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Abstract 

In recent decades, the use of computed tomography modalities has led to more accurate 

predictions of the outcomes of dental implant therapy. Computed tomography modalities 

have a radiation dose risk that must always be considered in conjunction with the benefits 

of its use. Therefore, the need to acquire a clinically acceptable diagnostic image must 

always be balanced with the radiation dose delivered to the patient. The aim of this study 

was to define the limit of dose reduction in multi detector computed tomography (MDCT) 

and cone beam computed tomography (CBCT) that could be achieved without 

compromising the clinical requirement of the image in pre-surgery implant placement 

planning. The evaluation outcomes were used to validate a new image quality evaluation 

method. The clinical implications resultant from this study  have significant effects on 

future phantom studies allowing for the development of protocols for CT and CBCT scans 

in clinical applications that benefit the patient through lowering patient dose whilst 

maintaining diagnostic image quality.  

The study undertaken was a phantom study, two CT scanners (GE® and Toshiba®) and 

One CBCT (Planmeca Promax) units were used to acquire several images of the 

phantoms. Image acquisition was based on different combinations of exposure parameters 

(kVp and mA). The images were then evaluated by three clinical observers with more 

than 5-year of dental implantology clinical experience. Inter- and intra-observer 

reliability agreement were assessed. Image quality was evaluated using a visual grading 

analysis (VGA) approach. The evaluation consists of anatomical landmark visibility and 

the clinical eligibility of the image to pre-surgical implant placement assessment. The 

data were analysed using image quality regression methodology based on overall image 

quality and clinical decision making.  

Results revealed that low dose protocols for MDCT and CBCT can successfully be 

achieved for implant dentistry. In addition, it was demonstrated that increasing the tube 

voltage improved the image quality in the GE® MDCT, while in the Toshiba® MDCT, the 

image quality was not dependent on changes in tube voltage. The acceptable image 

quality acquired by GE® CT was associated with the lowest radiation dose with exposure 

settings of 80 kVp and 240 mA, and in Toshiba® was associated with the lowest radiation 

dose with exposure settings of 100 kVp and 150 mA. It was defined as an acceptable 

image quality, which answered the clinical questions of implant placement planning.  
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While in CBCT, the minimum acceptable exposure setting combination demonstrated 

was 80 kVp, 6 mA with the exposure setting combinations of 80 kVp, 8 mA and 80 kVp, 

10 mA enhancing the image quality. Integrated visual grading regression (IVGR) was 

adopted and tested on the CBCT observation data that resulted in 31% radiation reduction 

compared to the dose associated with the default clinical use. In conclusion, the radiation 

dose can be reduced for the images of pre-surgical implant assessment. In addition, the 

IVGR is a valid method to assess radiation dose reduction of various CT modalities and 

could be useful for future clinical and phantom studies. 
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Chapter 1: Background 

1.1 Introduction 

The dental implantology field is considered one of the most recent clinical indications for 

CT scanning protocol, although selection of the imaging modalities is simply based on 
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clinical decision regarding the requirement and the difficulty of clinical scenarios in 

relation to pre-implant surgery assessment (Bornstein et al., 2015). The visibility and 

proximity of anatomical landmarks play an important step in implant planning especially 

in the mandibular posterior area. The outcomes of this evaluation will affect the planning 

decision, implant selection, and procedure technique (Guerrero, Noriega, Castro, & 

Jacobs, 2014). 

Bornstein et al., 2015 emphasised the importance of 3D imaging modalities to evaluate 

and plan the site pre–implant surgery. He stated that up to 60% of the referral implant 

planning cases in specialty clinics required a 3D evaluation. These indications are to 

evaluate the anatomical landmarks proximal to the site of the implant, the quality and the 

quantity of the bone and whether pathology was present in the implant site (Bornstein et 

al., 2015). Therefore, due to the increased use of the CT and CBCT in implant assessment 

surgery we have designed this study.  

Visual grading scores are frequently used for medical image quality assessment (Hilgado 

Rivas et al., 2015; Kadesjo et al., 2015a; Liang et al., 2010; Pittayapat et al., 2013; 

Vandenberghe, Jacobs, & Yang, 2007). In the evaluation of medical image quality VGA 

involves the assessment of an image by several observers who award a score representing 

image quality based on the suitability of the image for clinical use. In the clinical setting 

poor quality images may result in misdiagnosis.  Computed tomography (CT) is a 

common type of imaging used for the evaluation and diagnosis of disease and its usage 

continues to increase in clinical practice worldwide. However, as with all examinations 

involving ionising radiation the use of CT has a radiation dose risk that must be 

considered in conjunction the benefits of its use. Hence, the desire to acquire high-quality 

diagnostic image must always be balanced with the radiation dose to the patient 

(Hofmann, Schmid, Lell, & Hirschfelder, 2014; Kadesjo et al., 2015b; Pauwels et al., 

2017). 

Several image quality evaluation methods have been discussed. Objective image quality 

involves the evaluation of the physical properties of the images, and noise is a major 

factor affecting the clinical interpretation. The balance between noise, contrast, and 

spatial resolution influences the observer perception of the image (Jadu, Hill, Yaffe, & 

Lam, et al., 2011; Vandenberghe et al., 2007; Suomalainen et al., 2009). Physical image 
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evaluation is important to relate to observer subjective image quality to validate and link 

to the clinical scenarios. However, assessment of medical image quality is a clinical task 

that is dependent on human observers (radiologists). Observer’s image quality is based 

on criteria and dependent of anatomical structure and pathology. Visual grading analysis 

(VGA) is one of the popular subjective image quality evaluations in clinical practice. 

 

Visual grading analysis scores are typically defined on a 3-, 5-, or 7-point Likert-type 

scale. For example, when a 5-point scale is used, 1: may represents “Clearly not visible” 

to 5: represents “Clearly visible”. In this sense, the scores are defined in an ordinal scale, 

meaning that they have a natural ordering but the differences between 1 and 2 may not be 

the same as the difference between 2 and 3. The ordinal nature poses a challenge to 

researchers, as it requires some special techniques to interpret the results. Perhaps the 

most frequently used approach to analyse the data from visual grading experiments is 

VGA scoring (Månsson, 2000; Kadesjo et al., 2015), which simply calculates the average 

score across all criteria and observers. The scores are then plotted against the explanatory 

variables or compared between different groups using statistical methods, including t test 

and analysis of variance (ANOVA). Despite the simplicity, due to the ordinal nature of 

the data, any method which involves calculating the means is inappropriate, as the data 

are assumed to be the least interval (where differences make sense).  

 

To make the analysis statistically valid, Båth and Månsson (2007) proposed to use the 

visual grading characteristic (VGC) method, which was formulated based on the receiver-

operating characteristic (ROC) method. However, VGC can compare only two 

parameters at a time (Zarb, McEntee, & Rainford, 2015; Zheng, Kim, & Yang, 2016). 

 

To assess the effects of more than two parameters, the visual grading regression (VGR) 

method (Smedby and Fredrikson, 2010; Smedby et al., 2013; Saffari et al., 2015; Zarb et 

al., 2015; Zheng et al., 2016) should be applied. VGR is a statistically valid method as it 

is based on the ordinal regression approach developed to handle ordinal data. In VGR, 

the probability of the response variable being less than 𝑛 is modelled. As a result, the 

simultaneous effect of several explanatory variables can be assessed. In addition, fixed 

and random effects can be incorporated in the model (Hedeker and Gibbons, 1994). 

Although this method may seem complicated, it can be easily performed in almost all 

modern statistical software products. 
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When observers are asked to give only one score for each image, use of VGR is 

recommended (Hair et al., 2009). However, in some visual grading experiments, 

observers are asked to give more than one score for each image. For example, they may 

be asked to assess the visibility of five anatomical landmarks, which may be scored on a 

5-point scale, as well as rank the overall image quality, which may simply be reported as 

"Yes" or "No".  

 

Thus, the scale of the scores for the anatomical landmarks need not be the same as that 

for the overall image quality. Furthermore, there are a total of six response variables for 

each image, and they are inter-dependent: if a low score given to one anatomical 

landmark, it is likely that another anatomical landmark will receive a low score as well. 

In this regard, the data structure is multivariate ordinal. The usual ordinal regression 

model, which usually assumes independence among response variables, may be 

questionable. Perhaps the best way to handle this kind of data is a multivariate ordinal 

regression model (Liu and Hedeker, 2006); however, the modelling is complicated, and 

practitioners may find the model difficult to interpret.  

 

In multivariate statistics, to overcome the challenges of handling multivariate data, it is 

common to reduce the dimension of the multivariate data. The well-celebrated principal 

component analysis (PCA) method is one of many analysis examples (Hair et al., 2009). 

For visual grading experiments, one way to reduce the dimension of the multivariate 

ordinal data is to define an integrated image quality (IIQ) for each image based on all 

scores given (Hidalgo Rivas, Horner, Thiruvenkatachari, Davies, & Theodorakou, 2015; 

Al-Humairi et al., 2016a,b). Essentially, it defines a new response variable based on some 

criteria. However, this method may be subjective. Also, the effects of explanatory 

variables are unclear and the variabilities among observers are not taken into account.  
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1.2 Aim and hypothesis  

Although multiple image quality evaluation methods were identified on medical and 

dental CT applications, most of them are based on subjective factors and have defined 

limitations. Therefore, this study aims to evaluate the limits of dosage reduction in cone 

beam CT (CBCT) and multi-detector CT (MDCT) dental imaging without compromising 

the recognisability of important key anatomic structures. VGA was used to evaluate the 

image quality and visibility of the anatomical landmarks relevant to implant dentistry. 

The outcomes of this evaluation will be used to validate and test a new derived image 

quality method and new image scoring method. 

 

The clinical significance of the phantom study is to elicit the dose-reduction protocols 

by using phantoms and to find a relation between the acceptable image quality and dose 

reduction. The result will be potentially beneficial in the clinical setting. The hypothesis 

of this study is an empirical hypothesis of identification and validation of scientifically 

and statistically image quality method for radiation dose optimisation in relation to 

dental implantology.  
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2.1 Introduction 
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The unintentional finding of x-rays by Wilhelm Conrad Röntgen in the late 19th century 

was a cornerstone in medical diagnostics, which allowed for the first time visualisation 

of internal body structures without the need to surgically open up the patient (Ambu, 

Ghiretti, & Laziosi, 2015). Shortly after Röntgen’s discovery, the first periapical (dental) 

radiographs were taken. Alessandro Vallebona developed a tomograph in 1930 using 

transverse axial stratigraphy, the earliest application of axial stratigraphy in humans. 

Axial stratigraphy required both the patient and the film to rotate along relative vertical 

axes (Vallebona, 1950). In the 1960s, the introduction of orthopantomography (OPG) was 

a significant advancement in the field of dental diagnostics, giving dentists a 

comprehensive image of dental arches and the maxillofacial complex. Subsequently, 

radiodiagnostics continued to be at the forefront of research and development, with three-

dimensional (3D) imaging technology being developed in the 1990s (Ambu et al., 2015). 

 

The diagnostic information obtained using conventional projections has been well 

documented over the past three decades using x-ray film, computed radiography, and 

digital radiography (DR) acquisition methods (Tadinada et al., 2015; Wolff et al., 2016). 

Clinically, conventional x-ray projections (Suomalainen, Esmaeili, & Robinson, 2015; 

Suomalainen, Kiljunen, Kaser, Peltola, & Kortesniemi, 2009) remain a crucial part of 

dental management, and most dental practices are equipped with an x-ray system to assist 

with clinical decision-making. Conventional x-rays are relatively inexpensive, have a low 

associated effective dose, and provide relatively straightforward information, which can 

be also used for screening. However, with the introduction of modern tomographic 

imaging, which provides detailed, sharp, non-superimposed landmarks of head and neck 

anatomy, along with highly defined spatial and contrast resolution (Buzug, 2008), the 

demand for conventional radiographic projections has reduced. 

 

The principal aim of imaging in dentistry is the in situ evaluation and diagnosis of 3D 

structures. 3D imaging modalities, including CBCT and multi-detector CT (MDCT), 

capture raw two-dimensional (2D) images and reconstruct the data into 3D values (Ambu 

et al., 2015; Carr, 1996).  

 

Tomographic images also permit assessment of anatomical landmarks prior to surgery, 

which provides important information for precise planning and minimisation of the risks 
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associated with surgery (Shpilberg, Daniel, Doshi, Lawson, & Som, 2015). Modern 

tomography also facilitates 3D reconstructive imaging. 3D imaging techniques are used 

for minimally invasive surgery, as well as endoscopic approaches. 3D images are 

becoming a compulsory requirement in pre-operative evaluation of several clinical 

presentations, including those involving dental and oral surgery, which has the benefit of 

the assessment of high-contrast structures (Dula et al., 2015; Parsa, Ibrahim, Hassan, 

Stelt, & Wismeijer, 2015; Sennerby et al., 2015; Steiding, Kolditz, & Kalender, 2015). 

Importantly, 3D evaluation of maxillofacial structures using CBCT overcomes the 

limitations of 2D radiology in relation to clinical interpretation (Dammann et al., 2014). 

