0.95 mm to 0.7
mm. This made it possible to segment the bone atgriv material in the ESP phantom
with submillimeter accuracy for the low-dose pratbwith the parameters given in Table
2.2. Because the tests with the ESP phantom irdtbat bone can be segmented with an
accuracy of 0.5 mm in the CT-images acquired withdlinical protocol, the facial bone
segmentation in the clinical protocol could be uasda ground-truth for evaluating seg-
mentation accuracy of the skull in low-dose imadezble 2.6 shows that the 95% upper
limit for the distances between the segmentatiothefskull in the clinical protocol and
the low-dose to which post-filtering is applied,bielow 1 mm. This makes it still possi-

ble to segment bone in these images with submilémaccuracy.
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Table 2.4 Results of the measurements of the abstdulistances between the edges of
the CAD model and the segmented edges of CT-imagekthe ESP phantom along
the different measure lines for the different prota@ols. For each structure, the mean
absolute distance, the standard deviation of the a&blute distance and the 95%
percentile of the absolute distance are shown.

Clinical Low-dose Low-dose +

filtering

Mean (mm) 0.10 0.29 0.28

Cortical wall 1 Std (mm) 0.08 0.24 0.20
95% (mm) 0.38 0.70 0.58

Mean (mm) 0.09 0.27 0.29

Cortical wall 2 Std (mm) 0.07 0.23 0.21
95% (mm) 0.21 0.62 0.58

Mean (mm) 0.26 0.44 0.44

Cortical wall 3 Std (mm) 0.12 0.38 0.30
95% (mm) 0.44 1.23 0.92

Mean (mm) 0.16 0.42 0.33

Processes1 Std (mm) 0.13 0.30 0.22
95% (mm) 0.41 0.95 0.70

Mean (mm) 0.10 0.37 0.25

Processes 2 Std (mm) 0.08 0.28 0.18
95% (mm) 0.26 0.90 0.58

Mean (mm) 0.15 0.30 0.26

Processes 3  Std (mm) 0.24 0.27 0.30
95% (mm) 0.35 0.82 0.70

Table 2.5Results of the thickness measurements of the firsrtical wall and the
three processi spinosi of the ESP phantom along thdifferent measure lines for the
different protocols. For each structure, the modethickness, the mean thickness, the
standard deviation of the thickness and the 95% peemtile of the thickness are
shown.

Model Clinical Low- Low-dose +

thickness dose filtering

. Mean (mm) 1.50 141 152 165
Cv‘;;tl'lcf' std (mm) 013 034  0.20

95% (mm) 0.34 0.68 0.5

Mean (mm) 10.00 9.99 10.00 9.97

Processus1  Std (mm) 0.21 0.55 0.37
95% (mm) 0.4 1.14 0.68

Mean (mm) 8.00 798 7.91 7.90

Processus 2 Std (mm) 0.17 0.62 0.33
95% (mm) 0.34 1.3 0.65

Mean (mm) 6.00 6.05 590 5.93

Processus 3  Std (mm) 0.15 0.48 0.24
95% (mm) 0.30 1.00 0.50
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Table 2.6 Result of the calculation of the absolutdistances between the segmenta-
tion of the facial bones in the clinical protocol ad the low-dose protocol with re-
duced noise by the use of anisotropic diffusion feéring

Low-dose + Filtering

Mean (mm) 0.33
Std (mm) 0.32
95 % (mm) 1.00

2.5 Discussion
Lowering kV and mAs and increasing the pitch gieeseduction of the effective dose

from 1.5 mSv for a clinical head scan protocol t&8mSv for the low-dose protocol.
The effective dose of the low-dose protocol is kinio the effective dose for an X ray of
the head (Suetenst al 2002). This dose reduction with acceptable imagality was
possible because only the bone surface is of iitéoe indications of maxillofacial sur-
gery and oral implant planning, and not the contodighe different soft tissues, which
can be needed for diagnostic purposes. The reduofithe effective dose increases the
amount of noise in the images. This increased reisd can be measured as a rise in the
standard deviation of the absolute distances amdhikbkness, and a rise of the 95% up-
per limit of the absolute distances and the absdhitkness error calculated on the ESP
phantom (Table 2.4 and Table 2.5). The largest ésrobtained for the third cortical wall
of the ESP, which has a thickness of only 0.5 nsnthé smallest structure, and is below
the accuracy limit for detection for segmentatiampmses. For the other cortical walls
and the three processi, the 95% upper limit in@edsom 0.41 to 0.95 mm. The noise
could be reduced by applying an edge preservirgpaopic diffusion filter to the images
(Ib4 ez et al 2003). With this filter, it is possible to redutdee 95% percentile of the
distances between edges of the CAD-model and thesedf the CT-image of the third
cortical segmentation wall from 1.23 to 0.92 mmd dhe maximum 95% percentile of
the two other cortical walls and the three procesduced from 0.95 to 0.7 mm. This
makes it possible to segment the bone in the EStpm with submillimeter accuracy
for the low-dose protocol with the parameters givemable 2.2.

Because the tests with the ESP phantom indittete bone can be segmented
with an accuracy of 0.5 mm in the CT images acquisth the clinical protocol, the

facial bone segmentation in the clinical protocah de used as a ground-truth for evalu-
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ating the segmentation accuracy of the skull inldedose images. Table 3.6 shows that
the 95% upper limit for the distances between #dwgrentation of the skull in the clinical
protocol and the low-dose to which post-filterisgaipplied is <Imm. This makes it still

possible to segment bone in these images with sllimetre accuracy.

2.6 Conclusion
The effective dose of the low-dose protocol is oho of the effective dose of a stan-

dard head protocol. The tests on the ESP inditatiethe accuracy of the measurements
on the low-dose CT is still acceptable for the g of maxillofacial surgery planning

and image-based oral implant planning.
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Chapter 3
Assessment of bone segmentation quality of
cone-beam CT versus multi-slice spiral CT: a
pilot study

3.1 Abstract

Objectives:To develop a method to quantitatively assess tiaditg of jawbone models
generated from cone beam computed tomography (CB®Tgomparison with similar
models obtained from multi-slice spiral computechégraphy (MSCT).

Material and methodsThree case studies were performed involving imaxfesnthro-
pomorphic head phantoms and real patients acquiwtdd3 CBCT (NewTom 9000
DVT, Accuitomo 3D and I-CAT) and 2 MSCT scanner®rtitom VolumeZoom and
Lightspeed). Bone was segmented from the CBCT a®CMimages using a global
threshold. CBCT versus MSCT segmentation differencere assessed by comparing
bone thickness measurements at anatomically cameapy sites, identified automati-
cally by CBCT to MSCT image registration.

Results:There was a statistically significant differencevien the MSCT and CBCT
segmented bone thickness, varying from 0.05£0.47 (RGAT) up to 1.2+1.00 mm
(Accuitomo 3D, posterior maxilla).

Conclusions:An automated, reproducible and observer independethod has been
developed to assess the quality of CBCT bone magsigy MSCT as clinically estab-
lished method of reference. Our validation metrodenerally applicable in cases where

no geometric ground-truth is available.
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3.2 Introduction
For successful bone surgical planning and simuiatibis important that the geometric

accuracy of the bone models is established. Whéeatcuracy of bone segmentation has
already been studied extensively for MSCT (Eggeral 2005, Aamodtet al 1999,
Prevrhalet al 1999, Van Cleynenbreuget al 1995, Loubelest al2006a), so far only few
studies have assessed the accuracy of CBCT (Maxretudl 2005, Kobayashet al2004,
Lascalaet al 2004). In the approach presented in this papegssess the quality of bone
models derived from CBCT in the context of oralgical planning by comparison with
similar models derived from corresponding MSCT dsdts. Geometric differences be-
tween bone models constructed from MSCT and CBG@&Tearluated for measurements
of bone thickness collected at a large number afamically corresponding sites in both
models, which are automatically identified by CB@IMSCT image registration (Maes
et al 1997). The proposed validation procedure doesremiire an absolute geometric
ground-truth to evaluate the quality of CBCT imagibut instead uses MSCT as a clini-
cally established method of reference. Moreover,amproach is completely automated
and is observer independent, which yields reliarid reproducible results. The devel-
oped approach is illustrated on four different data acquired with three different CBCT

scanners, involving both phantom and patient images

3.3 Material and methods

3.3.1 Image datasets
Four different datasets were used in this pilotlgtmvolving three different CBCT scan-

ners: the NewTom 9000 DVT (Quantitative Radiologgrona, Italy), the I-CAT (Imag-
ing Sciences International, Hatfield, PA, USA) @hd Accuitomo 3D (J. Morita, Kyoto,
Japan). Each dataset contains one or more CBCTesnagquired with one of these
three scanners, and a reference image, acquiradM8CT.

Dataset 1, provided by the Karolinska Institutete8en, consists of a CBCT 3-
D image dataset of the maxilla of an anthropomargtando head phanto(@lderson
Research Laboratories, Long Island City, NY, USAyured with the NewTom 9000
DVT and a corresponding MSCT image acquired with $omatom VolumeZoom (Sie-

mens, Erlangen, Germany). No geometrical grounth tofi the bone objects of interest
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was available in this study, as the nature of thad® phantom does not allow for physi-
cal measurements.

Dataset 2 was acquired at our institute and cansistimages of a different
Rando head phantom acquired with the Accuitomo B® with the Somatom Volume-
Zoom. Because of the small imaging volume of theukomo 3D (about 4 cm in diame-
ter and 3 cm in height), four different CBCT imagesre acquired, namely of (1) the
frontal and posterior region of the mandible, (&8 premolar and the molar region of the
mandible, (3) the frontal region of the maxilla @)l the posterior region of the maxilla.

Datasets 3 and 4 consist of a 3-D i-CAT CBCT imaf@jthe mandible and of the
maxilla respectively of two patients who underwerdl implant surgery (dataset 3: 58
year female; dataset 4: 57 year male). These images provided by the i-CAT manu-
facturer (Imaging Sciences International, PA, USAyether with corresponding MSCT
images of the same patients, acquired with a Ligte QX/I (GE Medical Systems,
Milwaukee, WI, USA), which were used for pre-opamtimage-guided oral implant
planning.

All CBCT and MSCT images in these datasets weraiieed| using dental CT
imaging protocols suited for image-guided oral suygplanning, as recommended by the
manufacturers. The relevant imaging parametersamamarized in Table 3.1. Acquired
images were saved as DICOM (Digital Imaging and @omications in Medicine) and
transferred to a DELL Precision 530 personal coep@Dell Inc., Round Rock, TX,
USA). The two-dimensional (2-D) axial DICOM imageries were transformed into a 3-
D image matrix using the DCMTK DICOM Toolkit (OffiOldenburg, Germany). Ex-

ample images for each scanner are shown in Figlire 3

3.3.2 Bone segmentation
Bone is segmented in both the CBCT and MSCT ima&sy a global threshold ap-

proach, i.e. a single threshold is used to segtientvhole object everywhere in the im-
age. The threshold value is defined for the CBCd MSCT images individually by
histogram analysis based on the algorithm describe(Baillard and Barillot, 2000),
which we implemented in Matlab (The MathWorks, |ndatick, MA, USA). For each
image, the histogram of image intensities is caiestd within a rectangular region of

interest containing the bone structure to be setgderwhereby only intensity values
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corresponding to bone and soft-tissue are consideyespecifying a suitable lower inten-

sity limit to exclude the image background. Thetdusam is modelled as a mixture of
Gaussian distributions, which are fitted to thedgsam with the Stochastic Expectation-
Maximization (SEM) algorithm (Baillard and Barillot2000). The number of Gaussians
depends on the form of the intensity histogram. fher MSCT images one Gaussian
representing bone and one representing soft-tiwaisesufficient, while for the CBCT up

to five Gaussians were used. The intensity didtidins for bone and soft-tissue are ob-
tained by summing the Gaussians that are (manudiyjtified as representing bone or
soft-tissue respectively. The threshold value faméis defined as the intersection of both
distributions (Figure 3.2). To exclude the stocioagiart of the SEM algorithm, the

threshold values are calculated five times andntiean value is used as the threshold

value.

Table 3.1 Description of the MSCT and CBCT dental mptocols of each dataset.

Tube Voxelsize Number of

| Tube . rrent FOV (mm) (mm) voxels Recon-
mage V‘(’ll(ts)ge xtme X, Y zZ XY zZ XY zZ fs”t{gft'on
mA(s)*
NewTom 4, 23 128 33 025 03 512 110 na
1 Volume
oo 120 90 150 90 029 03 512 301  U70u
A°°3“Ei)t_°m° 80 4 40 30 0125 05 325 61 n.a.
’ V;(L‘;me 120 90 250 76 049 0.4 512 190  H60s
i-CAT 120 24 160 110 025 025 640 440  na
3 "iggg(S/'feed 120 90 147 83 029 05 512 166 Bone
i-CAT 120 24 160 110 04 04 400 274  na
4 LghtSpeed 4, 90 30 76 033 125 512 61  Bone

QX/I

%as set by the operator; effective mAs for MSCT, mes for CBCT. n.a not applicable

For each dataset, a suitable region of interedtfimed in the CBCT images and
transferred onto the MSCT image based on the ragimt between both images (see
further), such that the threshold is defined intamécally identical regions in both im-
ages.

For the CBCT images, bone threshold values are atedptwice for the same
region of interest, once based on the originalnisitees and once afte3-D Gaussian

smoothing of the image data using an isotropic 3x@aussian kernel with a standard
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deviation of one voxel. The effect of noise supgi@s on bone segmentation accuracy is
investigated by performing the bone thickness aimlgs described below for both the

original and the smoothed CBCT-image

Figure 3.1 Example images of the various datasetsed in this study: (a) MSCT
image of a Rando anthropomorphic head phantom (datet 2); (b, c) CBCT images
of the same phantom acquired with the 3D Accuitomacanner: (b) frontal maxilla,

(c) posterior maxilla (dataset 2); (d) CBCT image ba different Rando phantom

acquired with the NewTom 9000 DVT (dataset 1); (ef) CBCT patient image ac-
quired with the I-CAT scanner (dataset 3): (e) orignal image; (f) smoothed image.

3.3.3 Validation

To assess the image quality of the bone modelsrgienefrom the CBCT images, bone
thickness values measured in the CBCT images ampa@d with thickness values
measured at anatomically corresponding points énMSCT images. This validation is

done in the following three steps.

3.3.3.1 Reference model
From the MSCT images, a 3-D surface model of theelsiructure of interest is derived

(Figure 3.3). This model is used to define a dexdkection of measurement sites distrib-

uted all over the surface at which bone thicknesméasured and compared with the
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corresponding CBCT measurements. To constructtbidel, bone in the MSCT images
is segmented by a global threshold as describedealiesulting in a binary bone mask.
Holes in the bone segmentation, resulting fromed#fices in CT intensity between the
more dense cortical bone and the interior trabeddae, are filled using binary morpho-
logical operations implemented with the SCD Morplyyl Toolbox for Matlab (SCD

Information Systems, Naperville, IL, USA). A triamlgted model of the outer cortical
bone surface is extracted from a smoothed versfotihe segmented object using the
marching cubes algorithm (Lorensen and Cline, 198Y)ach point of the surface, a
measure line is defined perpendicular to the baméace at that point. Along this line

bone thickness is measured in both the MSCT andTCiB@ges, after proper registra-

tion of both images.

