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ABSTRACT 
A number of novel medical diagnostic imaging modalities have emerged recently. Cone 
beam computed tomography (CBCT) is a radiographic imaging method that allows 
accurate, three-dimensional imaging of hard tissues. CBCT has been used for dental and 
maxillofacial imaging for more than ten years now and its availability and use are 
increasing continuously. However, at present, only “best practice” guidelines are 
available for its use, and the need for evidence-based guidelines on the use of CBCT in 
dentistry is widely recognized. 

We evaluated retrospectively the use of CBCT in a dental practice (I), the accuracy and 
reproducibility of pre-implant linear measurements in CBCT and multislice computed 
tomography (MSCT) in a cadaver study (II), prospectively the clinical reliability of 
CBCT as a preoperative imaging method for complicated impacted lower third molars 
(III), and the tissue and effective radiation doses and image quality of dental CBCT 
scanners in comparison with MSCT scanners in a phantom study (IV). 

Important anatomical hard tissue structures could be subjectively determined (I). CBCT 
examination offered additional radiographic information when compared with intraoral 
and panoramic radiographs (I). CBCT was found to be a reliable tool for pre-implant 
measurements when compared to MSCT (II) and also for location of the inferior alveolar 
canal in the lower third molar region (III). CBCT scanners provided adequate image 
quality for dental and maxillofacial imaging while delivering considerably smaller 
effective doses to the patient than MSCT (IV). The observed variations in patient dose 
and image quality emphasize the importance of optimizing imaging parameters in both 
CBCT and MSCT (IV). 
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1. INTRODUCTION 
Oral radiography was first used within weeks after the initial discovery of X-radiation 
and its ability to penetrate human tissues by W.C. Roentgen in 1895 (White and Pharoah 
2008). Today the use of X-radiation is an integral part of clinical dentistry. Radiological 
imaging is needed to determine the presence and extent of diseases, for treatment 
planning, to monitor disease progression and to assess treatment efficacy. Before 
radiological imaging can be performed a detailed patient history and clinical examination 
are needed. The findings can then be used to select the most appropriate type of 
radiological examination. 

No exposure to X-radiation can be considered completely free of risk (EC 2004). Ionizing 
radiation is the subject of considerable safety legislation designed to minimize the risks to 
radiation workers and patients. The radiation dose should be kept “as low as reasonably 
achievable” (the ALARA principle). 

Intraoral and panoramic radiographs are the basic imaging techniques used in dentistry 
and are quite often the only imaging techniques required for the detection of dental 
pathology (Boeddinghaus and Whyte 2008). In addition to the panoramic view, 
computer-controlled multimodality panoramic machines can produce tomographic 
images through many areas of the head. Other extraoral examinations include 
cephalograms, which are used mainly for orthodontic assessment. All these conventional 
imaging methods are available in digital format in addition to a film-based system (White 
and Pharoah 2008).  

Regardless of the technique, plain radiography provides only a two-dimensional (2D) 
view of complicated three-dimensional (3D) structures. Along with recent technological 
advancement, radiological imaging has moved towards digital, 3D and interactive 
imaging applications (Robinson et al. 2005, White and Pharoah 2008, Boeddinghaus and 
Whyte 2008). This was initially achieved by the use of conventional single, and later 
multislice CT (MSCT) (Gahleitner et al. 2003). Since the late nineties CBCT devices 
have been designed specifically for dentomaxillofacial imaging (Mozzo et al. 1998, Arai 
et al. 1999, Linsenmaier et al. 2002, Araki et al. 2004, Scarfe and Farman 2008). The 
benefits of the CBCT device are its lower cost, smaller size and smaller radiation dose 
when compared with conventional CT (Mozzo et al. 1998, Arai et al. 1999, Hashimoto et 
al. 2003).  

The availability and use of CBCT are increasing continuously and there is a need for 
evidence-based guidelines on the use of CBCT in dentistry. At present only “best 
practice” guidelines (SEDENTEXCT 2009) are available because of the limited number 
of high-quality research reports in this field. 

The purpose of this study was to evaluate the use of CBCT in a dental practice, to 
evaluate its accuracy and reproducibility in linear measurements, and to evaluate its 
reliability as a preoperative imaging method for complicated impacted lower third 
molars. The tissue and effective radiation doses and image quality of dental CBCT 
scanners and MSCT scanners were compared. 
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2. REVIEW OF THE LITERATURE 
2.1.  Radiographic imaging methods in oral radiology 
Conventional intraoral radiographs provide 2D images for most dental radiographic 
needs. The advantage with this technique is the high spatial resolution, which is of the 
order of 20 line pairs per millimeter (lp/mm) (Boeddinghaus and Whyte 2008). The tube 
shift or buccal object rule can be used to determine the anatomical relationship between 
different structures. Stereographic interpretation of the images is also possible with this 
method. 

Panoramic radiography produces a single image of both jaws. The X-ray source and film 
rotate synchronously around the patient’s head producing a curved surface tomograph 
(Paatero 1954). Its advantages are an excellent overview of oral hard tissues, the 
convenience of an extraoral examination, and a low patient radiation dose (White and 
Pharoah 2008). The resolution of panoramic images (approximately 5 lp/mm) is 
sufficient for many dental purposes but inferior to that provided by intraoral radiographs 
(Boeddinghaus and Whyte 2008), which is why supplementary periapical radiographs are 
often indicated. The disadvantages of panoramic radiography are the limited width of the 
sharply imaged layer and variable magnification. Its diagnostic value is also limited by its 
oblique projection, especially in the upper premolar regions. 

In addition to conventional panoramic imaging, many modern multifunctional panoramic 
units can utilize the parallax phenomenon – where at least two radiographs with a 
difference in vertical or horizontal angulations are exposed – producing extraoral 
scanograms (Tammisalo et al. 1992). Stereographic interpretation of the area is possible 
with this method. 

Conventional tomography involves the use of complex multidirectional movements in 
order to achieve radiographic slices of the volume under investigation (Flygare and 
Öhman 2008). More recently, conventional tomography has been largely replaced by CT 
and CBCT (White and Pharoah 2008, Flygare and Öhman 2008). 

Lateral and posteroanterior (PA) cephalograms are the standard radiographs obtained 
with a cephalostat. They are mainly used for orthodontic assessment. The images can be 
used to evaluate dental and skeletal relationships of the jaws as well as asymmetries 
(Boeddinghaus and Whyte 2008). 

All these conventional imaging methods are nowadays available in digital format in 
addition to a film-based system (White and Pharoah 2008). Regardless of the technique, 
plain radiography has only a limited capability in the evaluation of 3D relationships. 
Technological advances in radiological imaging have moved from 2D projection 
radiography towards digital, 3D and interactive imaging applications (Robinson et al. 
2005, White and Pharoah 2008, Boeddinghaus and Whyte 2008). This has been achieved 
first by the use of conventional single, and later multislice, CT (MSCT) (Gahleitner et al. 
2003) and more recently by CBCT (Mozzo et al. 1998, Arai et al. 1999, Linsenmaier et 
al. 2002, Araki et al. 2004, Scarfe and Farman 2008). 
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2.2.  Radiographic imaging of lower third molars 
Diagnostic imaging of lower third molars should give information not only about the 
tooth but also about the surrounding bone, inferior alveolar nerve (IAN) and the lower 
second molar. According to a recent review there is little scientific evidence for the 
preoperative usefulness of different imaging techniques in association with surgical 
removal of lower third molars (Flygare and Öhman 2008).  

The surgical removal of an impacted lower third molar may result in damage to the IAN 
and lingual nerve (Benediktsdóttir et al. 2004). The risk of nerve damage increases when 
the roots of the tooth and the IAN are in direct contact (Kipp et al. 1980, Monaco et al. 
2004). In addition to the relationship between the inferior alveolar canal (IAC) and the 
third molar, other factors connected with the risk of IAN damage are surgical technique, 
surgeon or operator, method of anesthesia, patient age, and position of the third molar 
(Brann et al. 1999, Gülicher and Gerlach 2001, Valmaseda-Castellon et al. 2001). In a 
recent retrospective study impacted third molar removal was found to be the main cause 
of IAN sensory deficiency after dental procedures (Libersa et al. 2007). 

Panoramic and/or intraoral radiographs are sufficient for preoperative imaging in most 
cases where there is no overlap between the IAC and the lower third molar (Flygare and 
Öhman 2008). Where there is such overlap, a diversion of the IAC, darkening of the root, 
and interruption of the white line in a panoramic radiograph have been found to be 
significantly related to nerve injury (Rood and Shehab 1990, Blaeser et al. 2003). In 
addition to these signs, Sedaghatfar et al. (2005) reported narrowing of the root to be 
significantly associated with IAN exposure. However, the buccolingual relationship 
between the IAC and the lower third molar cannot be evaluated in panoramic radiographs 
unless a stereoscopic panoramic examination read using either natural stereopsis (Wenzel 
1999) or stereoscopic binoculars (Ventä et al. 2008). In addition, panoramic radiography 
has limited accuracy regarding the number of roots and in the description of root 
morphology (Wenzel et al. 1998, Bell et al. 2003, Benediktsdóttir et al. 2003).  

Intraoral radiographs are 2D images and their use may be complicated in lower third 
molar examinations. The tube shift or buccal object rule can be used to determine the 
anatomical relationships in lower third molar cases. These images can also be evaluated 
using stereoscopic interpretation. 

Tammisalo et al. (1992) found the multiprojection narrow beam radiography (MNBR) 
stereographic technique (scanograms) useful for evaluating the buccolingual relationship 
between the IAC and the roots of the third molar. Wenzel et al. (1998) reported that in 
approximately 50% of cases with the nerve reported visible after removal of the lower 
third molar, the radiologist considered the IAC to be in close contact with the tooth. In 
that study the imaging methods used were MNBR stereography or panoramic 
radiography and a series of three intra-oral radiographs. No significant differences 
between the methods were found. 

Flygare and Öhman (2008) recommended the posteroanterior (PA) open mouth view if 
the IAN and root relationship of the lower third molar cannot readily be interpreted from 



 12 

standard panoramic or intraoral radiographs. According to them, the PA open mouth view 
will solve most of the cases. 

Conventional cross-sectional tomography has been reported to be capable of determining 
the location of the IAC in relation to the lower third molar in more than 97% of cases 
(Miller et al. 1990, Kaeppler 2000, de Melo Albert et al. 2006). On the other hand, during 
determination of the location of the IAC before mandibular posterior osteotomy or 
implant surgery using cross-sectional hypocycloidal tomography the canal was judged to 
be invisible in 14.3% and fairly visible in 11.7% of cases (Aryatawong and Aryatawong 
2000). Inherent phantom images tend to obscure small details in this method (Flygare and 
Öhman 2008). Also, the angulation of IAN can be too complicated to be visualized cross-
sectionally.  

It has been stated that the use of CT prior to surgical removal of lower third molars 
allows the relationship between the IAC and the third molars to be determined precisely 
(Feifel et al. 1994, Maegawa et al. 2003, Öhman et al. 2006). The radiation dose (Öhman 
et al. 2008) and cost of the CT examination are both higher and the method is not as 
widely available as the previously mentioned methods.  

 CBCT examination has been found useful in preoperative diagnostics prior to the 
surgical removal of lower third molars (Heurich et al. 2002, Danforth et al. 2003, 
Tantanapornkul et al. 2007, Friedland et al. 2008, Neugebauer et al. 2008, 
Tantanapornkul et al. 2009). In a recent study, CBCT (3D Accuitomo)(Table 1) was 
found to be superior to panoramic images in predicting neurovascular bundle exposure 
during the extraction of impacted lower third molars (Tantanapornkul et al. 2007). 
However, the results are not consistent. Exact reconstruction of the course of the IAC 
with the help of CBCT (NewTom) was successful in 75 cases of out 81 (93%) before 
lower third molar extraction (Heurich et al. 2002). With the same scanner type (NewTom 
9000) Pawelzik et al. (2002) were able to reveal the IAC in 94% of CBCT reconstructed 
paraxial images.  

In their recent review, Flygare and Öhman (2008) concluded that CBCT or low-dose CT 
is indicated in a restricted number of cases where there is an intimate relationship 
between the IAC and the lower third molar.  
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 Table 1. CBCT devices referred to in the literature. 
 

Scanner Manufacturer Other names for the scanner 
used in the literature 

 
Accuitomo  J. Morita Corporation, Kyoto, 

Japan 
 

3D Accuitomo  
3DX Accuitomo 
3DX  

Alphard Vega Asahi Roentgen, Kyoto, Japan 
 

 

CB MercuRay Hitachi Medical Systems, Tokyo, 
Japan 
 

Mercuray 

Galileos Sirona, Bensheim, Germany 
 

 

i-CAT Imaging Sciences International, 
Hatfield, Pennsylvania, USA 
 

 

Iluma Imtec Imaging, Ardmore, 
Oklahoma, USA 
 

 

NewTom 9000 Quantitative Radiology, Verona, 
Italy 
 

NewTom DVT 9000 
DVT-9000 

NewTom 3G Quantitative Radiology, Verona, 
Italy 
 

 

Prexion 3D Terarecon, San Mateo, California, 
USA 
 

 

Promax 3D Planmeca, Helsinki, Finland 
 

 

Scanora 3D Soredex, Tuusula, Finland 
 

 

Siremobil Iso-C3D Siemens, Erlangen, Germany 
 

 

Veraview 3D J. Morita Corporation, Kyoto, 
Japan 

Veraviewepocs 3D 
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2.3. Technical basis of CBCT 
Cone beam computed tomography (CBCT) imaging is accomplished using a rotating 
gantry to which an X-ray source and detector are fixed. CBCT scanners use a tightly 
collimated narrow cone-shaped X-ray beam instead of a wider fan or cone beam, 
resulting in a scan range with a more restricted FOV in the axial dimension than in 
MSCT (Robinson et al. 2005, Scarfe and Farman 2008). Image data is recorded in a 
single 180-360 degrees gantry rotation by a 2D detector. Scanning time is the whole 
examination time, and exposure time is the time during which X-rays are used. Some 
units provide continuous radiation exposure instead of pulsed X-ray beam exposure 
(Scarfe and Farman 2008). Posteroanterior and lateral scout views – when available – 
may be used to determine the correct location of the imaging area. However, the 
positioning of the FOV using a single projection is prone to error because of the summing 
of attenuation structures in the depth direction and divergence of the beam. 

Depending on the device, the patient is in the sitting, standing or supine position during 
the examination. The height and diameter of the beam’s cylindrical FOV can vary from 
small fields for dental imaging to large fields for other facial examinations (Arai et al. 
1999, Ludlow et al. 2006, Scarfe and Farman 2008). Some machines allow the FOV to be 
selected to suit the particular examination. FOV mode options may include facial, 
panoramic, implant and dental (Araki et al. 2004). If available, stitching makes it possible 
to mosaic adjacent CBCT volumes.  

During imaging the X-ray source and the detector synchronously move around the 
patient’s head, which is stabilized with a head holder. During the rotation, multiple – 
from 150 to more than 600 – sequential planar projection images of the FOV are acquired 
(Scarfe and Farman 2008). This series of basis projection images is referred to as 
projection data. This acquisition stage involves image collection and detector 
preprocessing (Scarfe and Farman 2008). 

Earlier CBCT scanners employed image intensifiers (II) and charged couple device 
(CCD) matrices in the image detector hardware. Flat panel detectors (FPD) have 
supplemented and expanded II and CCD technology (Baba et al. 2002, Baba et al. 2004, 
Siewerdsen et al. 2005, Bartling et al. 2007, Kalender and Kyriakou 2007, Gupta et al. 
2008, Scarfe and Farman 2008). The most common FP configuration consists of a cesium 
iodide (CsI) scintillator applied to a thin film transistor made of amorphous silicon 
(Scarfe et al. 2006, Gupta et al. 2008). In the case of a FPD, the configuration is less 
complicated and the detector offers a greater dynamic range (Kalender and Kyriakou 
2007, Scarfe and Farman 2008) and less peripheral distortion than the II detector (IID) 
(Bartling et al. 2007, Scarfe and Farman 2008). FPD technology also offers fast digital 
readout and the possibility for dynamic acquisition of image series (Kalender and 
Kyriakou 2007), while it can greatly enlarge the FOV (Baba et al. 2002). The FPD cone 
beam system has a higher spatial resolution than the IID system (Baba et al. 2002, 
Bartling et al. 2007) and exhibits less noise (Baba et al. 2004). Because FPDs have greater 
sensitivity to X-rays than IIs, they have the potential to reduce patient dose 
(SEDENTEXCT 2009). On the other hand, Scarfe and Farman (2008) stated that a 
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disadvantage is that the FPD requires a slightly greater radiation dose than the IID. FPDs 
also have limitations in their performance related to the linearity of response to the 
radiation spectrum, the uniformity of response throughout the area of the detector, and 
bad pixels, the effects of which on image quality are most noticeable at lower and higher 
exposures (Scarfe and Farman 2008). 