 

However, the downside of expanding the clinical application of MDCT is the 

accompanying increase in dose to the patient. In dental imaging, White and Mallya (2012) 

stated that MDCT examinations has a significantly higher radiation dose than other 

modalities. There is a fundamental need to balance this dose with the necessity of 

acquiring high-quality diagnostic images. Best practice in MDCT imaging demands strict 

application of the As Low As Reasonably Achievable (ALARA) principle used throughout 

medical imaging examinations using ionising radiation ("ICRP Publication 105. 

Radiation protection in medicine," 2007). However, in some Australian radiology clinics, 

the latest MDCT equipment uses radiation dose that is comparable to CBCT. Where, 

technological advancement in MDCT imaging has focussed on improving image quality 

while further reducing the radiation dose. 

 

 

 

 

 

In this chapter, the articles reviewed are divided into three categories: first, articles related 

to the defined knowledge and theoretical applications; second, those related to radiation 

dose where the systematic approach was undertaken; and finally, those related to clinical 

application of CBCT and CT in dentistry and image quality evaluation method where 

narrative review was undertaken. Moreover, there will be a brief explanation on the 

difference between several types of CT units used in dental imaging.  
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2.2 Multi-detector (MDCT) and cone beam (CBCT) computed tomography 

 

In dentistry, several 3D imaging modalities are used; MDCT is commonly used in the 

diagnosis and assessment of dental and oral disease. In comparison to conventional 

diagnostic CT (CCT) systems, MDCT allows rapid imaging with lower radiation 

exposure to the patient. This is enabled because of relatively smaller exposure time 

needed to produce a higher image quality (dos Santos, Costa e Silva, Vannier, & 

Cavalcanti, 2004; Mahasantipiya, Savage, Monsour, & Wilson, 2014; Nakayama et al., 

2014). 

 

In 1997, Arai et al. developed a CBCT system for dental imaging called Ortho-CT (Arai, 

Tammisalo, Iwai, Hashimoto, & Shinoda, 1999); which was specifically designed to 

provide high diagnostic image quality with reduced radiation dose compared to CCT. 

Subsequently, following several clinical and laboratory developments, an even better 

version of this system was released in 2000 by Morita Co. (Kyoto, Japan), known as the 

3DX multi-image micro-CT (3DX). This system's performance was investigated in 

various clinical settings and was shown to be effective for the diagnosis of dental diseases 

(Hashimoto et al., 2003; Honda et al., 2014) in comparison to 2D images modalities, 

however, it was associated with higher radiation dose. 

 

 

 

 

 

2.3 Technical characteristics of CBCT 

 

A key technical aspect of MDCT and CBCT is the voxel, which is a block of 3D units 

representing differences in x-ray absorption. MDCT and CBCT units capture different 

types of voxels. In CBCT, voxels are isotropic (the same size in all three dimensions), 

which results in higher-resolution images, while MDCT unit voxels are non-isotropic, 

with the z-plane being different and the two sides equal decreasing image quality. The 



24 
 

voxel sizes currently available in CBCT units range from 0.076 mm to 0.4 mm, and those 

in MDCT units, from 1.25 mm to 5.0 mm. The smaller the voxel size, the higher the 

resolution. However, the higher the resolution, the higher the radiation dose to the patient 

(Gonzalez, 2013). Strictly speaking, changing the voxel size does not affect the radiation 

dose. Where the radiation dose value is a freely adjustable reconstruction parameter 

(Pauwels, Araki, Siewerdsen, & Thongvigitmanee, 2014).  

 

Each reconstructed image in CCT or CBCT owns a specific grey value, which is a generic 

number in which the grey value is defined for each voxel (Pauwels, Araki, Siewerdsen, 

& Thongvigitmanee, 2014; Pauwels, Faruangsaeng, Charoenkarn, Ngonphloy, & 

Panmekiate, 2015). Another exposure parameter is the field of view (FOV), which is 

defined as the area of the patient that is exposed to radiation. FOV varies between CBCT 

units: it can be very large (generally, 23 × 26 cm) to small (generally, 5 × 3 cm) (Gonzalez, 

2013). Some units may have a fixed FOV, and others may have several ranges of FOVs; 

these variations have an important role in radiation dose optimisation. 

 

2.4 General application of MDCT and CBCT in dentistry 

 

The first application of CT in orthodontics dates to 1979, when Montgomery, Vig, Staab, 

& Matteson (1979) explored the accuracy of CT-based volume measurements of the nasal 

airway. Timms, Preston, & Daly (1982) used CT to assess the basal bone changes 

associated with rapid maxillary expansion. MDCT offers 3D imaging of anatomical 

structures at high resolution without superimposition. Today, it is a crucial tool in 

multidisciplinary treatment planning for patients with severe craniofacial malformation, 

bony asymmetry, extensive cleft lip and palate, as well as skeletal malocclusion requiring 

orthognathic surgery (Kalender, 2011). Although the important indications of the MDCT 

in orthodontics, CBCT may allow an accurate orthodontic diagnosis without an increase 

in the radiation dose (Cordasco et al., 2013). 

 

This is significant because most orthodontic CBCT and MDCT scans are carried out to 

examine displaced teeth and malformations in young adolescents, an especially radiation-

sensitive group (Hofmann et al., 2014). A study by Kusnoto et al., 2015 demonstrated no 

statistically significant difference in the visibility of the majority of landmarks in 
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cephalometric radiographs extracted from reconstructed low-dose CBCTs. These 

findings should encourage the relevant healthcare personnel to use this technique to the 

benefit of patients (Kusnoto et al., 2015). 

 

Although CBCT’s acceptance has grown considerably, it should be used only in those 

cases where conventional (2D) projection radiography cannot provide adequate clinical 

diagnostic information. For example, for pre-surgical planning of orthognathic surgery, 

assessment of unerupted tooth position and root resorption, supernumerary teeth, cleft 

palate, and evaluating alveolar boundary conditions (Kapila, Conley, & Harrell Jr, 2014; 

Alqerban et al., 2014). 

 

Katsoulis, Pazera, & Mericske‐Stern (2009) stated that in cases with advanced atrophy of 

the maxilla, a combined approach of a computer-guided technique with conventional 

surgical procedures is ideal for implant placement. This approach improves the 

predictability of the treatment outcomes, allows for better risk management, and provides 

more detailed information regarding the maxillofacial intervention. These factors are the 

most important aspects of this technology, and can contribute to the establishment of 

higher quality standards in implantology. Image-guided procedures have become more 

common in maxillofacial surgery, especially after 3D imaging technology became more 

accessible (Haßfeld, Mühling, & Zöller, 1995).  

 

MDCT or CBCT imaging is also used in oral and maxillofacial surgery to identify foreign 

bodies, for example, dislocated fragments of teeth during extraction or parts of a broken 

instrument (Köseğlu, Gümrü, & Kocaelli, 2002; Mahmood & Lello, 2002). Eggers et al. 

found no difference between the use of CBCT and CT for image-guided removal of 

foreign bodies (Eggers, Mühling, & Hofele, 2009). 

 

Regarding oral pathology, CBCT is significantly more reliable than panoramic 

radiography (such as OPG) in delineating tumour margins, assessing the presence and 

extent of mandibular invasion by lower gingival carcinoma, and imaging sinus pathology. 

In addition, Jelovac, Konstantinović, Mudrak, & Šabani (2015) stated that CBCT is 

accurate in predicting bony involvement and can compete with MDCT in detecting bony 
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invasion. However, its diagnostic value may be compromised due to the image itself being 

prone to noise and metal artefacts, limiting the detection of subtle alveolar invasion 

(Momin et al., 2009). 

 

Conventional intraoral digital radiography offers clinicians a cost-effective and high-

resolution imaging solution that continues to be of significant value in endodontic 

therapy. There are, however, certain indications, such as the identification of the anatomy 

of the dentition, where the spatial relationship provided by CBCT leads to better diagnosis 

and treatment. The usefulness of CBCT imaging cannot be disputed (Scarfe, Levin, Gane, 

& Farman, 2010). CBCT provides crucial information in fracture line assessment and can 

aid the clinician in deciding the best treatment option. However, CBCT referral should be 

carefully considered; it should only follow a thorough clinical examination because it 

delivers a higher radiation dose than conventional radiograph (Kajan & Taromsari, 2014). 

Parker, Mol, Rivera, & Tawil (2016) stated that the importance of using only CBCT to 

identify the additional mesio-buccal second canals in maxillary molars was limited. The 

use of a dental operating microscope in conjunction with CBCT imaging afforded 

clinicians the ability to locate 90% (maxillary first molars) and 73% (maxillary second 

molars) of the MB2 canals (Parker et al., 2016). 

 

Trauma cases present a wide range of diagnostic challenges. Reports have indicated the 

necessity of pre-operative assessment of the affected tissue(s) to help plan treatment and 

management procedures (Cohenca, Simon, Mathur, & Malfaz, 2007; Cohenca, Simon, 

Roges, Morag, & Malfaz, 2007; Dölekoğlu, Fişekçioğlu, İlgüy, İlgüy, & Bayirli, 2010). 

In addition to MDCT, CBCT can provide detailed images that aid diagnosis and help 

evaluate the effect of trauma with respect to the surrounding anatomical structures and 

facilitate post-trauma evaluation (Palomo & Palomo, 2009). CBCT is particularly 

superior to conventional 2D planar radiography imaging for certain types of trauma 

(periapical and occlusal trauma), with traumatised teeth being better assessed using a 3D 

approach, especially in the orofacial dimension (Bornstein, Wölner‐Hanssen, Sendi, & 

Von Arx, 2009). Bornstein et al. (2009) reported a significant finding in that almost 70% 

of root fractures located in the cervical part of the facial aspect of the tooth can be 

identified using 3D imaging.  
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For examination of temporomandibular joint (TMJ), CBCT and CT acquisition 

techniques provide a comprehensive radiographic investigation of the structures bony 

components (Honda et al., 2014). Reconstructed CBCT images are of high diagnostic 

quality, with lower patient dose and shorter examination time than CCT. Therefore, 

CBCT should be the imaging modality of choice when investigating bony abnormalities 

of the TMJ (Tsiklakis, Syriopoulos, & Stamatakis, 2014). 

 

Furthermore, CBCT is a crucial and first line imaging modality for assessing patients with 

inflammatory sinonasal disorders. This is again due to its low radiation dose and cost. 

However, as mentioned earlier, CBCT provides only bony structure evaluation, so it is 

not preferred for imaging patients with suspected complicated sinusitis (Leiva-Salinas et 

al., 2014). 

 

Wolff et al. (2016) concluded that 3D imaging provides more detailed relevant 

information in regards to dental and maxillofacial surgery, but may not necessarily lead 

to a significant change in the surgical treatment plan in comparison to 2D projection 

radiography. CBCT is deemed not suitable for all patients with orbital trauma. Brisco, 

Fuller, Lee, & Andrew (2014) argue that MDCT should be considered instead of CBCT 

in the hospital for patients with multiple orbital or other maxillofacial injuries due to the 

higher image quality afforded. 

 

Tohnak, Mehnert, Mahoney, & Crozier (2007) reported that 3D imaging provides 

superior image quality in comparison to conventional 2D radiography, with the benefit of 

minimal geometric distortion, lower blurring, and eliminating the overlapping of oral 

structures. There have been several recent developments in the applications of CCT and 

CBCT in dental implantology, including in the pre-assessment stage, intervention, and 

follow-up stage. This will be discussed in more detail in the following section. 
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In relation to periodontology indication, Nirosha, Mishra, & Reddy (2016) summarise 

that CBCT can be a useful tool to accurately measure the gingival thickness in 

conjunction with periodontal probing. However, this result has neither been supported 

nor disapproved by the literature. CBCT has been reported to be a good diagnostic tool 

in the evaluation of periodontal health (Nirosha et al., 2016; Fleiner, Hannig, Schulze, 

Stricker, & Jacobs, 2013). Moreover, Al Jehani (2014) stated that CBCT can provide 

precise diagnostic and measurable information about bony defects, furcation involvement 

status, and periodontal bone condition. However, conventional 2D radiographs have been 

reported to provide better quality information in relation to periodontal ligament space 

and bone quality. 

 

Finally, 3D imaging can have many useful applications in paediatric dentistry, such as 

management of complex eruption abnormalities, assessment of supernumerary teeth, and 

design of appropriate treatment plans (Nematolahi, Abadi, Mohammadzade, & Ghadim, 

2013). However, when planning a CBCT application for children and young adults, a 

specific, limited FOV and low-dose exposure should be considered (Hidalgo‐Rivas et al., 

2014). Referral for 3D imaging in paediatric dentistry should be carefully balanced due 

to the associated risk of radiation burden in the most highly radiosensitive group. Table 1 

provides a summarization of the indications for MDCT and CBCT scans in different 

dental clinic fields. 
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Table 1. Summary of indications for MDCT and CBCT in dentistry 

Indication  Justification  References 

Dentoalveolar  3D imaging is a suitable radiography modality in several clinical 

cases especially in patients with maxillofacial trauma when other 

radiographic methods are inadequate.  