3.3.3.2 Image registration
The CBCT images are geometrically aligned with ¢beresponding MSCT images by

automated image registration using maximisationmaftual information (Maest al
1997) (MMI). This method computes a 6-parametadrigansformation T (i.e. a combi-
nation of a 3-D translation and a 3-D rotation)ttheps every location in the CBCT
image volume onto the anatomically correspondirggtion in the MSCT image volume
by maximizing the statistical dependence betwetansity values of corresponding vox-
els in both images. The MMI criterion does not riegyre-processing of the images, is
not affected by differences in contrast between TB@d MSCT, is largely insensitive to
image artefacts (Maest al 1997) and has been demonstrated to yield subvegétra-
tion accuracy (Westt al 1997). The registration is initialised by manuahgicating a
single landmark in both images, which defines ahitialues for the translation parame-
ters of the registration transformation. The MMgjigtration algorithm is then applied as
described by Maest al (1997), with the same settings for the parameiétie iterative
optimisation procedure, whereby the full extenthef CBCT image volume is considered
for computing the similarity measure. After regasibn, measure lines defined in the
MSCT image can be transferred onto the CBCT imhgmugh the inverse transformation
T, such that bone thickness measurements along timeseih each image are at ana-

tomically identical locations and can be directhympared.
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Figure 3.2 Histogram-based calculation of the bonéhreshold value for the MSCT

(a, b) and CBCT (c, d) images of dataset 2 (frontahandible). A region of interest is
defined in the CBCT image (c) and transferred intahe MSCT image (a). The inten-
sity histogram within this region (b, d) is represated as a mixture of Gaussians,
each corresponding to either bone or soft-tissue.He bone threshold is determined
as the intersection of the bone and soft-tissue digbutions.

3.3.3.3 Thickness measurement
One-dimensional (1-D) intensity profiles are extegicalong corresponding measure lines

in the MSCT and CBCT images by 3-D trilinear intagiion of the (original or

smoothed) image intensities at equidistant poiata/éen the begin and end point of each
line (Figure 3.4). The sample distance was idehfmaboth images and determined for
each dataset independently as one half times tladlesinvoxelsize of both images. The
intersections of each measure line with the bonase are extracted by a threshold of its
1-D intensity profile, using the global bone threlsls defined as described above. Linear
interpolation of the profile values is used to lk@caandidate intersection points at sub-
voxel precision. If more than 2 candidates are duvhich is typically the case when the
bone consists of two cortical structures surrougdinspongious part, the 2 locations
retained are those closest to the reference bafecewerived from the MSCT images as

described above.
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Bone thickness along each measure line at corréspprsites in MSCT and
CBCT, for which valid boundary points could be exted, is measured by the distance
|ab] or |a*b*| respectively as indicated in Figure 3.4. Geometcuracy of the bone
model derived from CBCT, relative to MSCT is evaadhby the mean and the standard
deviation of the difference in bone thickndasb*| - [ab| over all measure lines. The
statistical significance of geometrical differendetween the MSCT and CBCT derived
bone models is assessed by a paired t-test onspomding thickness measurements
(P<0.05).

Figure 3.3 Generation of measure lines for bone tbkness measurements: (a) MSCT
image; (b) Bone segmentation obtained by a globahiteshold of (a); (c) Filled seg-
mentation obtained by mathematical morphology operions acting on (b); (d) 3-D

Bone surface extracted from (c). Measure lines ardefined at a large number of

surface points (indicated by black dots in (d)) alog the normal to the surface.

3.4 Results
The bone threshold values determined for each elatas tabulated in Table 4.2. The

threshold values for CBCT for dataset 2 vary widelydifferent structures, which were
all imaged using separate acquisitions due toithield field of view of the Accuitomo
3D scanner. The threshold values for the smoot®BET images are for each case
lower than the values determined for the originsges. The final models are shown in
Figure 3.5. The measurements of bone thickneserdiftes between CBCT and MSCT
are summarized in Table 3.3he results show a statistically significant diffiece be-
tween the MSCT and CBCT thickness measurementalfoexperiments varying be-
tween 0.051£0.47 mm (dataset 3, I-CAT) up to aboR+1.0 mm (dataset 2, Accuitomo
3D, posterior maxilla). This corresponds to a défece up to about 1 to 1.5 MSCT vox-
els. For the Accuitomo 3D (dataset 2) and the i-Gdataset 3,4) smaller bone thickness
values were obtained with CBCT than with MSCT, vetzes for the NewTom 9000 DVT
(dataset 1) larger bone thickness was measuredGE®T than with MSCT. Smoothing
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of the CBCT image using a small 3x3x3 Gaussian éderaduces the mean difference
between CBCT and MSCT thickness measurements byt 8086 in almost all cases,
except for the NewTom 9000 DVT where an increas¢hefmean difference of about
40% (from 0.53 to 0.73 mm) is observed. In thossesdor which thickness values are
available for the maxilla and the mandible acquingith the same CBCT scanner (dataset
2: Accuitomo 3D, and dataset 3 and 4: i-CAT), tifeecences found fothe mandible are
smaller than for the maxilla. For the Accuitomo RIataset 2) the frontal parts of mandi-
ble and maxilla yield smaller thickness differencespared to MSCT than the posterior

parts (-0.69 and -0.74 mm versus -0.96 and -1.1%espectively).

Figure 3.4 lllustration of the validation method far the frontal part of the mandible,
imaged with the Accuitomo 3D (dataset 2). A measuréne pq is defined orthogonal
to the bone segmentation (a) obtained from the MSCTmage (b) as illustrated in
figure 3.3. This measure line is transferred to thenatomically corresponding loca-
tion in the bone segmentation (d) derived from th&CBCT image (e) after registra-
tion of both images. The intensity profiles (c, facross the measure lines are calcu-
lated from the MSCT (b) and CBCT (e) images respeistely.
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Table 3.2 Difference in bone thickness as measured anatomically corresponding
sites in CBCT (original and smoothed data) relativeto MSCT for each dataset:
number of measure lines I{), number of valid CBCT and MSCT measurements
(Nv), CBCT thickness difference versus MSCT (mean, stalard deviation and 95%
confidence interval).

Object N Thickness CBCT Nv Difference (mm)

(mm)
Original 4473 +0.53£0.59 [+0.51,0.54]
Smoothed 4473 +0.73 +£0.62 [+0.71,0.75]

1 Maxilla 4637 9.42+3.78

mandile 3008 12932333 IR 2oy ous =066 051, 040
Maxilla 1556 9.00+2.45 Smoothed 1289 -6.52_16.80 [-6.66, -6.52]
masdla 1929 1208418 IR 1008 0212100 1076068

Original 5581 -0.05%0.47 [-0.06, -0.04]
Smoothed 5571 +0.03 +0.47 [+0.02,0.04]
Original 3789 -0.67 £0.59 [-0.69,-0.65]
Smoothed 3836 -0.41+0.61 [-0.43,-0.39]

3 Mandible 5713 10.51+2.93

4 Maxilla 4245 8.20+4.44

Figure 3.5 3-D renderings of the bone models obtada by segmentation of the vari-
ous CBCT datasets used in this study: (a) maxilladéataset 1, NewTom 9000 DVT);
(b, c, d) frontal mandible, frontal maxilla and pogerior maxilla (dataset 2, Accui-

tomo 3D); (e) mandible (dataset 3, i-CAT); (f) madia (dataset 4, i-CAT). Smoothing
of the CBCT data was applied prior to segmentatiorfor all images shown, except
for (a).
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3.5 Discussion
We assess the geometric accuracy of bone modeiseségd from CBCT by comparing

bone thickness measurements at anatomically camespy sites in similar models ex-
tracted from MSCT data. Our method relies on aamrgeometric alignment or registra-
tion of the CBCT and MSCT images. The rigid-body MMgistration approach has
been proven to be subvoxel accurate compared srrattmarker-based segmentation
(Westet al 1997). Hence, for this study, we can assume tiefhatomical correspon-
dence established between the MSCT and CBCT imafyenes has an accuracy better
than 0.5 mm everywhere in the image, provided thatimpact of possible temporal
changes between the CBCT and MSCT acquisitionshenigiid-body registration accu-
racy of the bone objects can be neglected wheengdthages are considered (datasets 3
and 4). The impact of registration errors on theCTBhickness measurement is much
smaller, considering that offsets due to an emothe registration in the location of the
first bone surface point in CBCT relative MSCT along each measure line (i.e., the
location of pointa’ in Figure 3.4 relative to poir#) will be largely compensated for by
similar offsets for the second point (poibtandb’ in Figure 3.4). This was evaluated for
dataset 1 (NewTom 9000 DVT) by computing the offseibng each measure line be-
tween the ideal bone surface locations (poa@ndb) and the corresponding CBCT-
derived locations (pointa'andb’, respectively). The average offsets were 0.33.440
mm for|aa | and +0.20 + 0.37 mm fdbb*|, which is consisted with an average thickness
increase of 0.53 mm. The absolute point locatidferdinces were 0.42 + 0.35 mm and
0.31 + 0.28 mm fofaa | and|bb’|, respectively. Because the difference in thickiess
average quite symmetrically distributed over bodiméd surface locations (0.33 and 0.20
mm, respectively), it can be concluded that thastesion error is small and that the
measured thickness difference is primarily a restilsegmentation differences between
both scans. The registration error component ofbiiee surface location error at the
individual pointsa or b for dataset 1 can be estimated as ( 0.33 + 0.28)/2.07 mm,
while the segmentation error component is £(0.3320)/2 = £0.26 mm ( 0.26 mm at
pointa, +0.26 mm at poin).

While datasets 1 and 2 in this study involve imagfgshantom objects, datasets
3 and 4 contain images of live patients. Patieanscmay suffer from motion-related

artefacts that may affect segmentation accurace. fifesence of such artefacts in the
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CBCT image would likely be reflected in an increhdmne thickness difference with
respect to MSCT. However, similar artefacts inM@CT image could possibly spoil the
absolute accuracy of the MSCT-derived bone modelcauld induce (local) differences
between the MSCT and CBCT bone models, which opragzh would incorrectly at-
tribute to errors in the CBCT segmentation, whilesiin fact the MSCT reference itself
that is (locally) not reliable. Hence, the factttiaee use MSCT as a method of reference
for evaluating the relative geometric accuracy BiGT assumes that a sufficiently accu-
rate segmentation can be obtained from the MSCTHémie., in agreement with clinical
requirements almost everywhere along the boneirfa

A particular advantage of our registration-basetidation approach is that
measurements can be automatically performed inpeodecible way at a very large
number of sites distributed all over the surfacéhefobject of interest. This is not feasi-
ble with, for instance, manual measurements by malmuobserver, which are time-
consuming and subject to intra- and inter-obsemaiability. Our registration-based
validation approach, on the contrary, is obsemdependent, such that our results are not
confounded by observer subjectivity. Averaging omelarge number of measurements
increases the statistical significance of the tesamd takes the whole object into account,
although a more local analysis of regional accunaould also be feasible with our ap-
proach, but was not pursued here.

In the current study, bone segmentation was peddrhy a global threshold us-
ing object-specific bone threshold values derivgdabrobust procedure involving re-
gional intensity histogram analysis. This approaehids the need for observer-specified
threshold values. The use of a single thresholdevédr the entire object has the addi-
tional advantage that only a single segmentatiogarpater has to be estimated. The pit-
fall of using a more complex segmentation protogolld be that the validation results
would become more sensitive to an optimal choic¢éhefsegmentation parameters and
that the study would have to focus more on the segation performance of various
protocols rather than on differences in image qualf the different modalities under
study. Eggeret al (2005) and Aamodét al (1999) evaluated the use of 1 single global
threshold value for bone segmentation in CT. Thisraach is not feasible for segmenta-
tion of the mandible and the maxilla in CBCT be&ao$ the large intensity differences

that occur between distinct bone structures insdmae image, between various patients,
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and between different scanners, as can be seealite B.2. Instead, threshold values
were determined for each dataset and each objeicttarest separately. Prevrhet al
(1999) investigated the accuracy of bone segmentaising a local threshold based on
the 50% rule and the maximum gradient criterion eodcluded that the 50% threshold
value gave better results than the maximum gradipproach. This method was not
preferred in the present study because this Idwakhold value can only be calculated
after performing initial bone segmentation (whialtfier increases the number of seg-
mentation parameters that need to be tuned).

The impact of the choice of the threshold valuegenmetric accuracy was in-
vestigated for dataset 1. The CBCT threshold velag varied in the range 0-500 and for
each value the number of valid CBCT measuremendstlam mean difference in bone
thickness relative to MSCT was computed (Figure).3The threshold value as deter-
mined by histogram analysis (276.8) is found to imé&e the number of valid CBCT
measurements at near 98% of all measurements, anithverage thickness difference
over all valid measurements of 0.53 mm. The avetagkness difference can be re-
duced to almost zero by selecting a higher CBCesttwld of about 400, but this reduces
the number of valid measurements by about 10%, mgadhat this threshold yields an
unreliable segmentation for about 10% of the baméase. For all datasets, the mean
difference in bone thickness between CBCT and M3@$ found to be smaller than 1
mm, except for the posterior part of the maxillalataset 2 acquired with 3D Accuitomo
(2.2 mm). Hence, not withstanding the statisticalignificant difference between the
CBCT and MSCT measurements, the discrepancy bethethnsystems is generally at a
submillimetre level and likely to be clinically ammtable, although further study would be
required to confirm this. The standard deviationtlod thickness difference between
CBCT and MSCT was smaller than 0.7 mm for moststdta A low standard deviation
implies that a nice-looking, smooth bone surfaces whtained from the CBCT data,
which mimics the reference MSCT bone model welbhdir standard deviations (up to 1
mm) were found for both the frontal and posteriartp of the maxilla imaged with the
Accuitomo 3D (dataset 2), indicating a less smagth segmentation. Moreover, the
percentage of measure lines along which a validsoreanent could be performed by the
global threshold operation is generally much lofarthe Accuitomo 3D than for the

other scanners. Especially for the posterior phtth@ maxilla in dataset 2, local disconti-
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nuities were observed in the CBCT-derived boneaserfwhich makes this segmentation
not clinically usable. The reason for the inferipality of these models is that significant
intensity inhomogeneity can be observed withintibee; the cortical bone on one side of
the object having higher intensities than on theeotside, as illustrated in Figure 3.7.
This artefact should be corrected to improve thalityuof the bone segmentatigiHsieh

et al 2000). The use of a more sophisticated segmentatgorithm that takes such in-

tensity inhomogeneity into account is an intergstimenue for further research.

Figure 3.6 Impact of the bone threshold selection on geometrigccuracy for dataset
1 (a): number of valid CBCT measurements in functia of the threshold; (b) mean

bone thickness difference over all valid measureménin function of the threshold.

The threshold value as determined by histogram angsis (276.8) is indicated by the
black dot.

The current study includes only a limited numbedafasets, supplied by differ-
ent institutes and acquired using different CBCd MSCT imaging devices and differ-
ent imaging parameters, involving both anthroporhmrgphantom data and patient im-
ages. This study therefore does not aim at a catiparevaluation of the geometric
accuracy of different CBCT scanners, but insteageseto demonstrate the general ap-
plicability of our registration-based validation pgpach in cases where no geometric
ground-truth can be established. In the future,plea to apply the method in a more
extensive study of the geometric accuracy of bondats segmented from CBCT, com-
paring the image quality of different scanners imare systematic and standardized

manner based on images acquired from the sametsbfgicparticular interest is investi-
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gating the impact on image quality of differencasradiation dose between different
CBCT systems.

Figure 3.7 Co-registered MSCT (left) and CBCT (right) images 6dataset 2 (Accui-
tomo 3D, posterior maxilla). The CBCT image is an rginal axial slice as acquired
by the scanner, whereas the MSCT image was creatd&y reslicing the 3-D image
data volume according to the registration transfornation between both images.
While the cortical bone is clearly outlined in the M5SCT image, local differences in
contrast can be perceived in the Accuitomo 3D CBCimage, which complicates its
segmentation by a global threshold.