When the basis projection frames have been acquired, data is processed to create the 
volumetric data set. This process is called reconstruction and it has two stages: sinogram 
formation and reconstruction using the Feldkamp algorithm. The Feldkamp algorithm is 
the first and most widely used back projection algorithm for volumetric data acquired 
using a cone beam (Scarfe and Farman 2008). Reconstructed slices can be recombined 
into a single volume for visualization. 

Primary images can be used for secondary reconstructions in all planes and for producing 
3D views. For most CBCT devices the images are presented on screen as secondary 
reconstructed images in three orthogonal planes (axial, sagittal, and coronal). Data sets 
can be sectioned nonorthogonally and most software provides for various nonaxial two-
dimensional images, referred to as multiplanar reformation (MPR) (Scarfe et al. 2006, 
Scarfe and Farman 2008). MPR modes include oblique, curved planar reformation and 
serial transplanar reformation (Scarfe et al. 2006, Scarfe and Farman 2008), which are 
similar to images produced by reformatting software used with conventional CT scanners 
such as DentaScan (GE Healthcare) (Mozzo et al.1998, Araki et al. 2004). Options for 
slice thickness depend on the individual machine. Ray sum images (adding the absorption 
values of adjacent voxels) can be used for example to generate cephalometric images 
(Scarfe et al. 2006, Moshiri et al. 2007, Scarfe and Farman 2008).  

Software has been developed to assist in implant treatment planning, for orthodontics, for 
display of relationships between hard and soft tissues, and for making measurements of 
true distances and angles (White and Pharoah 2008). Rapid-prototyping models can also 
be generated using CBCT data. 

CBCT has excellent high-contrast resolution as a result of the small size and geometry of 
its isotropic voxels (Linsenmaier et al. 2002, Scarfe and Farman 2008). The voxel 
resolution of CBCT ranges from 0.076 mm to 0.4 mm (Scarfe and Farman 2008). For 
comparison, isotropic voxels as small as 0.24 mm can be achieved with conventional CT 
(White et al. 2008). The disadvantages of CBCT imaging are poor soft tissue contrast and 
artefacts (Arai et al. 1999, Scarfe and Farman 2008). Poor soft tissue contrast is not 
usually a problem in dental and maxillofacial imaging, because the main subjects of 
interest are generally mineralized tissues, i.e. teeth and bones. 

 

2.4.  Indications for CBCT examination 
With the cone beam technique, micro-CT units were initially used for non-human studies 
rendering a spatial resolution in the range 1-60 μm, warranting exposure times between 
20 minutes and several hours (Robinson et al. 2005). The indications for these 
examinations were bone architecture and mineralization, adipose tissue quantification, 
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vasculature, heart valves, quantification of radionuclide-based tomographic images, and 
experimental endodontology (Robinson et al. 2005). 

Unlike micro-CT, CBCT is suitable for in vivo imaging of large animals or for human 
studies. For human studies CBCT was initially developed for angiography (Robb 1982). 
C-arm CBCT scanners have been used increasingly in interventional radiography in both 
vascular and nonvascular procedures (Orth et al. 2008, Wallace et al. 2008). Other 
medical applications are radiotherapy guidance (Morin et al. 2006, Pouliot 2007) and 
mammography (Zhong et al. 2004). FP CBCT appears to be a promising imaging 
modality for studying fractures and other musculoskeletal pathology (Reichardt et al. 
2008). FP CBCT may also provide an “omni-scanning” capability, i.e. it allows different 
kind of examinations – radiography and fluoroscopy, X-ray angiography, computed 
tomography – to be made with the same scanner (Gupta et al. 2006). 

In recent years CBCT scanners have been increasingly developed specifically for dental 
and maxillofacial imaging (Mozzo et al. 1998, Arai et al. 1999, Robinson et al. 2005, 
Scarfe and Farman 2008). At the moment no detailed evidence-based guidelines on 
CBCT use are available (Horner et al. 2009). However, basic principles for the use of 
dental CBCT were recently published as consensus guidelines by the European Academy 
of Dental and Maxillofacial Radiology (Horner et al. 2009). SEDENTEXCT (2009) 
Provisional Guidelines on Cone Beam CT use have also been published and at the 
moment many of the recommendations made are “best practice”. In addition, the 
American Academy of Oral and Maxillofacial Radiology has given an executive opinion 
statement on performing and interpreting diagnostic CBCT (Carter et al. 2008). 

CBCT in dentistry is used in preoperative implant planning (Guerrero et al. 2006, Ganz 
2008, Spector 2008), lower third molar imaging (Heurich et al. 2002, Danfort et al. 2003, 
Tantanapornkul et al. 2007, Tantanapornkul et al. 2009), evaluation of the 
temporomandibular joints (TMJs) (Honda et al. 2006, Honey et al. 2007, Hussain et al. 
2008, Lewis et al. 2008) and examination of teeth and facial structures for orthodontic 
treatment planning (Scarfe and Farman 2008, Hechler 2008). CBCT has benefits for 
patients with 3D deformities, such as craniofacial anomalies, orofacial clefts or 
orthognathic cases (Wörtche et al. 2006, van Vlijmen et al. 2009a). 

Endodontic applications, periodontal bone assessment and caries diagnosis using CBCT 
have been recently reviewed by Tyndall and Rathore (2008). The evaluation of bone for 
signs of infection, cysts or tumors is another possible indication for CBCT examination 
(Schulze et al. 2006, Closmann and Schmidt 2007, Fullmer et al. 2007, White and 
Pharoah 2008) as is assessment of maxillary sinus (Ziegler et al. 2002) and airways 
(Strauss and Burgoyne 2008).  

CBCT imaging of facial fractures, including intraoperative CBCT imaging with a mobile 
C-arm, has been investigated by Heiland et al. (2004a, 2004b, 2005). Intraoperative 
CBCT for guidance of head and neck surgery, temporal bone surgery and frontal recess 
surgery has been evaluated in cadaver studies (Rafferty et al. 2005, Rafferty et al. 2006, 
Chan et al. 2008), while interest has also been shown in the use of CBCT imaging in 
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otologic indications (Dalchow et al. 2001, Dalchow et al. 2006, Peltonen et al. 2007, 
Peltonen et al. 2009). 

 

2.5.  Image quality of CBCT 
Image quality assessments are often based on subjective measurements. A limiting 
resolution and threshold contrast detail detectability are used to assess image quality. 
However, these are difficult to quantify (Workman and Brettle 1997). The objective 
assessment of imaging performance allows systems to be rated on an absolute scale. 
Objective measurements allow quantification of the factors which affect image quality 
such as resolution, contrast and noise (Workman and Brettle 1997). They allow the 
factors affecting image quality to be compared with those of a different system and 
provide a means of monitoring system performance for the purposes of quality assurance 
(Workman and Brettle 1997). 

 

2.5.1.  Modulation transfer function  
The modulation transfer function (MTF) describes spatial resolution, which is defined as 
the smallest separation at which two objects can be distinguished as separate units (Gupta 
et al. 2008). MTF is a graphical description of the blur or resolution characteristics of any 
imaging system or its individual components (Farman et al. 2005). It describes the ability 
of an imaging system to reproduce signals of a range of spatial frequencies. MTF is the 
ratio of the amplitude of spatial frequency at the output from the imaging system to the 
amplitude of the same spatial frequency at the input to the imaging system (Workman 
and Brettle 1997). If all spatial frequencies are passed by the system with equal gain, the 
MTF of the system is 1 (100%) for all spatial frequencies (Workman and Brettle 1997). If 
the MTF is 0 (0%) no information is available; the value 0.5 indicates that 50% of the 
information is recorded. An MTF value of 0.04 (4%) to 0.05 (5%) corresponds to the 
minimum needed to recognize the smallest object in low-noise images. Traditionally, the 
spatial frequency that results in 10% contrast (MTF 0.1) is cited as the spatial resolution 
of the scanner (Gupta et al. 2006). 
Spatial resolution depends on focal spot size, detector element size, geometry and the 
reconstruction parameters (Farman et al. 2005, Bartling et al. 2007). Motion is a potential 
source of blur. The source having the lowest limiting frequency will determine the MTF 
of the system (Farman et al. 2005). Spatial resolution is highly correlated with image 
noise and contrast-to-noise ratio (CNR) (Liang et al. 2009a). The image quality parameter 
most easily modified is the detector element size, which is effectively enlarged by 
binning (Kalender and Kyriakou 2007). A binning of n x n means that n x n pixels are 
combined and read out as one. Binning reduces noise and the amount of data and can 
thereby increase frame rates, although it also reduces spatial resolution. Siewerdsen et al. 
(2005) suggested that the spatial resolution and noise for a FPD-based system are 
governed primarily by blur in the X-ray converter (CsI:Thallium) and reconstruction 
filter rather than pixel size limiting the voxel size of current C-arm CBCT devices.  
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For comparison, the spatial resolution of panoramic radiographs is approximately 5 
lp/mm and that of intra-oral radiographs of the order of 20 lp/mm (Boeddinghaus and 
Whyte 2008). The minimum frequency for diagnostically acceptable intraoral X-ray 
images has been reported to be 5 lp/mm (Kashima 1995). 
The resolving power at an MTF of 0.5 of the Ortho-CT CBCT scanner with a 
combination of X-ray II and CCD camera detector (the prototype of the 3D Accuitomo 
CCD scanner) has been reported to be about 1.0 lp/mm and the visual resolution limit 
about 2.0 lp/mm (Arai et al. 1999). The MTFs in the vertical and horizontal directions 
were similar due to the isotropic voxels (0.136 mm). 

Araki et al. (2004) evaluated the MTF of the CB MercuRay CBCT scanner. A MTF of 0.1 
varied from 1.3 – 2.3 lp/mm and was the best for dental mode with the smallest voxel 
size (0.1 mm). MTF curves in horizontal and vertical directions were almost the same, as 
would be expected.  

CBCT has been reported to yield a greater high-contrast spatial resolution than MSCT 
(Linsenmaier et al. 2002, Ross et al. 2006). A prototype of the 3D C-arm CT system 
(Siremobil Iso-C3D) had a 0.9 lp/mm high-contrast resolution (Linsenmaier et al. 2002). 
The same resolution of 0.9 lp/mm on the transverse images was obtained in this study 
with an MSCT scanner, although the scanner had a markedly lower resolution on the z 
axis (0.5 lp/mm). The voxel size of this CBCT device was 0.46 mm. Ross et al. (2006) 
reported that a MTF of 0.1 for  FPD CBCT (prototype) was approximately 25 lp/cm (2.5 
lp/mm) and for 16-row MSCT 14-15 lp/cm (1.4-1.5 lp/mm). 

Conventional CT has larger voxels than CBCT and their resolution at a MTF of 0.5 is 
only 0.5 lp/mm (Arai et al. 1999). The same authors stated that it is unlikely that a higher 
resolution will be achieved with conventional CT, especially in axial scanning, because 
of the focal spot size, and limitations in the precision of the table movement. The advent 
of MSCT models means that fast isotropic imaging – isotropic voxels as small as 0.24 
mm can be achieved – and increased spatial resolution can be achieved (White et al. 
2008). However, some structures are still beyond the resolution limits of MSCT and are, 
in addition, affected by relevant partial volume effects (Bartling et al. 2007).  

It should also be pointed out that the filters used in image reconstruction have a profound 
influence on the form of the MTF curve, as the CNR values are much influenced by the 
reconstruction filter used. It should therefore be emphasized that the results reported in 
different studies are dependent on the protocols used and therefore do not necessarily 
represent the intrinsic image quality properties of the scanners concerned. 

 

2.5.2.  Noise, contrast-to-noise ratio 
Noise is defined as unwanted fluctuations in the signal level. It degrades image quality 
because noise fluctuations can mask real signal fluctuations (Workman and Brettle 1997). 
In a radiographic imaging system the relative quantum noise decreases as the number of 
X-ray quanta absorbed per unit area increases (Workman and Brettle 1997). In addition, 



 19 

small pixels capture fewer X-ray photons and result in more image noise than large ones 
(Scarfe and Farman 2008). Noise can be reduced by binning (Kalender and Kyriakou 
2007). 

The CNR of two materials can be calculated as the difference between the signals 
measured for each material divided by the image noise, according to the equation:  

Noise
SignalSignalCNR 21 ��  

The average intensity value measured inside a certain region of interest (ROI) can be 
considered as signal and the standard deviation of the intensity values inside the region as 
noise for the material. 

In addition to artefacts, image noise and poor soft tissue contrast are limitations of CBCT 
imaging (Gupta et al. 2006, Scarfe and Farman 2008). In CBCT technology, area 
detectors – IIDs and FPDs – are used. For that reason much scattered radiation is 
recorded, which causes image degradation or noise (Gupta et al. 2006, Scarfe and Farman 
2008). Alongside increased image noise, scattered radiation is an important factor in 
reducing the contrast of cone-beam technology (Gupta et al. 2006, Siewerdsen et al. 
2006, Scarfe and Farman 2008). CBCT machines are unable to distinguish soft tissue 
because exposure settings and image detection techniques (for instance, use of an II) 
make contrast resolution much lower than that of conventional CT (Arai et al. 1999). 
With CBCT, inherent FPD-related artefacts affect the linearity of response to X-radiation 
and also influence contrast resolution (Scarfe and Farman 2008). Furthermore, unlike 
conventional CT, CBCT can provide only partial projection data. Because it is impossible 
to estimate CT values accurately with partial projection data, CBCT image 
reconstructions are based on calculations of relative values (Arai et al. 1999). Katsumata 
et al. (2009) stated that X-ray beam hardening and scattered radiation might also affect 
the density profile by lowering density values, because the effect of beam hardening is 
most apparent when a radiopaque object is scanned with a low-energy X-ray beam, as 
used in dental CBCT devices. 

Since the early development of medical CT scanners, Hounsfield units (HU) have been 
the accepted standard scale for measurement of CT values, and the values of X-ray tissue 
absorption can be measured very accurately, thus allowing the nature of the tissue to be 
studied (Katsumata et al. 2009). To calculate HU, the scanner must be calibrated against 
the X-ray absorption of air (-1000 HU) and water (0 HU). HU values were not used in 
early limited-volume CBCT systems (Arai et al. 1999) and it is difficult for FPD limited-
volume CBCT to yield accurate density value measurements (Katsumata et al. 2009). 

Low-contrast or soft tissue resolution is strongly dependent on image noise levels. FPDs 
are still less efficient than the detectors used for MSCT as they have limited temporal 
resolution and dynamic range (Orth et al. 2008) and are thus expected to provide higher 
noise and a poorer low-contrast resolution at a given dose level (Kalender and Kyriakou 
2007). On the other hand, with CBCT systems designed to scan a larger FOV with larger-
size detectors and a relatively high-energy X-ray generator, the influence of artefacts 
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peculiar to smaller limited-volume CBCT imaging might be small and the use of HU is 
possible. Gupta et al. (2006) have shown that FP CBCT enables differentiation of 
structures with a difference in attenuation of 5 HU from the background. This is slightly 
inferior to MSCT, which permits differentiation of structures within approximately 1 HU 
(Shin et al. 2004). The difference is mainly due to the lower dynamic range of the CsI-
based FPD (Gupta et al. 2008). Katsumata et al. (2009) showed in an in vitro study the 
highest density variability to be in the smallest volume scans using a FP CBCT device 
(Alphard Vega). In a recent review concerning musculoskeletal applications of FP CBCT 
it was concluded that FP CBCT shows vessels, tendons and nerves in great detail, and 
contrast resolution was not found to be a limiting factor (Reichardt et al. 2008). In 
dentistry, the main subject of interest is hard tissues, and devices have been designed for 
that purpose to achieve high-resolution images with a low radiation dose. 

In the case of the II /CCD detector CBCT (CB MercuRay) scanner, image noise has been 
measured as the standard deviation of the CT value (HU) of water using a cylindrical 
water phantom (Araki et al. 2004). The standard deviation of the CT value in water was 
approximately 80. The measured noise values were considered to be higher than those of 
conventional helical CT. As expected, noise decreased with increasing voxel size and 
with increasing beam current. Another study showed that the HU values obtained for CB 
MercuRay CBCT were quite different from those obtained for MSCT: the standard 
deviations were almost ten times larger with CBCT, and in vivo assessment showed that 
the CBCT values for fat had a wide range that partially overlapped the values for muscle 
(Yamashina et al. 2008). However, Lagravère et al. (2006, 2008) were able to derive a 
predictable relationship between HU values and materials of different densities using 
NewTom 9000 and NewTom 3G. This relationship was not affected by the object’s 
location within the scanner itself (Lagravère et al. 2008). Bone density evaluation of 
implant sites has been studied by many authors, too (Barone et al. 2003, Aranyarachkul et 
al. 2005, Lee et al. 2007). 