(Ambu et al., 2015; Bornstein et al., 2009; Cohenca, 

Simon, Mathur, & Malfaz, 2007; Cohenca, Simon, Roges, 

Morag, & Malfaz, 2007; Dölekoğlu et al., 2010; Palomo & 

Palomo, 2009) 

Endodontic 

treatment  

 

Several indications of 3D imaging in endodontic treatment have 

been identified including identifying the anatomy of the 

tooth/teeth, instrumentation level, and any associated pathology. 

However, the radiation dose associated with this approach 

should be considered carefully. 

(Scarfe et al., 2010; Soğur, Baksı, & Gröndahl, 2007; 

Kajan & Taromsari, 2014; Mota de Almeida, Knutsson, & 

Flygare, 2014; Parker et al., 2016; Patel, Dawood, Ford, & 

Whaites, 2007; Patel et al., 2014; Tyndall & Kohltfarber, 

2012) 

Oral surgery  3D imaging provides significant information related to the 

clinical procedure. It is not a substitute for 2D images, which are 

still required.  

(dos Santos et al., 2004; Mahasantipiya et al., 2014; Wolff 

et al., 2016) 

Periodontology For precise evaluation of periodontal bony structures. 

Considered as a new approach for future use of CBCT in 

periodontology, more clinical trials are required to validate this 

indication.  

(Nirosha et al., 2016; Al Jehani, 2014; Fleiner et al., 2013) 
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Oral pathology 3D imaging is used widely for oral pathology. However, image 

noise and artefacts are the common challenges to demarcating 

the pathological margins. Manipulating the kVp settings is 

crucial to improving the image quality.  

(Jelovac et al., 2015; Momin et al., 2009; Nakayama et al., 

2014; Tadinada et al., 2015; Toepker et al., 2014) 

Craniofacial 

surgery 

The indications for using CT and/or CBCT guidance in 

maxillofacial surgery have increased, such as locating foreign 

bodies. 

(Eggers et al., 2009; Katsoulis et al., 2009; Köseğlu et al., 

2002; Mahmood & Lello, 2002) 

Orthodontics 3D imaging is a crucial tool in multidisciplinary treatment 

planning in orthodontics, including for assessment for 

orthognathic surgery, as well as assessment of unerupted teeth 

(position and consequences), cleft palate, etc.; however, it has 

the risk of increased the radiation exposure compared with 

conventional 2D radiographs. 

(Alqerban et al., 2014; Ballanti, Lione, Fiaschetti, Fanucci, 

& Cozza, 2008; Cordasco et al., 2013; Hofmann et al., 

2014; Kapila et al., 2014; Kusnoto et al., 2015) 

Paediatric 

dentistry 

Limited FOV and dose protocol should be used. Several 

indications in clinical paediatric dentistry, especially in eruption 

and teeth impaction.  

(Hidalgo Rivas et al., 2014; Nematolahi et al., 2013) 

Others 3D imaging can be employed in different clinical fields such as 

TMJ examination, sinonasal examination, and forensic dentistry. 

(Leiva-Salinas et al., 2014; Tohnak et al., 2007; Honda et 

al., 2014; Tsiklakis et al., 2014; Çaglayan & Tozoglu, 

2012) 
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2.5 Application of MDCT and CBCT in dental implantology 

 

Successful implant placement is significantly linked to the relation of the implant to 

important anatomical landmarks such as adjacent teeth, the sinus cavity and floor, nerves, 

and vessels. Therefore, treatment planning in dental implantology is an important step for 

selection of suitable implant size, length, and shape (Bornstein et al., 2009). CBCT has 

been commonly and routinely used in pre-surgical planning as it provides superior spatial 

resolution and accurate geometrics compared with conventional 2D radiography. Most 

dental guidelines recommend the use of 3D images modalities (CCT, MDCT, or CBCT) 

to eliminate the potential risk of damaging any vital structures during implant placement. 

 

There have been active debates as to what the best preimplant imaging procedure is. The 

decision usually depends on three main factors: the clinical indication, the burden of 

radiation dose, and the cost associated with the examination method (Bornstein et al., 

2009; Monsour & Dudhia, 2008). Monsour and Dudhia (2008) stated that the gold-

standard approach is using MDCT and that CBCT can help in the planning stage. On the 

other hand, they also emphasised the need to pay attention to the risk–benefit ratio for 

each radiographic method on an individual basis to improve individual clinical outcomes 

and minimise the radiation dose (Monsour & Dudhia, 2008; de Oliveira, Leles, 

Normanha, Lindh, & Ribeiro-Rotta, 2008). 

 

MDCT helps in the clinical decision-making regarding the evaluation of bone volume, 

jaw tomography, and important anatomical landmarks. However, as mentioned 

previously, it has an associated high radiation dose and cost, so CBCT is used instead. 

With the assistance of imaging software, clinicians are using CBCT to plan an ideal 

implant placement position that achieves the best biological, aesthetic, and functional 

requirements for the patient (Chan, Misch, & Wang, 2010). Dreiseidler, Mischkowski, 

Neugebauer, Ritter, & Zoller (2009) confirmed the superior image quality of CBCT to 

OPG for preimplant assessment.  
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This conclusion agrees with those of other studies (Çaglayan & Tozoglu, 2012; Chan et 

al., 2010; Dreiseidler et al., 2009; Misch, Yi, & Sarment, 2006) stating that 2D imaging 

systems have a risk of misinterpreting the vital anatomical landmarks, whereas CBCT 

allows the dental clinician to plan implant surgery with superior subjective image quality 

and high surgical confidence. However, the higher dose associated with CBCT should 

always be considered (Wolff et al., 2016; Guerrero, Noriega, Castro, & Jacobs, 2014). 

Parsa et al. (2015) found that CBCT shows potential for bone quality (density) 

assessment, but that the accuracy is not high. Also, a limitation in the use of CBCT for 

determining the vestibular and bone height level is when the metal artefacts of implants 

are placed close to each other, which overlap the visibility of the crestal bone level (Ritter 

et al., 2014). 

 

 

2.6 Ionising radiation dose 

 

There has been a remarkable rise in the clinical applications of CCT and CBCT, which 

play a crucial role in diagnostic dentistry (Mozzo, Procacci, Tacconi, Martini, & Andreis, 

1998; Scarfe, Farman, & Sukovic, 2006). The use of 3D imaging modalities in dentistry 

is now firmly established and represents one of the most important radiological diagnostic 

procedures available. CBCT has been widely implemented in clinical dentistry with 

several clinical applications. According to an Australian survey in 1997, 334 CT scanners 

were already in use in Australia (Thomson & Tingey, 1997). Likewise, similar increases 

in other countries have been reported in worldwide surveys conducted by UNSCEAR 

(Radiation, 2000, 2008). In light of the increased use of CBCT, concerns related to the 

radiation dose of CBCT and the associated risk to the individual patient as well as the 

general population have been raised (Scarfe et al., 2006). 
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2.7 Effects of ionising radiation  

 

Radiation effects are generally categorised as deterministic or stochastic. The risk of 

cancer due to radiation exposure lasts throughout the exposed person’s life (Valentin, 

2007; White & Mallya, 2012). It is often acknowledged that studies on the impact of low-

dose radiation [below 100 millisieverts (mSv)] are inherently too complex to be 

conducted over a period of time due to the need to obtain sufficient sample sizes and to 

perform extensive follow-up to account for radiation-induced cancer latency. Detecting 

the weak carcinogenic effects of radiation above the high natural cancer incidence with 

any statistical significance is particularly difficult, and consequently, the risk at minimal 

exposure levels may never be accurately identified (Brenner et al., 2003; Valentin, 2007). 

 

Typically, with x-ray-based imaging modalities, a compromise between image quality 

and radiation dose is sought to balance the risk and the benefits of ionising radiation, 

which can damage the tissues; the goal is to answer the clinical question, with minimal 

stochastic effects. There is no threshold exposure level to the development of radiation-

induced cancer, although the probability increases with an increase in radiation 

dose/exposure. On the other hand, deterministic effects occur only when the threshold is 

exceeded (Allisy-Roberts & Williams, 2007). However, in diagnostic imaging, where the 

doses are low, deterministic effects are rarely found with radiation-induced tissue damage 

noted to heal spontaneously with or without any clinical evidence (Brisco et al., 2014). 

 

There are several methods used to estimate the radiation dose received by a patient: organ 

dose estimation; entrance surface skin dose (ESD, mGy); air kerma–area product (Pka, 

mGy cm2), also called the dose–area product or kerma–area product; CT dose index 

(CTDI mGy); CT air kerma–length product (mGy cm), also known as dose–length 

product; and other some other methods which include dose simulation programs. All 

these methods have their limitations (Helmrot & Carlsson, 2005; Thilander-Klang & 

Helmrot, 2010). Of them, the organ dose estimation is considered the gold standard. The 

organ dose estimation is based on tissue-weighting factors, which represent the relative 

radiation sensitivity for each type of body tissue (Scarfe et al., 2006).  
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The sensitivity of body tissue radiation were administered by International Commission 

on Radiological Protection (ICRP) publications (ICRP 60, 103 draft, and 103). These 

revisions were proposed to signify the knowledge of radiation sensitivity innovations for 

various organs and tissue (Christner, Kofler, & McCollough, 2010). The value is purely 

a risk estimation of an average individual adult phantom, which may be deemed an 

unrealistic depiction of the human body. Thus, the estimation of the effective dose may 

be inaccurate. Thilander-Klang & Helmrot, 2010 noted that ambiguities of the effective 

dose can be ±40% and is recommended to be used as an estimator of risk in the dental 

and medical radiology optimisation.  

 

Overall, some computational methods vary in their estimate of the effective dose derived 

from thermoluminescent dosimeters (TLDs) measurements. These methods tend to 

underestimate the effective dose for the full body examinations—sometimes as much as 

approximately 40% lower than that derived from actual measurements (Geleijns, Van 

Unnik, Zoetelief, Zweers, & Broerse, 1994). 

 

2.8 Patient radiation dose in dentistry 

  

Several studies have estimated the effective dose in dentistry utilising the gold standard 

organ dose estimation method that explicitly uses ICRP tissue-weighting coefficients 

shown in Table 2. The organ dose measurements in these studies used TLDs and 

anthropomorphic phantoms. Most of those studies used a male phantom, four used a 

female phantom, and only one used a paediatric (child) phantom. Furthermore, as a 

limitation, several of these studies were carried out by the same author and reported in 

the same article (Table 3). 

  

On the other hand, Groves et al. (2014) found that the doses calculated from Monte Carlo 

modelling were 18% lower. Using an earlier version of CT-Expo (Groves et al., 2014), 

Brix et al. (2004) also established a consistent underestimation of the effective dose by 

MDCT scanners. They suggested that this was due to the effects of scattered radiation, 

which were not incorporated in most of the dose calculations mentioned above, but were 

included in the measurements (Brix et al., 2004). 
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Despite CBCT doses being equal to or lower than MDCT doses, they are still significantly 

higher than those from conventional projections dental radiography. The potential 

benefits of CBCT in dentistry are undisputed; however, it is imperative that its use over 

conventional techniques be fully justified before carried out (Roberts, Drage, Davies, & 

Thomas, 2014). 

 

To further explore the inconsistency of calculation methods of the known effective dose, 

a review of the literature was carried out. The review included articles with effective dose 

measurements for CBCTs and CCTs as well as those which compared CBCTs and 

MDCTs. The studies that employed different dose measurement (DAP, DLP, CTDI) 

methods without converting to effective dose were excluded. Ultimately, 38 studies of 

effective dose measurements in the dental protocol of CT and CBCTs were included in 

this review. 