3.6 Conclusion
In this article, a method is presented for evahgathe quality of bone models generated

from CBCT in the context of oral surgery planning ¢éomparison with conventional
MSCT imaging of the same objects, which is congideas the clinical gold standard.
Anatomical correspondences between both imagesudmmatically established by im-
age registration, such that corresponding bonérbigs measurements can be extracted
from both images and compared at a large numbeited distributed all over the bone
surface. A pilot study involving both phantom aratipnt data acquired with 3 different
CBCT scanners (NewTom DVT 9000, i-CAT, Accuitomo)3@®monstrates the general

applicability of our validation approach.
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Chapter 4
Assessment of bone segmentation quality of
CT scanners using laser scanning

4.1 Abstract
We present a protocol for the evaluation of thengetoic accuracy of bone segmentation

algorithms in multi-slice and cone-beam computemhdgraphy (CT). Three important

issues are resolved in this protocol: constructibra skull phantom with an accurate
geometrical description serving as gold standaedjstration between this geometric
model and the 3-D CT images; and a quality measuevaluate the segmentation accu-
racy. A 3-D model of a dry skull phantom is obtainesing a high-resolution laser scan-
ner. CT images are acquired of the phantom immarsedwater-containing head mould

to mimic the presence of soft tissues. The geomaticuracy of bone objects derived by
segmentation of the CT images using an optimalstiole is evaluated by comparison
with the ground-truth provided by the laser-scanmexdiel. Anatomical correspondences
between the laser model and the CT images are atitaity established by image regis-
tration, such that bone thickness measurementstim fnodalities can be compared at a
large number of anatomically corresponding sitetrithuted along the bone surface. The
protocol provides a standardized methodology touata the image quality of bone

models for various CT scanners.

4.2 Introduction
In surgical simulations, bone models are used Fanrpng of oral implant placement or

maxillofacial surgery. Such bone models are tyjjoabtained from image data acquired
with multi-slice spiral computed tomography (MSCTiging a segmentation algorithm
for extracting bony tissues and applying the marghiubes algorithm (Lorensen and
Cline, 1987) for generating a triangulated modethef bone surface. For successful bone
surgery planning and simulation it is importantttttee geometric accuracy of the bone
model is known.

This paper presents a protocol for the evaluatfahie accuracy of bone segmentation

algorithms in computed tomography (CT) scannersiaride extension of a method that
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was previously developed in our research group [§&hna3, Chapter 4). To develop this
protocol three important issues need to be resolgedstruction of a phantom object
with an accurately known geometrical descriptioriclvhserves as the gold standard, a
registration method between this geometric desoripind the 3-D CT data acquired of
the phantom and a quality measure to evaluate sggtimn accuracy. The proposed
method was used to evaluate the image qualityei4BAT (Imaging Sciences Interna-
tional, Hatfield, Pennsylvania, USA) cone beam CBCT) scanner and of the Somatom
Sensation 16 (Siemens, Erlangen, Germany) mutégspiral CT scanner (MSCT) scan-

ner.

4.3 Material and Methods

4.3.1 Constructing a semi-anthropomorphic skull-
phantom
The traditional skull phantoms that are used te@ssshe image quality of CT scanners

consist of a dry human skull embedded in a solfgtssue simulating material (e.g. 3M,

Minnesota, USA). Due to the construction of thekarjoms it is not possible to acquire
a geometrical description of the dry skull in a w@structive way, which makes these
phantoms not suitable to use as a gold standarthéovalidation of segmentation accu-
racy. A dry skull of a person who donated his bémlyresearch and which was kindly
provided by the Department of Morphology, Universif Hasselt (Belgium) was used

for the construction of this phantom. This skullswaut into four parts: the mandible, the
calvarium, the left zygoma and left part of the iftaxand the right zygoma and part of
the maxilla. The four different parts were scanndtth an XC50 Cross Scanner (Metris,
Leuven, Belgium) with three laser planes, mountadadWNenzel LH57 3-D coordinate

measurement machine. With this laser scannepibssible to obtain surfaces in the form
of a point cloud with an accuracy of 15 pm. Havihg skull cut into four pieces, it was

possible to acquire the outer and inner bone seiifaone acquisition, allowing to meas-
ure bone thickness along the point cloud. Afteruiing the laser scan, the skull was

placed in a head mould enclosure filled with wétersoft-tissue simulation.
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4.3.2 Registration between volumetric CT data andt he
point cloud of the laser scanner
Before registering the CT data and the point cl@itigure 4.1 (a)) derived from the laser

data, the point cloud is transformed into a voluinatataset. Using the FastRBF Interpo-
lation Toolbox (FarField Technology Limited, Chdsurch, New Zealand), an implicit
function was derived through the point cloud, whieds a value of zero on the surface,
negative values within the scanned object, andtigesvalues outside the object. This
function is evaluated on a 3-D grid to generateolumetric representation of the laser-
scanned surface (Figure 4.1 (d)). The CT imagegu(Ei 4.1 (c)) are geometrically
aligned with the volumetric image (Figure 4.1 (dgrived from the laser scanner by
automated image registration using maximizationmaftual information (Maest al
1997). This method computes a 6-parameter rigitsfoamation T (i.e. a combination of
a 3-D translation and a 3-D rotation) that mapsel@cation in the CT image volume
into the anatomically corresponding location in ttidumetric image of the laser image
by maximizing the statistical dependence betwetansity values of corresponding vox-

els in both images.

(@

(©) (d)
Figure 4.1 This figure gives an overview of the method for thevalidation of the im-
age quality by comparing a 3-D laser scan (a) witla CT image (c). Using implicit
functions, the point cloud is converted to a labdmage (d), which is registered to the
CT image (c). The validation is performed along bondary points on the point cloud

(b).
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4.3.3 Definition of the quality measure
For the evaluation of the CT image quality, a measieeds to be defined. In this paper

the error on the bone thickness measured on the bmalel will be used as the quality
measure. To evaluate this error, measure lineslefired along the bone surface in the
laser model, which are transferred to the CT imbgged on the transformation calcu-
lated in the previous section.

For the definition of the measure lines, a cylindtigrid with the vertical axis
through the centre of mass of the object as z\aas calculated. This is the central axis
of a cylindrical grid defined by a vertical incrente z and an angular increment. In
all the elementgi z, j ) of the cylindrical grid where bone exists, a meadine is
defined by two points on the bone surface alongdiat line through this element one
point nearest the z-axis and one point farthestzthris. The result of the calculation of
these measure lines is shown in Figure 4.1 (b).

Across these measure lines 1-D intensity profilles calculated by 3-D trilinear
interpolation of the image intensity at equidistpoints between the beginning and the
end point of each line. Sample distance was 0.1 Tira. intersections of each measure
line with the bone surface are extracted by a Huolelsof its 1-D intensity profile using a
global bone threshold. Linear interpolation of grefile values is used to locate candi-
date intersection points at sub-voxel precisionmifre than 2 candidates are found,
which is typically the case when the bone considtéwo cortical plates surrounding
spongious middle, the locations that are retaimedttaose closest to the reference bone

surface derived from the laser data.

4.3.4 Determination of the threshold value
Bone segmentation based on a global threshold eaaefined as finding the intensity

which defines the transition between bony tissuel aoft-tissue. Wiemker and
Zwartkruis (2001) showed that this transition cep@nds to a local optimum in the cu-
mulative Laplace-weighted histograms. In some casesptimum of the surface histo-
gram, the mean gradient histogram, the volume dniata or the sphericity histogram can
give more information to find the ideal thresholdlue. The quality of the different

threshold values can be evaluated by calculatiegntiean difference of the thickness
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measured on the laser data and the CT data andditite threshold value that yields the

smallest absolute mean error.

4.3.5 Evaluation of the quality measure
To evaluate image quality, the mean and standavihtiten of the difference between

thicknesses measured on the laser data and thet@Tacke calculated. As a third quality
measure, the number of valid measurements is a&ske$he latter corresponds to the
number of measures lines, from which it is possiblealculate the bone thickness with

the given threshold value.

4.3.6 Evaluated scanners
One CBCT scanner, I-CAT (Imaging Sciences Intéonal, Hatfield, Pennsylvania,

USA) and one MSCT scanner Sensation 16 (Siemeteanden, Germany) were evalu-
ated in this study. For the I-CAT all the differgmbtocols provided by the manufacturer
were evaluated (Table 4.1). For the MSCT scannprptbcol used for orthodontic indi-

cations was selected. The MSCT images were recmbstt with bone and soft tissue

reconstruction filters.

Table 4.1 Characteristics of the evaluated protocselon the i-CAT and Sensation 16.

Tube
Tube current Voxelsize
Protocol voltage . Filter ~ Nb
KV) X time (mm)
(mAs)
Mandible 23.87 [0.4 0.4 0.4] 1
. Mar?iglr?le 46.72 [0.20.20.2] 2
i plants Medium 120 12.48 030303 & 3
- Medium 12.48 [0.4 0.4 0.4] 4
C 2 arches 23.87 [0.4 0.4 0.4] 5
A 13 cm, 10 sec 12.48 [0.4 0.4 0.4] 1
T Ortho- 13 cm, 20 sec 23.87 [0.30.30.3] 2
dontic 13 cm, 20 sec 120 23.87 [0.40.40.4] n.a. 3
13 cm, 40 sec 46.72 [0.25 0.25 0.25] 4
13 cm, 40 sec 46.72 [0.4 0.4 0.4] 5
Sensa-  4iho- H30s 1
tion donti Head 120 90 [0.250.250.4] H60s 2
16 ontic
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4.4 Results
In Figure 4.2 the histograms of the features cansid for threshold selection are shown

for orthodontic protocol 3 on the I-CAT with 120 ldhd 23.87 mAs. The different his-
tograms were calculated for a region of interesthenimage that included the mandible
(Figure 4.2 (a-f)). The mean difference betweentkiiekness measured on the laser and
the CT data was calculated for threshold valueginanfrom 200 HU till 1000 HU (fig-
ure 4.2 (g)). Figure 4.2 (g) shows that the optimthneshold value was 776 HU. This
value was the best approximated by the first logaimum of the histogram of the mean
gradient (Figure. 4.2 (c)).

Table 4.2 Results of the evaluation of the segmetitan quality.

Threshold Mean + std Valid profiles

No ) (mm) (%)
1 731 -0.08 £ 0.54 96.43
Im- 2 830 -0.01 £ 0.59 95.07
i plants 3 819 0.02 +0.70 94.62
4 829 -0.03+£0.62 95.85
C-: 5 858 -0.10 £ 0.50 97.41
A 1 775 0.00 + 0.66 96.35
T Ortho- 2 775 -0.02 £ 0.57 96.57
dontic 3 761 -0.02 £ 0.62 96.24
4 742 -0.01 £ 0.56 97.05
5 731 -0.13 £ 0.53 96.54
Sensa Ortho- 1 1047 0.20 + 0.56 97.27
tion 16 dontic 2 1000 0.14 + 0.60 95.18

4.5 Conclusion
A novel method is presented for evaluating the igualf bone models generated from
CT scanners in the context of oral surgery planiggcomparison with point clouds
generated with a laser scanner acting as the gatdiard. Anatomical correspondences
between both images are automatically establishedmiage registration as such that
matching bone thickness measurements can be edritboth images and compared at

a large number of sites distributed all over theebsurface.
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Figure 4.2. This figure gives the overview of the ifferent optimisation methods

which were used for searching the optimum thresholdalue for the bone segmenta-
tion for orthodontic 4 (120 kV, 23.87 mAs and [0.4.4 0.4] voxelsize): intensity his-
togram (@), total gradient (b), mean gradient (c),volume histogram (d), surface
histogram (e), sphericity (f). The quality of a thieshold value is evaluated by calcu-
lating the mean error (g) and the standard deviatia (h) of the difference between
the thickness calculated on the point cloud of théaser scanner and the thickness
calculated on the scanner under consideration. As kst quality measure the per-

centage of valid measurements is calculated. Thegeality measures were evaluated
for threshold values from 200 HU till 1000 HU (g, ).
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Chapter 5
Geometric accuracy and radiation dose in 3-D
scanners in dentomaxillofacial radiology

5.1 Abstract

The aim of this study was to investigate the refatbetween radiation exposure and im-
age quality in the context of oral imaging applicas for cone beam computed tomogra-
phy (CBCT) compared to multi-slice computed tomeira (MSCT). Four different
CBCT scanners were evaluated: i-CAT, NewTom 3G, ddBay, and Accuitomo 3D.
The MSCT scanner that served as reference in ady stas the Somatom Sensation 16.
Different protocols were evaluated for each scanfke radiation dose of each protocol
was evaluated based on effective dose measuremihtshe anthropomorphic Rando
Alderson phantom. The image quality was quantifd the contrast-to-noise ratio
(CNR) and by the segmentation accuracy of objedts kmown dimensions consisting of
different materials. The radiation dose of the Atmno 3D was found to be the lowest
of all scanners investigated, but this scanner hb® the smallest field of view. The
NewTom 3G and the i-CAT had a lower radiation expeshan the MercuRay and the
Somatom Sensation 16. The CNR was generally higinghe MSCT than for the CBCT
scanners. While bone was segmented with sub-mtlime&ccuracy in all scanners, thin
high-density aluminum structures could be quartifireore accurately with the CBCT
scanners than with MSCT. Based on these findingsan be concluded that the CBCT
scanners in dentomaxillofacial radiology providerenguitable images for this applica-

tion.

5.2 Introduction

During the last decade there has been a trendet@3 scans in the dentomaxillofacial
field. Besides the diagnosis of different pathoésgi3-D scans can be used for the gen-
eration of tangible solid models of human organsioAg these modelling techniques,
stereolitography is well known for the high-qualihodels it can generate. If the fabrica-
tion of these models is submillimeter accuratey tten be used for the planning of oral

or maxillofacial surgeries with Computer Aided Opsi(CAD) software and they can
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eventually be used as a master or negative foith@sis or implant production and also
for intra-operative guidance (Suetens 2002). Thgmeatation of the anatomical struc-
tures out of 3-D scans is of primordial importafimethe generation of accurate models.
Traditionally dental scan protocols on computeddgraphy scanners were used for the
generation of such models (Suetens 2002). The/éast however, a lot of manufacturers
have introduced cone-beam CT (CBCT) scanners dedidar dentomaxillofacial radi-
ology (Scarfeet al 2006, Guerrer@t al 2006). The success of these CBCT scanners is
mainly due to the decreased radiation dose compgretie traditional CT scanners
(Schulzeet al 2004, Ludlowet al 2006). Because of the widespread use of these scan
ners, it is obvious that these scanners will bed use the generation of 3-D models.
However, because of difference in image qualityMeen different CBCT scanners, the
accuracy of such image generated models will atgsg between scanners (Loubeleal
2006).

To compare the image quality of scanners in demtdlotacial radiology,
mostly the accuracy of thickness measurements bgrabrs is assessed (Marmudiaal
2005, Kobayashet al 2004). Such studies are time consuming, not stdimsl and
suffer from inter-and intra observer variabilityolbeleet al 2006). There exist however
not much correspondence between diagnostic perfarenand physical parameters of
scanners. So the calculation of only physical patars, does not give enough informa-
tion to a dentist when he needs to decide abouthibé&e of scanner that is appropriate
for him. Therefore there is certainly a need farlusion of segmentation quality in a
protocol for performance of image quality, becatlge segmentation process mimics the
delineation of a human observer. Due to the limi&\V of some of the scanners for
dentomaxillofacial radiology (Guerreret al 2006), it is not possible any more to use
established phantoms for quality control like thetghan Phantoms (The Phantom Labo-
ratory, Salem, NY) for evaluation of image qualibecause these phantoms cannot be

imaged by some of the scanners.