The CNR of the 3D Accuitomo CCD scanner has been reported to be more than 50% 
lower than that of the MSCT scanner (Peltonen et al. 2007). The authors concluded that 
the CNR was diagnostically adequate for imaging the middle and inner ear. Cadaver 
temporal bone immersed in water was used for these measurements. Peltonen et al. 
(2009) have also analysed the CNR of the 3D Accuitomo CCD scanner by imaging a 
specially built phantom insert with different protocols. The best CNRs of the phantom 
images were achieved with the highest tube current and voltage. However, the quality of 
the images of cadaver temporal bones was graded as at least satisfactory with all the 
protocols. 

Daly et al. (2006) studied image quality in intraoperative guidance for head and neck 
surgery using a C-arm CBCT prototype and an anthropomorphic head phantom 
containing contrast-detail-spheres and a natural human skeleton. Excellent visualization 
of bony and soft tissue structures was achieved at doses of ~3 mGy (0.10 mSv) and ~10 
mGy (0.35 mSv), respectively. The effects of CBCT acquisition and reconstruction 
parameters on 3D image quality agreed with theoretical expectations. CNR increased as 
the square root of dose, decreased as the inverse of the reconstruction filter’s relative cut-
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off frequency, increased as the square root of voxel size, and was not affected by the 
number of projections over the range 100-500 in this study protocol. Thus, the use of an 
adaptable post-processing framework allows improved visualization of soft tissues (e.g., 
via smooth filters and increased voxel size) and bony structures (e.g., via sharp filters and 
reduced voxel size). 
 

2.5.3. Visual evaluation  
A visual evaluation of image quality is clinically relevant. In published studies on CBCT, 
evaluation of image quality has often been based on subjective analysis, i.e. visualization 
of anatomical landmarks of a cadaver head or a dry human skull or part of it (Hashimoto 
et al. 2003, Gupta et al. 2004, Schulze et al. 2005, Hashimoto et al. 2006, Bartling et al. 
2007, Loubele et al. 2007, Peltonen et al. 2007, Kwong et al. 2008, Liang et al. 2009a, 
Peltonen et al. 2009).  Some studies compared the image quality of CBCT with that of 
MSCT scanners, which served as the reference imaging method (Hashimoto et al. 2003, 
Gupta et al. 2004, Holberg et al. 2005, Hashimoto et al. 2006, Bartling et al. 2007, 
Loubele et al. 2007, Peltonen et al. 2007, Liang et al. 2009a). Others have studied the 
image quality between different CBCT scanners (Schulze et al. 2005, Liang et al. 2009a) 
or by using different CBCT settings (Kwong et al. 2008, Liang et al. 2009a, Peltonen et 
al. 2009). In general, the quality of CBCT images of high-contrast structures was graded 
higher than, or the same as, MSCT images (Hashimoto et al. 2003, Gupta et al. 2004, 
Hashimoto et al. 2006, Bartling et al. 2007, Peltonen et al. 2007, Liang et al. 2009a). 
However, there are studies where the image quality of conventional CT on the whole 
(Holberg et al. 2005) or in part has been reported to be better than that with CBCT 
(Loubele et al. 2007). The device(s) and scanning protocols used obviously influence the 
results. 

Hashimoto et al. (2003, 2006) compared the imaging performance between II/CCD 
detector CBCT (3D Accuitomo) and four-row MSCT using a subjective five-level scale. 
The subjective evaluation of imaging performance found the CBCT device superior to 
MSCT. Peltonen et al. (2007) concluded that II/CCD detector CBCT (3D Accuitomo) 
was at least as accurate as MSCT in showing clinically important landmarks of the 
temporal bone. Gupta et al. (2004) reported that experimental prototypical FP CBCT 
suitable only for ex vivo specimens provided better definition of fine osseous structures of 
the temporal bone than MSCT scanners. When experimental large FOV (33 cm) FPD 
CBCT and 16-row MSCT devices were compared, it was found that the image quality for 
high-contrast structures was slightly superior using FPD CBCT (Bartling et al. 2007). 
Complete embalmed cadaver heads were used in this study to better mimic the clinical 
situation. It was concluded that CBCT imaging could improve diagnostic imaging in 
situations where the assessment of small high-contrast structures is crucial, e.g. ossicular 
chain, dehiscence diagnosis and dental imaging. Liang et al. (2009a) compared the image 
quality and visibility of anatomical structures in the mandible of five CBCT scanners (3D 
Accuitomo, i-CAT, NewTom 3G, Galileos, Scanora 3D) and one MSCT system. CBCT 
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image quality was found to be even superior to MSCT even though some variability 
existed among the different CBCT systems in depicting delicate structures. 

Loubele et al. (2007) reported that CBCT (3D Accuitomo) offered better visualization 
and delineation of the lamina dura and the periodontal ligament space, but MSCT gave 
better visualization of the cortical bone and the gingiva. On the other hand, Holberg et al. 
(2005) found better visualization of the periodontal ligament space using CT than CBCT, 
although no statistical tests were applied to their results. Furthermore, the enamel-dentin 
interface and pulp cavity edges were on the whole much more sharply defined in CT. 
These results can, at least in part, be explained by the fact that a first-generation II/CCD 
detector CBCT device (NewTom 9000) was used in this study. In addition, the 
comparison was made using randomly selected examinations and not using the same 
material with both methods. 
Image quality has also been studied using different settings of the CB MercuRay (Kwong 
et al. 2008). It was concluded that the presence or absence of a filter and the kilovolt 
(peak) (kV(p)) setting did not affect overall image quality. Images taken at lower 
milliampere settings showed good diagnostic quality. In the study by Peltonen et al. 
(2009) the best CNRs of the phantom images obtained with a 3D Accuitomo were 
achieved with the highest tube current and voltage, as would be expected. However, the 
quality of bone images was graded as at least satisfactory with all the protocols used. 

 
2.5.4.  Cone beam artefacts 
An artefact is a distortion or error in an image that is not related to the subject being 
studied (Scarfe and Farman 2008). Artefacts can be classified according to their cause. 
As with CT, artefacts in CBCT can be physics-based, patient-related or scanner-based 
(Barrett and Keat 2004, Scarfe and Farman 2008). In addition, cone-beam related 
artefacts are a characteristic of CBCT (Scarfe and Farman 2008). 

 
2.5.4.1. Physics-based artefacts 
Beam hardening. The photons of the X-ray beam exhibit a certain spectrum of energy. 
With a higher energy beam the photons are less debilitated by the penetration of tissues 
than with an average energy beam, and photons with low energy are absorbed (Barrett 
and Keat 2004, Draenert et al. 2007). As a consequence, the mean energy increases 
(Barrett and Keat 2004, Scarfe and Farman 2008). Two types of artefacts can result from 
this effect: i) cupping artefacts, and ii) the appearance of dark bands or streaks between 
dense objects in the image (Barrett and Keat 2004, Scarfe and Farman 2008). 

To minimize beam hardening, manufacturers of conventional CT devices use either 
filtration or calibration correction or beam hardening correction software (Barrett and 
Keat 2004, Draenert et al. 2007, Zhang et al. 2007). 

Scarfe and Farman (2008) have stated that because of the heterochromatic X-ray beam 
and lower mean kilovolt energy of CBCT, beam hardening artefacts are more pronounced 
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with CBCT than with conventional CT.  For example, metallic structures can cause beam 
hardening (Draenert et al. 2007, Zhang et al. 2007, Scarfe and Farman 2008), and beam 
hardening in CBCT imaging has been reported to result in lower-intensity imaging of the 
jawbone at the posterior lingual side of the mandible and maxilla (Loubele et al. 2007).  

Partial volume artefacts are a problem quite distinct from partial volume averaging 
(Barrett and Keat 2004). Partial volume averaging occurs when the voxel size of the scan 
is greater than the contrast detail of the imaged object. The pixel is not representative of 
the tissue; instead it becomes the weighted average of the different CT values (Scarfe and 
Farman 2008). These artefacts are found for example in temporal bone, where surfaces 
change rapidly in the z direction (Barrett and Keat 2004, Scarfe and Farman 2008). Gupta 
et al. (2004) reported that structures of temporal bone specimens near the spatial 
resolution limit of MSCT have a higher contrast and less partial-volume effect with 
experimental FP high-resolution CBCT. 

Photon starvation can cause serious streaking artefacts, which can occur in highly 
attenuating areas (Barrett and Keat 2004). 

Undersampling can occur if too few projection images are provided for reconstruction 
(Mozzo et al. 1998, Leng et al. 2008, Scarfe and Farman 2008). Van Daatselaar et al. 
(2004) studied the effect of the number of projections on image quality in local CT. The 
number of projections was found to affect contrast and noise most, and had much less 
influence on resolution. This is in accordance with the findings by Akpek et al. (2005), 
who showed that streak artefacts caused by a limited number of rotational projections 
cause significant degradation of image quality, thereby limiting contrast resolution. 
However, these artefacts are not of significant importance when high-contrast structures 
are imaged (Orth et al. 2008). A correction algorithm has been proposed to correct 
undersampling streaking artefacts in four-dimensional CBCT (Leng et al. 2008). 

 

2.5.4.2. Patient-related artefacts  
Patient motion can cause lack of sharpness in reconstructed images (Holberg et al. 2005, 
Scarfe and Farman 2008). In dental and maxillofacial imaging good head immobilization 
and short imaging time minimize this problem (Scarfe and Farman 2008). In CBCT the 
patient’s head, jaw or swallowing movements affect the quality of the entire volume data, 
whereas in conventional CT only those slices during which movement occurred were 
affected (Holberg et al. 2005). 

Motion artefacts are common in medical interventional radiology because of the 
relatively long acquisition times (Orth et al. 2008). When a moving organ such as the 
lung or heart is scanned, motion artefacts often significantly degrade the image quality 
and restrict the use of CBCT (Leng et al. 2008). To reduce motion artefacts, four-
dimensional CBCT techniques have been introduced, where a surrogate for the target’s 
motion profile is used to sort the cone beam data by respiratory phase (Leng et al. 2008). 
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Metal objects in the scan field can lead to severe streaking artefacts (Barrett and Keat 
2004). The reason for these artefacts is the density of the metal, which is beyond the 
normal range that can be handled by the computer, the result being incomplete 
attenuation profiles. Additional artefacts caused by beam hardening (Draenert et al. 2007, 
Zhang et al. 2007, Scarfe and Farman 2008), partial volume, and aliasing are likely to 
compound the problem when very dense objects are scanned. The impact of metal 
artefacts in the soft-tissue region is magnified in CBCT, because the soft-tissue contrast is 
usually lower in CBCT than in conventional CT images (Zhang et al. 2007).  

Dental restorations (Barrett and Keat 2004, Scarfe and Farman 2008, White and Pharoah 
2008), orthodontic appliances (Sanders et al. 2007) and jewelry (Barrett and Keat 2004, 
Scarfe and Farman 2008) can cause these artefacts. Metallic restorations and to a lesser 
extent root canal filling material and implants cause bright or dark streaks (White and 
Pharoah 2008). Dark bands around amalgam restorations may simulate secondary caries 
and dark zones or streaks around endodontic materials may simulate root fractures (White 
and Pharoah 2008).  

Wherever possible, metallic material in the imaging area should be removed before 
examination. Metal artefacts can be minimized by placing the FOV outside dental 
restorations, changing the patient’s position, or separating the dental arches, thus 
avoiding scanning regions susceptible to artefacts (Loubele et al. 2007, Scarfe and 
Farman 2008). To minimize metal artefacts both in conventional CT (Barrett and Keat 
2004) and in CBCT (Scarfe et al. 2006, Zhang et al. 2007) artefact suppression 
algorithms are used. According to Scarfe et al. (2006), using these algorithms and 
increasing the number of projections can result in a low level of metal artefacts in CBCT 
images. 

Loubele et al. (2008a) showed in a phantom study that MSCT suffered more from metal 
artefacts than CBCT (Accuitomo, i-CAT, NewTom 3G, MercuRay CB) scanners. 
Holberg et al. (2005) reported that, in contrast to conventional CT, metal artefacts were 
barely apparent in II/CCD detector CBCT (NewTom 9000). Stuehmer et al. (2008) stated 
that CBCT (NewTom 9000) provided images largely free from metal artefacts. They 
showed cases of airgun injuries to the craniomaxillofacial region and concluded that 
CBCT is superior to CT in detecting hard-tissue structural damage in the immediate 
vicinity of high-density metal projectiles. Metal artefacts were also less disturbing in 
experimental large FOV CBCT than in MSCT (Bartling et. 2007). Schulze et al. (2005) 
compared different CBCT devices and reported that metal artefacts were less pronounced 
in images from a NewTom 9000 unit than from a Siremobil Iso-C3D.  

On the other hand, it has been reported that NewTom 9000 CBCT showed much stronger 
beam hardening artefacts from dental implants than MSCT and that the artefacts became 
stronger with increasing distance from the scanned volume (Draenert et al. 2007). 

Limited extent of the cone beam. If part of the patient lies outside the scan FOV, the 
computer will have incomplete information relating to that part and streaking and shading 
artefacts are likely (Barrett and Keat 2004).  
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Katsumata et al. (2007) studied the effect of projection data discontinuity-related artefacts 
in limited-volume CBCT images. The intensity of the artefacts increased when more 
objects were presented outside the FOV, and the artefacts were more prominent with the 
IID CBCT system than the FPD system. Van Daatselaar et al. (2003) reported a bright 
band artefact at the edges of the imaging area when using experimental CCD X-ray 
detector limited-volume CBCT. The artefact was caused by the placement of radiopaque 
objects outside the reconstructed imaging area. Katsumata et al. (2006) assumed that a 
IID presumed halation artefact might appear in limited-volume CBCT (3DX Accuitomo) 
when a radiopaque object to be imaged is located near the surface of the body. 

 

2.5.4.3. Scanner-related artefacts 
Imperfections in scanner detection or poor calibration typically cause circular or ring-
shaped artefacts (Mozzo et al. 1998, Barrett and Keat 2004, Sijbers and Postnovz 2004, 
Zhang et al. 2007, Scarfe and Farman 2008). Detector calibration and software 
corrections can be used to minimize these artefacts (Barrett and Keat 2004, Sijbers and 
Postnovz 2004). However, when ultimate spatial resolution is needed, ring artefacts can 
hardly be avoided (Sijbers and Postnovz 2004). 

 

2.5.4.4. Cone beam related artefacts 
The cone beam effect is a possible source of artefacts, especially in the peripheral 
portions of the scan volume (Scarfe and Farman 2008). The total amount of information 
obtained for peripheral structures is reduced because the outer row detector pixels record 
a partly different volume of the object when the axial projection angle changes along the 
scan rotation, which results in image distortion, streaking artefacts and greater peripheral 
noise (Scarfe and Farman 2008).  

The increased scatter generated by CBCT systems compared to MSCT also causes 
artefacts (Gupta et al. 2006). The scatter-to-primary ratio, which is the ratio of scattered 
to primary radiation incident on the detector, is typically around 0.2 for MSCT and may 
increase to greater than three for large-volume CBCT (Ning et al. 2004). This results in 
increased cupping artefacts (reduced voxel values near the center of an image) and streak 
artefacts and inaccuracies in calculated CT numbers (Siewerdsen and Jaffray 2001). Cone 
angle also influences the presence and magnitude of cupping artefacts, which are due to a 
combination of scattered radiation and beam hardening (Gupta et al. 2006). Cupping 
artefacts diminish with decreasing cone angle and can, for small angles, actually be 
reversed (Orth et al. 2008). 

 

2.6.  Accuracy of linear measurements using CBCT 
Several imaging-based methodologies can be used to make geometric accuracy 
measurements (Loubele et al. 2006). Software phantoms (Yamashina et al. 2008), 
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hardware phantoms (Mozzo et al. 1998, Marmulla et al. 2005, Eggers et al. 2008, Loubele 
et al. 2008a, Loubele et al. 2008b), cadavers (Honda et al. 2004, Kobayashi et al. 2004, 
Lascala et al. 2004, Hilgers et al. 2005, Loubele et al. 2006, Hueman et al. 2007, Kumar 
et al. 2007, Loubele et al. 2007, Ludlow et al. 2007, Moshiri et al. 2007, Loubele et al. 
2008b, Loubele et al. 2008c, Periago et al. 2008, Stratemann et al. 2008, Veyre-Goulet et 
al. 2008, Brown et al. 2009, Hassan et al. 2009a, Kamburoğlu et al. 2009, van Vlijmen et 
al. 2009a, van Vlijmen et al. 2009b) and in vivo studies (Loubele et al. 2006)  have been 
used for measurements. Caliper measurements are commonly used as gold standard in 
these studies (Honda et al. 2004, Kobayashi et al. 2004, Lascala et al. 2004, Hilgers et al. 
2005, Hueman et al. 2007, Kumar et al. 2007, Loubele et al. 2007, Ludlow et al. 2007, 
Moshiri et al. 2007, Loubele et al. 2008c, Periago et al. 2008, Stratemann et al. 2008, 
Veyre-Goulet et al. 2008, Brown et al. 2009, Hassan et al. 2009a, Kamburoğlu et al. 
2009). However, these measurements are not entirely objective. To avoid measurement 
errors a phantom of known configuration can be used as gold standard (Mozzo et al. 
1998, Marmulla et al. 2005, Eggers et al. 2008). Yamashina et al. (2008) used digital 
automatic calipers in their phantom study. In addition, automated image analysis is used 
as an observer-independent method, and yields reliable and reproducible results (Loubele 
et al. 2006, Eggers et al. 2008, Loubele et al. 2008a, Loubele et al. 2008b, Yamashina et 
al. 2008). It also allows different imaging methods to be compared independently of the 
investigator (Eggers et al. 2008).  