 

Quantifying risk in the low radiation dose range, typical of CCT doses, is complex and 

contentious. The uncertainty surrounding low-dose exposure and the stochastic risk may 

not necessarily be negligible and must still be considered (Brenner et al., 2003; Brenner 

& Hricak, 2010). In the estimation of the effective dose, it is beneficial to compare 

different diagnostic procedures, as well as different hospitals and countries. Various 

methods of effective dose estimation have been introduced in dentistry, including the 

organ dose measurement. 
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Table 2: Effective dose measurement studies (CT and CBCT) 

Study Phantom  Sex Based on ICRP Unit system/brand 

(Qu, Li, Zhang, & 

Ma, 2012) 

Rando Male 2007 DCT PRO CBCT Scanner 

(Silva et al., 

2008) 

University of Göttingen’s phantom Not 

applicable 

2007 NewTom 9000, i-CAT, MS CT 

Somatom Sensation 64, Siemens 

(Palomo, Rao, & 

Hans, 2008) 

Rando 

Skull Phantom 

Not 

applicable 

1990 

2005 

CB MercuRay CBCT scanner 

(Prins et al., 

2011) 

CIRS model 702 

CIRS model 705 

Rando 

Female 

Child 

Male 

2007 Iluma CBCT 

(Tsiklakis et al., 

2005) 

RANDO Male 1990 CBCT NewTom 9000 

(Wörtche et al., 

2014) 

Rando Not 

applicable 

1990 CBCT NewTom 9000 

CT PQ-2000, Picker 

CT SOMATOM, Siemens 

Ludlow, 2011 (Ludlow, Davies-Ludlow, Brooks, & Howerton, 

2014) Rando skull 

Not 

applicable 

1990 

2007 

Kodak 9500 CBCT 

Ludlow et al., 

2006 

(Ludlow et al., 2014) small adult skull and tissue Not 

applicable 

1990 

2005 

CB MercuRay 

NewTom 3G 

i-CAT 

(Ludlow, Davies-

Ludlow, & 

Brooks, 2014) 

Small adult skull and tissue  1990 NewTom 3G 

 

(Lecomber, 

Yoneyama, 

Lovelock, Hosoi, 

& Adams, 2001) 

Female Rando Female 1990 CT Excel 

Twin Elscint, 

Suomalainen et 

al., 2009 

Rando Not 

applicable 

1990, 2007 CBCT 3D Accuitomo CCD 

CBCT 3D Accuitomo FP 

CBCT Promax 3D 

CBCT Scanora 3D 
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GE® 4 slice CT 

GE® 64 slices CT 

 

(Loubele et al., 

2008) 

2 Rando Male 2007 Accuitomo 3D FPD 

NewTom 3G 

i-Cat 

SomatomVolume zoom 4,Siemens 

Somatom Sensation 16,Siemens 

M×8000 IDT Philips 

(Ludlow et al., 

2014) 

Small adult skull phantom Not 

applicable 

1990, 2007 NewTom 3G, 

iCat classic 

iCat next generation 

MerCury 

Illumina standard 

Illumina ultra 

Promax 

Prexion 

Somatom Siemens 32 

Somatom Siemens 64 

 

(Qu, Li, Ludlow, 

Zhang, & Ma, 

2010) 

Rando Male 1990 

2007 

Promax CBCT 

Chau and Fung, 

2009 

Rando Male Nil Scanora Conventional CT 

Spiral Hi Speed/ Fxi MDCT 

CBCT Classic iCAT 

Okano et al., 

2009 

Rando Female  Accuitomo 3 D FPD 

Accuitomo 3 D CCD 

MercuRay 

Hi speed GE® MDCT 

 

Loubele et al., 

2008 

Rando Male 1990 Siemens Sensation 16 

 

Jadu et al., 2010 Rando Not 

applicable 

2007 MercuRay system 
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Hirsch et al., 

2008 

University of Göttingen, 

Germany phantom 

Not 

applicable 

2007 0r 2005 3D Accuitomo 

Veraviewepocs 

Ohman et al., 

2008 

Rando Male 2005  Siemens Somatom Plus 4 Volume 

Zoom 

Carrafiello et al., 

2010 

Rando Not 

applicable 

 i-CAT CBCT 

64-slice MDCT 

64, Toshiba® 

Cohen et al., 

2002 

Rando 

Two skull 

Not 

applicable 

1990 Somatom plus 4 singe slice Siemens 

CT 

Somatom plus 4 Siemens MDCT 

NewTom 9000 

 

Mah et al., 2003 Dry skull phantom Not 

applicable 

1990 NewTom 9000 

(Silva et al., 

2008) 

University of Göttingen 

(Germany phantom) 

Male ?? Veraviewepocs 

3D (Verav-CBCT) 

Schulze et al., 

2014 

Rando Not 

applicable 

 Siremobil Iso-C3D 

NewTom 9000 

CT Somatom; Siemens 

16-MDCT (Somatom Sensation; 

Siemens) 

Rustemeyer et 

al., 2004 

Rando Not 

applicable 

1990 CT Somatom Plus 4 

Robert et al., 

2014 

Rando Not 

applicable 

2007 

1990 

i-CAT CBCT 

Hashimoto et al., 

2003 

Rando Not 

applicable 

 Aquilion MDCT Toshiba® 

3dx CBCT 

Ngan et al., 2003 Rando Not 

applicable 
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In 26 of the 38 studies, the organ dose was measured using anthropomorphic human 

phantoms such as the Rando phantom; three studies used a phantom made by the 

University of Göttingen; and others used a CIRS phantom (model 702 and 705) to 

measure the organ dose. Different numbers and positions of TLDs were used. The 

majority of the studies followed the TLD distribution and methods carried out by Ludlow 

et al. (2008) in which 24 TLDs were exposed. Other studies used different numbers and 

positioning level of TLDs. Furthermore, a number of other studies used numerous non-

radiated TLDs to measure the background radiation dose, then subtracted from the 

measured dose value with the effective dose estimated based on ICRP publication. Figure 

1 defines publications by the ICRP: ICRP 60, 103, and 103 drafts. 

 

The average organ doses are applied to estimate the effective dose using the tissue-/organ-

weighting factors. The organ doses (milligray) were obtained in different CBCT and CCT 

scanners involving various FOV, exposure settings, and clinical protocols. The absorbed 

doses were measured using anthropomorphic head phantoms. Some of these phantoms 

consisted of a human skull embedded in a material equivalent to human soft tissues in 

terms of anatomic number and density. The TLDs were positioned in certain anatomical 

positions to evaluate the dose at that level. Different numbers and types of TLDs were 

used in these studies. By applying the calibration factor, the dose values were then 

calculated. Several studies exposed the TLDs numerous times with the organ dose being 

the average value of the evaluated data (Figure 1). 
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Table 3. Effective dose measurement studies, other than organ dose measurements 

Study Methodology  Based on Factor/Phantom  Units 

Lofthag-Hansen et al., 

2010 

CTDi based on DLP 

DAP based on patient examination 

Based on constant E DLP 

Based on constant Edap 

3DAccuitomo 3DAccuitomo FPD 

Suomalainen, Vehmas, 

Kortesniemi, Robinson, & 

Peltola, 

2008 

ADAM mathematical male model. 

The EVA female 

model  

Based on CTDI and DLP  3D Accuitomo 

GE®4 MDCT 

Vassileva & Stoyanov, 

2010 

Ion chamber based on KAP 

effective dose calculated with the software 

PCXMC 

Adult and child 

1990 

2007 

ILUMA Ultra, IMTEC CBCT 

XU et al., 

2012 

CTDI phantom 

DLP 

Measurements based on those two, tissue 

conversion factor 

CS 9300 CBCT 

Disher et al., 

2012 

PKL product, kerma–length product 

CTDI impact software and Monte Carlo 

simulation 

Conversion factor Monte Carlo simulation. 

Children and adults  

Kodak 9000 3D, Kodak 9000 3D 

C, I-CAT, Classical 

Bulla et al., 

2012 

CTDI volume, DLP, Conversion coefficient 

(k) 

Patient examination Dual-Source Scanner, 

Somatom; Siemens 
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The studies identified in Table 3 mentioned various clinical implications, as well as 

proposed different FOV and exposure settings, in particular for dose reduction and dose 

protection protocols. Several CBCT and CCT units were included in these studies, some 

of which were not the most current or available for purchase at the time of conducting the 

study. They were included due to still being utilised by some international centres. 

 

 

 

 

Figure 1. Tissue-weighting factors specified by the International Commission on 

Radiological Protection (ICRP) Publications 60, 103 (draft), and 103. 
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2.9 Image quality 

 

Image quality is a key component in the evaluation of medical and dental s-rays. 

Clinically, image quality criterion is based on the ability of an image to answer the 

diagnostic questions while minimising the radiation dose to the patient to as low as 

clinically achievable (ALARA). In addition, the image quality should be evaluated with 

respect to the clinical diagnostic task which should objectively evaluated by the clinician 

for the particular task (Pauwels, Araki, Siewerdsen, & Thongvigitmanee, 2014; Sarment, 

2013). 

 

CBCT is a 3D-imaging technique where the analysis of image quality must be handled 

with care. Utilising the physical metrics quantified in either the spatial or spatial 

frequency domain can result in objective parameters analysis of the image quality. This 

dualism is because several characteristics will yield overall responses that are 

independent of the image location, while other characteristics will achieve responses that 

are spatially simultaneous (Verdun et al., 2015). 

 

2.10 Image acquisition and reconstruction 

 

During a CBCT scan, the x-ray tube and detector rotate in a typical rotation time range of 

10–40 seconds along a circular corridor. However, some units provide less or more 

rotation time in different clinical protocols. A pyramid- or a fan-shaped x-ray beam is 

developed during CBCT rotation, resulting in multiple (hundreds) of 2D x-ray projections 

being acquired by the detector. The raw data is then reconstructed into a 3D image of the 

scanned object. Although the basic principle of acquisition is similar for each CBCT unit, 

it is important to understand that there may be differences between units due to the 

alteration of acquisition parameters and methods by vendors and users (Pauwels, Araki, 

Siewerdsen, & Thongvigitmanee, 2014).  
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A CBCT unit has a charger coupled device (CCD) or flat panel, which works with a 

conical x-ray beam to capture the image of the maxillofacial landmarks in a single 

rotation. Hence, a greater volume of tissue is exposed to radiation, leading to a higher 

amount of x-ray photons undergoing radiation scattering. Consequently, the low current 

in the x-ray tube increases noise in the image and reduces contrast and soft tissue details 

(Allisy-Roberts & Williams, 2007). 

 

Many variables influence the image acquisition process. The first defining factor is the 

type of radiation exposure. Some CBCT units permit the exposure to be pulsed between 

projections, while others have continued exposure. This results in a large discrepancy 

between scan and exposure time. The second is the rotation arc, which presents as a 360° 

or 180° angle rotation. This partial rotation is required in some units to decrease the 

radiation dose, where the shorter the arc provides lower total dose (Morant et al., 2014; 

Pauwels, Faruangsaeng, Charoenkarn, Ngonphloy, & Panmekiate, 2015; Zhang, 

Marshall, Bogaerts, Jacobs, & Bosmans, 2013). 

The acquisition exposure factors chosen by the operator controls the radiation dose 

associated with each scan. This takes place either by a pre-set exposure protocol or 

manually by the operator. The majority of CBCT systems, the kVp is pre-identified, while 

the tube current (mA) as well as the exposure time (s) can be modified based on the size 

of patient, gender and the quality of the required image. In the application of an automated 

exposure control, which is considered to be best practice, the exposure is automatically 

altered prior to or during the scan through a feedback circuit based on size of patient and 

attenuation. This ensures optimal exposure that is either over- or underexposure.  

The 2D raw data endures several pre-processing steps prior to reconstruction. These steps 

may fluctuate between the operating software and are carried out to avoid aberrations 

linked with variations in detectors and pixel defects. This reconstructs an image through 

multiple projections method known as image reconstruction. Generally, this image 

reconstruction can be classified into three categories; statistical methods (Fessler, 2000), 

algebraic reconstruction and filtered back projection (Feldkamp, Davis, & Kress, 1984; 

Kak & Slaney, 1988). Several aspects govern these methods, including image quality, 

patient movement, beam hardening and exposure parameters.  
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Beam hardening can occur at any beam energy and for any material. It tends to be more 

well-defined for low-energy beams and for denser materials. Partial correction of beam 

hardening can occur during calibration and/or through the use of advanced iterative 

reconstruction algorithms, in which during each iteration, estimating the extent of beam 

hardening and correcting it (Katsumata et al., 2006; Katsumata et al., 2007). The 

significance of beam hardening is that it impacts negatively on image quality by creating 

an artefact associated with high-density materials. Pauwels et al. (2013) stated that 

increasing exposure settings (e.g. mA and number of projections) enhances the 

appearance of metal artefacts enough to justify the increased radiation dose. A CBCT 

operator has, thus, only a minor influence on reducing metal artefacts.  

 

During reconstruction, the effect of metal artefacts can be reduced through dedicated 

artefact software reduction techniques (Van Gompel et al., 2011). Although such 

technology is being used by certain manufacturers, it remains somewhat underdeveloped 

and must be used with caution primarily due to the possibility of reducing the overall 

image quality. 

There are several forms of artefacts present in dental CBCT. Truncation artefacts may 

appear due to the FOV diameter not covering the patient’s entire head. Patient motion is 

another cause of artefact, hence minimising the motion is of significant importance due 

to the long exposure time of the CBCT scan. The length of exposure time is considered a 

limitation of CBCT scans. Patients that display excessive motion (such as children and 

special needs patients) require the selection of short scan time protocol (Ambu et al., 

2015). In projection radiology (such as mammography), the well-recognised detective quantum 

efficiency measure is utilised. However, it is not applicable in CT due to the analysis of its data 

and geometry (Verdun et al., 2015). 
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2.11 Aspects of image quality in dentistry   

 

High image quality undoubtedly affords better diagnostic information. However, higher 

image quality usually implies a higher radiation dose to the patient. Typically, image 

quality is informed by clinician preference. Preference will vary between clinicians but is 

typically aimed at an image with optimum image quality and with low noise. This directly 

affects the radiation dose to the patient (Zarb et al., 2015). Thus, it is crucial to have a 

strong understanding of the evaluation tools for image quality and data analysis, in order 

to recognise the optimum image quality level necessary for diagnosis and development 

of optimised scan protocols while undertaking imaging using the lowest radiation dose 

possible. For such an endeavour, accessible and scientifically recognised methods of 

image quality assessment are required (Manning, 1998; Mattsson & Söderberg, 2011). 