It is obvious that the segmentation quality needbd balanced with the radia-
tion dose of the scanner. For the evaluation of#ldéation dose with X-ray beams with a
height of more than 10 cm, a case which can oamualimost all CBCT scanners, the
CTDI is not a good dose measurement any more (Bebak2007). There does not exist

yet an adequate solution for a technical dose neamnt for which also a relation exists
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with the effective radiation dose, it is still thest to evaluate the radiation dose of the
different scanners with effective dose measureniardsRando Alderson Phantom.

The main goal of this study was to evaluate andpaymthe radiation dose and
image quality of one MSCT and four CBCT scannerdus dentomaxillofacial imag-
ing. The radiation dose was measured both withrapttmorphic Rando Alderson phan-
toms. Image quality was evaluated by measuringcth@rast-to-noise ratio (CNR) of
each scanner, using two phantoms of the imagetguatiprovided with the scanner with
the smallest FOV for compatibility reasons as nmd above, and by assessing the
accuracy of linear measurements. By relating imgggdity and radiation dose, a com-
parison of the performance of the different scasiromuld be made taking both aspects

into account.

5.3 Material and Methods

5.3.1 Evaluated scanners
Image quality assessment was performed on one M&8ET4 different CBCT scanners

and dose measurements were performed on 3 CBChersaand 1 MSCT scanner. The
MSCT scanner was the Somatom Sensation 16 (Sienggtemgen, Germany). The
CBCT scanners were the i-CAT (Imaging Scienceghatigonal, Hatfield, PA, USA), the
NewTom 3G (Quantitative Radiology, Verona, Italie MercuRay (Medico Technol-
ogy Corporation, Kashiwa, Japan) and the Accuit@DaMorita, Kyoto, Japan). On the
MercuRay, no radiation dose was assessed. Whemitigtdd this study, the different
CBCT scanners were not available at many siteshemde measurements needed to be
performed at different institutions. The measuretdenith the Somatom Sensation 16
and the Accuitomo 3D were performed at the Univgrdiospital Leuven (Leuven, Bel-
gium), with the NewTom 3G at the UCLA School of Mistry (Los Angeles, CA, USA),
with the MercuRay CB at SmartScan Imaging (Oraie, USA) and with the i-CAT at
the Golden State X-ray Lab (North Hollywood, CA, A)Sand at Imaging Sciences In-
ternational (Hatfield, PA, USA).

Because the results of the evaluation of the intagdity and the radiation dose
of the different CBCT scanners are related to #sgh of each scanner, a comparison of
the most relevant design parameters of these smmécluded in Table 5.For the

CBCT devices there is less freedom as for the MS€anner in the selection of the ex-
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posure parameters. This is especially the casthéoselection of the FOV, the X-ray tube
settings and the reconstruction parameters.

For all CBCT scanners the size of the FOV can bectsl only from a fixed
number of settings, while for MSCT almost all diffat FOV heights and diameters can
be selected. For the CBCT devices either a sphéi@s (NewTom 3G, MercuRay) or a
cylindrical FOV (i-CAT, Accuitomo 3D) is used.

For the NewTom 3G the parameters, which controlXhmy tube, cannot be
freely selected by the operator because of thematic Exposure Control (AEC) of the
scanner. The AEC calculates the optimal value efttlibe current after an axial and a
coronal scout view of the imaged scene. This featdrthe scanner makes that the tube
current may be different when image quality andatémh dose are evaluated with differ-
ent phantoms, even when the same protocol wasfigukavhich has to be taken into
account when relating both. The i-CAT scanner al@electing 3 different values of the
scanning time, which result in a different numbébasis images and another mAs set-
ting. For the Accuitomo 3D and the MercuRay thexreven more freedom to vary the
tube voltage and tube current settings. It is atgmortant to point out that the Accuitomo
3D and the MercuRay operate with a continuous axgosf the X-ray tube, while the i-
CAT and the NewTom 3G work with a pulsed X-ray exyre.

In the reconstruction phase, only the NewTom 3Gvad|reconstructing the im-
ages with different reconstruction kernels randiagn a smooth reconstruction to a very

sharp reconstruction.
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Table 5.1 Properties of the evaluated CBCT scanners

Chapter 5

i-CAT NewTom 3G MercuRay Accgll:t)omo
Current (mA) 5.5 15° 10 or 15 1-10
. 60-120 60-80 kV
Potential (kVp) 120 110 (step 20 kV) (step 1 kV)
Scanning time (s) 10, 20, 40 36 10 9, 18
. 1.92, 3.67,
Exposure time (S) 7 188 54 10 8.31, 16.02
Exposure time of one 12 15 33 30
frame (ms)
Current x exposure time . 56 0.208 0.347-0521  0.030-0.300
for one frame (MAs)
Basis images 160, 306, 599 360 288 512
Current x exposure time  10.56, 20.2, 8.31-83.1 or
(MAS) 39.53 75 mAS 1000r150 16 02.160.2
Focal spot (mm) 0.5 05,15 0.6 0.5
Type of exposure Pulsed pulsed continuous continuous
Scanning
Parameters selected Scanning time . kv, mA for 1 time, kV,
. size of the FOV frame, size of the
by the operator and scan height FOV mA for 1
frame
Patient positioning Sitting supine sitting sitting
Source to rotational 48.069 66.3 82.0 335
Centre distance (cm)
Rotational center
to detector distance (cm) 2051 285 29 34.9
Source to sensor 68.58 94.8 111,00 68.4
distance (cm)
Detector type Flat panel CCD 12-bit CCD 12-bit CCD 8-hit
Detector size (cm) 20 x 25 @ l?)rzgo i2'86 @12 to 29 @ 10.16
Detector size (pixel) 960 x 768 1000 x 1000 1024 x 1024 240 x 320
16 x 21 51.2 x51.2,
Scan dimensions (cm) 16 x 13’ 10x10,13x 13,  102.4x102.4, 4x3
’ 18 x 18 150 x 150, 193.5
16 x8,16x6
x 193.5
Voxelsize in plane (mm) 0.2-0.4 0.16-0.42 0.1-04 0.125
Min reconstruction 0.2 0.16 0.1 0128

increment (mm)

This is the minimal slice increment that can beceld.

“For these scanners, only cubical voxels are pesaifd the smallest dimension of cubi-

cal voxel is given.

*The NewTom 3G works with automatic exposure contt@refore in this table the

value with maximum exposure is given.
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5.3.2 Radiation dose assessment
The effective radiation dose of the MSCT and CBC&nmers was assessed using two

Rando Alderson phantoms. The first phantom ha@sligith a uniform thickness of 2.5
cm, while the second phantom had slices of 2.5 anthe body and 1 cm for the head.
The experiments on the Somatom Sensation 16 wefermed using the first phantom,
while the experiments on the CBCT scanners werfopeed using the second phantom.
For the dose measurements, thermoluminescent dessng€TLD) type TLD100
(Li:Mg,TI) and TL100H (Li:Mg,Cu,P) (Bicron, SolorfQH) were used. The TLDs (55 in
total for the first phantom, 75 for the second pber) were inserted in the radiation
sensitive organs and tissues of the phantom, namealye red bone marrow and bone
surface, the thyroid, the brain, the salivary gkmehd the skin. The location of these
organs and tissues in the phantom was determinetisbglly comparing the slices of the
phantom with an atlas of cross-sectional anatonahilCand Orland, 1984). For the bone
marrow and the bone surface the TLDs were diseitbaiver the calvarium, the maxilla,
the mandible, the ramus and the upper spine. Feosdhvary glands the TLDs were dis-
tributed over the submandibular gland, the subbhgliand and the parotid. The TLDs
for measuring the skin dose were placed on the Imand on the eyes. These TLDs are
used for measuring the deterministic effect ofréidiation dose, because due to the small
surface of the skin, which is irradiated with thesetocols, the skin dose does not con-
tribute much to the effective radiation dose (Lwdket al 2006)

For the dose measurements, first one or two scmwtsv(depending on the
scanner) were made to allow positioning of the piranaccording to the protocol under
investigation. In order to reach sufficiently higddiation dose levels for the TLDs and to
lower the influence of the acquisition of the scweigtws on the dose values, each scan
protocol was repeated 10 times without changingothedtion of the phantom in the scan-
ner.

After radiographic exposure, the TLDs were analysi#ioer by the Unit of Per-
sonal Dosimetry at the University Hospital Leuvéeyven, Belgium) with a fully auto-
mated Harshaw 6600 reader (Bicron, Solon, OH) otGlpbal Dosimetry Solutions (Ir-
vine, CA, USA) with a Harshaw 8800 Automated TLD r&aReader Workstation
(Bicron, Solon, OH). The calibration of the TLDs swaerformed by measuring the dose
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profile over a length 040 cm both with an ion chamber and with strips bD¥§ of 10
cm.
The mean radiation do$ of an orgar) was calculated ag@Golikov and Nikitin
1989):
Di= f

i,jDi,j (5.1)

with fi; the fraction of the total organ mass of organ slicei of the Rando Alderson
phantom,D;; the average radiation dose of the TLDs situateithénorgarj in slicei and
n the total number of slices of the phantom. For ftiaetionsf;; the values defined by
Golikov et al (1989) and Huda and Sandison (1990) were used.

The effective radiation dodewas calculated as:

E= wD (5.2)

_ i~
j=1
with D; the mean organ dose for each orpaa defined above amg the tissue weighting

factors as defined in the latest recommendatiddRP 2007).

5.3.3 Image quality assessment

5.3.3.1 Phantoms

We used two phantoms provided with the scanner thighsmallest FOV, the Accuitomo
3D, for evaluating image quality of all scannerghis study. This ensures that the phan-
tom fits in all the scanners. The first phantomgamtrast phantom, is made of poly-
methylmethacrylate (PMMA) with an insert of four alfer cylinders with a diameter of
10 mm consisting of aluminium, PMMA, air and borqpialent plastic (Figures 5.1 (a,
b)). Based on the image intensities of each cyiadiistructure, the CNR was calculated
and an optimal threshold value for segmentatioreaxth structure was obtained. This
segmentation allows for image-based measuremettieofliameter of the cylinders at
various positions, which was used as a measuraagje quality as described below.
The second phantom consists of a PMMA cylinder withinsert of folded, 1

mm thick aluminium plates in the form of a mushrofigures 5.1 (c-d)). This phantom
allows investigation of the sensitivity of a scante metal artefacts by image-based

measurement of the thickness of the aluminium plaide different structures in this

77



phantom are subdivided in three substructuresstraght part of the stem, the round
part of the stem and the cap of the mushroom (Ei§2). The usefulness of this subdivi-
sion is illustrated in Figure 5.3. Figure 5.3 (ad&b.3 (c) are a computer model of the
mushroom phantom and Figure 5.3 (b) and Figurg(d).&are the corresponding images
which are acquired from the Accuitomo 3D (Figurd &)) and the Sensation 16 (Figure
5.3 (d)). An artefact that occurs is beam hardefifigure 5.3 (b)). Due to this artefact
the intensity of a structure is calculated highgrthe reconstruction algorithm. Also

streak artefacts can occur (Figure 5.3(d)). Bec#usestructures of a tooth have similar
attenuation properties as aluminium, aluminium sediin phantoms for evaluation of
image quality of teeth (Herkstrotet al 1990).

(a) (b)

() (d)

Figure 5.1 Computer-generated 3-D model images ohe& two phantoms used for
evaluating image quality: sagittal slices (a, c) ahaxial slices (b, d) of the contrast
phantom (a, b) and of the mushroom phantom (c, d)The contrast phantom contains
cylindrical objects in different materials (air, bone, aluminium).
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(@) (b) (©)

Figure 5.2. The mushroom phantom consists of thinlaminium plates and is divided
into separate geometrical parts: the cap (a), themight part of the stem (b) and the
round part of the stem (c).

(@) (b)

(©) (d)

Figure 5.3 Two couples of corresponding coronal skés of the mushroom phantom.
Figure (a) and (c) represent a computer model of # phantom and Figure (b) and
(d) represent the corresponding axial slice whichsiacquired with the Accuitomo 3D
(b) and the Sensation 16 (d).
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5.3.3.2 Image quality measurements
a Generation of a 3-D model of the phantoms

Based on technical drawings of the phantom as deaviby the manufacturer, a 3-D
computer model of each phantom was constructeds ffbdel was described by a set of
analytical equations representing the differentgaf the phantom, such that no trunca-
tion artefacts occur when calculations are perfarrmoa the model. For visualization
purposes, a high resolution 3-D image of the megel generated by sampling the model
on a 3-D image grid, assigning a different greyugabr label to each substructure (Figure
5.1).

b Registration

The 3-D image generated from the computer modeghefphantom was registered to
each of the CBCT and MSCT images using an autongtsckdure based on maximiza-
tion of mutual information (MMI) (Mae®t al 1997). The registration computes a 6-
parameter rigid transformatioh (i.e. a combination of a 3-D translation and a Bela-
tion) that maps every location in the CT image offit® corresponding location in the
model image. The registration was initialised bynoally indicating a single landmark in
both the model and the CT image, which definesainitalues for the translation parame-

ters.

¢ Feature definition and extraction

Cylindrical regions of interest, each correspondm@ different material in the phantom,
were defined on the computer model of the phanteigutes 5.4 (a, b)), as well as one-
dimensional (1-D) measure lines at the boundargazh structure and orthogonal to the
surface (Figures 5.4 (c, d)). These regions andsunedines were projected into the CT
image using the registration transformation such that image measurements can be
performed at these geometrically predefined siteheé CT image to assess image quality
of the various evaluated scanners and scan pratoaslexplained in the next sections d

and e.
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(a) (b)

(© (d)

Figure 5.4 Computer-generated 3-D model images dfi¢ phantoms used for evaluat-
ing image quality, with cylindrical regions of interest (a) and measure lines (b-d)
overlaid: (a-c) contrast phantom, (d) mushroom phatom.

d CNR measurements

The cylindrical regions of interest defined in gmntrast phantom, corresponding to the
various materials, are mapped to the CT image absegjuently slightly eroded to elimi-
nate possible registration errors and to excludesition artefacts between different ma-
terials. The CNR of each obje®bj is calculated from the mean and the standard devia

tion (STD) of the CT intensities within the varioggions:

CNR, = |mear(l pya) - mear(l gy | 53
' stal(l o)

where | pyma refers to the CT intensities of the PMMA substi@ft¢éhe phantom anid,;

to the intensities of the object under investigatioe. air, bone or aluminium. The
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threshold valuel,, that discriminates between PMMA and the differethieo materials
is calculated as:

_ mear(l ) + mearfl c,bj)
obj — 2

(5.4)

e Thickness measurements
The CT intensities along each 1-D measure line w&teacted from the CT image using

trilinear interpolation. These 1-D profiles wereggsented by using the threshold value

TObj calculated with (5.4). From these segmented pofite diameter of the cylindrical

inserts in the contrast phantom and the thicknésheoaluminium plates in the mush-
room phantom were measured (Figures 5.5 and 5t&) differences between the ground
truth values as defined in the computer model efghantom and those measured at the
corresponding sites in the CT image were collefbedll measure lines, positive values
indicating an underestimation of the true thicknesgative values indicating an overes-
timation. Overall, for the contrast phantom 2342 2&hd 432 measurements were col-
lected for the air, bone and aluminium cylinderspestively, and for the mushroom
phantom 323, 595 and 595 measurements for thelstraart of the stem, the round part
of the stem and the cap of the mushroom respegtiféle 95-percentile of the absolute
value of these thickness errors was used as aitfet measure of image quality for

each object separately.