Some studies compared the accuracy of linear measurements of CBCT with that of 
conventional methods: conventional CT (Kobayashi et al. 2004, Loubele et al. 2006, 
Eggers et al. 2008, Loubele et al. 2008b, Loubele et al. 2008c), spiral tomography 
(Loubele et al. 2007), lateral cephalography (Hilgers et al. 2005, Kumar et al. 2007, 
Moshiri et al. 2007, van Vlijmen et al. 2009b), posteroanterior cephalography (Hilgers et 
al. 2005, van Vlijmen et al. 2009a), and submentovertex radiography (Hilgers et al. 
2005), which served as reference imaging methods. Pinsky et al. (2006) studied volume 
accuracy in an in vitro study, while angular measurements have been evaluated in several 
studies (Kumar et al. 2007, van Vlijmen et al. 2009a, 2009b). 
In CBCT imaging high image quality can only be guaranteed for the central plane when 
using wide cone angles, and quality will diminish with increasing distance from the 
central plane (Kalender and Kyriakou 2007). Resolution decreases slightly at the upper 
and lower edges of the FOV in the z-direction because of the cone-beam effect (Gupta et 
al. 2006). In addition, IIDs may create geometric distortions and this could reduce the 
measurement accuracy of CBCT units with this configuration (Scarfe and Farman 2008). 
In general, the accuracy of linear measurements using CBCT has been good (Mozzo et al. 
1998, Honda et al. 2004, Kobayashi et al. 2004, Hilgers et al. 2005, Marmulla et al. 2005, 
Hueman et al. 2007, Loubele et al. 2007, Ludlow et al. 2007, Moshiri et al. 2007, Loubele 
et al. 2008a, Loubele et al. 2008b, Loubele et al. 2008c, Stratemann et al. 2008, Brown et 
al. 2009, Kamburoğlu et al. 2009, van Vlijmen et al. 2009a, van Vlijmen et al. 2009b). It 
should be pointed out that the accuracy of measurements made on patients may be 
affected by a reduction in image quality due to soft-tissue attenuation, metallic artefacts, 
and patient motion (Periago et al. 2008). Varying the scanning protocol, such as voxel 
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size and number of basis projection images, may also influence measurement accuracy 
(Periago et al. 2008). For comparison, studies of conventional CT have indicated that in 
craniofacial imaging a measurement error within 5% is clinically acceptable (Waitzman 
et al. 1992). 

Kobayashi et al. (2004) compared the accuracy of measurement of distance using limited 
CBCT (3D Accuitomo) and MSCT. The vertical distance from a reference point to the 
alveolar ridge was measured in five cadaver mandibles. A significantly smaller 
measurement error was observed in their study for CBCT (1.4%) than for MSCT (2.2%) 
(P<0.0001). Loubele et al. (2008c) found that both CBCT and MSCT yielded 
submillimeter accuracy for linear measurements of alveolar bone of maxilla. Loubele et 
al. (2007) also found that jawbone width measurements of dry mandibles are reliable 
using CBCT (Accuitomo 3D) and spiral tomography. On average they slightly 
underestimate bone width. Kamburoğlu et al. (2009) concluded that the accuracy of 
CBCT (Iluma) measurements of various distances surrounding the mandibular canal was 
comparable to that of digital caliper measurements. 

Good geometric accuracy has been reported for the NewTom 9000 CBCT (Mozzo et al. 
1998, Marmulla et al. 2005). Mozzo et al. (1998) evaluated geometric accuracy with 
reference to various reconstruction modalities and different spatial orientations. The 
reported difference between the true value and the general mean value was 0.8-1% for 
width measurements and 2.2% for height measurements. A phantom with two circular 
inserts was used in this study together with the automatic option for measurements. 
However, according to Lascala et al. (2004) caliper measurements of dry skulls were 
always larger than those for the NewTom 9000 CBCT images, but the differences were 
only significant for measurements of the internal structures of the skull base. Eggers et al. 
(2008) reported that the spatial accuracy in NewTom 9000 CBCT was slightly lower than 
that of conventional CT, but still in the submillimeter range. The accuracy in CBCT 
images was better in the middle, but lower in the margins of the volume.  

Periago et al. (2008) found that while many linear measurements between cephalometric 
landmarks on 3D volumetric surface renderings obtained using Dolphin 3D software 
generated from a CBCT dataset may be statistically significantly different from the 
anatomic dimensions, most can be considered to be sufficiently clinically accurate for 
craniofacial analysis. CBCT-derived 2D lateral cephalograms have been found to be 
more accurate than conventional lateral cephalograms for most linear measurements 
calculated in the sagittal plane (Moshiri et al. 2007). Brown et al. (2009) showed that 
there was no difference in accuracy between measurements obtained from 3D volume 
renderings with varying numbers of projection images (153, 306 or 612 projections). 
Kumar et al. (2007) and van Vlijmen et al. (2009b) found no relevant difference between 
measurements on conventional and CBCT-constructed lateral cephalometric radiographs. 
However, van Vlijmen et al. (2009a) found a clinically relevant difference between 
angular measurements performed on conventional frontal cephalometric radiographs, 
compared with measurements on frontal cephalometric radiographs constructed from 
CBCT scans, owing to the different positioning of dry human skulls in the two devices. 
Thus the positioning of the patient seems to be important for accurate measurements. In 
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all the above cephalometric studies an i-CAT CBCT scanner was used. Hassan et al. 
(2009a) concluded that 3D-rendered models seem to be the most appropriate approach 
with regard to accuracy and convenience. They used a NewTom 3G CBCT device to 
assess how measurement accuracy was affected by the position of the patient’s head in 
the scanner. Linear measurements based on 2D virtual lateral and PA projections were 
sensitive to small variations in head position in this study, too. A retrospective correction 
for patient position using software tools is thus required, as suggested by Swennen and 
Schutyser (2006). 

The accuracy of linear measurements in temporomandibular joint (TMJ) imaging using 
CBCT has been studied by Honda et al. (2004) and Hilgers et al. (2005). Hilgers et al. 
(2005) showed that i-CAT CBCT depicts the TMJ complex in 3D accurately. The 
measurements were reproducible and significantly more accurate than those made with 
conventional cephalograms. Honda et al. (2004) found the 3D Accuitomo suitable for 
accurate measurements of the thickness of the roof of the glenoid fossa of the TMJ. 

Measurement of air spaces by CBCT has also been shown to be quite accurate, with no 
significant difference between CBCT and MSCT (Yamashina et al. 2008). 

 

2.7.  Radiation doses in oral radiology 
2.7.1.  Patient dose measurements 
A patient dose audit is an important quality control tool in radiology. Diagnostic 
reference levels (DRLs) can be used as a guide to accepted clinical practice. The 
intention is to indicate an upper level of acceptability for current normal radiological 
practice. DRLs are not intended to be applied to individual exposures of individual 
patients (EC 1999a). DRLs are applicable for standard procedures in all areas of 
diagnostic radiology. They are particularly useful in those areas where a considerable 
reduction in collective dose can be obtained, i.e. in examinations involving radiosensitive 
patients like children and in frequent examinations (EC 1999a, Isoardi and Ropolo 2003). 
The method for dose measurements should be well-defined and easy to use (Helmrot and 
Alm Carlsson 2005). The “European guidelines on radiation protection in dental 
radiology” (EC 2004) recommend image quality and reference dose criteria on radiation 
protection in dental radiology. However, the guidelines do not cover CBCT. Neither are 
there recommendations for dose measurement in panoramic tomography, because there is 
no consensus on the methodology for dosimetry. Furthermore, dental radiology still faces 
the problem of how to determine the effective dose, which is used to compare the 
radiation risk between different examination techniques (Lofthag-Hansen et al. 2008). 
The dose measurement methods commonly used in dental and maxillofacial radiology are 
introduced below. 

Entrance surface dose, dose-area product and dose-width product. The absorbed dose 
D is quantity of energy deposited by the radiation per unit mass of tissue (IAEA 2007) 
and it is used as the primary dose quantity. The unit of absorbed dose is the gray (Gy), 
one gray being equal to 1 joule of energy deposited in 1 kg of tissue. Entrance surface 
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dose (ESD) is the absorbed dose in air, including the contribution from backscatter, 
assessed at a point on the entrance surface of a specified object (IAEA 2007). ESD is 
mainly used in conventional radiography (IAEA 2007, ICRU 2005, STUK 2004).  

Dose-area product (DAP) is also mainly used in conventional radiography: dental 
radiology including panoramic imaging and especially in fluoroscopy (STUK 2004, 
Helmrot and Alm Carlsson 2005, Williams and Montgomery 2000). The DAP value is 
defined as the air collision kerma integrated over the beam area – the kerma-area product 
(Larsson et al. 1996). The determination of DAP has also been used to find reference 
doses for dental radiography (Napier 1999, Tierris et al. 2004). Dose-width product 
(DWP) is used for panoramic examinations (Isoardi and Ropolo 2003, Helmrot and Alm 
Carlsson 2005). DWP is the air kerma at the front of the secondary collimator integrated 
over the collimator width and an exposure cycle (Helmrot and Alm Carlsson 2005). DAP 
is the product of DWP and slit length. DWP is not a risk-related quantity and DAP is a 
better method for monitoring patient dose (Helmrot and Alm Carlsson 2005). 
ESD can be measured using thermoluminescent dosimeters (TLDs) (IAEA 2007). It can 
also be calculated using tube output data and examination parameters or, if the field of 
size is known, it can be derived from DAP. DAP can easily be determined using a DAP 
meter. Many X-ray devices have a calculatory DAP display, which uses image 
parameters for automatic DAP determination. According to the International 
Electrotechnical Commission standard (IEC 2000) a combined standard uncertainty of 
25% should not be exceeded when using DAP meters. 

ESD corresponds to the deterministic risk of skin detriments. The deterministic effect 
from ionizing radiation has a threshold below which no effect occurs and the severity of 
the effect varies with the dose received (EC 2004). DAP corresponds better with the risk 
of the stochastic detriments, because it takes into account the beam area. X-ray 
procedures may give rise to stochastic effects, namely tumor induction or hereditary 
effects (IAEA 2007). 
Computed tomography dose index and dose-length product. Dose at any specific point 
and skin dose are not useful quantities in CT. The computed tomography dose index 
(CTDI) has been introduced as a dose quantity for MSCT (Shope et al. 1981, EC 1999b, 
ICRU 2005, IAEA 2007). With this value it is possible to calculate a weighted CTDI 
(CTDIW) and the average CTDI in the volume (CTDIvol). CTDIvol  represents the weighted 
mean dose absorbed in the imaged volume as required in the International 
Electrotechnical Commission standard (IEC 2002). CT dose displays report CTDIvol 
values. Dose-length product (DLPw) can be calculated by multiplying CTDIvol by the 
total scan length. CTDI can be considered to be a technical dose quantity. DLPw reflects 
the total energy absorbed attributable to the complete scan acquisition and is thus more 
practical to use in patient dosimetry. 
The CT doses are measured with a 10 cm pencil ionization chamber inserted inside a 
cylindrical homogeneous polymethyl methacrylate (PMMA) phantom. The subscript 100 
in CTDI100 refers to the length of the pencil ionization chamber. A PMMA phantom is 
used to attenuate the primary beam and to generate scattered X-rays simulating 
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conditions when a patient is in the field (IAEA 2007). The diameter of the standard adult 
head phantom is 16 cm, which closely approximates the diameter of the human skull. In 
CT the dose distribution inside the phantom is heterogeneous. For that reason the 
weighted sum of the CTDI at the central position and the average of four peripheral 
measurements with weights of one-third and two-thirds, respectively, are used. 

Equivalent dose and effective dose. Equivalent dose (HT) and effective dose (E) are 
defined as radiation protection quantities. They specify exposure limits to ensure that 
tissue reactions are avoided and the occurrence of stochastic health effects is kept below 
unacceptable levels. The probability of stochastic radiation effects depends on the 
magnitude of the absorbed dose, the type and energy depositing the dose, and on the 
tissue or organ being irradiated (ICRP 1977, ICRP 1991, ICRP 2008, ICRU 2005).  

Equivalent dose is used to compare the effects of different types of radiation on tissues or 
organs, its unit being the sievert (Sv). It is the absorbed dose multiplied by a radiation 
weighting factor for the nature of the incident radiation. 

Effective dose is a calculation proposed by the ICRP (1991) to estimate damage from 
radiation to an exposed population. It is calculated by multiplying actual organ doses by 
risk weighting factors related to the sensitivity of an individual organ. It represents the 
dose to the total body that would constitute the same risk of summarized health detriment 
to the exposure received by a reference person. 

Effective dose E is calculated using the equation: 
 

E = ∑( wT x HT) = ∑ wT x ∑ wRDT,R 

 
where E is the product of the ICRP tissue weighting factor (wT) for the tissue or organ (T) 
and HT is the corresponding equivalent dose to the tissue (equals the absorbed dose for X-
rays) (ICRP 2008). The tissue weighting factor represents the contribution that each 
specific tissue or organ contributes to the overall risk, and the sum of all tissue weighting 
factors wT is 1. This dose is expressed in sieverts (Sv). wR is the radiation weighting factor 
for radiation type R, and DT,R is the absorbed dose to the tissue. The absorbed tissue dose 
(Gy) equals numerically the equivalent dose (Sv), because in clinical radiology the wR  is 
1 for the X-ray radiation used. 

The International Commission on Radiological Protection (ICRP) has updated its 
guidelines for tissue weighting factors recently (ICRP 2008). The use of the new tissue 
weighting factors increases the effective dose in all cranial X-ray examinations compared 
to the previous ones (ICRP 1991). The new factor for salivary glands and, in particular, 
the new calculation method for the remainder tissues, is mainly responsible for increasing 
the effective doses. According to 2007 weighting factors (ICRP 2008), the mass 
weighting is removed and wRemainder is doubled. The influence of bone marrow and 
thyroid is slightly diminished using the new factors. 
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The use of in vivo measurements of organ doses is not practical. DT can be measured 
using physical models of the human body that can be loaded with dosimeters, and organ 
doses can be determined using computer programs that simulate radiation transport inside 
the mathematical or voxel phantom (Kiljunen 2008). Effective dose can be roughly 
estimated using Monte Carlo-based conversion coefficients available for X-ray 
radiography and CT (Kiljunen 2008). The Monte Carlo method determines the energy 
deposition of X-ray photons by creating a trajectory of virtual radiation particles by 
simulating random interactions between the particles and the medium (ICRU 2005). For 
example, DAP can be converted to effective dose E using Monte Carlo-generated 
conversion factors for specific radiological projections. Conversion factors for panoramic 
and intraoral radiography have been suggested by Williams and Montgomery (2000) and 
Helmrot and Alm Carlsson (2005). DAP can thus be used in dental radiology for the 
assessment of E without the need for an extensive phantom study (Williams and 
Montgomery 2000).  

Thermoluminescent dosimeters and phantoms. The traditional way of determining 
effective dose is by measuring organ doses using thermoluminescent dosimeters (TLDs) 
and head phantoms. TLDs are made of material that emits visible light when heated after 
irradiation. The amount of light is dependent upon the radiation exposure (IAEA 2007). 
The dosimeters most commonly used in medical applications are based on lithium 
fluoride-doped magnesium and titanium, but other materials have also been used, for 
example lithium borate (IAEA 2007). This is a time-consuming method and there are no 
standards regarding the number and the location of measuring points (Lofthag-Hansen et 
al. 2008, Loubele et al. 2009) or the phantom itself (real bone or bone-equivalent 
material) (Loubele et al. 2009). 

The anthropomorphic RANDO (RANDO – Radiation Analogue Dosimetry system, 
Nuclear Associates, Hicksville, NY, USA) head phantom is designed to match the tissue 
structure and attenuation environment of the human head, including bone, soft tissue and 
airways. It consists of slices of 2.5 cm thick sections containing drilled holes for insertion 
of TLD chips, allowing the absorbed radiation dose distribution to be measured in critical 
organs known to be sensitive to radiation. TLDs are positioned at different sites in 
reference organs – internal organs and skin. The phantom is usually exposed several 
times in order to ensure measurements within the sensitivity range of the TLDs.  