 

2.12 Objective image quality 

The quantitative characteristics, such as contrast, noise, artefacts and spatial resolution 

are used to describe image quality. Pauwels et al. (2012) noted that “although CBCT is 

commonly considered to possess a high spatial resolution compared with MDCT (because 

of utilising smaller detector elements and, thus, smaller voxel sizes), substantial 

discrepancies take place between and within models. Specifically, the spatial resolution 

of the imaging system can be classified according to the modulation transfer function 

(MTF), which demonstrates the ability of the system to transfer a given spatial frequency 

signal”. Boone et al. (2014) stated that units that have defined superior spatial resolutions 

will display higher MTF; which means they are better able to transfer high-frequency 

image information (Boone, 2001; Brüllmann & Schulze, 2014). 

 

Sarment (2013) stated that “the ability to differentiate tissues or materials of different 

densities” is what defines the radiographic image contrast. It relies on various key 

elements, including exposure factors, bit depth of the reconstructed image as well as 

dynamic range of the detector. Moreover, the recognised contrast depends on display 

settings (Sarment, 2013). Using contrast alone to describe the image is limited due to the 

capacity of resolving data is closely constrained to MTF (Boone, 2001; Brüllmann & 

Schulze, 2014). Noise is defined as the random variability in voxel values.  
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Pauwels et al., 2014 noted the various sources of noise associated with radiographic 

acquisitions which are the electronic noise and quantum noise. Quantum noise is a 

product of the inherently random nature of the interactions occurring during x-ray 

production and attenuation. As for the electronic noise, it occurs due to conversion and 

transmission of the detector signal (Pauwels, Araki, Siewerdsen, & Thongvigitmanee, 

2014). 

 

 

2.13 Subjective image quality 

 

The ROC concept or one of its derivatives (free-response ROC, localisation ROC) can be 

used to analyse both phantom and clinical images. These techniques provide accurate 

estimations of clinical image quality. Though the measurements are strictly controlled, 

they remain subjective due to the involvement of human observers. Such techniques are 

time consuming and necessitate large samples to yield accurate results. Nevertheless, 

radiologists can use these methods for clinical images evaluations, while naïve observers 

can employ them for phantom images. More simplified techniques have been developed 

to overcome the limitations accompanying ROC methods. These include VGA, where the 

criteria of image quality can be used to yield a reasonably rapid image quality assessment 

which may include anatomical landmarks visibility evaluation whilst not specifically 

requiring pathology identification (Verdun et al., 2015).  

 

A simple VGC study is an expanded image quality criteria (IC) study where the observer 

uses a Likert scale to rate the image quality satisfaction. VGC is hence described as a 

repeated image criteria scoring, whereby the clinical observer is governed by new 

threshold to achieve the clinical scenario requirements in a comparable method to ROC 

studies which is based on the decision of the individual clinician as well as the confidence 

level of these decisions.   

 In this approach, the distribution of probability for the images from each modality is 

sampled, and an ordinal scale is extracted based on the interpretation of the observer 

(Swets, 2012). Thus, utilising an ordinal scale can be carried out to measure the 

probability distribution for each modality.  
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To avoid indistinct outcomes in the interpretation, an observer evaluates the acquired 

images using different scanning protocols. Such an evaluation should involve the 

assessment of anatomical landmarks or defined pathologies. This approach, where 

observers visually rank image quality, is practicable, valid, and easy (Zarb et al., 2015). 

 

 

2.14 Image quality evaluation methods 

 

Several image quality evaluation methods have been suggested. The observer 

performance method involves the clinician’s observation of the anatomical structures and 

pathological lesions. Subjective image quality evaluation includes VGA, and noise is a 

key determinant of observer preference. Observer perception of the image is influenced 

by noise, contrast, and spatial resolution. Use of physical measurements for image 

evaluation is crucial to validate observer interpretation and compare with clinical 

scenarios (Sarment, 2013). 

 

 

2.15 Physical image quality 

 

Various methods have been used in the literature to evaluate the physical image quality 

as listed in Table 4.  Studies by Parsa et al. (2015) and Jadu et al. (2011) utilised the dry 

human mandibles with special inserts to evaluate the contrast and noise of the acquired 

images. The evaluation was based on identifying the region of interest (ROI).  

 

On the other hand, the SEDENTEXCT cylindrical phantom was also used in a number of 

studies. The phantom is composed of a 16-cm-diameter PMMA cylinder with central and 

six peripheral columns, and has been used in these studies to evaluate dosimetry and CNR 

(Hidalgo Rivas et al., 2015; Pauwels, Jacobs, Bogaerts, Bosmans, & Panmekiate, 2017; 

Pauwels, Jacobs, Singer, & Mupparapu, 2014). Both the above methods have shown their 

significant and their applications in physical image quality evaluation.  
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Table 4: Summary of key studies using different physical image quality evaluation 

methods 

 

Study Physical evaluation method 

(Hidalgo Rivas et al., 2015) The calculation of contrast-to-noise ratio (CNR) for each 

combination in regards to the mean pixel value from the rod 

and background was carried out using the Sedentex CT IQ 

cylindrical phantom.  

(Jadu et al., 2011) A dry, human mandible was submerged along with four 

iodine contrast phantoms containing varying iodine 

concentrations in a container containing an imaging phantom 

which was constructed from water-filled Plexiglas. Image 

quality in relation to the radiation dose was evaluated.  

(Parsa et al., 2015) Twenty human mandible cadavers which were partially 

edentulous were used in the sampling. These cadavers were 

not identified by sex, ethnicity, or age. Mean HU values 

from each ROI were evaluated. 

(Pauwels et al., 2017) The SEDENTEXCT IQ phantom was used to imitate 

varying head sizes. The phantom was composed of a 16 cm 

diameter, PMMA cylinder with central and six peripheral 

columns.Using conventional methods, the noise was 

examined on each CBCT image.  

(Pauwels, Silkosessak, et al., 

2014) 

The SEDENTEXCT IQ phantom was used to analyse the 

CNR. The cylindrical PMMA phantom is similar in size to 

the dosimetric but has been modified for CBCT image 

quality evaluation.  

(Vandenberghe et al., 2007) For the assessment accuracy of imaging modalities, the 

physical measurements of the skulls were believed to be the 

gold standards. For the cadaver jaws, the gold standards 

were acquired following the acquisition of image through a 

flap surgery enabling physical measurements using a digital 

sliding caliper. As for the dry skull, the gold standards were 

achieved prior to the addition of soft tissue substitute and 

acquisition of image.  

(Suomalainen et al., 2009) The Phantom Laboratory, Salem, NY phantom head was 

used. It is liquid-fillable, life-sized, and anatomically formed 

head shell containing cellulose acetate butyrate. These 

features allow tempering and scatter environment that 

mimics the human head. Image quality was evaluated using 



49 
 

the CNR from the Teflon area against the Perspex 

background.  

(Ali, Fteita, & Kulmala, 

2015) 

A wire phantom was used to evaluate the spatial resolution 

of the 3D Accuitomo 80 CBCT. This phantom was enclosed 

in a cylindrical phantom consisting of 

polymethylmethacrylate (PMMA).  

The contrast and resolution were analysed in the CBCT 

image quality. 
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2.16 Receiver operating characteristics (ROC)  

 

As a descriptor of image quality, ROC image quality method is considered to be the most 

reliable and acceptable method to quantify and answer the diagnostics question (Metz, 

2000). It is based on the perception of the clinician to identify the image on the fringe of 

“critical confidence level” with normal or abnormal conditions. However, both specificity 

and sensitivity pairs need to be identified in the statistical analysis which may increase 

the statistical power as well (Månsson, 2000; Chakraborty, 2000) 

 

This approach to image evaluation has some clinical limitations such as the need to have 

a large number of patient scans and the requirement to know the actual diagnostic status 

of each patient, in addition to the presence of any difficulty associated with interpretation 

of these images. These limitations affect the practicality of this approach (Chakraborty, 

2000). However, this approach has the importance of being able to compare between two 

modalities, reconstructions or imaging techniques once the true clinical condition of the 

patient is known (Nodine & Mello-Thoms, 2000).  

 

2.17 Visual grading analysis (VGA) 

 

Several types of visual grading methods are described in the literature (Båth, 2003; 

Månsson, 2000; Månsson, 1994). Two highly relevant methods are image criteria and 

VGA. These methods are further described in more detail in the following sections. The 

European Commission has established quality criteria for various radiological 

examinations (Carmichael, 1996). A subset of these quality criteria contains references to 

image quality, and these are suitable for use in visual grading. These criteria are 

statements of the required reproduction level of important anatomical structures. 

Fulfilment of Image criteria is undertaken using a simple visual grading method 

(Tingberg, 2000), in which the task of the observer is to state whether or not a certain 

criterion is fulfilled in the image. An image criteria score is then calculated for the 

proportion of the image that fulfils the criterion (Lanhede et al., 2002) as shown in Table. 

5.  
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Another approach to visual grading is to allow the observer to rate the visibility of 

important structures—for example, the structures from the European quality criteria—by 

utilising a multistep scale. In this approach, the observer is given more freedom to judge 

the image quality. VGA can be performed using absolute grading, where the observer 

grades the visibility of a certain structure on an absolute scale (typically a four- or five-

point scale, ranging from ‘very bad’ to ‘very good’), or relative grading, where the 

observer compares an image with a reference image and decides the relative visibility of 

the structure (typically a five-point scale, ranging from ‘much worse’ to ‘much better’) 

(Månsson, 2000). 

. 

Table 5: Summary of key studies using different subjective image quality evaluation 

methods 

Study Image evaluation method 

(Hassan, Payam, 

Juyanda, van der Stelt, & 

Wesselink, 2012) 

Ten observers assessed the overall visibility of root canal on a 

five-point scale for CBCT using a phantom.  

(Hidalgo Rivas et al., 

2015) 

Eight observers evaluated the visibility and identification of 

anatomical landmarks on the nine-point scale and the overall 

image quality using a phantom. 

(Hofmann et al., 2014) Observers evaluated the visibility of the anatomical landmarks 

and overall image quality on a five-point scale for CBCT and CT. 

A frozen head specimen was used, and mean/median values and 

standard deviations of image quality were applied.  

(Kadesjo et al., 2015b) Four observers evaluated the image quality and anatomical 

landmark identification on a human dry skull in simulated soft 

tissue. The evaluation was based on a three-point scale. 

(Liang et al., 2010) Five observers evaluated a dry human mandible immersed in 

water to simulate soft tissue on a five-point scale. Eleven 

anatomical landmarks were included in the analysis.  

(Pittayapat et al., 2013) Seven observers were involved in analysing 14 anatomical 

landmarks—nine in the mandible and five in the maxilla. The 

samples included four dry human skulls and two formalin-fixed 

human heads.  

(Spin-Neto et al., 2013) A human skull with full dentition and free of dental restorations 

was embedded in a prototype robot and analysed. Four categories 

were used to analyse the artefacts; stripe-like, double contours, 

overall un-sharpness and ring-like. 

(Vandenberghe et al., 

2007) 

Two human adult skulls (cadaver and dry skull) were used in the 

analysis of intraoral digital radiography. The scores of image 

quality were based on a three-point scale by three observers.  
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(Mischkowski et al., 

2008) 

A compact-sized cone beam units compared against two 16-

detector row CT scanners. Thirty image pairs were used in the 

study and observed by three individuals who analysed image 

quality based on a five-point scale.  

(Misch et al., 2006) Dry, human cadaver skulls with up to 20% of horizontal bone 

loss were sampled. Infra-bony defects (buccal, lingual, and 

interproximal) were created with various heights and widths. 

Using the F-speed film, PA radiographs were carried out. Three 

examiners were involved in the study following undertaking 

training sessions for probing techniques, radiographic analysis 

and CBCT digital tools use. 

(Gaudino et al., 2011) Fresh porcine hemi-mandibles that were covered by gingiva and 

soft tissues were used in the analysis. Two observers were 

involved in analysing the images from MRI, MDCT, and CBCT 

sources. For accuracy, the anterior section of the mandible was 

drilled in six locations of equal width and height using a dental 

burr. Nine anatomical structures were analysed on a five-point 

scale.  

(Koizumi, Sur, Seki, 

Nakajima, Sano, & Okano, 

2010) 

Six cadaver skulls excluding the brain tissues were used as 

samples. Five observers were invited to evaluate the overall 

image quality and the anatomical landmarks visibility on a four-

point scale. 

(Ballanti et al., 2008) Experienced orthodontists were invited to make a diagnosis. 

While two experienced radiologists were asked to rate the overall 

image quality based on a five-point scale.  
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2.18 Limitations of image quality evaluation methods 

  

Several applications of quality evaluation methods have been identified. However, these 

methods have limitations (Table 6). Subjective evaluation is being used as the gold 

standard to assess the image quality in a task-based approach, but the possibility of 

standardising this method is limiting due to its inherent subjectivity (Hidalgo Rivas et al., 

2015). 

 

Table 6. Limitations of image quality evaluation methods 

Study Method Limitations 

(Chakraborty, 2000; Månsson, 

2000; Nodine & Mello-Thoms, 

2000) 

Receiver-operating 

characteristics (ROC) 

Clinical practicality, clinical 

relevance of ROC, and potential 

problem with the difference in 

actually-positive image prevalence 

between ROC experiments. 

 (Månsson, 2000) Visual grading analysis (VGA) The scores are ordinal and hence 

taking averages is invalid from a 

statistical point of view. 