@) (b)

Figure 5.5 Linear measurements used for image qu#ji assessment. Measure lines
are defined on the computer model of the phantom Jaand transferred to the CT
image (b), after proper registration between them.
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Figure 5.6 The 1-D CT intensity profile along eacline is extracted by interpolation
and segmented by a threshold in order to measure ¢hthickness of the structure of
interest. This image-based thickness measurement ég@mpared to the ground truth
of the computer model in order to assess CT imagauglity.

5.3.4 Experiments

5.3.4.1 Evaluated MSCT and CBCT imaging protocols

The aim of this study was to compare different agam protocols on CBCT and MSCT
with respect to radiation dose and image qualite Wdicate the different protocols
evaluated in this study ij, lij, Nij, Mij andAij for the Somatom Sensation 16, i-CAT,
NewTom, MercuRay and Accuitomo 3D respectively, ighiedenotes the set of acquisi-
tion parameters andthe reconstruction parameters. The acquisitioarpaters relevant
for MSCT (Sij) are listed in Table 5.2 and those for CBA@J; Nij, Mij andAij) in Table
5.3. The reconstruction parameters for CBCT and M&fe listed in Table 5.4. Because
of practical reasons, such as the fact that thensra were located at different institutes
and that the available scanning time was limitetais not possible to perform all effec-
tive radiation dose measurements, technical memsums of radiation dose and image

quality measurements for all imaging protocols bs@anners.
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Table 5.2. Summary of the acquisition parameters dhe Somatom Sensation 16
MSCT scanner.

Tube Tube current . Table . . .
voltage x Time |_(|renlr?1?t feed Pitch COI(ILTS;IOH I'T‘ior;??sr)l
(kVp) (mAs) (mm/rot)
Sij 120 90 225 6 0.5 0.75 0.75
S2j 120 90 63 6 0.5 0.75 0.75
S3j 80 28 225 12 1 0.75 0.75
154 80 28 63 12 1 0.75 0.75

'Only used for the technical evaluation of the rtidiadose based on CTDI, not for
evaluation of the effective dose.

For the MSCT scanner, protoc®jis typically used for oral implant planning,
S1j for maxillofacial surgery an83jis the low dose protocol as derived in Loubsetial
(2006). The FOV ofS2j was the mandible, while fd81j and S3j the entire head was
scanned in order to obtain an estimate of the ulupérof the patient dose when a com-
plete head scan is performed. Image quality watiated for the clinical and low dose
protocols, with the images reconstructed with eitbesmooth reconstruction kernel
(H30s, for protocolSil) or a sharp reconstruction kernel (H60s, for prot®Si2, Si3
and Si4). To investigate the influence of the voxel sizetbe image quality, images re-

constructed with different voxel sizes were con®deSi2, Si3, Sift

Table 5.3 Summary of the acquisition parameters ache CBCT scanners.

v-(l)-ltigge Tupe current Diameter Height Shape FOV Rptation E>.<posure

(KVp) X time (mAs) (mm) (mm) Time (s) Time (s)
11j 120 10.56 160 60 Cylinder 10 1.92
12] 120 20.2 160 60 Cylinder 20 3.67
13 120 39.53 160 60 Cylinder 40 7.19
14 120 20.2 160 80 Cylinder 20 3.67
15j 120 10.56 160 130 Cylinder 10 1.92
16] 120 20.2 160 130 Cylinder 20 3.67
17] 120 39.53 160 130 Cylinder 40 7.19
N1j 110 9.1 15.24 100 Sphere 36 5.4
N2j 110 39.6 22.86 150 Sphere 36 5.4
N3j 110 9 30.48 200 Sphere 36 5.4
M1j 120 150 193 193 Sphere 10 10
Alj 60 72 40 30 Cylinder 18.5 18.5
A2j 70 72 40 30 Cylinder 18.5 18.5
A3j 80 72 30 30 Cylinder 18.5 18.5
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For the effective dose measurements with the i-G&anner, the FOV was positioned
according to the recommendations of the mariulieer, i.e the horizontal laser align-
ment light placed in the occlusal plane betweenlifeeof the Rando Alderson phantom
and the vertical laser alignment light placed 4bmfore the condyle when the chin of the
phantom is in the chin support of the scanner. &rpositioning was verified with a
single scout view. Based on this positioning thrgdat scan height was selected (13 cm)
to include as much as possible of the entire h€hd.effective dose was then measured
for two different scan times, namely 10 secorly @nd 40 seconds$7(). Also the man-
dible was scanned with the protocol suited for imgdhe jaws I@j, 13j andl4j). For the
NewTom 3G, protocoN1jis recommended by the manufacturer for oral imppdace-
ment imagingN2j for tempomandibular joint indications, ahj for orthodontic indica-
tions. These have a spherical FOV with a diameteespectively 10 cm, 15 cm and 20
cm. For the effective dose measurements, the aidlplane of the spherical FOV was
aligned with the occlusal plane of the Rando Alderphantom. Positioning along the
other directions was performed such as to incliedeach as possible of the skull and the
facial soft tissues in the FOV, including the ndSer evaluation of image quality, proto-
col N1j with a FOV with a diameter of 10 cm was used amrditiage was reconstructed
with the three different reconstruction filters #able on this scanner. Some special
attention is needed when relating the dose anddngaglity measurements on the New-
Tom 3G because of the AEC feature of this scanfiee. settings for the mAs are not
specified by the user, but automatically determibgdhe scanner based on the selected
FOV and two scout views of the object being imadéeice, it is not possible to achieve
the same mAs setting for all different experimefitse actual mAs values for our various
experiments with the NewTom 3G are listed in Téhl Because the radiation dose is
proportional to the mAs, all dose values are radated to match the mAs settings used
for image quality assessment (i.e. 15 mAs) in otdeobtain comparable results. When
evaluating effective radiation dose, each exposise includes the two scout views, as
the acquisition of the scout view could not be édrroff in this scanner. For the Accui-
tomo 3D, three different regions of the mandibleavevaluated for the assessment of the
radiation dose. These regions were: the region thighincisor, the region with the pre-
molar and the region with the molar teeth. The spnmocols used for dose measure-

ments were also used for image quality assessi@aht.a single reconstruction kernel is
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possible with this scanner. Finally, for the MerayRthe protocol with the largest FOV
was selected, both for technical dose evaluatioforasnage quality measurements. No
effective dose measurements were performed for dtésner, as no Rando Alderson
phantom was available on site. Some example imagegsired of the Rando Alderson

phantom with the different scanners evaluatedimgtudy are shown in Figure 5.7.

Table 5.4. Summary of the reconstruction parametersn the different scanners.

Code

reconstruction filter

Scanner Voxelsize (mm)

Sil [0.141 0.141 0.4] H30s
gg;gt‘l’é?] Si2  [0.1410.141 0.4] H60s
16 Si3 [0.199 0.199 0.4] H60s
Si4 [0.398 0.398 0.4] H60s
lil [0.20.20.2] Not applicable
iLCAT li2 [0.25 0.25 0.25] Not applicable
li3 [0.30.30.3] Not applicable
li4 [0.4 0.4 0.4] Not applicable
Nil [0.36 0.36 0,4] very high resolution
NewTom 3G  Ni2 [0.36 0.36 0.4] high resolution
Ni3 [0.36 0.36 0.5] standard resolution
MercuRay Mil [0.377 0.377 0.377] Not applicable
Accuitomo 3D  Ail [0.125 0.125 0.5] Not applicable
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() (b) (c)

(d) (e) (®

(9) (h)

Figure 5.7 Sagittal slices of the CT datasets acqed with some of the protocols
evaluated in this study using the Rando Alderson pmtom 1 (a-c), the Rando Alder-
son phantom 2 (d-g) and a skull phantom (h). Protads shown are: (a)S14and (b)

S24 (Somatom Sensation 16); (cA31 (Accuitomo 3D); (d) 134 (i-CAT); (e) N12, (f)

N22 and (g)N32 (NewTom 3G); (h)M11 (MercuRay CB).

5.3.5 Relating image quality and radiation dose
To relate image quality and radiation dose, theatiffe radiation dose was used as a

measure for the radiation dose. As explained bethie measure was not available for
all the protocols. As explained above, image quaditcharacterized by the 95-percentile
of the absolute value of the difference in thiclne§the structures of interest as meas-
ured in the CT image compared to the ground tretfivdd from the computer model of

the phantom. This image quality measure is evaluagparately for the cylindrical air,

87



bone and aluminium inserts in the contrast phargochfor the cap of the mushroom, the
straight part of the stem and the round part ofsteen in the mushroom phantom. Hence,
6 scatter plots are obtained that relate radiatmse to image quality for these 6 different
structures for all evaluated imaging protocols.

Table 5.5 Overview of the mAs parameters resultinfrom the AEC on the NewTom
3G.

Experiment Protocol Name Height [mm] mAs
Effective radiation dose N1j 100 9.1
Effective radiation dose N2j 150 39.6
Effective radiation dose N3j 200 9
Image quality N1j 100 15
5.4 Results

5.4.1 Radiation dose assessment
The results of the dose measurements are summaniZeable 5.6 The highest radiation

dose was measured for the two head protoSajsand S2j on the MSCT scanner. The
low-dose MSCT protocoB3j achieves similar or even lower dose than somehef t
CBCT protocols. The Accuitomo 3D has the lowestatioh dose of all evaluated CBCT
scanners, but also the smallest FOV.

5.4.2 Image quality assessment
Figure 5.8 summarizes the results of the imageitgualeasurements in the contrast

phantom. The mean intensity of air, PMMA, bone ahgminium expressed in Houns-
field units (HU) (Figure 5.8) differs significantlipetween the MSCT scanner and the
various CBCT scanners. This may be due to diffeerio the spectrum of the X-ray
tubes in the various scanners tested and alsoodilre tscattered radiation. The results of
the CNR measurements are presented in Figure BcawBe the clinical protocAB1did
not give an image of the contrast phantom which swtable for image analysis, this

protocol is left out in the analysis of the contraisantom.
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Table 5.6 Results of the effective dose measuremenfor the various protocols
evaluated in this study. Absorbed dose (in mGy) asneasured in the Rando-
Alderson phantom in various organs and effective dge (in mSv).

Absorbed dose (MGy) Effective
.. Bone . Salivary Dose
Rbm  Thyroid surface Brain glands Eye Mouth (MSv)

W 0,12 0,04 0,01 0,01 0,01 - -
S1j 2.96 6.74 2.83 13.11 1431 18.98 18.18 0.93
S2j 0.84 5.32 0.74 0.84 9.37 0.65 16.55 0.42
S3j  0.30 1.23 0.29 1.39 1.69 245 216 0.12
2j 0.14 0.16 0.14 0.02 0.98 054 201 0,03
13j 0.27 0.29 0.27 0.26 1.54 1.99 3.2 0,06
14j 0.09 0.24 0.09 0.76 0.87 111 1.35 0,04
55 0.10 0.25 0.10 0.48 1.13 116 1.21 0.04
I7j 0.34 0.50 0.34 1.66 4.16 3.85 4.28 0.12
Nij 0.71 0.19 0.71 0.23 2.23 035 224 0.12
N2j 0.52 0.25 3.10 4.43 3.07 443  4.02 0.18
N3j 0.16 0.23 0.16 0.84 1.31 154 154 0.05
A3j' 0.06 0.05 0.06 0.02 0.27 0.51 8.88 0,01
A3j> 0.10 0.17 0.04 0.30 0.28 0.51 6.04 0,03
A3j® 0.16 0.07 0.16 0.03 0.59 0.02 252 0,03
A3j* 0,58 0,53 0,46 0,68 2,01 1,57 26 0,12
Results of dose measurements for the incisorsbrégthe premolar regidnthe molar
regiort and the complete mandiBle

The CNR was the highest with the NewTom 3G in ait the protocol$2-6-4,4
and 13-7,4 of the i-CAT (see Table 5.3 and 5.4 for the exataon of these abbrevia-
tions). The high CNR for air in the NewTom 3G isantefact caused by the fact that air
falls outside the detectable range of the NewTom S8h that all image values for air
are returned as -1000 HU with a STD of 0. Hencethe calculation of the CNR, STD
for air was arbitrarily set to 1 for these protacolhe high CNR of the i-CAT for proto-
cols li4 for air can be explained by the fact ttie#tse protocols have a high level of built
in smoothing because of the large voxel sizes fmedeconstruction. The low levels of
the CNR of the Accuitomo 3D can be explained byrsdion of the 8-bit detector and by
beam hardening and cupping artefacts that havegatime influence on the contrast
(Mozzoet al 1998).

With the threshold values calculated with formubad], the diameter of the cy-
lindrical inserts in the contrast phantom was messand the error with respect to the
known ground truth was computed. The results afghmeasurements are shown in Fig-
ures 5.10 till 5.12 for the three materials. Fartpcol A31, the image quality of the Ac-
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cuitomo 3D was not sufficiently satisfying to olstaa proper segmentation, hence these
measurements are left out of the analysis. All @atald scanners allow quantification of
bone with sub-millimetre accuracy (Figure 5.11ndHy, the segmentation of the alumin-
ium cylinder is problematic for the Accuitomo 3Ddathe S11andS12protocols of the
Somatom Sensation 16 (Figure 5.12). The poor segtiemin the Accuitomo 3D can be
explained by beam hardening. The problems withgmals S11 and S21 are due to a
combination of metal artefacts and the image sniongtinduced by the use of the smooth
reconstruction kernel H30s, which makes these poisonot appropriate for aluminium
segmentation.

The same threshold value as applied for the segmiemtof the aluminium cyl-
inder in the contrast phantom was used for the satation of the aluminium plates in
the mushroom phantom. The results of these accuresasurements are shown in Fig-
ures 5.13 till 5.15. Based on these results, onecoaclude that all the CBCT scanners in
this study allow quantifying the thickness of thHanainium plates with sub-millimetre
accuracy. Most MSCT protocols perform poorly beeatleir image quality suffers from
streak artefacts.

Figure 5.8 Results of the mean intensity of the d#rent materials in the contrast
phantom for the protocols as given in Table 5.2 tdable 5.4.
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Figure 5.9 Results of evaluation of CNR towards PMM for the materials in the
contrast phantom for the protocols as given in Talds 5.2 to 5.4.