TLDs are evaluated with a TLD reader/irradiator system, which is calibrated to correct 
the sensitivity fluctuations of individual dosimeters. In this way the standard deviation of 
corrected readings can be estimated. However, the reproducibility of the TLD technique 
can be low, especially when the dosimeters are placed at the edge of the X-ray field 
(Ludlow et al. 2006). Several factors influence TLD measurements and a specific figure 
for the resultant uncertainty is not easily given (IAEA 2007). These include factors 
related to the performance of the instrument and those related to dosimeter preparation 
and handling procedures (IAEA 2007). When calibrating the dosimeter, the whole system 
has to be considered (IAEA 2007). 
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2.7.2.  Radiation dose in dental radiology 
Dental radiology is the most frequently used diagnostic radiological investigation in the 
industrialized world (Horner 1994). The use of X-rays in medical imaging is always 
accompanied by a risk to the patient. In dental radiography this risk is small, but it is still 
recognized in epidemiological studies. Studies have provided evidence of an increased 
risk within or near the primary imaging region: brain, salivary gland and thyroid 
(Preston-Martin and White 1990, Hallquist et al. 1994, Horn-Ross et al. 1997, Wingren et 
al. 1997). Although individual doses and risks are low, the collective dose is not 
inconsiderable, and many examinations are performed in young age groups (Horner 
1994). The tissues in young people are more radiosensitive than those in old people, and 
the prospective life span of young people is likely to exceed the latent period of the 
manifestation of the consequences (EC 2004). Thus dental radiology deserves special 
attention. In 2004 the European Commission published its guidelines for dental radiology 
(EC 2004). In general, the ALARA (as low as reasonably achievable) principle should be 
followed and doses should be as low as reasonably achievable taking into account 
economic and social factors. Patients can be protected against radiation by employing the 
appropriate selection criteria for both patients and equipment, and by using dose 
limitation methods and quality assurance procedures (Horner 1994). The effective doses 
in common dental radiographic examinations using ICRP 2007 weighting factors (ICRP 
2008) (Ludlow et al. 2008) are presented in Table 2. 

Table 2. Effective doses in common dental radiographic examinations using ICRP 2007 weighting 
factors (Ludlow et al. 2008). FMX = full-mouth radiographs, PSP = photo-stimulable phosphor 
storage, CCD = charge couple device. 
 

 
Imaging method 

 
Effective dose 

[μSv] 
 ICRP 2007 

 
Intraoral radiographs:   

FMX with PSP or F-speed film with rectangular collimation  34.9   
Four-image posterior bitewings with PSP or F-speed film with rectangular 
collimation  

5.0   

FMX using PSP or F-speed film with round collimation  170.7   
FMX with D-speed film and round collimation  388.0   

Panoramic radiographs:   
Orthophos XG (Sirona Group, Bensheim, Germany) with CCD  14.2   
ProMax (Planmeca, Helsinki, Finland) with CCD  24.3   

Cephalograms   
Posteroanterior cephalogram with PSP   5.1   
Lateral cephalogram with PSP  5.6 
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For comparison, in 2004 in Finland the mean annual per capita effective dose from all 
radiation sources, including background radiation, was approximately 3.7 mSv (3700 
μSv) and from radiographic and isotopic examinations 0.53 mSv (530 μSv) (STUK 
2005). A tissue-equivalent head phantom and TLDs in 24 locations were used in the 
study by Ludlow et al. (2008) and both 1990 (ICRP 1991) and revised 2007 (ICRP 2008) 
weighting factors were used for calculations. Values obtained using the 2007 weighting 
factors were 32-422% higher than those determined according to the 1990 weighting 
factors. 

 

2.7.3.  Effective dose measurements in CBCT 
Patient doses in dental CBCT have been determined using DAP meters, CTDIs and TLDs 
(Mozzo et al. 1998, Cohnen 2002, Hashimoto et al. 2003, Ludlow et al. 2003, Mah et al. 
2003, Schulze et al. 2004, Tsiklakis et al. 2005, Ludlow et al. 2006, Coppenrath et al. 
2008, Hirsch et al. 2008, Lofthag-Hansen et al. 2008, Ludlow and Ivanovic 2008, Silva et 
al. 2008, Loubele et al. 2009, Okano et al. 2009, Roberts et al. 2009). DAP base 
dosimetry evaluates the total area irradiated, but stands for only the surface dose. CTDIvol 
evaluates roughly the radiation distribution inside the patient, while TLD measurements 
in the patient equivalent phantom enable the radiation distribution to be measured more 
precisely and the absorbed tissue doses to be determined.  

Lofthag-Hansen et al. (2008) found that when the FOV of CBCT is small, the DAP 
conversion factors are inaccurate. One weakness of using a constant conversion factor is 
that the salivary glands are not included to the same degree in all dental examinations. 
Accordingly, the use of different conversion factors, or mean factors, for different dental 
regions and radiographic techniques has been suggested (Lofthag-Hansen et al. 2008). 

One shortcoming of the use of CTDI with CBCT is that it is measured over a length of 10 
cm, which is too short to include scattered radiation dose in the protocol of a CBCT 
scanner (Lofthag-Hansen et al. 2008, Loubele et al. 2008b). Another is the way that 
different CTDI measurements are combined (Dixon 2006). There is currently no rule for 
combining these measurements into one dose estimate with CBCT as with conventional 
CT (Loubele et al. 2008b). Because of these shortcomings, Mori et al. (2005) suggested 
the use of a dose profile integral (DPI). Using DPI100,c  measurement is made only at the 
central hole and not in peripheral positions (Loubele et al. 2008b). Lofthag-Hansen et al. 
(2008) showed that when the FOV of CBCT is small, the CTDI100 measurements are 
erroneous. In a patient-simulated study they found asymmetry of the radiation dose 
depending on the field size and the location of the rotation center. Furthermore, there is 
no conversion factor for the dental area (Lofthag-Hansen et al. 2008). In addition, when 
the tube rotation is not a full 360°, the peripheral CTDI values diverge (Ludlow et al. 
2008). 

Effective doses of CBCT scanners have been calculated using TLDs placed in a head 
phantom (Mozzo et al. 1998, Cohnen 2002, Hashimoto et al. 2003, Ludlow et al. 2003, 
Mah et al. 2003, Schulze et al. 2004, Tsiklakis et al. 2005, Ludlow et al. 2006, 
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Coppenrath et al. 2008, Hirsch et al. 2008, Ludlow and Ivanovic 2008, Silva et al. 2008, 
Loubele et al. 2009, Okano et al. 2009, Roberts et al. 2009). Unfortunately, there is no 
standardized way of performing these dose measurements, and without standardization it 
is not possible to compare dose measurements made by different researchers. Because 
ICRP updated its guidelines for tissue weighting factors recently (ICRP 2008), the 
effective dose calculations are not comparable to those in studies made using the previous 
weighting factors. It is vitally important that all methods and calculations are presented in 
as much as detail as possible to permit recalculations when new guidelines are produced 
(Lofthag-Hansen et al. 2008). Most of the published studies have not evaluated both the 
dose levels and the image quality, which would give more precise information about the 
scanner studied. The study of Loubele et al. (2008b) is an exception. These authors used a 
method which made it possible to evaluate the bone segmentation accuracy based on 
ground truth acquired with a laser scanner. The radiation dose was evaluated using the 
dose profile integral DPI100,c . It is important to point out that CBCT radiation doses vary 
substantially depending on the FOV, the settings chosen, and imaging area, in addition to 
the device itself. Also, the use of lead shielding reduces the absorbed doses to the thyroid 
(Tsiklakis et al. 2005). 

 

2.7.4. Effective doses of CBCT scanners 
The effective doses of CBCT scanners studied using the 2007 weighting factors (ICRP 
2008) or the weighting factors proposed by the ICRP in a draft in 2005 (ICRP 2005) are 
presented in Table 3. Even though there are minor differences between the two weighting 
factors, both include salivary tissue in the risk estimation (Table 4). The effective doses 
using 1990 weighting factors (ICRP 1991) and those of conventional imaging methods – 
MSCT, panoramic/lateral cephalometric – of these studies are shown where available.  

Calculated doses for CBCT imaging were 10-847 μSv (E1990), 20-1025 μSv (E2005) and 
13-652 μSv (E2007) in these studies. The E2007 values were 13% to 270% higher than the 
E1990 values in studies where both calculations were available. Dose levels for CBCT 
imaging were far below those of clinical MSCT protocols in studies where both methods 
were evaluated (Ludlow and Ivanovic 2008, Silva et al. 2008, Loubele et al. 2009). 
However, a 38% reduction in dose was achieved with a conventional CT unit (Somaton) 
when the dental scan was done using automatic exposure control (Ludlow and Ivanovic 
2008). Cohnen et al. (2002) showed that low-dose settings can reduce the radiation dose 
in conventional single or MSCT examinations to nearly the level of CBCT. Ekestubbe et 
al. (1993), Rustemeyer et al. (2004) and Loubele et al. (2005) have reported that a 
considerable dose reduction is achievable in dental CT examinations without loss of 
diagnostic information or accuracy of measurements. 

The large variations in patient dose emphasize the importance of optimizing imaging 
parameters in both CBCT and MSCT examinations. Radiation dose should be kept as low 
as possible and it should be in balance with image quality. Standards should be developed 
for image quality and dose for different diagnostic tasks. 
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Table 3. Effective doses of CBCT scanners and (in italics) MSCT scanners or panoramic/lateral 
cephalometric radiographs. Maximum and minimum effective dose (E1990, E2005, E2007) and largest 
percentage difference between E1990 and E2007 are marked with a gray background. 

 Effective 
dose [μSv], 
ICRP 1990 

Effective 
dose [μSv], 
ICRP 2005 

Effective 
dose [μSv], 
ICRP 2007 

Difference in 
effective dose, 

1990-2007 
Ludlow et al. 2006     
NewTom 3G - 12" (~ 30.5 cm) FOV 45 59   
Mercuray - 12" (~ 30.5 cm) FOV (15 mA, 120 kV) 847 1025   
Mercuray - 12" (~ 30.5 cm) FOV (10 mA, 100 kV) 477 558   
Mercuray - 9" (~ 23 cm) FOV 289 436   
Mercuray - 6" (15 cm)  FOV (maxillary) 168 283   
i-CAT - 12" (~ 30, 5 cm) FOV 135 193   
i-CAT - 9" (~ 23 cm) FOV 69 105   

 
Hirsch et al. 2008     
Veraview 3D - 8 cm x 4 cm anterior  40   
Veraview 3D - 4 cm x 4 cm anterior  30   
Veraview 3D - panoramic + 4 cm x 4 cm anterior  30   
Accuitomo - 6 cm x 6 cm anterior  43   
Accuitomo - 4 cm x 4 cm anterior  20   

 
Ludlow and Ivanovic 2008     
LARGE FOV (diameter or height > 15 cm)     
Next Generation i-CAT portrait mode (23.2 cm x 17 cm) 37  74 100% 
Iluma Standard ( 19 cm x 19 cm) 50  98 96% 
Iluma Ultra (19 cm x 19 cm) 252  498 98% 

MEDIUM FOV (15 ≥ diameter or height >10 cm)     

Classic i-CAT standard scan - 16 cm x 13 cm 29  69 138% 
Next Generation i-CAT landscape mode - 17cm x 13 cm 36  87 142% 
Galileos default exposure - 15 cm x 15 cm 28  70 150% 
Galileos maximum exposure - 15 cm x 15 cm 52  128 146% 
Somatom 64 MSCT - body width x 12 cm 453  860 90% 
Somatom 64 MSCT low dose - body width x 12 cm 285  534 87% 

SMALL FOV (diameter or height ≤ 10 cm)     

Promax 3D small adult - 8 cm x 8 cm 151  488 223% 
Promax 3D large adult - 8 cm x 8 cm 203  652 221% 
PreXion 3D standard exposure - 8.1 cm x 7.6 cm 66  189 186% 
PreXion 3D high exposure - 8.1cm x 7.6 cm 154  388 152% 

 
Silva et al.  2008     
NewTom 9000 - 23 cm FOV  56   
i-CAT - 13 cm FOV  61   
panoramic/lateral cephalometric  10   
MSCT - 10 cm FOV   430   
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 Effective 
dose [μSv], 
ICRP 1990 

Effective 
dose [μSv], 
ICRP 2005 

Effective 
dose [μSv], 
ICRP 2007 

Difference in 
effective dose, 

1990-2007 
Loubele et al. 2009     
CBCT, LARGE VOLUME     
NewTom 3G - 6" (~ 15 cm x 15 cm) FOV   57  
NewTom 3G - 12" (~ 30.5 cm x 30.5 cm) FOV   30  
i-CAT - 13 cm (height) 10 s   48  
i-CAT - 13 cm (height) 40 s   77  
i-CAT extended FOV (22 cm height) 2 x 20 s   82  

MSCT, FULL HEAD     

Somatom VolumeZoom 4  22.6 cm scan length   1110  
Somatom Sensation 16     22.5 cm scan length   995  
Philips Mx8000 IDT           22.5 cm scan length   1160  

CBCT, SMALL VOLUME     

Accuitomo 3D, upper jaw, front region - 4 cm FOV x 3 cm height  29  
Accuitomo 3D, upper jaw, premolar + canine region - 4 x 3 cm  44  
Accuitomo 3D, upper jaw, molar region - 4 x 3 cm   29  
Accuitomo 3D, lower jaw, front region - 4 x 3 cm   13  
Accuitomo 3D, lower jaw, premolar + canine region - 4 x 3 cm  22  
Accuitomo 3D, lower jaw, molar region - 4 x 3 cm   29  
i-CAT - 8 cm (height) 40 s   37  
i-CAT - Mand 20 s   34  
i-CAT - Mand 40 s   64  
i-CAT - Max 20 s    45  
i-CAT - Max 40 s   77  

MSCT, MANDIBLE     

Somatom VolumeZoom 4;  7.2 cm scan length   494  
Somatom Sensation 16;  6.3 cm scan length   474  
Philips Mx8000 IDT;   6.0 cm scan length   541  

 
Okano et al. 2009     
Accuitomo 3D FPD 6 x 6 cm 66  101 53% 
Accuitomo 3D FPD 4 x 4 cm 31  50 61% 
Accuitomo 3D IID 4 x 3 cm 18  30 67% 
CB MercuRay 10.2 x 10.2 cm 452  511 13% 
MSCT HiSpeed QXli 7.7 cm scan length 596  769 29% 

 
Roberts et al. 2009     
i-CAT - full FOV 93  182 96% 
i-CAT - 6 cm mandible 24  75 213% 
i-CAT - 6 cm maxilla 10  37 270% 
i-CAT - 6 cm mandible, high resolution 47  149 217% 
i-CAT - 6 cm maxilla, high resolution 19  68 258% 
i-CAT - 13 cm mandible and maxilla 40  111 178% 
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Table 4. Tissue-weighting factors (WT) for calculation of effective dose – ICRP 1990 (ICRP 1991), 
2005 (draft) (ICRP 2005) and 2007 (ICRP 2008) recommendations. The changes compared to 
2007 WT are marked with a gray background. 
 

 
Tissue 

 
1990 WT 

 
2005 WT draft 

 
2007 WT 

Bone marrow 0.12 0.12 0.12 
Breast 0.05 0.12 0.12 
Colon 0.12 0.12 0.12 
Lung 0.12 0.12 0.12 
Stomach 0.12 0.12 0.12 
Bladder 0.05 0.05 0.04 
Esophagus 0.05 0.05 0.04 
Gonads 0.20 0.05 0.08 
Liver 0.05 0.05 0.04 
Thyroid 0.05 0.05 0.04 
Bone surface 0.01 0.01 0.01 
Brain remainder 0.01 0.01 
Salivary glands - 0.01 0.01 
Skin 0.01 0.01 0.01 
Kidney remainder 0.01 remainder 
Remainder tissues  0.05a  0.10b  0.12c 
    

 
 

aAdrenals, brain, upper large intestine, small intestine, kidney, muscle, pancreas, spleen, thymus, 
uterus. 
bAdipose tissue, adrenals, connective tissue, extrathoracic airways, gall bladder, heart wall, 
lymphatic nodes, muscle, pancreas, prostate, SI wall, spleen, thymus, and uterus/cervix. 
cAdrenals, extrathoracic region, gall bladder, heart, kidneys, lymphatic nodes, muscle, oral 
mucosa, pancreas, prostate, small intestine, spleen, thymus, and uterus/cervix. 
 