; Båth and Månsson, 2007; 

Zarb et al., 2015; Zheng et al., 

2016 

Visual grading characteristic 

(VGC) 

It can be used to compare only 

two parameters at a time. 

Smedby and Fredrikson, 2010; 

Smedby et al., 2013; Saffari et 

al., 2015; Zarb et al., 2015; 

Zheng et al., 2016 

Visual grading regression 

(VGR): 

It cannot be used when there are 

multiple anatomical 

landmarks/questionnaire 

questions to be assessed. 

Hidalgo Rivas et al., 2015; Al-

Humairi et al., 2016a,b 

Integrated image quality (IIQ) It may sometimes be subjective, 

and the amount of dose that can 

be reduced is unclear; inter-

observer differences are not taken 

into account. 
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2.19 Dose and image quality optimisation 

 

CCT and MDCT are extensively used for evaluation and diagnosis of diseases, and is 

known to contribute greatly to the dose burden of patients. This highlights the necessity 

to strictly follow the ALARA principle in all CT imaging. At the same time it is important 

to balance the radiation dose used with the need for acquiring high-quality diagnostic 

images. Dose reduction is the process of optimisation in which the radiation dose is 

reduced while retaining image quality as close to ideal as possible (Webster & Webster, 

2014), which is also prescribed in the ICRP framework. This is where the question of 

how we can achieve acceptable image quality and at the same time remain certain in our 

diagnosis whilst using the lowest radiation dose possible arises.  

 

 

Numerous approaches can be used to optimise radiological examinations. Many authors 

have attempted dose reduction by manipulating the exposure setting factors (Strauss et 

al., 2010). Adjusting the tube current and analysing the effects of image noise on the 

diagnostic image quality to ensure a balance between radiation dose and indication is one 

approach of optimising MDCT examinations. With a sufficient quantity of patients 

involved in a study, the ROC method can be used to identify the suitable settings for an 

accurate diagnosis (Obuchowski, 2000). In contrast, the ROC method is not applicable 

when optimising a general protocol anticipated for use on various diagnoses, some of 

which may occur only a few times per year. 

 

 

The visual grading method is an alternative. It involves evaluation of the visibility of 

structures and organs and is not limited to a specific diagnosis. Its disadvantages are that 

it is a subjective method and not a measure of the capacity to provide an accurate 

diagnosis. However, the technique mimics the clinical circumstances faced by 

radiologists when identifying whether the image quality is satisfactory for diagnosis. An 

optimised MDCT protocol must be used after all radiologists in the radiology department 

have agreed that the associated image quality is acceptable. If the image quality is ever 

poor, a repeat examination is required but results in an additional radiation dose to the 

patient which is undesirable and increases the economic impact as well (Ambu et al., 

2015).  
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Researchers focus on establishing the best method of reducing the radiation dose in CCT 

and MDCT examinations without lowering the diagnostic outcomes of the images. The 

complexity of these studies is related to the precise scientific methods used and their 

clinical applications. Therefore, the critical aspects of optimisation are developing a 

standardised approach in identifying the problem, designing methodology, interpreting 

the data, and validating the study (Creswell, 2002). McCollough, Bruesewitz, & Kofler 

Jr (2006) emphasised that studies must involve quantitative data such as image noise and 

observer performance. 

 

For CT optimisation, clearly outlining radiation dose and image quality boundaries is 

essential. Physical measurement parameters for image quality include high-contrast 

spatial resolution and low contrast resolution, temporal resolution, image noise, and 

artefacts. Spatial resolution, or sharpness, is the ability to discriminate small structures in 

an image. In CBCT imaging, many factors determine the spatial resolution: focal spot 

size, smoothing filter, detector element size, and reconstructed voxel size. 

 

These objective measures can be achieved relatively easily, but physical factors alone are 

not enough to meet the image quality required for clinical decision-making. A direct 

method for obtaining the optimal image quality is to relate a specific noise level for a 

specific diagnostic indication (Mattsson, 2005). Clinically, diagnostic image quality is 

more critical than the objective image quality. Therefore, the comparison between 

standard dose CT and reduced-dose CT  images is a key point in the optimisation 

approach, even if the objective image quality appears to be inferior (Kubo et al., 2008). 
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2.20 Dose and image quality optimisation for CT and CBCT in dentistry 

 

The next phase of the optimisation process should focus on clinical applications. Direct 

identification of the clinical performance is complex, costly, and time consuming. 

Moreover, the patient sample and radiologist involved can introduce considerable 

variability. Table 7 below lists some of the studies on the optimisation approach. An 

alternative approach is the assessment of image quality using task-oriented criteria. In 

comparison to the clinical setting, this approach is simpler, although it still allows for 

the possibility for the subjective prediction of the visibility of simple structures within 

an image (Verdun et al., 2015). 
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Table 7. Summary of previous studies: dose and image quality optimisation in dentistry 

Study  Summary of results  

(Hassan et al., 2012) Scan setting selection, including FOV size and number of acquisitions, markedly influences the root canal visibility with 

CBCT, while scan mode selection is less relevant. The smallest FOV should be used to analyse the root canal, with the 

recommendation being to not reduce the number of projections to ≤180. 

 

(Hidalgo Rivas et al., 2015) This study established that radiation dose can be reduced while maintaining adequate image quality for the specific 

diagnostic task studied. CNR values decreased marginally when the tube voltage was lowered, while the dose reduction 

observed was substantial—approximately 50% when considering the manufacturer’s recommended protocols. 

 

(Hofmann et al., 2014) The CBCT and MDCT units examined in this investigation highlight distinct differing scan parameters—whether adjustable or 

predefined FOVs—covering varying volumes. 

These variations are also displayed in radiation exposure and image quality. With the availability of various units in 

addressing a medical question, the volume of imaging of each must be considered. Moreover, matters concerning radiation 

exposure and image quality must also be taken into account. Based on these principles, a unit can then be chosen to deliver 

satisfactory and appropriate diagnostic images while exposing patients to as little radiation as possible. To confirm an 

absolute minimum of radiation exposure, it is crucial to limit the exposure zone to only diagnostically relevant anatomical 

structures as well as optimise settings as required (depending on the latitude offered by that unit). 

 

(Jadu et al., 2011) This study developed an optimised protocol for CBCT sialography by employing the CB MercuRay unit. The protocol entails 

positioning the salivary gland of interest in a 6-inch FOV and selecting a kVp of 80 with 10 mA. Future objectives of this 

study include examining the diagnostic efficacy of this optimised CBCT sialography units in a prospective clinical trial and 

then comparing with the standard practice, which is the 2D plain film sialography. 

 

(Kadesjo et al., 2015a) The effective doses identified for the Promax 3D CBCT and LightSpeed VCT MDCT, 92 and 124 mSv, respectively, were 

equivalent. A large potential for dose reduction (up to 50% for CBCT) compared with the manufacturer’s standard values 

was observed. Utilising the suitable FOV and optimised exposure parameters are crucial in yielding a low effective dose. 
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(Pauwels et al., 2017) A substantial dose reduction for small-sized patients in regards to CBCT is feasible. Reduction in tube current is more dose-

efficient than reduction in kV. The suggested exposure protocol should be further authenticated in the clinical setting and 

on other scanner models. 

 

(Pauwels, Silkosessak, Jacobs, 

Bogaerts, Bosmans, & 

Panmekiate, 2014) 

In relation to the CBCT unit used in this study, the maximum selectable kVp (i.e. 90 kVp) was optimal, especially at lower 

dose levels. It may be advised that low-dose protocols should consist of a mA reduction rather than a kVp reduction, as it 

would yield smaller image quality degradation. 

 

(Suomalainen et al., 2009) CBCT scanners provide a satisfactory image quality for dentomaxillofacial examinations while producing significantly smaller 

effective doses to the patient than standard MDCT protocols. Low-dose MDCT protocols propose acceptable high-contrast 

resolution and CNR with absorbed doses identical to those from CBCT scanners, which should be used in dentomaxillofacial 

examinations. The vast variations in patient dose and image quality accentuate the significance of optimising imaging 

parameters in both CBCT and MDCT examinations. 

(Mischkowski et al., 2008) This study concluded that the diagnostic quality of multiplanar reformations can be measured almost similarly two units. 

Although the noise level and contrast resolution did not reach the same level as that afforded by a CT image, Dental 

Volumatic tomography images were non-inferior for lesion diagnosis that may be effectively represented by both imaging 

modes. 

 

(Ali et al., 2015) Adjusting of the voltage and current settings in a corrective manner does not affect the spatial resolution of the image 

yielded, provided that the image mode (FOV) remains the same. Furthermore, no artefacts develop by such a manipulation. 

A minor difference was observed with the second parameter of image quality. 

(Ballanti et al., 2008) Regarding the evaluation and quantitative measurements of bone quality, the image quality with lower kilovoltage remains 

satisfactory. The potential diagnostic and therapeutic application of 3D images in orthodontics is beginning to develop. 

Technology and software evolution will facilitate valuable diagnostic results even with reduced kilovoltage and tube current. 

The role of CT in orthodontic use may be reinforced through further technical advances, such as further increases in axial 

resolution with intelligent dose modulation protocols. 
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2.21 The need for a reliable method for evaluating image quality for MDCT and CBCT 

in dentistry 

With regards to the application of low dose protocols, in particular for children and young adults, 

a lack of consistency for current CBCT models is noted (Nemtoi, Czink, Haba, & Gahleitner, 

2013). Several CBCT units possess automatic pre-established exposure settings 

established around the size of patient as well as gender in some cases, while other units 

allow the operator to manually select the exposure settings within a specific range. 

Conversely, several models do not enable exposure parameters adjustments without 

affecting other parameters such as FOV. In order to obtain a more standardised method 

with dental CBCT for dose reduction in patients of small size, quantitative evidence is 

necessary to yield a reasonable reduction of tube output in function of head size (Pauwels 

et al., 2017). 

 

Overall system performance must be regularly tested for all medical imaging units. 

Nevertheless, there remains a lack of translational agreement on acceptance and 

constancy testing for image quality and dose of dental CBCT systems. Only the 

recommendations by the manufacturers regarding quality assurance (QA) and testing of 

equipment exist; however, they too are not always consistent with one another (Holroyd 

& Walker, 2010).  

 

This insufficiency was recognised by the United States (Carter et al., 2008) and the 

European Union (Horner, Islam, Flygare, Tsiklakis, & Whaites, 2009), which resulted in 

the “basic principles” on the use of dental CBCT being established. Although several 

studies (Pauwels et al., 2011; Steiding, Kolditz, & Kalender, 2014; Vassileva & Stoyanov, 

2010) and special working groups (e.g., the SEDENTEXCT project) attempted to create 

image quality testing procedures for dental CBCT, no agreement has been reached to date 

on the metrics needed to adequately illustrate volumetric dental CBCT system 

performance in clinical practice. Studies on the establishment of QA standards vary in 

quantity, complexity, and dimensionality of image quality parameters. These parameters, 

as well as the methodology, need to be standardised (Steiding, Kolditz, & Kalender, 

2015). 
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Therefore, due to the widespread and increasing use of 3D imaging in dentistry, it is vital 

to follow the ALARA principle. Moreover, some studies recommend following the 

alternate ALARA principle, with the emphasis on demanding diagnosable image quality. 

Other studies highlight the high effective dose associated with CT and CBCT and the 

importance of creating low-dose or optimisation protocols. Some CT and CBCT units do 

have a built-in low dose protocol, but dose optimisation in each clinical indication has not 

been defined within the units.  

 

Furthermore, as mentioned earlier, the image quality evaluation methods are inconsistent 

and lacking scientific validation. Therefore, more research is warranted on dose 

optimisation in relation to clinical protocols and development of standardized methods 

for image quality and effective dose measurement. 
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Chapter 3: Methodology 
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3.1 Introduction 

 

This phantom experimental study was conducted using a skull phantom and two dried 

human skulls belonging to Charles Sturt University (CSU). An ethics application was 

submitted to the low-risk committee at CSU, and approval (no. 414/2013/01) was 

obtained in March 2013. This study was identified as a low-risk study because it did not 

have any live or vital specimen preparation or clinical application. A radiation safety 

committee exemption was gained under the registration of one of the supervisors (XZ); 

as a result, exception approval was obtained by the Radiation Safety Committee at CSU. 

This study was undertaken using different facilities, including and not limited to, CSU 

dental clinic, CSU dentistry laboratory setting, CSU veterinary clinic, Queensland 

University clinical facilities, and a private imaging centre. 

 

 

3.2 Phantoms 

 

Two different phantoms were used in this study; these phantoms were obtained 

from CSU/ Radiology Laboratory.  

 

3.2.1 3M skull phantom: 

 

The 3M skull phantom is a dry adult skull embedded in Perspex for simulating soft 

tissues. In the absence of an accurate geometric description of the 3M phantom as in 

Figure 2, image quality was assessed by quantifying the identification of the anatomical 

landmarks on the mandible by using different acquisition protocols. Because the skull 

was embedded in plexi, accurate identification of the exact dimensions of the anatomical 
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landmarks or features; in addition, it was not possible to have a mouth-opening procedure 

during image acquisition, especially when using the cone beam unit.  