5.4.3 Relating image quality and radiation dose
Figures 5.16 till 5.21 relate image quality to edtin dose for each of the evaluated pro-

tocols by plotting the segmentation error agaihst éffective radiation dose for each
material of the contrast phantom (Figures 5.165till8) and each subpart of the mush-
room phantom (Figures 5.18 till 5.21) separatelye Tow-dose MSCT protocofs3-4,1-

2 combine low radiation dose with accurate segmimtadf air, bone and aluminium. A
similar performance is obtained with i-CAT (all pwools, except for the reconstructions
Si4 at lowest resolution) and NewTom 381(). Figures 5.19 to 5.21 indicate that both
CBCT scanners, as well as the Accuitomo 3D, allomaf more accurate quantification of
high contrast structures, which is important intdemaxillofacial imaging for diagnosing

dense objects such as the teeth, dentine and enamel
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Figure 5.10 Results of the accuracy analysis on ttadér cylinder of the contrast phan-
tom. The boxplot of the difference between the reathickness and the measured
thickness is shown. (Explanation of the protocolsdbles 5.2 to 5.4)

Figure 5.11 Results of the accuracy analysis on tHeone cylinder of the contrast
phantom. The boxplot of the difference between theeal thickness and the measured
thickness is shown. (Explanation of the protocolsdbles 5.2 to 5.4)
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Figure 5.12 Results of the accuracy analysis of theuminium cylinder in the con-
trast phantom. The boxplot of the difference betwee the real thickness and the
measured thickness is shown. (Explanation of the ptocols Tables 5.2 to 5.4)

Figure 5.13 Results of the accuracy analysis of theap of the mushroom. The box-
plot of the difference between the measured thickiss and the real thickness is
shown. (Explanation of the protocols Tables 5.2 t6.4)
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Figure 5.14 Results of the accuracy analysis of th&raight part of the stem of the
mushroom. The boxplot of the difference between theneasured thickness and the
real thickness is shown. (Explanation of the protaals Tables 5.2 to 5.4)

Figure 5.15 Results of the accuracy analysis of th@und part of the stem of the
mushroom. The boxplot of the difference between theneasured thickness and the
real thickness is shown. (Explanation of the protaals Tables 5.2 to 5.4)
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Figure 5.16 Image quality versus radiation dose fothe cylinder in air of the con-
trast phantom. (Explanation of the protocols Tables.2 to 5.4)

Figure 5.17 Image quality versus radiation dose fothe cylinder in bone of the con-
trast phantom. (Explanation of the protocols Table$.2 to 5.4)
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Figure 5.18 Image quality versus radiation dose fothe cylinder in aluminium of the
contrast phantom. (Explanation of the protocols Takes 5.2 to 5.4)

Figure 5.19 Image quality versus radiation dose fothe straight part of the stem of
the mushroom phantom (Explanation of the protocoldables 5.2 to 5.4)
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Figure 5.20 Image quality versus radiation dose fothe round part of the stem of the
mushroom phantom. (Explanation of the protocols Tales 5.2 to 5.4)

Figure 5.21 Image quality versus radiation dose fothe cap of the mushroom phan-
tom. (Explanation of the protocols Tables 5.2 to 8)
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5.5 Discussion and conclusion

5.5.1 Radiation dose assessment
In this paper, the radiation dose and image quaefityifferent CBCT scanners was com-

pared with the radiation dose and image qualitamfMSCT scanner in the context of
dentomaxillofacial imaging applications. The ramiatdose was evaluated by effective
dose measurements in Rando-Alderson phantoms. kasnts of radiation dose in the
Rando-Alderson phantom have been performed predyidyysLudlow et al 2007. They
obtained an effective radiation dose accordinhtoICRP 2007 draft recommendations
of 0.059 mSv for protocd\3j on NewTom 3G and of 0.193 mSv for proto€dl on i-
CAT (Ludlow et al 2006). This agrees well with our measurements5(@@v and 0.12
mSv respectively, Table 5.6), with differences likdue to another positioning of the
Rando-Alderson phantom, the use of another phandtimer positioning of the TLDs in
the phantom, other method of calculation, etc. @dth such Rando-Alderson measure-
ments are very time consuming and not practicahdbieve when the scanners to be
evaluated are positioned at different sites, tlamyjlifate a more fair comparison of the
measured radiation dose against published valuethef imaging devices.

Based on the results of (Gijbeds al 2002, Gijbelset al 2004 and Gijbelgt al
2005) an effective radiation dose of 0.01 mSv app&abe an upper limit for the tradi-
tional dental radiography devices, namely the pamar and the intra-oral devices. Our
measurements show that the radiation dose of CBamnngrs is from 2 times (for the
Accuitomo 3D) till about 30 times (for the NewTorn®Bhigher as that of a traditional
dental radiography unit. This, however, is stilhsierably less than with conventional
MSCT imaging.

5.5.2 Image quality assessment
For the assessment of the image quality of theouarscanners we used the image quality

kit of the Accuitomo 3D, as this phantom could barmed with all scanners evaluated in
this study because of its small size. A disadvantafgthis approach would be however
that the truncated view artefact could not be \liged, but this was not an issue in this
paper. The mean CBCT intensity, expressed in HUyarfous materials shows little

correspondence to that of the traditional MSCT qots. This may be due to a combina-

tion of lower mean energy of the X-ray beam of @BCT scanners compared to the
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MSCT scanner and the increased level of scatterdidtion in CBCT scanners (Carlsson
et al 1999). This results in a lower contrast for maiteriike PMMA and a higher con-
trast for structures with a high density like bare aluminium (Figure 5.9). This is ad-
vantageous for dentomaxillofacial imaging applicas where the structures of interest
that need to be visualized are also rather densd, as the dentin and the enamel. For
these structures a high resolution is needed iardadfacilitate linear measurements with
high accuracy as required for diagnosis and treatrpanning. The resolution of the
various imaging protocols was not measured direictithis study, but can be deduced
from the linear measurements. We did not performgarative resolution measurements
using a wire phantom as suggested by one of thelajgars of the Accuitomo 3D, be-
cause from initial pilot studies we concluded thatas very difficult to perform a repro-
ducible measurement using such a phantom.

The accuracy of image-based linear measurementasgessed for quantifica-
tion of the diameter of the cylindrical insertsdifferent materials in the contrast phan-
tom and of the thickness of the aluminium plategsh@ mushroom phantom. For the
Accuitomo 3D, it was not possible to properly segtreny of the objects in the contrast
phantom with protocoA3j (80 kV, 4 mA), which, however, is recommended ffatient
imaging. This suggests that there is no good cpomdence between phantom and in-
vivo imaging for this scanner. All protocols on NBwn 3G and Accuitomo 3D had
difficulties for segmenting the air cylinder. Thi consistent with the fact that in diag-
nostic imaging there are also difficulties of findithe transition between soft tissue and
air with these scanners. This is illustrated inuFég5.22 for an ex-vivo specimen imaged
with the Siemens Sensation 16 (Figure 5.22 (a))thaediccuitomo 3D (Figure 5.22 (b)).
For all the scanners evaluated in this study, tleaist imaging protocols that yield seg-
mentation accuracy for the bone simulating matexigth accuracy better than 0.5 mm.
For segmentation of the aluminium cylinder, there again accuracy concerns for the
Accuitomo 3D. However, with the same scanner, @ lagcuracy is achieved for the
segmentation of the thin aluminium plates in theshmaom phantom. Due to the smaller
energy of the X-ray beam, the Accuitomo 3D suffee from beam hardening than the
other scanners, which makes it not possible torately segment the aluminum cylinder
with one global threshold value. Due to this loweergy however, there is a better con-
trast for the high-density structures like the &r@aldar bone (Figure 5.22 (b)). This is also
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one of the applications for which the Accuitomo BDused in the University of Leuven.
The other three CBCT scanners achieve accuracgritetin 0.5 mm for the segmenta-
tion of the small thin aluminum plates in the musim phantom. The MSCT scanner,
however, suffers from severe metal artifacts (Fegbr3 (d)), which makes it hardly im-
possible to segment the aluminum plates accurately.

Based on all these findings, we can conclude tB&ET scanners for dentomax-
illofacial radiology applications are indeed desidrto accurately image the anatomical
structures of interest, especially high-densitydtires.

(a) (b)
Figure 5.22 The transition of soft-tissue to air ca be perceived in the Somatom
Sensation 16 MSCT scanner (a), but cannot be disaminated in the Accuitomo 3D

(b).
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Chapter 6
Discussion

6.1 Technology of CBCT scanners
In this dissertation, a comparison was performethefavailable models of CBCT scan-

ners for dentomaxillofacial radiology in the perifxdm autumn 2005 until winter 2006.

The aim of this work was to provide a global congxam of the image quality and the
radiation dose of different scanners. Difficultiasthis comparative study were the lack
of standardized protocols for image acquisitiondifferent scanners, which makes it
hard to make a complete comparison based on sandastlized phantoms. We asked
ourselves the question whether this situation wamlgrove in the near future. Therefore
we performed a search of the different scannergtwhie available and looked which
information about radiation dose and image qudifyresent in the literature.

Table 6.1 gives an overview of this search fordheent available CBCT scan-
ners for dentomaxillofacial imaging. This overviewas made based on the currently
available scanners which were presented at thenbatienal Dental Show (IDS) at Co-
logne in April 2007, the 10 European Congress of Dentomaxillofacial Radiol¢bg"
ECDMFR) in Leuven in June 2006 and thé"16ternational Congress of Dentomaxillo-
facial Radiology in Beijing (18 ICDMFR) in June 2007.

A comparison of the different design parametershefscanners taught us that
there is still a lack of uniformity in the desightbese scanners. We also don’t expect this
situation to improve with the new generations arswrs. The new models also contain
both types of scanners which work at a low kV @aample 40 kV for the Picasso) and
scanners which work at a high kV (120 kV for theAT and CB-Throne). For the detec-
tion of the X-rays, both the CCD (Galileos) and FEHCAT) are used. All manufacturers
also provide at least one scanner which scansdtienp in an up-right position. But it is
important to note that the characteristics of thfeint scanners are so distinct that the
results of one scanner cannot be extrapolateddthenscanner and can certainly not be
generalized for the whole family of CBCT scanneeslidated to dentomaxillofacial im-
aging. This makes it impossible to get an impressibimage quality and radiation dose

based on the given parameters.
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Table 6.1 Overview of international peer reviewediterature available of past and
current CBCT models

Company Model Ra dd(l)itelon Accuracy
Accuitomo 3D (1) no Yes
Morita Accuitomo 3D (2) no No
Veraviewepocs no No
Imaging S_C|ences LCAT yes Yes
International
Quantitative NewTom 9000 yes Yes
Radiology NewTom 3G yes Yes
NewTom VG no No
Asahi Roentgen 3-D Panoramic no Yes
Alphard Vega no No
E Woo 1 no No
Technology 2 no No
3 no No
Implagraphy yes No
Vatech VCT yes No
Planmeca Promax 3-D no No
Kodak’s Dental Systems lluma no No
TeraRecon Prexion no No
Soredex Scanora 3-D no No
. . . 3-D MercuRay yes No
Hitachi Medical CB throne o NoO
Sirona Galileos yes Yes

Therefore, for comparison of radiation dose andgienquality one is dependent
on the information provided by the manufacturerd pablished in the peer-reviewed
journals. As briefly mentioned in chapter 1 andaékbe further discussed in section 6.2
it is not possible to use the CTDI as a technicaasure for the comparison of the radia-
tion dose of different scanners any more (Digeb@l 2005). Therefore, the fastest way to
acquire results of the effective radiation dosescénners is through experimentation
using Rando Alderson Phantoms. However, the meashiah is provided in the manu-
als of the manufacturers is for a modified versidthe CTDI and in most cases is only
an estimation of the radiation dose based on Rawderson phantoms together with a
reference to the study performed.

Next, the manufacturers provide information abdw tjuality control proce-
dures. This is information such as the MTF, theeetpd HU of some materials and the

CNR. Besides these measurements, some patient a@seatso presented. But a look at
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Table 6.1 shows that there is very little inforroatiavailable about the accuracy of the
different scanners in peer reviewed journals. Thereefinitively a need for a protocol
that can objectively evaluate accuracy and radiadiose of the scanners. This should be
included in the manual of the different scanneisisTis especially true because of the
enormous growth of the market of CBCT scannersdimtomaxillofacial applications,

which will make it hard to perform similar studiesthe future.

6.2 Evaluation of methods for dose measurements
As mentioned before, the effective radiation dose e be calculated from absorbed dose

values, which can be determined either by measursmsing a Rando-Alderson phan-
tom or by Monte Carlo simulations. Measurementagi®tando-Alderson phantoms are
very sensitive to the positioning of the primaryatye the positioning of the TLDs, the
phantom that is used and the calculation of thetifsas being irradiated. For positioning
of the patient in CBCT scanners, care must be gigghe positioning in the axial plane
(Struelenset al 2005). In view of the experimental uncertaintié® use of Monte-Carlo
simulations seems to be a good alternative or cemghtary method, because this will
assess dose distributions in the whole scan pMeeertheless there is a lot of research
still going on to evaluate these methods. As stobse simulations cannot guarantee
immediate and correct information about the effectiadiation dose when new radio-
logical devices are presented (Struelenal 2005).

Because calculations of the effective radiationedcannot be applied to every
single patient, it is the general practice in réaliy to define a dose-related parameter
that can easily be measured or calculated frome#posure settings and which can be
converted to the effective radiation dose throughuse of tabulated conversion factors
(Leitz et al 1995). Examples of such dose-relatachmeters are the CTDI, the Dose
Length Product for CT scanners and the Dose ArealRt for X-rays. A similar pa-
rameter for CBCT does not yet exist and the metlasddlable from CT are not immedi-
ately applicable to CBCT for various reasons. lher€BCT scanners, in most cases only
one rotation around the patient is performed. Sdose quantities defined for CT (e.qg.
the Dose Length Product, Dixon 2006) are therefmrterelevant to CBCT. This is how-
ever not the only problem: for CBCT scanners thghteof the FOV is at least 3 cm and
therefore not all the scattered radiation dosehbmaicovered withan ion chamber of 10

cm, which is the standard equipment for the measein¢ of the CTDI. Much longer

103



CTDI phantoms (with a length up to 90 cm) are ndediéori et al 2005). This approach
is however not feasible for the CBCT scanners imat®axillofacial radiology because it
is technically not feasible to put a phantom witklsa large length in a CBCT scanner.
Because of the large learning curve for the usklafite Carlo simulations and
the problems with the technical dose measures BCTC we decided to use effective
dose measurements for the evaluation of the radiatose of the different CBCT scan-

ners.

6.3 Choice for an optimal threshold value

6.3.1 Introduction
A key part of the analysis of the accuracy of Ineeasurements was the choice of the

threshold value for the segmentation of the bossutes. Several methods were used in
this dissertation. We will briefly describe the meds used and will discuss which of the

methods should be preferred in which cases.

6.3.2Calculation of 50% threshold

In chapter 2, a number of measure lines were dgfperpendicular to the boundary of
the structure to be segmented. Across these mehisese the 1-D intensity profiles of
the CT-image was calculated. Based on these psdfile average profile was calculated
and the mean value of the maximum and the minimlthi® average profile was used as
the threshold value.

In chapter 5, a variant of this method was usedhask was defined which lies
completely in the structure-to-segment and anothask was defined in the material
which surrounds the structure-to-segment. The nransities of the voxels correspond-
ing to the two masks were calculated. The threstalde was then set as the mean of the
two latter means.

This is a very accurate way of calculating a thoégtvalue. But the disadvan-
tage is that it only can be used when a descrififahe object that is to be segmented is
available. This is not the case in the normal céihsituation. However for the evaluation
of the upper limit of the accuracy of a scannefoofpurpose of quality control, this can

be a very useful method.
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6.3.3 Analyses of the histogram of intensities
Because the former methods could not be appliethénnormal clinical situation, we

searched for other heuristics which could be agpWebinary mask was defined by indi-
cating the structure which needs to be segmentethiapter 3. The histogram of the in-
tensities of the voxels in this mask was calculaféds histogram can be approximated
by a mixture of two or more Gaussians. The paramethich gave the best approxima-
tion of this histogram were calculated based on SHEkt the Gaussian corresponding
with soft tissue and bone are selected manuallymRhese two Gaussians one can calcu-
late the probability distribution for bone and stifisue. The threshold value was then
calculated as the intensity which had the same ghitity for being soft-tissue as for
being bone.

This method was used in chapter 2 because at thaent there was no ground-truth
available for the verification of the segmentatamturacy, but when a better ground-

truth was available, this method didn't seem tegatisfactory results.