2.8.  Visions for future development 
Further technical improvements to CBCT devices can be anticipated in the future. 
Advances in FP CBCT relate to detector design (Kalender and Kyriakou 2007, Gupta et 
al. 2008) and will consequently expand the applicability of FP CBCT. FP CsI detectors 
have a slower response than the proprietary ceramic detectors used in MSCT systems and 
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the quantum efficiency of CsI detectors is also slightly slower. These two characteristics 
limit the temporal resolution and dynamic range, respectively, of FPDs compared with 
standard MSCT detectors (Orth et al. 2008). Possible improvements are multiple FPs to 
increase the volumetric coverage, or dual-source CT to provide faster scanning times and 
double the amount of spectral information (Gupta et al. 2008). Reducing the detector 
read-out time would decrease scanning time. An increased dynamic range would allow 
higher dosages and thus better soft tissue contrast (Bartling et al. 2007).  

X-ray scatter in CBCT limits image quality significantly by reducing contrast and 
creating image artefacts (Siewerdsen et al. 2006). Physical modifications to the image 
acquisition equipment such as antiscatter grids (Siewerdsen et al. 2004, Gupta et al. 
2006), scatter reduction algorithms (Ning et al. 2004, Gupta et al. 2006), beam filters 
(Gupta et al. 2006, Mail et al. 2009) and object-to-detector distance (i.e. air-gap), have 
been investigated as potential ways to minimize scatter in CBCT.  

Image reconstruction from cone-beam projections collected along a circle source 
trajectory is commonly done using the Feldkamp algorithm, which performs well only 
with a small cone angle. For that reason, variants of the Feldkamp algorithm have been 
developed for practical applications that involve large cone angles (Zhuang et al. 2008). 
Dental CBCT unit manufacturers have already introduced artefact reduction algorithms 
within the reconstruction process. For example, instead of the Feldkamp back projection 
an iterative reconstruction called algebraic reconstruction technique (ART) has been used 
(Scanora 3D). It requires fewer projections to perform the reconstruction. These 
algorithms reduce image-, noise-, metal-, and motion-related artefacts (Scarfe and 
Farman 2008).  

The current literature on CT metal artefact reduction can be divided into iterative and 
projection modification methods (Zhang et al. 2007). The iterative method involves 
reconstruction of the CT image using only noncorrupted projections while discarding 
those projections affected by metal objects. In the projection modification method the 
metal shadows in the raw projection data are first segmented and then replaced using 
some estimated values. This latter method has been increasingly favored because of its 
simplicity and has also been used in CBCT applications.  

Devices which allow variation of FOV and resolution, thus making possible task-specific 
protocols, are indicated in dental and maxillofacial imaging (Scarfe and Farman 2008). 
The so-called region of interest (ROI) imaging technique reduces radiation exposure to 
the patient, causes less scattering to the detector, and has the potential to increase the 
spatial resolution of the reconstructed images (Wiegert et al. 2005, Cho et al. 2007). 
Standards for image quality and dose for the various diagnostic tasks should be 
developed. Furthermore, multimodal imaging devices, including conventional panoramic 
and cephalometric options in addition to CBCT, will most probably be a future trend 
(Scarfe and Farman 2008).  
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3. AIMS OF THE STUDY 
 

The purpose of the present investigation was: 

 

1. To evaluate the use of CBCT in a dental practice (I).  

 

2. To evaluate the accuracy and reproducibility of linear measurements in the 
posterior mandible using CBCT and MSCT (II) 

 

3. To evaluate the reliability of panoramic and CBCT examinations in assessing the 
number of roots of lower third molars and the reliability of CBCT, MNBR 
(scanograms) and cross-sectional tomography in assessing IAC location in 
relation to the lower third molar (III).   

 
4. To determine and evaluate the tissue and effective radiation doses and image 

quality of dental CBCT scanners in comparison with MSCT scanners (IV).  
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4. MATERIAL AND METHODS 
4.1.  Study subjects 
The subjects in Study I consisted of all patients examined with a CBCT device in a 
private dental practice during a six-month period. In this retrospective study 198 
examinations in 138 patients were performed during the study period. 

In Study II a human cadaver mandible was examined in two edentulous areas and one 
dentate area. Cross-sectional sites of the mandible for linear measurements were marked 
by gluing on orthodontic tubes.  

The subjects of the prospective Study III consisted of 30 patients referred for removal of 
an impacted or partly erupted lower third molar. The inclusion criterion was that an 
experienced oral surgeon considered a panoramic radiograph to show features suggesting 
a close relationship of the tooth root to the IAC. In all cases the tooth root and the IAC 
overlapped in a panoramic radiograph. In addition, either the roots were curved and 
difficult to diagnose or - according to the common criteria - white lines of the IAC 
interrupted, or the IAC diverged, or narrowed (Rood and Shehab 1990). Twenty-four of 
the patients were examined at the Finnish Student Health Service, Helsinki, Finland. Six 
patients were examined at the Oral Special Care Unit of the City of Helsinki, Helsinki, 
Finland. Both lower third molars were evaluated in 12 patients, thus making altogether 42 
lower third molars. Nineteen of the patients were women and eleven were men. Their 
ages ranged from 20 to 44 years, with a mean age of 27 years. Women who knew they 
were pregnant were excluded from this study.  

In Study IV the anthropomorphic RANDO (RANDO – Radiation Analogue Dosimetry 
system, Nuclear Associates, Hicksville, NY, USA) head phantom and the RSVP (RSVP - 
Radiosurgery Verification Phantom, The Phantom Laboratory, Salem, NY, USA) head 
phantom were used (see section 4.6. p. 43). 
 

4.2.  CBCT imaging 
Table 5 presents the CBCT scanners, imaging parameters, FOV and pixel size of the 
CBCT scanners used in Studies II-IV and for Study I the range of settings available. 

A 0.25 mm copper filter was used in Study II, while a 1 mm reconstructed slice thickness 
was used in both Studies I and II. For imaging in Study II, a cadaver mandible was used 
both dry and, in order to better resemble the clinical situation with respect to radiation 
attenuation and scattering properties of the region examined in patients, immersed in 
sucrose solution isointense with soft tissue (ICRU-44; HU 53.3) placed in a 15 cm x 15 
cm x 9 cm plastic box. 
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Table 5. The CBCT scanners, imaging parameters, FOV and pixel size of the CBCT scanners 
used in Studies II-IV and for Study I the range of settings available. 
 

 
Study 

 
CBCT scanner 

 
kV 

 
mA 

 
Exposure time 

[s] 

 
FOV 

(height x 
width) 

[cm x cm] 

 
Pixel 
size 
[mm] 

I 3D Accuitomo II/CCD 60 - 80 1-10  17 30 x 40  0.125 

II 3D Accuitomo II/CCD 80 3  17 30 x 40  0.125 

III Promax 3D 84 10 – 16 

 

   6 
  6 
12 

80 x 80 
50 x 80 
50 x 40 

 0.16 

 3D Accuitomo II/CCD 80 7  17.5 30 x 40  0.125 

IV 3D Accuitomo II/CCD 80 4  17.5 30 x 40  0.12 

 3D Accuitomo FP 80 4  17.5 40 x 40  0.12 

  80 4  17.5 60 x 60  0.12 

 Promax 3D 84 12    6 50 x 40  0.14 

  84 12    6 50 x 80  0.15 

  84 12    6 80 x 80  0.15 

 Scanora 3D  
high resolution 

80 15    4.5 60 x 60  0.13 

  80 15    3.75 75 x 100  0.20 

  80 15    3.00 75 x 145  0.23 

 Scanora 3D  
standard resolution 

80 15    3.00 60 x 60  0.20 

  80 15    2.50 75 x 100  0.33 

  80 15    2.25 75 x 145  0.36 

 

In Study IV the largest FOV and height of the imaging area of the two 3D Accuitomo 
scanners (3D Accuitomo CCD 40 mm x 30 mm (the sole option)), and the 3D Accuitomo 
FP (60 mm x 60 mm) available with a high resolution option were selected for the 
RANDO phantom study. All possible FOVs were examined for image quality evaluations 
using common clinical imaging parameters for each imaging protocol studied. To be able 
to evaluate the image quality and its relation to the absorbed dose accurately, absorbed 
doses were also measured at the central axis of the RSVP image quality insert. The 
alignment of the phantoms and FOVs for image quality as well as effective dose 
determinations matched the imaging of the lower left third molar.
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4.3.  Multislice CT imaging 
In Study II a four-slice scanner (LightSpeed Plus, General Electric Medical Systems, 
Milwaukee, WI, USA) was used. DentaScan software (GE Medical Systems, Global 
Center, Milwaukee, WI, USA) was used to reconstruct 2 mm thick 2D orthoradial 
multiplanar reformatted images. The cadaver mandible was imaged dry and immersed in 
sucrose solution isointense with soft tissue as described in section 4.2. Low-dose MSCT 
examinations were performed only with the cadaver mandible immersed in sucrose 
solution. The scanning parameters are presented in detail in Table 1 in the original 
publication (II). 

In Study IV, the MSCT studies were performed using a four-slice GE LightSpeed Plus 
scanner and a 64-slice GE LightSpeed VCT scanner (General Electric Medical Systems, 
Milwaukee, WI, USA). For both MSCT scanners the protocols recommended by the 
manufacturers for dentomaxillofacial examinations were included. In addition, low-dose 
protocols were evaluated for both scanners. The scanning parameters are presented in 
detail in Table 1b in the original publication (IV). 

 

4.4.  Conventional radiographic imaging  
In Study I the patients were imaged with conventional imaging methods, i.e. panoramic 
and/or intraoral radiographs, and the referring dentist determined the need for the CBCT 
examination. The CBCT examinations of the patients were compared with panoramic 
and/or intraoral radiographs when available. 

In Study III panoramic radiographic images, MNBR stereographic images and cross-
sectional tomographic images were obtained in addition to the CBCT examination. At the 
Finnish Student Health Service panoramic radiography, MNBR scanograms and cross-
sectional tomography were performed using a Cranex Tome multimodal panoramic 
tomography unit (Soredex Co, Tuusula, Finland). The photostimulable phosphor plate 
(PSP) images of panoramic radiography and cross-sectional tomography were processed 
with the Digora PCT system (Soredex Co, Tuusula, Finland). Film modality (Konica 
Minolta MG SR, Konica Minolta Holdings, Inc, Tokyo, Japan) was chosen for 
stereoscopic MNBR images because of the easier handling of the images in a 
stereoscopic evaluation. The MNBR images consisted of two scanograms. At the Oral 
Special Care Unit the conventional radiographic examinations were performed with a 
Scanora (Soredex Co, Tuusula, Finland) and the PSP images were processed with the 
Digora PCT system (Soredex Co, Tuusula, Finland). The operator attempted to set the 
orientation of the cross-sectional slices to be perpendicular to the IAC. 

 

 
 
 



 43 

4.5.  Image analysis 
In Study I the images were evaluated retrospectively by two readers. The images were 
first analyzed separately and, if there was a discrepancy in the readings, by a consensus 
reading. 

In Study II the radiographs were evaluated blind and separately by two specialists in oral 
and maxillofacial radiology, who chose the best image slice with the orthodontic tubes 
visible. The adjacent slices were used as complementary images for clearer identification 
of the structures used for measurements. The measurements were made twice with a two-
week interval. 

In Study III two specialists in oral and maxillofacial radiology read all the images 
independently. The images of the left lower third molars were evaluated twice with an 
interval of at least two weeks between the evaluations to study the consistency of 
readings. Cross-sectional images were evaluated with the help of a panoramic radiograph. 
Otherwise each imaging method was observed blind from other methods. The MNBR 
images were read using stereoscopic binoculars (Stereobinokel, Elektromedizinische 
Werkstätte, Landau, Germany). 

 

4.6.  Phantoms 
The RANDO phantom. The anthropomorphic RANDO (RANDO – Radiation Analogue 
Dosimetry system, Nuclear Associates, Hicksville, NY, USA) head phantom was used in 
Study IV. It is designed to match the tissue structure and attenuation environment of the 
human head, including bone, soft tissue and airways. It is sliced into 2.5 cm thick 
sections containing drilled holes for insertion of dosimeters, e.g. TLD chips, which allow 
measurement of the absorbed radiation dose distribution in critical organs known to be 
sensitive to radiation. 

RSVP head phantom. The RSVP (RSVP - Radiosurgery Verification Phantom, The 
Phantom Laboratory, Salem, NY, USA) head phantom used in Study IV is a liquid-
fillable, life-sized, anatomically formed head phantom shell consisting of cellulose 
acetate butyrate. The anatomical form together with water filling provides an attenuation 
and scatter environment that resembles the human head. 

A ball assembly is mounted on the base of the phantom, allowing rods to be inserted into 
the phantom through a watertight seal. In conventional use, dosimeter inserts can be 
mounted on these rods and placed at any desired position and orientation inside the head 
phantom. 

Image quality phantom insert. To evaluate image quality in Study IV, a special phantom 
insert was designed and fabricated for the RSVP head phantom. The phantom insert is a 
Perspex cylinder of 4 cm diameter and 3 cm height. Three cylindrical holes 1 cm in 
diameter were drilled at a distance of 0.8 cm from the outer phantom surface. One of 
these holes was filled with Teflon to simulate bone tissue, one was filled with silicone gel 
in which a human premolar was embedded for possible future use, and one was left 
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empty to provide an air cavity and a place for possible case-specific target objects like 
dental implants. An additional smaller hole was drilled halfway through the cylinder at its 
center to provide space for several TLD chips for absorbed dose measurements. The 
phantom insert was placed at the position of the lower left third molar. 

 

4.7.  Dose measurements 

Radiation doses in the cadaver study. Radiation doses for the MSCT examinations were 
recorded as CTDIvol  and DLP values displayed on the scanner console (II). CTDIvol, DLP 
and effective doses were also calculated using CT-Expo (vl.5.1(E)) software. Effective 
doses were determined according to the ADAM mathematical male model, while the 
EVA female model was used to test the difference in similar radiation exposure between 
genders. The position of the 5 cm scan length in the effective dose calculation was 
according to the actual scans performed by MSCT. The dose display for MSCT was 
evaluated by measuring the radiation output using a standard pencil ionization chamber 
with an effective length of 10 cm in the CTDI head phantom.  

The radiation output in CBCT was assessed with a similar measurement set-up, including 
measurements in the scan FOV and in peripheral regions of the head phantom (outside 
the scan FOV) (II).  

The resulting doses were compared with the published values. 

Dosimeters and reader in the phantom study. Dose measurements (IV) were carried out 
using tissue equivalent lithium borate (Li2B4O7) TLDs and evaluated with a Rados 
Dosacus RE-1/IR-1 TLD-reader/irradiator system (Rados Technology, Turku, Finland). 
Radiation doses were measured with both RANDO and RSVP - anthropomorphic 
phantoms. 

Absorbed doses in the phantom study. To be able to evaluate the image quality and its 
relation to the absorbed dose accurately, four TLD chips were placed inside the image 
quality phantom (RSVP phantom) insert (IV). 

Effective doses in the phantom study. The effective dose was determined using the 
anthropomorphic RANDO phantom (IV). In choosing the locations of the TLD chips the 
method presented by Ludlow et al. (2006) was used. The TLD chips were located at 26 
phantom sites to measure the absorbed dose to the tissues contributing to the effective 
dose. Additionally, the absorbed dose to the eye lens was measured in view of the known 
risk of deterministic detriments.  

Calculations were performed using both the 1990 (ICRP 1991) and 2007 (ICRP 2008) 
tissue weighting factors.  
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4.8.  Image quality analysis 
Contrast-to-noise ratio. The CNR was evaluated using regions of interest (ROI) of 
Teflon and Perspex in the image quality insert phantom (IV). A 5 mm x 5 mm square 
ROI in the Teflon material was automatically set around the center point of the Teflon 
material in each slice. Another 5 mm x 5 mm square ROI was manually set into the 
Perspex material. The mean intensity value inside the ROIs was considered to be the 
signal and the noise was the arithmetic mean of standard deviations in both ROIs. 

Modulation transfer function. The MTF of the different imaging systems was estimated 
using the cylindrical Teflon region of the image quality phantom insert (IV). Analysis 
was performed using a self-written Matlab (The MathWorks Inc., Natick, MA, USA) 
program. The method used to determine the MTF resembles that presented by Li et al. 
(2007). The 10% MTF (0.1) spatial frequency was calculated. 
 

4.9.  Statistical analysis 
In Study I agreement percentages and kappa (κ) index were calculated with 0.5 mm 
tolerance to determine the interexaminer variation and intraexaminer reproducibility for 
measurements of bone dimensions. 