 

 

 

However, for the purpose of this study, no mouth-opening imaging is required; as the 

intent of the research was not to check the temporomandibular region. A metal stand was 

used to replicate the standing upright position assumed by a patient when undergoing 

CBCT, while head stabilisers and neck supports were used to secure the phantom when 

performing multi-sliced CT (MDCT). In CBCT, the phantom was positioned with the 

occlusal plane as parallel as possible to the scan plane in the centre of the scan field, with 

the FOV in the midsagittal plane referring to the laser markings for verification according 

to routine imaging (Hofmann et al., 2014). 

 

 

Figure 2. 3M phantom 
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3.2.2 Dry human skulls: 

 

Two dry human skulls were also used in this study. These skulls presented with different 

anatomical features and edentulous status (Esmaeili, Johari, Haddadi, & Vatankhah, 

2012; Esmaeili, Johari, & Haddadi, 2013; Goto et al., 2007). Several studies have used 

dry complete skulls or jaws to investigate and evaluate the image quality. In the current 

study, the skulls were obtained from the anatomy department of CSU. No demographic 

data were available for the skulls; they were not identified by age, sex, or ethnicity. For 

imaging with CBCT, the skull was placed in a custom-made 20 × 20 × 20 cm plastic box 

as in Figure 3, which was filled with water to provide the equivalent of soft tissue 

attenuation. This phantom preparation with water simulating soft tissue has been used 

widely in the literature (Attaelmanan, 2000; Schropp, 2012; Richards, 1963). The box 

was tightly sealed to prevent any water leakage, and it was void of any metal or high-

density material that may lead to artefacts during CT scanning. This approach has been 

used in several studies (Suomalainen et al., 2008; Liang et al., 2010). The skull was 

stabilised in the supine position with a plastic, open-sided, rectangular base placed 

underneath the cranial bone to support the skull and prevent it from backward movement 

and also sideways tilting. The phantom was positioned with the hard palate parallel to the 

horizontal plane. To ensure reproducibility, the position lines were marked on the outer 

surface of the phantom for the selected examination areas. The skulls were positioned to 

replicate how images would look like in an ideal situation in the clinical setting. 
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Figure 3. Dry skull in a custom-made box 

 

 

3.3  Scanner units  

 

One CBCT unit and two MDCT unites were used in this study. The CBCT unit 

was accessed through the University of Queensland. The MDCT unites were 

accessed through private imaging centre and CSU.   

 

3.3.1 CBCT 
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A Planmeca Promax 3D max CBCT (Planmeca Oy, Helsinki, Finland) was used in this 

study (Figure 4). This unit uses a cone x-ray beam, with a 1900 × 1516 pixel flat panel 

detector, 270° rotation, and pixel size of 0.127 μm. The scans were carried out under the 

following exposure conditions: 70, 80, and 96 kVp, with tube currents of 4, 6, 8, 10, and 

12 mA, and an exposure time of 12 seconds as in Table 9. Each scan was a combination 

of a different voltage and current, leading to a total of 14 permutations. 

These scans were taken with a large FOV to the maxillofacial area. Initial and final 

reconstructions were carried out using Romexis 2.3.1 software (Planmeca). The radiation 

doses were recorded as a dose–area product, according to the manufacturer’s 

specifications. Data acquisition, examination planning, image saving, and standardised 

multiplanar reconstructions were performed by clinically current, Australian Health 

Practitioners Registry Authority (AHPRA) registered radiographers. 

 

Figure 4 Planmeca Promax 3D max CBCT https://goo.gl/images/e1oJ4j 

 

 

 

 

 

 

https://goo.gl/images/e1oJ4j
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3.3.2 MDCT 

 

Images were also captured with a GE® Lightspeed 16, a submillimetre, 16-slice CT 

system (Lightspeed 16, General Electric Medical Systems, Milwaukee, WI, USA), which 

is equipped with 16 detector rows and has a minimal rotation time of 0.5 seconds given 

collimation ranging from 0.75 to 1.5 mm (Figure 5). The exposure settings were manually 

adjusted for a full head FOV. Images were retrospectively reconstructed at the CT console 

to a slice thickness of 0.625 mm before being sent to a GE® Advantage Workstation 

(software version 4.2; General Electric Medical Systems). 

 

The slice thickness was based on a previous study (Soukup, 2015). Images were viewed 

and measured on the workstation using 2D axial, coronal, oblique, and sagittal data sets. 

The images were taken using both phantoms. 

 

The second MDCT units used in this study was a Toshiba Aquilion® (Toshiba 

Corporation, Japan) scanner with 16 detector rows, 0.5 mm multislice acquisition, which 

facilitated rapid scanning of large body segments in relatively short scanning times. The 

scanning technique used 0.5 second rotation speed and a pitch with 1.0-mm 

reconstructions in bone reconstruction algorithms (Figure 6). The exposure settings were 

manually adjusted for a full head FOV. All the images were taken under the same position 

and FOV. The exposure settings for each unit were operated as mentioned in Table 8. 
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Table 8. Exposure settings with GE® and Toshiba® 16 MDCT 

Exposure 

factors 

GE® Toshiba® 

kVp 80 100 120 80 100 120 

mA 10 10 10 50 100 100 

20 20 20 100 150 150 

40 40 40 150 200 200 

60 60 60 200 250 250 

80 80 80 250 300 300 

120 120 120    

180 180 180    

240 240 240    

320 320     

380 380     

 

 

 

Table 9. Exposure settings with CBCT 

kVp 70 80 96  

mA 8 4 4 

10 6 6 

12 8 8 

 10 10 

  12 12 

 



69 
 

Data acquisition, examination planning, image saving, and standardised multiplanar 

reconstructions were performed by clinically current AHPRA registered radiographers. 

The phantom was placed in the supine position with a head support band and a neck 

supporter. 

 

Figure 5. GE® Lightspeed 16-slice CT system 
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Figure 6. Toshiba Aquilion® CT (Toshiba Corporation, Japan) 

 

3.4 Observation 

 

Volume datasets were stored in the Digital Imaging and Communications in Medicine 

(DICOM) format, then the screenshots of the axial, parasagittal, and 3D reconstruction 

images through the area of interest and a cross-section of the posterior mandible through 

the middle of the prospective implant position. The relevant images from each data set 

were selected, and were displayed in a digital image format to the observers. The images 

were presented to several dental implant specialists in a randomised blinded manner. The 

observers evaluated the images based on two criteria, firstly, the observers used VGA to 

evaluate the anatomical landmarks quality (ALQ), and then, secondly, the observer 

evaluated the overall image quality (OIQ) in relation to implant placement.  
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Therefore, the observers ranked seven anatomical landmarks (mandibular canal, mental 

foramen, bone width, bone height, lingual foramen, cortical bone, and trabecular bone) 

as mentioned in Table 10 on a 5-point rating scale (ALQ)—1: definitely not clearly 

visible, 2: probably not clearly visible, 3: uncertain whether visible or not, 4: probably 

clearly visible, and 5: definitely clearly visible. This 5-point scale has been widely used 

in the previous studies (Hassan et al., 2012; Liang et al., 2010), although Guerrero et al. 

(2014) used a four-point scale in their evaluation.  

 

Clinically, diagnostic image quality is more critical than the objective image quality. 

Therefore, the comparison between standard-dose CT and reduced dose CT diagnostic 

images is a key point in the optimisation approach, even if the objective image quality 

appears to be inferior (Kubo et al., 2008). Hence, an overall image quality regarding pre-

surgical implant placement on a 3-point rating scale (OIQ) (poor, acceptable, and clear) 

was assessed. The anatomical landmarks used were physically present on the mandibles, 

which is relevant to implant placement (Koizumi et al., 2010). All images were evaluated 

in a low light control area as per best practice. During the evaluation process, the 

observers were asked to replicate their routine clinical setting such as wearing their 

glasses, using any screen filters, and using any magnification methods if they used them 

clinically (Dawood, Brown, Sauret-Jackson, & Purkayastha, 2012). In addition, the 

observers were instructed to rest their eyes for at least 30 min if their eyes experienced 

strain. The intra-examiner reliability was assessed by duplicating some of the images that 

were presented randomly with others (the time interval of duplication ranged from 2 days 

to 2 weeks); the inter-examiner reliability was measured by comparing the scores between 

observers. The left side of the mandible was assessed. In each image, three or four views 

were presented. Therefore, the assessment of each anatomical landmark required 

interpretation of the two different views. The purpose of image assessment was to assess 

the need for the clinician to examine the site prior to implant placement. 

 

 

 

 

 

 

 

 



72 
 

Table 10: Definition of each anatomical landmark. 

Anatomical structure and study Evaluation definition 

Bone width (Goto et al., 2007) Assessment of the adequacy of depiction of 

bone width in different views 

Bone height (Goto et al., 2007) The height of the available bone for implant 

insertion with reference to the proximity of the 

relative anatomical structure 

Inferior dental canal, molar area 

(Hofmann et al., 2014; Koizumi et al., 

2010) 

Evaluation of the visibility and the outline of 

the canal in the mandibular molar area 

Mental foramen (Hofmann et al., 2014;  

Koizumi et al., 2010) 

Evaluation of  visibility of the mental foramen 

Lingual foramen Evaluation of the extent and visibility of the 

lingual foramen 

Cortical bone (Koizumi et al., 2010) Subjective evaluation of the cortical bone 

Trabecular bone (Koizumi et al., 2010) Subjective evaluation of the trabecular bone 

 

The observers were introduced to the research through a participant information sheet 

(Appendix I). The principle investigator briefly explained the research to the observers 

and answered any question in relation to the image evaluation. Each image was numbered 

and then randomised using Microsoft Excel. The observers were presented saved digital 

images in a random order. They evaluated the images using their personal clinical 

equipment and filled the hard copy ranking booklet. 

 

The observers included three specialist dentists. Some studies focused on the possibility 

of having three specialist observers (Esmaeili et al., 2013). The qualifications of the 

observer, year of experience in implant dentistry and the date of filling the evaluation 

were elicited during the evaluation process. More than five years of clinical experience 

in implant dentistry and fully registered as a dental specialist with the Australian dental 

board were required. The observers’ professional background is explained in Table 11. 
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Table 11. Observers’ Academic and Clinical Experience 

 

Observer  Number  Year of experience  

Periodontist BDS, 

DClinDent (Perio) 

1 > 5 years in implant dentistry 

Prosthodontist BDS, 

DClinDent (Prosth.) 

2 > 5 years in implant dentistry 

 

 

3.5 Image quality evaluation method 

 

Several image quality evaluation methods have been suggested and investigated in the 

literature as explained in Chapter 2. The observer performance method involves the 

clinician’s observation of the anatomical structures and pathological lesions. Subjective 

image quality evaluation includes VGA, and noise is a key determinant of observer 

preference. VGA was used to extract the data from the evaluation outcomes; however, 

due to the limitation associated with the interpretation of these data, other approaches 

have been developed. When observers are asked to give only one score for each image, 

use of VGR is recommended. However, in some visual grading experiments, observers 

are asked to give more than one score for each image. For example, as with this research, 

observers may be asked to rate the visibility of five anatomical landmarks as well as 

assign a score to the OIQ. In this scenario, the scale of the scores for the anatomical 

landmarks (say, on a 5-point scale) may not be necessarily the same as that for the OIQ 

(say, good or poor).  

 

Here, there are six inter-dependent response variables for each image; the data structure 

is multivariate ordinal. The usual ordinal regression model, which usually assumes 

independence among response variables, would not be appropriate, and a multivariate 

ordinal regression model might be better suited to handle such data (Liu and Hedeker, 

2006). However, the multivariate ordinal regression model is complicated, and 

practitioners may find it difficult to interpret. 
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In multivariate statistics, to overcome the challenges of handling multivariate data, it is 

common to reduce the dimensionality of multivariate data. The well-known PCA method 

is one of many examples (Hair et al., 2009). For visual grading experiments, one way to 

reduce the dimensionality is to define an IIQ for each image based on all scores given. 

 

3.6 Data analysis 

  

As explained in the image quality method above, 𝑌𝑖𝑗𝑘 denotes the score of the 𝑖th question 

of the 𝑗th image assessed by observer 𝑘. Out of eight scores, the last one, 𝑌8, is perhaps 

the most important one and has to be treated differently. It is natural to assume that an 

image should be at least acceptable for clinical use. Therefore, 𝑌8 ≥ 2 is required. We 

define the IIQ for image 𝑗 assessed by observer 𝑘 on a 4-point scale as follows: 

 

𝑍𝑗𝑘 = max {0,∑1{𝑌𝑖𝑗𝑘 ≥ 4}

7

𝑖=1

− 4}

× 1{𝑌8𝑗𝑘 ≥ 2} (5) 

Where 1{𝐴} is the indicator function which takes a value of 1 if the condition 𝐴 is 

satisfied; otherwise, it has a value of 0. It can be easily verified that 𝑍𝑗𝑘 takes a value from 

the set {0,1,2,3}. If the image is not acceptable for clinical use (𝑌8𝑗𝑘 < 2) and/or less than 

five of the seven anatomical landmarks scored 4 or above, then 𝑍𝑗𝑘 = 0, representing a 

poor IIQ. If the image is acceptable for clinical use (𝑌8𝑗𝑘 ≥ 2), 𝑍𝑗𝑘 will depend on the 

number of anatomical landmarks scored 4 or above. Naturally, the more the anatomical 

landmarks scored 4 or above, the better the image quality reflected by 𝑍𝑗𝑘. Overall, one 

could interpret the image quality as “poor” if 𝑍𝑗𝑘 = 0; “acceptable” if 𝑍𝑗𝑘 = 1; “good” if 

𝑍𝑗𝑘 = 2; and “excellent” if 𝑍𝑗𝑘 = 3. 