6.3.4 Analysis of the weighted histogram of the lap  lacian
A better technique for determining an optimal thd value was developed by

Wiemker and Zwartkruis (2001) . At the edges ofracdure the gradient of the intensi-
ties reaches a maximum value. This means that ifvaidd select a number of threshold
values and for each of the threshold values cakedle sum of the gradient of the voxels
which correspond to this threshold values, the mar is reached at the optimal thresh-
old value. These heuristics can be optimally calted by the histogram of the weighted
laplacian of the image intensities. An optimum hsthistogram will correspond to an
optimal threshold value

In chapter 5 this method gave very accurate refudtthe bone segmentaiton in the
i-CAT and the Sensaiton 16. For the other scarnthésnethod performed worse because

of the intensity inhomogeneity of those CBCT-images

6.3.5 Conclusion

Based on our results we come to the following séde finding an appropriate threshold
value:

- If a ground truth exist of the structure to segmémin one of the two 50 % threshold
rules can be used.
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- In the common clinical situation, the ground trighnot known, in that case one can

use the histogram of the weighted laplacian histogr

- If there are a lot of intensity inhomogeneitiesttie CBCT image, the rules based on
the analysis of the histogram don't perform welll @amd improvement of the image qual-
ity is needed to improve the segmentation accuoa@ more sophisticated segmentation

algorithm is needed.

6.4 Evaluation of the different phantoms

6.4.1 Introduction
Although the accuracy of these scanners is veryitapt even though many CBCT

scanners are available in the dentomaxillofacellfifew publications are available re-
garding accuracy assessment of linear measurenadoist bone structures in CBCT
scanners in the dentomaxillofacial field. In théx®on we focus on the phantoms which
were used in the available studies.

Accuracy of linear measurements on dry skulls pax$ormed by Lascalat al
(2004), Kobayashiet al (2004), Pinskyet al (2006), Ludlow et al (2007) and
Mischkowskiet al (2007). The results of Chapters 4 of this disseriacan be related to
these studies. Accuracy analysis based on geomlepltantoms were performed by
Marmullaet al (2005), Pinskyet al (2006) and Mischokowslégt al (2007). The results of

chapter 5 can be related to these studies.

6.4.2 Accuracy on dry skulls

For all the studies in which accuracy measurememtdry skulls were assessed,
reference points were indicated on the dry skutbugh the use of radiopaque markers
(Lascalaet al 2004, Ludlowet al 2006) or by drilling holes in the dry skull (Kokeshiet
al 2004, Pinskyet al 2006) or by a combination of both (Mishokowskial 2007). The
gold standard was acquired next by measuring distabetween the different reference
points on the skull using a caliper. After insemtiof the skull in a plastic box filled with
water to simulate soft-tissue, the skulls were sedn Next, similar measurements were
performed in the CBCT images by a group of obsensed on dedicated software
provided by the scanner or by third party softweBtatistical analysis was then per-

formed based on the differences between the galtiatd measurements and the meas-
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urements on the CBCT images. Such observers stadewvery time-consuming and
dependent on inter and intra-observer variabiligcause these measurements are per-
formed on human skulls, which are different froneamnother and because they were
only performed on a limited number of points, inist possible to talk about a standard-
ized phantom. The studies were only performedsgess the accuracy of one CBCT
scanner: Lascalet al (2004) , NewTom 9000; Kobabyasgdtial (2004), 3-D Multi Image
Micro CT; Pinskyet al 2006, i-CAT; Ludlowet al 2007, NewTom 9000 and Mish-
kowskyet al 2007 (Galileos). The conclusions of these studier® that the CBCT under
investigation allowed for accurate measurementsfottlmately, because there is no
standardized skull phantom available, the resutpiiged in one study cannot be com-
pared with the results in another study.

If we relate the methodology of chapters 3 and these studies, one can first
see that much more measurements are performedese tthapters than in the above
mentioned studies. In these studies no markers needed because a registration was
performed between the data used as a gold standdr@BCT data. The disadvantage of
the study in Chapter 3, was that the gold stantard was acquired from MSCT images.
In Chapter 4, this problem was solved by usingsafacanner for acquiring the ground
truth. A comparison between the accuracy resultthése literature studies and these
chapters teaches us that with human observer negasuts usually higher accuracy can
be achieved than with an automated skull segmentatihis can be explained because of
the segmentation algorithm which is used. As maetibin Chapter 3, the segmentation
is performed based on one threshold value. Thaxgifbthere are intensity inhomogenei-
ties in the CBCT image, these might not be notiogdhe threshold value and this might

give a less accurate segmentation result.

6.4.3 Geometrical phantoms
Through the use of fabricated geometrical phantiikesMarmullaet al (2004),

Pinsky et al (2006), Mishkowskyet al 2007), it was possible to acquire reproducible
results for all scanners. The phantoms which wabgidated for these studies consisted
of a background material which was used to simuafietissues: polymethylmethacry-
laat (Marmullaet al 2004), acryl (Pinskyet al 2006) and silicon gel matrix (Mi-
shokowskyet al 2007) . For the study of Marmulit al (2004) and Pinskgt al (2006),
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respectively, small cylinders or holes were drilietb the phantom. Because air has a
lower density than the background material, in ¢hiwgo cases, segmentation of regions
of black intensity needed to be segmented out gfag background. For the study of
Mishowkoskyet al (2007), polytetrafluorethylene was used for tharifaation of a cube,

a pyramid, a cuboid, a hexagon and a cylinder. &lséisictures were inserted in the sili-
con gel matrix. The polyteratfluorethylene has ghbr intensity than the silicon matrix.
So in this case, high intensity structures needddet segmented. If we compare the ap-
proach of chapter 5 with these studies, we caritegéan our study different materials are
segmented out of the polymethylmethacrylaat phanida provide also more informa-
tion about the segmentation algorithm that we @gipliThe results which are acquired in
the three studies mentioned above: a mean accafdcg3 mm in (Marmullaet al 2005)
and a mean accuracy of 0.1 mm in (Pinskgl 2006) are in the same range as the results
which are acquired in chapter 5. However, it isant@nt to search in future studies for

the correlation between such geometrical phantardstze clinical situation.

6.4.4 Conclusion
Based on the quest for phantoms in this dissentati@ may conclude that there is need

for a standardized phantom for evaluating the imaig@lity of CBCT scanners for the

head. Accurate descriptions of these phantoms bwistvailable; these descriptions can
be technical drawings or surfaces acquired thrdagér scanning. Such a phantom can
be based on the paper of Chiaeptal 2005: their phantom is a Rando phantom with in-
serts which simulate different lesions and inséotsthe evaluation of physical imaging

performance. For the evaluation of CBCT scanneifsrdnt sizes of inserts need to be
made because of the different sizes of FOVs ttapassible for the distinct scanners. It
is also important that these phantoms can be yseg dlown or standing up in a scan-

ner.

6.4.5 Correlation between different phantoms
In a final study the segmentation accuracy of thayband aluminium structures in the

phantom was compared to the segmentation accufahg anandible of the phantom that
was designed in chapter 4. For the determinatiathethreshold values of the bone, the
same rule as described in chapter 4 was used.eB#ts of the evaluation of the segmen-

tation result can be found in Table 6.7. The catieh between the accuracy results ac-
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quired on the segmentation of the bony cylinder #edaluminium cylinder can be found

in Table 6.8. The highest correlation is found lestwthe 95 percentile of the segmenta-

tion of the bony cylinder and the ®9%ercentile of the mandible in the skull phantom.
This means that the segmentation of the bony ogtiradready gives an indication for the

maximum error, but improvements are still neededafbetter accuracy estimation based
on the segmentation results achieved in the cylinde

Table 6.7 Results of assessment of segmentation @wecy on different CBCT scan-
ners

Protocol Threshold Mean SD Prct 95

N11 960 -0,68 15 3,44
N21 960 -0,69 15 3,51
N31 980 -0,74 1,49 3,49
113 819 0,03 0,68 1,38
114 829 -0,03 0,62 0,96
124 731 -0,08 0,54 0,95
131 830 -0,01 0,59 11
M11 -110 -0,14 1,97 4,24

S25 1000 0,14 06 1,23
S26 1000 0,19 056 1,22
A3l 800 0,46 1,08 2,92
A3l 1000 0,46 1,08 2,92

Table 6.8 Results of the calculation of the corretan coefficient between the results
of segmentation accuracy in the mandible in the siiuphantom on the one hand and
the cylinder in bone and aluminium in the contrastphantom on the other hand

Material Quality Correlation
measure
Mean -0,06
Bone SD 0,36
Prct 95 0,46
Mean -0,29
Aluminium SD 0,36
Prct 95 -0,14
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6.5 Clinical implications
6.5.1 Radiation dose

6.5.1.1 Introduction

In chapter 5, the radiation dose of different CB&&ns was assessed. It is however not
that important to know the influence of one scaorne patient, but it is essential to know
the epidemiological effect of the large use of CB&&anners in dentomaxillofacial appli-
cations. The Rando-Alderson phantom typically repmns a male or a female person.
Unfortunately these phantoms only represent theageemale or female which obviously
does not exist. Therefore, there is also a neethfoe personalized dosimetry especially
when CBCT scanners are used for scanning of childfée estimation of the global
effect is a weighted average of different age gsodpe influence of CBCT to the global

dose will be dealt with in the following section.

6.5.1.2 Influence of the use of CBCT to global dose

In Chapter 1, we mentioned a study in Switzerlaficuduaet al 2004) which showed
that 43% of the radiographs which were acquire8witzerland were derived from den-
tistry. However, dental radiographs only account doe percent of the effective dose
which patients receive yearly from medical exposy#rouaet al 2004). Similar results
were found in a study performed in Luxemburg (Sleamnet al 2006) and by UN-
SCEAR 2000 for the period of 1991-1996.

Based on Arouat al 2004, one can conclude that the major contributiom
radiation dose in dentistry comes from intra-onadl ganoramic radiography. The influ-
ence of the radiation dose of dental CT to the ddsgentistry is negligible because of
the small number of acquired dental CTs. The us€RCET in dentistry will lead to an
increase in the dose coming from dentistry. To wdate this increase, dose estimates
from a CBCT examination, intra-oral radiographs aadoramic radiographs are needed.
Also the percentage of intra-oral radiographs aadopamic radiographs is needed. The
distribution of intra-oral and panoramic radiogregshwere derived from UNSCEAR
2000 and are given in Table 6.2.

Due to the introduction of the new weighting fastof ICRP 2007, the dose es-

timates of intra-oral radiographs and panoramitogrdphs need to be recalculated. The
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recalculation of the effective radiation dose wasfigrmed based on Gijbeét al (2002)
and Gijbelset al (2005). This calculation can be found in Table @8is table also gives
a global overview of radiation studies which weegfprmed on CBCT scanners. If intra-
oral radiographs are to be replaced by CBCT scanpeeferably a CBCT scanner with a
small FOV like the Accuitomo 3D (CBCT1) will be ukdf panoramic radiographs will
be replaced by CBCT scanners, more likely a prdtona CBCT scanner which images
the mandible, the maxilla or both will be used (OB Therefore to calculate the radia-
tion dose of CBCT1, the mean value of effectiveedo§ Accuitomo 3D will be used.
This value is 23 Sv. To calculate the radiation dose of CBCT2, teamvalue of ex-
aminations of jaws on the NewTom 9000, NewTom 3@, Implagraphy and the i-CAT
will be used. This value is 78Sv. If the assumption is made that the same pexgeruf
intra-orals and panoramic radiographs will be repthby the appropriate CBCT scans,
the influence of the use of CBCT scans on the dldbse can be estimated. This calcula-
tion is performed for the different countries givieriTable 6.1 and is presented in Figure
6.1. Because the contribution of the radiation dasedentistry is 1% of the global dose
received from medical radiation, a second integii@t of this graph can be made. This
is that the y axis also gives the percentage oftiath dose in dentistry to the global
radiation dose if the percentage of CBCT scann&mngon the X-axis would be used.
Based on Figure 6.1 one can conclude that spemial must be taken when using CBCT
in dentistry, because its frequent use might givenareased collective dose.

However, for the use of image guided planning oplants, 3-D scans are
needed. Because the CBCT scanners provide 3-D sgna smaller dose than MSCT
scanners, the use of CBCT scans make sure theadretion dose which is due to image
guided implant treatment is lowered. To illustrties, a similar experiment is performed
as before. But now the influence of using a peagatof CBCT scans instead of MSCT
scans for the acquisition of the jaws is analygédufe 6.2). Here the use of CBCT in-

stead of MSCT might result in a decreased colledtiose.
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Table 6.2 Summary of the number intra-oral and panoamic radiographs per 1000
inhabitants for different countries. (UNSCEAR)

Number Number Distribution Distribution
. Number .
Intra-oral Panoramic Total Intra-oral Panoramic
radiographs  radiographss radiographs[%] radiographs[%]
Finland 254 36 290 88 12
Switzerland 524 34 571 92 6
Japan 743 88 839 89 10
Luxembourg 438 31 469 93 7
Netherlands 170 8 182 93 4
Sweden 682 57 739 92 8
UK 161 49 212 76 23

Figure 6.1 Influence of the use of CBCT to the glall dose of dentistry

Figure 6.2 Influence of the use of CBCT instead dfISCT in image guided implant

treatment.
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Effective

. . Bone Oeso- Bone . Salivary

Scanner Study Region Thyroid marrow phagus  Surface Brain Glands dose
[mSv]
Tsiklakiset al2005 No shielding 0.32 0.058 0.16 0.20 0.32 1.20 0.045
Tsiklakiset al2005 Shielding 0.18 0.05 0.2 0.20 0.30 1.16 0.04
N‘;"(‘)’ggm Ludlowet al2003 Max/man 0.370  0.093 - 0432 0400 1682 0051
Ludlowet al2003 Mandible 0.430 0.071 - 0.327 0.195 0.162 0.033
Ludlowet al2003 Maxilla 0.200 0.052 - 0.240 0.200 0.887 0.028
Ludlowet al2006 Large FOV 0.333 0.125 0.057 0.581 0.700 0.956 0.054
Chapter 6 Small FOV 0.19 0.71 - 0.71 0.23 2.23 0.125

NewTom
3G Chapter 6 Medium FOV 0.25 0.52 - 3.10 4.43 3.07 0.178
Chapter 6 Large FOV 0.23 0.16 - 0.16 0.84 1.31 0.052
Ludlowet al2006 Large FOV 0.767 0.418 0.123 1.941 3.583 3.522 0.177
Chapter 6 Mandible 0.16 0.14 - 0.14 0.02 0.98 0.035
Chapter 6 mandible 0.29 0.27 - 0.27 0.26 1.54 0.065

i-CAT

Chapter 6 Max/man 0.24 0.09 - 0.09 0.76 0.87 0.038
Chapter 6 13 height 0.25 0.10 - 0.10 0.48 1.13 0.039
Chapter 6 13 height 0.50 0.34 - 0.34 1.66 4.16 0.122
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Bone Oeso- Bone Salivar Effective
Scanner Study Region Thyroid Brain y Dose
marrow Phagus  Surface Glands
[mSv]
Chapter 6 Front mandible 0.05 0.06 - 0.06 0.02 0.27 0.013
Accui- Chapter 6 Can. Mandible 0.17 0.04 - 0.04 0.30 0.28 0.026
tomo
3-D Chapter 6 Post. mandible 0.07 0.16 - 0.16 0.03 0.59 0.030
Chapter 6 Full mandible 0.53 0.46 - 0.46 0.68 2.01 0.108
Mercu
Ray Ludlowet al2006 Full 6.33 0.692 0.393 3.211 3.967 5.467 0.482
Impla- Leeet al2007 Maxilla 0.826 0.078 0.098 0.361 0.604 2.125 0.078
Graphy .
Leeet al2007 mandible 1.290 0.108 0.099 0.500 0.339 2.744 0.105
VCT Leeet al2007 Full 1.242 0.335 0.179 1.555 2.121 2.930 0.165
Chapter 3 Large FOV 6.74 2.96 - 2.83 13.11 14.31 0.927
Se“156at'°” Chapter 3 Mandible 5.32 0.84 - 0.74 0.84 9.37 0.423
Chapter 3 Low dose 1.23 0.30 - 0.29 1.39 1.69 0.119
E:r:ioc_ Gijpelset al2005  Panoramic ~ 0.052  0.008  0.001  0.008  0.023 0328  0.007
Intra-oral Gijbelset al2003 Cephalometry 0.08 0 0 0 0.024 0.15 0.005
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Chapter 6

6.5.2 Impact on diagnosis and treatment
To conclude our discussion, we describe how and @BLT for dentomaxillofacial

applications can change the treatment for the mpistidor example in the area of oral
implant placement. Due to the ageing of the pomnatfull or partially edentulism be-
comes a major problem which can lead to aesthetit@wing, occlusal and pronuncia-
tion problems. Traditionally, dentures were useavercome these problems. However
during the last decades the use of oral implant®e Iproven to be one of the major im-
provements in the long history of oral rehabilati(Feineet al 2006). These implants
are placed during a surgical procedure. As discusséhe introduction, a good prepara-
tion of this procedure is necessary to achievepimal osseointegration of the implants.
For the preparation of such a surgery, preferemsedone to the use of 3-D imaging.
Before the introduction of the CBCT scanner, thiéepé needed to get an appointment in
a clinic or a radiological practice to acquire a @fthe mouth. Due to the long waiting
list, getting such an appoint could take severatkse With the introduction of CBCT
however, it is possible to image the patient dutg visit. After the images has been
processed, the implantologist can make a firstribag and discuss the different treat-
ment options with the patient, which improves comioation with the patient. Thanks to
this quicker diagnosis, the patient care can beorex considerably.