In Study II four points in the cadaver mandible were evaluated from three tomographic 
slices, thus making 12 measurements per observer for each tomographic method. 
Observer action was assessed by calculating the single measures intraclass correlation for 
intra- and interobserver performance for the distances measured in the phantom. The 
measurement error (ME) was defined as: 

 

ME = absolute value [(Xi-GS)/GS], 

 

where Xi is the measured actual length with a particular method and GS indicates its gold 
standard measurement. Xi was the mean value of two measurements performed by two 
observers (four measurements altogether) in each particular tomographic method. Due to 
its right-skewed frequency distribution, the ME was square-root transformed to facilitate 
the statistical calculations. The ME was correlated with the estimated radiation dose 
using the Pearson correlation. The mean ME in CBCT, CBCT in which the cadaver 
mandible was embedded in sucrose solution, and MSCT and MSCT in which the cadaver 
mandible was embedded in sucrose solution using scanning parameters as in SE 759 and 
905 (presented in Table 1 in the original publication II), were compared with analysis of 
variance, repeated measures design (sphericity assumed, deviation contrast). To further 
explore the technical parameters (i.e. tube voltage (kV), current (mA), rotation time (s) 
and pitch factor), multiple regression was used. These parameters were simultaneously 
set as independent variables and thus adjusted for their mutual effects, while ME was the 
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outcome variable. SPSS 12.0 (SPSS Inc, Chicago, IL) software was used. P-values less 
than 0.05 were considered significant. 

The number of measurements successfully performed in two sessions and by two 
radiologists (theoretically ranging from 0 to 48) was correlated with radiation dose using 
the Spearman correlation. The individual contributors given above were related to this 
number of successful measurements for each method with ordinal regression. 

In Study III regarding ordered categories (the number of roots) weighted kappa (κw) and 
in other cases conventional kappa (κ) were used. The κ values were also calculated for 
inter- and intraobserver agreement. The prevalence-adjusted and bias-adjusted (PABAK) 
kappa coefficient was used as a complementary method. 

A κ value less than 0.40 was considered poor, 0.40-0.59 fair, 0.60-0.74 good, and 0.75-
1.00 excellent agreement. 

 

4.10.  Definitions 
Accuracy is the closeness of computations or estimates to the exact or true values that the 
statistics were intended to measure. The accuracy of a measurement system is the degree 
of closeness of measurements of a quantity to its actual (true) value. 

Reliability is the closeness of the initial estimated value(s) to the subsequent estimated 
values. 

Reproducibility is the concept that survey procedures should be repeatable from survey to 
survey and from location to location. The same data processed twice should yield the 
same results. 

 

4.11. Ethical considerations 
The study plan in Studies I and III was approved by the ethical committee of Helsinki 
University Central Hospital. In addition, the Helsinki Health Centre Research 
Coordination Committee, Helsinki, Finland, approved the study plan in Study III. In 
accordance with the study protocol, informed consent was obtained from patients 
included in Study III. 
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5. RESULTS 
5.1.  Use of CBCT in a dental practice (I) 
During the six-month monitoring period, 198 examinations in 138 patients (63% female, 
37% male) were performed. The mean age of the subjects was 50.3 years (SD 15.4) and 
age range 12-84 years. 
The main indication for the examination was implant planning in 49%. Diagnosis or 
exclusion of dental infection or peri-implantitis represented 28% of the examinations, and 
tooth/root or foreign body localization 13%. TMJ imaging and cyst or tumor diagnostics 
represented 7.5% and 2.5% of the examinations, respectively. Fifteen examinations in 
eight patients concerned lesions in the TMJ or their exclusion.  

Subjectively, the bone structure of TMJs could be determined clearly in CBCT images 
and these images gave more radiographic information than the panoramic radiographs. In 
addition to identification of the bone contours of the condyle and glenoid fossa in CBCT 
images, the joint space could be evaluated. The TMJ findings are presented in detail in 
Table 3 in the original publication (I). 

In the implant planning and tooth/root localization examinations the required information 
was subjectively obtained in all cases except in three implant planning examinations. In 
these examinations artefacts caused by root fillings and retrograde fillings or metal posts 
hampered exact measurements.  

When compared with conventional radiography, additional radiographic information was 
obtained in 51% of the CBCT examinations performed to confirm or exclude dental 
infection or peri-implantitis.  

Dental restorations occasionally caused disturbing artefacts and in 4.5% of the 
examinations the small imaging area resulted in a re-examination. In the implant planning 
examinations of 10 patients, the alveolar region as a whole was not visible, but in none of 
these examinations did it disturb the crucial measurements. 

The agreement in the inter- and intraexaminer variation was 91.7%, and the kappa index 
for interexaminer variation was 0.9 for measurements of bone dimensions with 0.5 mm 
tolerance. For the intraexaminer variation, the kappa index was 0.89 for both radiologists. 

 

5.2.  Preoperative radiographic evaluation of lower third molars 
(I, III) 
The CBCT examination was highly reliable in locating the IAC, while MNBR was 
unreliable, and cross-sectional tomography fell between these two (III). CBCT showed a 
perfect match between intra- and interobserver readings, and also when compared with 
the gold standard to locate the IAC (III). The MNBR stereographic technique was both 
unreliable and interpreter-sensitive in this study. Cross-sectional tomography was found 
to be an intermediate method in terms of its reliability to locate the IAC correctly. With 
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cross-sectional tomography, the IAC was non-interpretable in 28-41% of the cases. In the 
retrospective clinical study (I) bone anatomical structures could be identified subjectively 
in 3D Accuitomo CBCT images. The IAC could be identified in every case, including 
lower third molar examinations. 

The proportion of three-rooted lower third molars was much higher when estimated using 
CBCT than panoramic radiography (III). In the panoramic radiographs, the proportions of 
three-rooted lower third molars were 0% and 5%, and in CBCT 21% and 24%, for 
readers 1 and 2, respectively. The findings during surgery were available as a gold 
standard for 18 teeth. In the panoramic radiographs the disagreement in the number of 
roots with the gold standard was 28% and 22% for readers 1 and 2, respectively, and in 
CBCT 17% for both readers. One four-rooted lower third molar was misinterpreted by 
both readers with both imaging methods. Two other lower third molars were classified as 
two-rooted with an apical diversion of the root tips by CBCT. Clinically they were 
classified as two-rooted teeth. Both three-rooted teeth were misinterpreted from the 
panoramic radiographs by both readers as two-rooted teeth. The κw coefficients between 
intra- and interobserver readings for the CBCT and panoramic radiographs in assessing 
the number of roots of the lower third molars showed an excellent agreement. 

 

5.3.  Accuracy of linear measurements using CBCT (I, II) 
In Study II, in which a human cadaver mandible was examined, the mean ME for the 
material as a whole was 6.5%. ME showed significant differences between the methods 
studied (P=0.022): the mean ME was 4.7% for CBCT and 8.8% for MSCT of the dry 
mandible, 2.3% and 6.6%, respectively, for the mandible immersed in sucrose solution, 
and 5.4% for low-dose MSCT. Lowering the MSCT radiation dose to less than one 
quarter of its conventional original value did not significantly affect the ME in this study 
protocol. Radiation dose was significantly negatively correlated with ME (r=-0.159, 
P=0.008) as well as with its transformed value (r=-0.171, P=0.004). Of the potential 
determinants of ME, only the pitch factor was significantly related. These relationships 
remained fairly constant even when the measurement site was added to the model as a 
categorical covariant (SPSS general linear model). The model with milliampere and tube 
voltage settings, rotation time and pitch factor as independent variables explained 5.3% 
of the variation in ME.  

The intraclass correlations between the intra- and interobserver readings obtained with 
the different methods showed almost perfect matches. Some of the values are presented 
in Table 2 in the original publication (II). 
There was a good correlation between the number of successful measurements and the 
radiation dose (rS=0.620, P<0.001). This analysis was performed using all data, including 
the measurements with further reduced radiation exposure. In the multiple ordinal 
regression model, the pitch factor was negatively associated with the number of 
successful measurements (P<0.001) as opposed to the kV, which was a positive 
contributor (P<0.001). The effect of mA was positive but not significant (P=0.120).  
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In our retrospective clinical study (I) the required information was obtained subjectively 
in every examination for preoperative planning of the implant placement with the 
exception of the images of three patients with artefacts. The interexaminer variation and 
intraexaminer reproducibility for measurements of bone dimensions with a tolerance of 
0.5 mm were excellent (I). 

 

5.4.  Radiation doses (II, IV) and image quality (IV) 
5.4.1.  Radiation doses in the cadaver study (II) 
The CTDIvol and DLP radiation dose values recorded from the console display in MSCT 
scans were within the ranges of 3.2-30.7 mGy and 18.7-171.8 mGy cm, respectively. The 
calculated radiation doses were in agreement with the recorded doses within the limits of 
dosimetric uncertainty. The effective doses from the MSCT scans were from 0.05 mSv to 
0.47 mSv, calculated according to the ADAM mathematical male model. Effective doses 
calculated according to the EVA female model were 33% larger. The recorded doses and 
calculated effective doses in MSCT scans are presented with the relevant scan parameters 
in Table 1 in the original publication (II). 

The dose values measured in CBCT were 2 mGy in the central scan region and 1 mGy in 
the peripheral region of the head phantom. 

 

5.4.2.  Tissue and effective doses of four CBCT scanners in comparison 
with two MSCT scanners (IV) 
Image quality insert dose. The absorbed doses measured at the central axis of the RSVP 
image quality insert varied from 1.1 mGy to 18.4 mGy for the CBCT scanners, and from 
24.1 to 33.9 mGy for the MSCT scanners. The central axis absorbed doses for the 
protocols used for the effective dose determination are shown in Table 6. The results are 
presented in detail in Table 4 in the original publication (IV). 

The doses were from 2.9 to 9.7 times higher for MSCT imaging than for CBCT imaging 
using standard imaging parameters, with the exception of the Promax 3D scanner, for 
which the ratio was 1.3 - 1.8. The 64-slice CT scanner delivered the highest doses (33.9 
mGy), 1.5 times more than the 4-slice scanner with clinical protocols.  

When low-dose protocols were used, the central axis doses of the MSCT scanners were 
reduced by a factor of 4.7 to 5.7, corresponding to the dose level of the three CBCT 
scanners with the lowest doses.  

Increasing the FOV in the CBCT scanners increased central axis doses for the 3D 
Accuitomo FP by 17% and for the Promax 3D by 17% - 32%. For the Scanora 3D the 
absorbed doses decreased by a factor of 2-3 with increasing FOV. The exposure time for 
the Scanora 3D also decreased with increasing FOV (Table 5). 
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Effective dose. The measured tissue doses correspond to the central axis doses measured 
in the RSVP image quality phantom insert, showing the lowest doses with the 3D 
Accuitomo CCD scanner and the highest doses with the GE 64-slice scanner (Table 6). 

 

 

 
Table 6. An overview of the results of Study IV. SFOV = Scan Field of View, CNRcorr = corrected 
contrast-to-noise ratio, MTF = modulation transfer function. 
 

Scanner 
(SFOV x scan length) 
[cm x cm] 

Central axis 
absorbed 

dose [mGy] 

Effective dose 
ICRP 1990 

[μSv] 

Effective dose 
ICRP 2007  

[μSv] 

Difference 
in effective 

dose,   
1990-2007 

CNRcorr 10% MTF 
[mm-1] 

       
CBCT scanner       
3D Accuitomo II/CCD [4x3] 5.9 14 27 93% 8.2 0.8 
3D Accuitomo FP[ 6x6] 8.4 63 166 163% 9.5 0.7 
Promax 3D [8x8] 18.4 269 674 151% 18.8 0.5 
Scanora 3D [6x6] 3.5 35 91 160% 14.1 0.4 
       
MSCT scanner       
GE 4-slice CT [25X3.48] 24.1 350 685 96% 13.6 0.5 
GE 64-slice CT [25X4.125] 33.9 742 1410 90% 20.7 0.5 

 
 

 

 

5.4.3.  Image quality of four CBCT scanners in comparison with two MSCT 
scanners (IV) 
Contrast-to-noise ratio. All CNR results were corrected for differences in slice thickness 
and normalized to 1 mm slice thickness. The CNRcorr (corrected contrast-to-noise ratio) 
values for the CBCT and MSCT scanners were 8.2-18.8 and 13.6-20.7, respectively. An 
overview of the results (IV) is given in Table 6 and the results including all the protocols 
studied are presented in detail in Table 6a in the original publication (IV). 

The lowest corrected CNRs were measured for the two 3D Accuitomo scanners, with the 
FP version providing a 30% higher CNRcorr than the CCD version. The CNR obtained 
with the smallest FOV at high resolution for the Scanora 3D and that for the clinical 
protocol of the four-slice MSCT scanner were similar, 70% and 65% higher, respectively, 
than for the 3D Accuitomo CCD. The CNR corr was lower for the medium FOVs and also 
for the smallest FOV at standard resolution of the Scanora 3D than the smallest FOV of 
the Scanora 3D at high resolution. An irregularity was observed for the large FOV for 
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both resolutions, where the CNRcorr was higher. The highest CNRcorr values were 
obtained with the Promax 3D scanner (123% higher than the 3D Accuitomo CCD) and 
the 64-slice MSCT (152% higher than the 3D Accuitomo CDD).  

The low-dose protocols resulted in a considerably lower CNRcorr with both MSCT 
scanners (45%-58% reduction compared to the clinical protocols), which corresponded to 
the CNRcorr obtained with the 3D Accuitomo scanners. 

 

Modulation transfer function. The 10% MTF of the CBCT scanners varied between 0.1 
- 0.8 and was 0.5 for all the MSCT protocols examined. An overview of the results of 
(IV) is given in Table 6 and the results are presented in detail in Table 6b in the original 
publication (IV). In general, the 10% MTF (Table 6) decreased with increasing pixel size. 
The pizel sizes of the equipments used in the present study are given in Table 5. 
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6. DISCUSSION 
6.1.  Methodological aspects 
In the first retrospective and descriptive part of the study (I) the referring dentist 
determined the need for CBCT examination. The study was carried out in one dental 
practice and only during a six-month period. Conventional images (panoramic radiograph 
or intraoral radiograph) were not available for comparison in all cases. There were no 
standard indications or instructions for conventional imaging. A gold standard was 
available only in a few cases and only the additional radiographic information could be 
evaluated. In addition, two observers evaluated the images once and, when there was a 
discrepancy in the readings, a second time in a subsequent consensus reading. The 
reliability of the results could have been increased by using more than two observers. 
However, the limited number of senior oral radiologists makes the practical arrangements 
of a study involving several readers difficult. The interexaminer variation and 
intraexaminer reproducibility for measurements of mandibular bone dimensions were 
determined with a tolerance of 0.5 mm. Twelve linear measurements (four linear 
measurements per one coronal slice) were made twice with a two-week interval as 
described earlier by Peltola and Mattila (2004) and in Study II. Neither the impact of the 
CBCT findings on treatment strategy nor treatment outcome was evaluated in this study. 

Typical imaging protocols adopted in daily clinical practice were used in the second 
study (II). A cadaver mandible was imaged with the CBCT and MSCT devices dry and, 
in order to better resemble the clinical situation, also immersed in sucrose solution 
isointense with soft tissue. A mandible embedded in water has been used in other studies, 
too (Hassan et al. 2009a, Liang et al. 2009a, 2009b). The study design would have been 
more representative if several cadaver mandibles, including osteoporotic mandibles with 
soft tissues, skull base and cervical vertebra, had been available. Furthermore, repeated 
scanning of the target could have been used to assess the accuracy and reliability of the 
method in more detail. It should also be pointed out that the same measurements were 
evaluated continuously several times, which may have strengthened the apparent 
reliability of the measurements. However, the two-week interval between the 
measurements contributes positively to the reliability. Also, the values representing the 
gold standard, i.e. micrographed slices, contained a source of error. Although anatomical 
structures were clearly seen in the microradiographs, the measurement agreement was not 
perfect (Peltola and Mattila 2004). DentaScan software (GE Medical Systems, Global 
Center, Milwaukee, WI) was used to reconstruct 2D orthoradial multiplanar reformatted 
MSCT images and for that reason the cross-sectional slices could not be selected as 
precisely as with the CBCT examinations. 

In the third, prospective, clinical part of the study (III) the number of study subjects was 
limited and the surgical data suffered from the unavoidable change of the oral surgeon 
during the course of the study. At the end of the study a considerable number of study 
subjects had not been operated on. The surgeon decided not to remove six teeth from 
three patients. Eleven teeth had not been operated on by the end of the study. Also, 
findings documented during surgery were not obtained in seven instances. For these 
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reasons there was no opportunity to consider diagnostic accuracy. However, the results 
are consistent and it is highly unlikely that the main findings of this study would change 
with the inclusion of additional study subjects. Based on our results it would have been 
unethical to expose additional study subjects to unnecessary radiation including MNBR 
stereographic images and cross-sectional tomographic images in addition to panoramic 
radiographic image and CBCT examination. The use of the unweighted kappa value for 
statistical calculations could have been an alternative approach, considering the clinical 
importance of the difference between two and three roots in third molars. We decided to 
use the weighted kappa, because it is most often used in measurements concerning 
ordinal scale agreement. On the other hand, if we had excluded from the calculations the 
cases without two- or three-rooted third molars, the data would have been even more 
limited, resulting in greater uncertainty of kappa coefficients in terms of wider 
confidence intervals.  