Because CT scanners exist longer than CBCT onead amahder why dentists
did not just install CT scanners in their officeBffere are different reasons for this. A
first reason is the difference in price betweerBlCT and a CT scanner. For example the
first version of the i-CAT was available at a primel55 000 $ where the cost of a full-
service CT scanner was around 1,5 million dollarmmre (Kaplowitz 2005). CBCT
scanners are becoming cheaper due to increasecetibarpbecause several companies
have launched their CBCT scanner. A second reasdhei size of CBCT scanners. A
CBCT scanner: a CBCT scanner is more compact thafl-service CT scanner which
makes it more easy to install it in a dental offidethird reason is the ease of use and the
specialisation of installed software towards deatgllications. Finally there is also more
comfort to the patient because sitting in a scamarore comfortable rather than laying
down.

Although there are many advantages when using alC@nners in dentomax-

illofacial applications one must keep in mind thlere are still some disadvantages.
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There is no good contrast between soft-tissuestt@r@fore it is not appropriate for the
diagnosis of tumours. Although the radiation doS€&BCT is lower than the radiation

dose of a standard CT, it is still considerablyhkigthan that of an intra-oral radiograph
and because of the high number of radiographs wdrietacquired in dental applications,

one must ensure that there is no overconsumpti@BaT scanners.
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Chapter 7
Summary

Recently, an impressive number of cone-beam cordpiaie@ography (CBCT) scanners
have been introduced that are dedicated to denibofagial imaging. With a traditional
multi-slice computed tomography (MSCT) scanner,esalv rotations of a gantry on
which an X-ray source and an X-ray receptor arentemn) are performed around the
patient while the patient moves through the gariéth a CBCT scanner, an X-ray
source and a two-dimensional (2-D) image recepternaounted on the gantry. In this
case, only one rotation of the gantry around thiepais performed. A reconstruction
algorithm is performed to calculate a three-dimemai (3-D) volume, based on the ac-
quired image data. Besides being solely used fagrdistic purposes, CBCT and MSCT
scanners are gaining increasing importance forupgésl planning and image-guided
surgical procedures in the maxillofacial area. 8¥lages acquired by these machines can
be successfully used for intra-operative navigadod image-guided endosseous dental
implant placement. Such applications require ai@afft geometric accuracy of the scans
to achieve satisfactory surgical results.

The manufacturers of CBCT scanners promise thaetlseanners provide 3-D
information to the dentomaxillofacial radiologisitiva lower radiation dose than con-
ventional MSCT scanners, but with sufficient imagelity to be used in image guided
endosseous implant placement. To test this hypisthbsth the image quality and the
radiation dose were evaluated on one MSCT scamkefcur different CBCT scanners:
Accuitomo 3D, NewTom 3G, MercuRay CB and i-CAT. $hewere the four pioneering
CBCT scanners for the field of dentomaxillofaciadliology.

(1) The image quality was evaluated based on begmentation accuracy, be-
cause accurate bone segmentation is a requireoettitef use of CBCT scanner in image
guided endosseous implant placement.

(2) The radiation dose was evaluated by measuhiageffective radiation dose
through experiments with a Rando-Alderson phantowch Bhermoluminescent Dosime-
ters. This method was preferred because no stamddrdechnical dose estimate was

available and simulations were too time-consuming.
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The question about image quality assessment waléedtin different steps. In
the first step, software was developed which candsal to establish segmentation accu-
racy of CT scanners automatically. Therefore, thwogean Spine Phantom (ESP), a
semi-anthropomorphic phantom that consists out gifine with three inserts, was used.
This phantom is built with an accuracy of 0.1 mmcdmputer model of this phantom
was built and aligned with the CT images of thentbm. Thanks to this alignment,
measure lines defined on the computer model coelttdnsferred to the CT image and
bone thickness at corresponding places could besumed and compared. This software
was further developed and optimised for use witlemrealistic phantoms for dentomax-
illofacial imaging.

In the next step the measured bone thickness framdibles and maxillas de-
rived from bone segmentations in both MSCT and CB€anners were compared. The
conclusion of this study was that the bone thickness significantly different. The
smallest difference was found for the i-CAT (0.0®9.47 mm) and the largest difference
was found for the Accuitomo 3D (1.2 + 1.0 mm).

To express the absolute accuracy of bone segrmamtatibetter gold standard
needed to be developed. This gold standard wasdfbynscanning a dry skull with a
laser scanner. Based on a point cloud derived efldber scanner, a 3-D volume was
calculated. This 3-D volume was matched with thB 8eans of the dry skull. For the
segmentation of the skull, the highest accuracy aeseved for the i-CAT. This accu-
racy was expressed as thd"Q@rcentile of the absolute difference betweertttiekness
measured on the laser model and the corresponiickness measured on the CT scan.
For the MSCT scanner, this value was 1.22 mm. @wnther evaluated CBCT scanners,
the accuracy was larger than 3 mm.

In a last test, the accuracy was assessed baspHysital phantoms provided
with the Accuitomo 3D. The first phantom was a wgér in PMMA with cylindrical
inserts of air, bone and aluminium. The second fgmrwas a cylinder in PMMA with
thin aluminium plates inserts folded in the formaimushroom. The tests on the first
cylindrical phantom taught us that except for theical protocol of the Accuitomo 3D,
the cylinders could be segmented with an accurdgghnis better than 1 mm. The study
of the second phantom taught us that the MSCT scasuffered more from metal arte-

facts and thus the segmentation accuracy was viordbe MSCT scanner than for the
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Chapter 7

CBCT scanner. In general, the results on the phlygibantoms, showed a better accu-
racy for the scanners, than the results on thé gkahtom.

Based on the study of the radiation dose, one couhdlude that the lowest ra-
diation dose was acquired for the Accuitomo 3D wlih Sv and the highest radiation
dose for the Sensation 16 with 923v. But for the Accuitomo 3D, only a small part of
the mandible was scanned and for the Sensatiohel6dmplete head was scanned. For
the NewTom 3G the values were between 52 and 178 Sv. For the i-CAT the values
ranged between 408v and 180 Sv.

If the combination of radiation dose and image ipa$s addressed however,
one can see that of the evaluated scanners, anly@AT holds it promise of providing
images with a lower dose but with the possibildyacquire accurate bone segmentations
comparable to traditional MSCT scanners. For treesmment of this accuracy, a skull
phantom with an accurate geometrical descriptionved from a laser scanner should
preferably be used. While geometric objects seeatitav a good evaluation of segemen-
tation accuracy, more anthropomorphic structuréthpagh essential, cannot be meas-

ured nor compared using such geometric objects.
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Chapter 8
Samenvatting

Onlangs zijn een indrukwekkend aantal cone-beanpated tomography (CBCT) scan-
ners geintroduceerd die gespecialiseerd zijn irtotesixillofaciale beeldvorming. Met
een traditionele multi-slice computed tomography5@T) scanner, worden enkele rota-
ties van een portaal waarop een X-stralenbron erx-atralenontvanger zijn gemonteerd,
uitgevoerd rond de patiént terwijl de patiént dbet portaal beweegt. Met een CBCT
scanner, zijn een x-stralenbron en een twee-dimeake (2-D) beeldontvanger gemon-
teerd op het portaal. In dit geval wordt slechts éstatie van het portaal rond de patiént
uitgevoerd. Een reconstructiealgoritme wordt uitgerd voor de berekening van een
drie-dimensionaal (3-D) beeldvolume op basis varvel&regen beeldgegevens. CBCT
en MSCT scanners worden niet alleen meer gebrwitit diagnostische taken, maar ze
worden ook steeds belangrijker voor prechirurgisplaning en beeldgeleide chirurgi-
sche procedures in het dentomaxillofaciale geb&d. beelden verkregen door deze
machines kunnen gebruikt worden voor intra-opevatigavigatie en beeldgeleide opera-
ties waarin orale implantaten geplaatst worden.gBlgke toepassingen vereisen een
voldoende geometrische nauwkeurigheid van de smansp deze manier een geslaagde
operatie te bereiken.

De fabrikanten van CBCT scanners beloven dat deasngrs 3-D informatie
genereren voor de dentomaxillofaciale radioloog e lagere stralingsdosis dan de
conventionele MSCT scanners, maar met voldoendditkiwezodat ze gebruikt kunnen
worden in beeldgebaseerde operaties voor het pfagtm orale implantaten.

Om deze hypothese te testen, werden zowel de headithit en de stralingsdo-
sis geévalueerd op een MSCT scanner en vier viesate CBCT scanners: de Accuito-
mo 3-D, de NewTom 3G, de MercuRay CB en de i-CAIf Maren de vier pioniers van
CBCT scanners voor de dentomaxillofaciale radiaogi
(1) De beeldkwaliteit werd geévalueerd op basisd@nauwkeurigheid van de botseg-
mentatie in deze beelden. Een nauwkeurige botsdgtieeis een vereiste voor het ge-

bruik van de CBCT scanner in beeldgeleide operaties het plaatsen van orale implan-
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taten.

(2) De stralingsdosis werd geévalueerd door he¢mean de effectieve stralingsdosis
door middel van experimenten met het Rando-Aldefantoom en thermoluminescente
dosismeters. Deze methode genoot de voorkeur cendgten gestandaardiseerde techni-
sche dosis schatting beschikbaar was en simutatie=el tijd in beslag nemen.

De vraag over de beoordeling van de nauwkeurigheidi onderzocht in ver-
schillende stappen. In de eerste stap, werd devaftontwikkeld die gebruikt wordt
voor het automatisch evalueren van de segmentatiwairigheid van CT scanners.
Daarvoor werd het European Spine Phantom (ESP)semiranthropomorfisch fantoom
dat bestaat uit een simulatie van een menselijggengraat, gebruikt. Dit fantoom is
gebouwd met een nauwkeurigheid van 0,1 mm. Een gtanpodel van dit fantoom
werd gebouwd en geregistreerd met de CT-beelderhgafantoom. Dankzij deze regi-
stratie kunnen meetlijnen die gedefinieerd zijrméi computermodel overgedragen wor-
den naar het CT-beeld en kunnen botdiktes op onkosestige plaatsen worden gemeten
en vergeleken. Deze software werd verder ontwiklezidgeoptimaliseerd voor gebruik
met meer realistische fantomen voor de dentoméadlale beeldvorming.

In de volgende stap werden botdiktes gemeten oprkalescand met CBCT
scanners en MSCT scanners met elkaar vergelekeoomusie van deze studie was dat
de dikte van het bot significant verschillend wés @vereenkomstige diktes werden ge-
meten op de twee verschillende soorten beelden.kldetste verschil werd gevonden
voor de i-CAT (0,05 + 0,47 mm) en het grootste ekitaverd gevonden voor de Accuit-
omo 3D (1,2 + 1,00 mm).

Om de absolute nauwkeurigheid van botsegmentatér teegeven, moest een
betere gouden standaard ontwikkeld worden. Dez@lagowstandaard werd vastgesteld
door het scannen van een droge schedel met eanstzmer. Gebaseerd op een pun-
tenwolk afkomstig van de laser scanner, werd eBnv@lume berekend. Dit 3-D volume
werd geregistreerd aan de 3-D scans van de schgeléloogste segmentatienauwkeurig-
heid werd bereikt met de i-CAT scanner. Deze nauwigbeid is uitgedrukt in de 90e
percentiel van de absolute verschil tussen de diteeten op de laser model en de over-
eenkomstige dikte gemeten op de CT-scan. Voor d€MScanner was deze waarde
1,22 mm. Voor de andere geévalueerde CBCT scanmerden nauwkeurigheden tot 3
mm gevonden.
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In een laatste test werd de nauwkeurigheid beotitagebasis van fysische fan-
tomen die geleverd werden bij de Accuitomo 3D. efetste fantoom was een cilinder in
PMMA met cilindrische structuren van lucht-, bot-@ominium in verwerkt. Het tweede
fantoom was een cilinder in PMMA met dunne alumimigevouwen platen in de vorm
van een paddestoel in verwerkt. De proeven op ilietigsch fantoom leerden ons dat
met uitzondering van het klinische protocol vanAteuitomo 3D, de cilinders kunnen
worden gesegmenteerd met een nauwkeurigheid dée iselan 1 mm. De studie van het
tweede fantoom leerde ons dat de MSCT scanner lamteneeft van metaalartefacten en
bijgevolg is de segmentatienauwkeurigheid slechter de MSCT scanner dan voor de
CBCT scanner voor structuren met een hoge denditeltet algemeen werden er op de
fysische fantomen, bleek een betere segmentatideauigheid bekomen dan met het
schedelfantoom.

Gebaseerd op de studie van de stralingsdosis, kanconcluderen dat de laag-
ste stralingsdosis werd bekomen door de AccuitoBarigt 13 Sv en de hoogste dosis
straling voor de Sensation 16 met 923v. Maar voor de Accuitomo 3D, wordt slechts
een klein deel van de onderkaak gescand en vo@edsation 16 werd het volledige
hoofd gescand. Voor de NewTom 3G lagen de waangsseh 52 en 178Sv. Voor de i-
CAT lagen de waarden tussen 48v en 180 Sv.

Als men de stralingsdosis en de beeldkwaliteit doedrt is echter te zien dat
van de geévalueerde scanners, alleen de i-CAT Idédevaarmaakt van het leveren van
beelden met een lagere dosis maar met de mogedijkbehet verwerven van accurate
botsegmentatie vergelijkbaar met de traditioneleOWIScanners. Voor de beoordeling
van de juistheid van de segmentatie van het sdbetielordt bij voorkeur een fantoom
met een nauwkeurige geometrische beschrijving, naditig van een laserscanner ge-
bruikt. Hoewel geometrische objecten zeer goedeatiemor het bepalen van de segmen-
tatienauwkeurigheid, missen zij de evaluatiemokiedijfen voor vergelijkende anthro-

pomorfe studies.
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