In the fourth, phantom, part of the study (IV) we evaluated both the dose levels and the 
image quality, which give more precise information about the scanner studied. The 
effective doses were evaluated using only selected protocols. The study design would 
have been more representative if more protocols had been studied. On the other hand, our 
method is very time consuming and laborious. Thus we decided to select imaging 
protocols that are commonly used in dental radiology. The limited number of different 
CBCT devices available at the time of the study has a negative influence on the value of 
the data. 

 

6.2.  Use of CBCT in a dental practice (I) 
Dental CBCT (3D Accuitomo) was found to be a promising imaging method in clinical 
dental practice (Study I). Subjectively, bone and important anatomical structures could be 
determined in CBCT images, which is in accordance with the findings by Liang et al. 
(2009a). In their cadaver study, a small FOV 3D Accuitomo unit visualized even delicate 
structures such as trabecular bone and periodontal ligament. The method was superior to 
MSCT and to the other CBCT scanners studied (i-CAT, NewTom 3G, Galileos, Scanora 
3D) in depicting anatomical structures. Lofthag-Hansen et al. (2009) studied the visibility 
of anatomic landmarks for preoperative planning of implant placement in the posterior 
mandible in a clinical study. The visibility of the IAC and the marginal alveolar crest, as 
well as the observer agreement of the location of these structures, was high, thus 
supporting our findings. 

In the present study 54% of the CBCT examinations targeted at a diagnosis of apical 
periodontitis produced additional radiographic information when compared to 
conventional radiographs. This finding is in accordance with Lofthag-Hansen et al. 
(2007). In their study additional clinically relevant information was obtained with CBCT 
(3D Accuitomo) images compared to intraoral radiography in 32 of the 46 cases (70%) 
when maxillary molars or premolars and mandibular molars with endodontic problems 
were retrospectively evaluated by using two intraoral periapical radiographs in addition 
to CBCT images. Also, the results presented by Estrela et al. (2008a) and Low et al. 
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(2008) indicate the apparent superiority of  CBCT to detect periapical lesions when 
compared to conventional imaging methods, i.e. periapical radiography and/or panoramic 
radiography. It has to be emphasized that none of the studies provide any evidence as to 
whether the findings affected the treatment or the treatment outcome, neither was a gold 
standard presented. Several in vitro studies have compared the visibility of artificial 
periapical lesions in CBCT and intraoral radiography (Stavropoulos and Wenzel 2007, 
Ozen et al. 2009, Patel et al. 2009). In these studies CBCT performed better than intraoral 
radiography in detecting the periapical lesions. Simon et al. (2006) reported that 
diagnoses using gray value measurements of the contents of the periapical lesions 
(periapical granuloma/cyst) with cone-beam images were correct in 13 out of 17 cases. 
Such information would be useful for diagnosis and treatment, and further studies are 
needed to evaluate this. 

Estrela et al. (2008b) have recently proposed a new periapical index based on CBCT. The 
index is determined by the largest extension of the lesion using a 6-point scale scoring 
system with two additional variables, namely expansion and destruction of the cortical 
bone. This kind of standardized system would offer an accurate diagnostic method, 
minimize observer interference, and increase the reliability of epidemiological studies. 

The limitations of the present retrospective study call for prospective trials. One widely 
recognized challenge for research is to determine objectively the diagnostic accuracy of 
CBCT in identifying both periapical lesions and root canal anatomy as well as to quantify 
its impact on clinical management decisions (SEDENTEXCT 2009). Also, the use of 
CBCT during endodontic treatment and follow-up should be investigated 
(SEDENTEXCT 2009).  

The increasing use of CBCT examinations requires critical evaluation of its possible 
advantages in comparison with conventional imaging methods. When a CBCT 
examination is planned careful consideration should be given to whether the additional 
information contributes to the diagnosis and what its impact on the patient’s treatment is. 
On the other hand, it is important to point out that the exclusion of pathology is of equal 
importance when selecting the proper treatment. 

According to Lofthag-Hansen et al. (2007) artefacts can produce problems in 3D 
Accuitomo images. This was confirmed in our study. Root filling material and metal 
posts caused disturbing artefacts in the diagnosis of tooth root fracture (I). However, 
secondary changes of the clinically verified tooth root fractures could be detected in the 
CBCT images. Hassan et al. (2009b) compared the accuracy of CBCT scans and 
periapical radiographs in detecting vertical root fractures and assessed the influence of 
root canal filling on fracture visibility. CBCT scans presented overall a higher accuracy 
(0.86) than periapical radiographs (0.66). The specificity of CBCT was reduced by the 
presence of a root canal filling, but the overall accuracy was not influenced.  

Exact measurements were also hampered by artefacts in three out of the 97 cases of 
preoperative planning of implant placement examinations (I). Artefacts attributable to 
metal also interfered with the diagnosis of peri-implantitis (I). For that reason a 
combination of conventional radiography, i.e. panoramic and intraoral radiographs, and 
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CBCT was needed to evaluate the examination area in detail, which is in accordance with 
the findings by Lofthag-Hansen et al. (2007). 

Subjectively, the bone structure of TMJs could be determined clearly in CBCT images (I) 
and gave additional radiographic information compared to panoramic radiography. It also 
allowed joint space asymmetry to be detected in two patients (I).  

Honey et al. (2007) found that CBCT (i-CAT) images provided superior reliability and 
greater accuracy than corrected angle linear tomography and TMJ panoramic projections 
in the detection of condylar cortical erosion. Hintze et al. (2007) found no significant 
differences in diagnostic accuracy for the detection of bone changes in the condyle and 
the lateral articular tubercle between CBCT (NewTom 3G) images and conventional 
tomograms. No significant differences were detected between CBCT (3D Accuitomo) 
and MSCT for assessment of osseous abnormalities of the mandibular condyle (Honda et 
al. 2006). Honda et al. (2004) and Hilgers et al. (2005) studied the accuracy of linear 
measurements in temporomandibular joint (TMJ) imaging using CBCT. Honda et al. 
(2004) found the 3D Accuitomo suitable for accurate measurements of the thickness of 
the roof of the glenoid fossa of the TMJ. Hilgers et al. (2005) showed that i-CAT CBCT 
depicts the TMJ complex in 3D accurately. The measurements were reproducible and 
significantly more accurate than those made with conventional cephalograms.  

In a systematic review by Hussain et al. (2008) it was concluded that axially corrected 
sagittal tomography is currently the imaging modality of choice for diagnosing erosions 
and osteophytes in the TMJ. CT does not seem to add any significant information to what 
is obtained from axially corrected sagittal tomography and CBCT might prove to be a 
cost- and radiation dose-effective alternative to axially corrected sagittal tomography. 
Diagnostic studies that simultaneously evaluate all the available TMJ imaging techniques 
are needed.  

Also, before deciding to employ CBCT consideration should be given to whether the 
information obtained will alter the management of the patient (SEDENTEXCT 2009). 
Because a small FOV caused re-examination in 4.5% of the examinations, the use of 
scout views should be considered, especially in small FOV examinations. 

 

6.3. Preoperative radiographic evaluation of lower third molars 
using CBCT (I, III, IV) 
Subjectively, bone anatomical structures could be identified from 3D Accuitomo CBCT 
images (I), which is in accordance with the findings by Liang et al. (2009a). Important 
anatomical structures, for example the IAC, were easily identified. This is in accordance 
with the results of our prospective study (III), where the IAC could be detected without 
difficulty and located correctly in relation to the lower third molar in all CBCT scans. 
CBCT showed a perfect match between intra- and interobserver readings, and when 
compared to the gold standard in locating the IAC. However, in Study III two of the 42 
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CBCT examinations were made with a 3D Accuitomo scanner and the rest with a Promax 
3D scanner. 

It is important to point out that not all the results found in the literature are in agreement. 
Heurich et al. (2002) were able to reconstruct the course of the IAC exactly with the help 
of NewTom CBCT in 93% of their examinations before lower third molar extraction. 
With the same device, Pawelzik et al. (2002) revealed the IAC in 94% of CBCT 
reconstructed paraxial images. In another study, 3D Accuitomo CBCT was reported to 
give a high sensitivity (93%) with a specificity of 77% in predicting exposure of the 
neurovascular bundle (Tantanapornkul et al. 2007). It is important to know the capability 
of the scanner used to visualize delicate structures and in order to be able to select the 
device or the examination protocol accordingly.  

The variability of different CBCT systems (i-CAT, NewTom 3G, Galileos, Scanora 3D) 
was shown in a cadaver study by Liang et al. (2009a). All systems visualized the mental 
foramen, IAC, cortical bone, incisive canal, and pulp space clearly. The small FOV 3D 
Accuitomo was superior to other CBCT scanners in showing delicate structures such as 
trabecular bone, periodontal space, and lamina dura. However, only one cadaver 
mandible was used in this study (Liang et al. 2009a). In an osteoporotic mandible, for 
example, observation of the IAC is difficult and differences between different scanners 
and/or examination protocols can be expected. The spatial resolution (10% MTFs) of the 
two 3D Accuitomos was also found to be better than for the other two CBCT scanners 
(Promax 3D, Scanora 3D) in our study (IV). 

A CBCT examination has been found useful in preoperative diagnostics prior to surgical 
removal of mandibular third molars in several studies (Heurich et al. 2002, Danfort et al. 
2003, Tantanapornkul et al. 2007, Friedland et al. 2008, Neugebauer et al. 2008, 
Tantanapornkul et al. 2009). Our findings with CBCT scanners (III) support the 
recommendation by Flygare and Öhman (2008) that CBCT be used in complicated cases 
in the preoperative radiographic evaluation of lower third molars.  

In our limited material (III) the proportion of three-rooted lower third molars was 
estimated to be much higher by CBCT than panoramic radiography, but there was no 
perfect match with the clinical findings with either CBCT or panoramic radiography 
diagnosis.  

Further studies are needed to evaluate the diagnostic accuracy of CBCT  in lower third 
molar examinations, including the assessment of the number of roots of lower third 
molars and the location of the IAC in relation to the lower third molar. It will be 
interesting to find out what kind of information obtained from a CBCT examination has an 
effect on clinical decision making, patient management and treatment outcome. 

 

6.4.  Accuracy of linear measurements using CBCT (I, II) 
Conventional CT is generally accepted as an accurate tool for making measurements of 
bony structures. We demonstrated that the error of linear measurements is even smaller 
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with CBCT (3D Accuitomo) than with MSCT in the preoperative planning of implant 
placement (II). In our study we tried to mimic the imaging protocols generally adopted in 
daily clinical practice. The same approach has been used previously in the evaluation of 
cross-sectional tomograms obtained with four panoramic radiographic units (Peltola and 
Mattila 2004). 

Our present findings are in accordance with the results of Kobayashi et al. (2004), 
Loubele et al. (2007), Loubele et al. (2008c), Veyre-Goulet et al. (2008) and Kamburoğlu 
et al. (2009). These studies showed high accuracy for linear measurements in implant 
planning measurements. Kobayashi et al. (2004) compared the accuracy of measurement 
of distance using CBCT (3D Accuitomo) and MSCT. The vertical distance from a 
reference point to the alveolar ridge was measured in five cadaver mandibles. A 
significantly smaller ME was observed in their study for CBCT than for MSCT. Loubele 
et al. (2007) found that jawbone width measurements performed with dry mandibles are 
reliable using CBCT (3D Accuitomo) and spiral tomography. On average they slightly 
underestimated bone width. Kamburoğlu et al. (2009) concluded that the accuracy of 
CBCT (Iluma) measurements of various distances surrounding the mandibular canal was 
comparable to that of digital caliper measurements.  

Loubele et al. (2008c) and Veyre-Goulet et al. (2008) used the maxilla in their studies.  
Loubele et al. (2008c) found that both CBCT (3D Accuitomo) and MSCT yielded 
submillimeter accuracy for linear measurements. Veyre-Goulet et al. (2008) reported that 
the accuracy of CBCT (NewTom 9000) measurements was comparable to that of digital 
caliper measurements using implant placement in the posterior maxilla as a model. 

It is important to point out that patient imaging differs from cadaver studies. The 
accuracy of measurements made on patients may be affected not just by soft-tissue 
attenuation but also by metal artefacts and patient motion (Periago et al. 2008). In our 
study (II) we used a cadaver mandible immersed in sucrose solution isointense with soft 
tissue to mimic the clinical situation. The difference in our ME results between the dry 
and sucrose-immersed mandible was somewhat unexpected, as on empirical grounds one 
might expect the addition of the sucrose solution bath to result in greater scattering 
problems. It is difficult to be sure of a definite explanation for this, although it is possible 
that the dried material presents a scattering and attenuation environment for which the 
radiological equipment is not designed. The study design would have been more 
representative if a cadaver mandible with soft tissues, skull base and cervical vertebrae 
had been available. Furthermore, in our study (II) only one cadaver mandible was used 
for the evaluations, which lowers the reliability of our results. For these reasons, our 
findings cannot be extrapolated to the clinical level. In our retrospective clinical study (I) 
the required information was obtained in every examination for the preoperative planning 
of implant placement subjectively with the exception of the three artefact cases out of 97 
examinations in this indication. Also, the interexaminer variation and intraexaminer 
reproducibility for measurements of bone dimensions with a tolerance of 0.5 mm were 
high (I).  
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An important finding in our study (II) was that a considerable radiation dose reduction 
could be achieved with low-dose MSCT examinations without a major loss of 
measurement accuracy. The effect on dose and image quality of low-dose CT protocols 
has been noted in several other studies (Ekestubbe et al. 1993, Cohnen et al. 2002, 
Rustemeyer et al. 2004, Loubele et al. 2005), where a considerable dose reduction 
without a loss of diagnostic information or acceptable image quality for measurements 
was achievable in dental CT examinations. Further studies are needed to evaluate in more 
detail the suitability of low-dose protocols - including both CT and CBCT - for dental 
implant planning in clinical practice. A low-dose CT protocol for preoperative 
radiographic evaluation of lower third molars has been proposed by Flygare and Öhman 
(2008), while low-dose CT of the paranasal sinuses has been recommended by several 
authors (Marmolya et al. 1991, Hagtvedt et al. 2003, Dammann 2007). In addition, 
randomised clinical trials are needed to evaluate the potential benefits of CBCT 
examination in preoperative planning of dental implant treatment. 

 

6.5.  Radiation dose and image quality of dental CBCT and 
MSCT (II, IV) 
Dental CBCT scanners provided adequate image quality for dentomaxillofacial 
examinations, while delivering considerably smaller effective doses to patients when 
compared to MSCT (IV). The Promax 3D scanner was an exception in this respect, with 
effective dose values approximating those of the four-slice MSCT scanner. On the other 
hand, in our study (IV) the height of the imaging area of the Promax 3D scanner was the 
largest, being approximately twice as high as that in MSCT examinations. In addition, the 
CNR of the Promax 3D scanner was unnecessarily high when using the imaging 
parameters for clinical practice. Reducing the mAs by half reduces the dose by half, and 
the CNR by the square root of 2. For the Promax 3D this means that the CNR would have 
still surpassed the 3D Accuitomo and been in the range of the Scanora 3D, even if the 
dose were to be halved. Our findings thus indicate a lack of optimization of the imaging 
protocols (IV). 

Large variations in patient dose have been noted by Ludlow et al. (2006) and Ludlow and 
Ivanovic (2008). Unfortunately, in most of the studies neither dose levels nor image 
quality have been analysed. It is important to point out that in addition to the CBCT 
device itself, radiation doses vary substantially depending on the FOV, the settings 
chosen and the imaging area.  
Our study also proved that low-dose MSCT protocols offer adequate high-contrast 
resolution and CNR with absorbed doses similar to those obtained with the CBCT 
scanners (IV). This supports our findings in Study II, where a considerable radiation dose 
reduction could be achieved with low-dose MSCT examinations without a major loss of 
measurement accuracy. 

The large variations in patient dose emphasize the importance of optimizing imaging 
parameters in both CBCT and MSCT examinations. Radiation dose should be kept as low 
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as possible and should be in balance with image quality. Rapid recent advances in 
radiological techniques call for studies to evaluate CBCT and low-dose MSCT 
examinations in order to create standards for image quality and dose for the varied 
diagnostic tasks. 
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7. CONCLUSIONS 
 

1. Using CBCT, subjective identification of anatomy and pathology relevant in 
dental practice can be readily achieved, but dental restorations may cause 
disturbing artefacts.  

 

2. In terms of the accuracy and reliability of linear measurements in the posterior 
mandible, CBCT is comparable to MSCT. 

 

3. CBCT is more reliable in evaluating the number of mandibular third molar roots 
than panoramic radiography. CBCT is a reliable means of determining the 
location of the IAC and its relationship to the roots of the lower third molar, and 
in this respect is more reliable than MNBR and cross-sectional tomography. 

 

4. CBCT scanners provide adequate image quality for dentomaxillofacial 
examinations while delivering considerably smaller effective doses to the patient 
than MSCT. Large variations in patient dose and image quality, depending on the 
device and imaging protocol used, emphasize the need to optimize the imaging 
protocols. 
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