In general, the concept of the integrated score is flexible in the sense that Eq. (5) can be 

easily modified to cater to different needs in various applications. As given in Eq. (1), 

any sensible choice of function 𝑓 could be used. It is possible to include more or fewer 

ranks as well as to make the criteria relatively stringent. However, caution must be taken 

especially if one wishes to make the criteria less stringent. In medical studies, it is 

suggested to define rules that are tighter rather than looser. 
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The focus of this study was to look for any potential of reducing the dose used in CT 

scans. Without having other explanatory variables, the level of dose is the sole 

explanatory variable, denoted by 𝑋. Natural logarithm transformation was applied on 𝑋. 

With observers considered as the random effects, the ordinal regression model admits the 

form 

 logit[𝑃(𝑍𝑗𝑘 ≤ 𝑛)] 

= 𝛼𝑛 − 𝛽 ln(𝑋𝑗) − 𝛿𝑘. (6) 

It is demanded to have a probability of at least 75% for an image being classified as at 

least acceptable, namely 𝑃(𝑍𝑗𝑘 ≥ 1) ≥ 0.75, when the image was assessed by an average 

observer. In other words, the minimum level of dose required can be calculated as 

 
𝑋𝑚𝑖𝑛 = exp [

�̂�𝑛

�̂�
+
1

�̂�
ln (

1

0.75
− 1)]. 

(7) 

 (Hidalgo Rivas et al., 2015; Al-Humairi et al., 2016a,b).  

Essentially, the dose level defined a new response variable based on some criteria. 

However, a limitation of this method is that it may be subjective.  

Therefore, a new approach was developed, which combines the methods of IIQ and VGR 

to handle the multivariate ordinal data arising from visual grading experiments; the 

investigators have called this method integrated VGR (IVGR). Using the outcomes of this 

method, several applications were investigated to provide a general formulation of this 

method which was applied to the CT scan data sets to assess the potential dose reduction. 

 

 

3.7 Integrated visual grading regression (IVGR) 

 

IVGR analysis can be formulated as a three-stage protocol. In stage one, an integrated 

score based on certain criteria is defined, and then each image is assigned an integrated 

score to represent its OIQ. The integrated score should be ordinal in nature. In stage two, 

an ordinal regression model is fitted using the integrated score as the response variable 

on the explanatory variables in the study. To capture the observer variability, it was 

suggested to include the observers as a random effect. In stage three, the effects of the 

explanatory variables were assessed based on the fitted model. This stage varies 
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depending on the field of application and the aim of the experiment. The investigators 

formulated the idea below. 

𝑌𝑖𝑗𝑘 denotes the 𝑖th score for the 𝑗th image given by observer 𝑘 for 𝑖 = 1, … , 𝑞; 𝑗 =

1, … , 𝐽; 𝑘 = 1, … , 𝐾. The quality of the image was hypothesised to be affected by 𝑝 

explanatory variables𝑋1, 𝑋2, … , 𝑋𝑝. 

Stage 1: Defining an integrated score 

In this stage, we define an integrated score 𝑍𝑗𝑘 for image 𝑗 assessed by observer 𝑘 based 

on the scores given to each question. In general, 𝑍𝑗𝑘 is a function of 𝑌𝑖𝑗𝑘 for all 𝑖 = 1,… , 𝑞: 

 𝑍𝑗𝑘 = 𝑓(𝑌1𝑗𝑘 , 𝑌2𝑗𝑘 , … , 𝑌𝑞𝑗𝑘), (1) 

Where 𝑓 is a function used to classify the images into 𝑛 ordinal categories. The new 

variable 𝑍 is univariate ordinal in nature. Thus, the difficulties of handling multivariate 

ordinal data can be surpassed. 

Stage 2: Ordinal regression 

Here, we provide only an outline of ordinal regression. Readers should refer to statistical 

texts such as Agresti (2007), Powers and Xie (2008), and Kleinbaum, Kupper, Nizam, & 

Muller (2008) for more details. 

As 𝑍𝑗𝑘 now is univariate ordinal in nature, usual ordinal regression approaches can be 

used. Among all possible models, it seems that the cumulative logit-link model is the 

most popular one. In particular, one models the natural logarithm of the odds of obtaining 

𝑍𝑗𝑘 not greater than 𝑛 against 𝑍𝑗𝑘 greater than 𝑛 using a regression equation. Putting the 

𝑝 explanatory variables as fixed effects and the observer random effects into the model, 

the ordinal regression model takes the form: 

 logit[𝑃(𝑍𝑗𝑘 ≤ 𝑛)] 

= ln [
𝑃(𝑍𝑗𝑘 ≤ 𝑛)

𝑃(𝑍𝑗𝑘 > 𝑛)
] 

= 𝛼𝑛 − ∑ 𝛽𝑚𝑋𝑚𝑗

𝑝

𝑚=1

− 𝛿𝑘 
(2) 

Where 𝛼𝑛 is the threshold parameter, 𝛽𝑚 is the coefficients for 𝑋𝑚 and 𝛿𝑘 is the random 

effect for observer 𝑘. If one defines 𝑍𝑗𝑘 in a binary scale, the ordinal regression model 

reduces to a logistic regression model. In Eq. (2), all 𝑋𝑚 are assumed to be continuous. If 

some of them were qualitative factors, dummy variables can be used accordingly. The 
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clmm2 function from the ordinal package of R is capable of fitting the above model 

(Christensen, 2015a, b). 

Stage 3: Model interpretation 

With the fitted parameters and given the values of the explanatory variables, the odds 

ratio or the probability that 𝑍𝑗𝑘 is classified into a certain group can be calculated. For 

example, from Eq. (2), one would calculate the probability that 𝑍𝑗 is greater than 𝑛0 when 

image 𝑗 is assessed by an “average” observer (so that 𝛿𝑘 = 0) as 

 𝑃(𝑍𝑗 > 𝑛0)

=
1

1 + exp[�̂�𝑛0 − ∑ �̂�𝑚𝑋𝑚𝑗
𝑝
𝑚=1 ]

. 
(3) 

If one wishes to minimise 𝑋1 while maintaining a probability 𝑝0 of the integrated score 

being greater than𝑛0, the minimum of 𝑋1 can be found by the following formula: 

 
𝑋1
min =

�̂�𝑛0

�̂�1
−
∑ �̂�𝑚𝑋𝑚𝑗
𝑝
𝑚=2

�̂�1

−
1

�̂�1
ln (

1

𝑝0
− 1) 

(4) 

 

 

The data were analysed using the derived methodologies. A complete validation of IVGR 

was applied for the CBCT data set. 
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CHAPTER 4: RESULTS 
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Image data of the phantom were acquired using GE® and Toshiba® CT and CBCT. Each 

image was evaluated by three observers in relation to specific evaluation criteria as 

mentioned in the methodology chapter. The observational data were collected and entered 

into an Excel spreadsheet. 

Intra- and inter-observer agreements were calculated using Kappa factor (11) and for each 

observation task as shown in Table 12. Moderate inter-observer agreements were 

established. The observer was required to blindly evaluate the images where some of the 

images were repeated intentionally to evaluate the intra-observer agreement. With the 

intra-observer agreement, observer moderate agreements were evaluated with Kappa 

value ≥ 0.4. Based on previous studies if the Kappa value was presented as less than 0.4, 

the observer was eliminated from the study (12, 13).  

 

Table 12. Agreements between observers. (A) Intra-observer reliability and (B) 

Inter-observer reliability: 

(A) 

Observer 1 Observer 2 Observer 3 

0.477 0.436 0.777 

 

(B) 

Observer 1 2 3 

1 NA 0.322 0.261 

2  NA 0.468 

3   NA 
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4.1 Image quality and radiation dose optimisation in MDCT 

 

The image quality of the anatomical landmarks and OIQ were mapped in relation to the 

radiation dose. Regarding the Toshiba® CT unit, the average anatomical image quality 

showed polynomial trend line in relation to the radiation dose, with R2 = 0.6856.  

A similar polynomial trend line with a stronger R2 value of 0.8673 was demonstrated 

between OIQ and radiation dose. These data were based on averaging the observers’ 

scores in relation to the anatomical landmark evaluations and OIQ (Figure 7). 

A.  

B.  

Figure 7. Toshiba® MDCT image quality using VGA, where the X-axis represents the 

DAP and the Y-axis represents the average anatomical landmarks image quality and the 

OIQ for graphs A and B, respectively. The trend lines were polynomial. 
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The relation between averaging image quality of the anatomical landmarks as per 

observers and radiation dose for GE® MDCT is demonstrated below in (Figure 8). It 

showed a polynomial trend line in, with R2 = 0.7768. 

A similar polynomial trend line with R2 = 0.7051 was demonstrated between OIQ and 

radiation dose. These data were based on averaging the observers’ scores in relation to 

the anatomical landmark evaluations and OIQ (Figure 8). 

A.  

B.  

Figure 8. GE® MDCT Image quality using VGA, where the X-axis represents the DAP 

and the Y-axis represents the average anatomical landmarks image quality and OIQ for 

graphs A and B, respectively. The trend lines are polynomial. 
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When ranking the visibility of the anatomical landmarks, no significant difference was 

established. However, the lowest score was allocated to mental and lingual foramina. 

These scores were based on observers’ evaluation of the landmarks on a 5-point scale, as 

explained in the methodology chapter.  

 

The results demonstrate that acceptable image quality can be maintained when lowering 

the radiation dose (Figures 7 and 8) when assessing the site preparation before dental 

implant placement in the mandible. The acceptable image quality was defined based on 

subjective evaluation of both anatomical landmarks and overall image quality. However, 

no objective approach was identified for this purpose. 

 

Acceptable image quality acquired by Toshiba® CT was associated with the lowest 

radiation dose (DAP) of 291.1, with exposure settings of 100 kVp and 150 mA. It was 

defined as a good image quality, which answered the clinical questions of implant 

placement planning. Subsequently, image quality beyond that threshold showed either an 

acceptable or good image quality (Table 13). Low tube voltage (80kVp) consistently 

produced unacceptable image quality unless a highest current (250 mA) was employed.  

 

In relation to Table 13 high dose images where evidenced to consistently produce 

acceptable or good image quality. Clearly, from 415 (DAP) radiation dose, the image 

quality displayed stability in relation to the acceptance of the clinical requirement.  
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Table 13. Toshiba® MDCT image quality using VGA* by the observers.  

Exposure 

settings 
Dose 

Criteria met Clinical Decision  

Implant placement planning 

kVp mA    

80 50 92.3 No Unacceptable 

80 100 184.7 No Unacceptable 

80 150 277 No Unacceptable 

80 200 369.4 No Unacceptable 

80 250 461.7 Yes Acceptable 

100 100 225 No Unacceptable 

100 150 291.1 Yes Good 

100 200 342.5 Yes Acceptable 

100 250 553.91 Yes Good 

100 300 620.38 Yes Good 

120 100 349.6 Yes Acceptable 

120 150 415.7 Yes Good 

120 200 533 Yes Good 

120 250 625.2 Yes Good 

120 300 717.5 Yes Acceptable 

 

*The criteria when two of three observers who scored at least 4 (probably clearly visible) in five of the 

seven anatomical features quality (ALQ) and scored at least 2 (acceptable) in OIQ 

 

In Table 14, the clinically acceptable image quality for Toshiba® MDCT units where the 

criteria were met are identified. The lowest acceptable image quality was associated 

with a radiation dose (DAP) of 291.1.  

 

Table 14. Relationship between dose and overall quality (in ascending order of 

dose) for Toshiba® MDCT  

Dose (DAP) 92 184.7 225 277 291 342 349 369 415 461 533 553 620 625 717 

Quality U U U U G A A U G A G G G G A 

 

*U: unacceptable, A: acceptable, G: good.  
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The acceptable image quality acquired by GE® CT was associated with the lowest 

radiation dose (DAP) of 248.64, with exposure settings of 80 kVp and 240 mA. It was 

defined as an acceptable image quality, which answered the clinical questions of implant 

placement planning. Subsequently, the image quality remained acceptable or good at 

DAP 317 or higher (Table 15). Low tube potential (80 kVp) consistently provided 

unacceptable image quality, unless a high tube current (≥240 mA) was employed.  

 

In relation to Table 16, high dose images where consistency provided acceptable or good 

image quality. Clearly, from 317 (DAP) radiation dose and higher, the image quality 

presented a stability in relation to the acceptance of the clinical requirement. 
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Table 15. GE®MDCT image quality using VGA*  

 

Voltage Current  Dose Criteria met Clinical Decision  

Implant placement planning 

80 10 17.76 No Unacceptable 

80 20 35.52 No Unacceptable 

80 40 71.04 No Unacceptable 

80 60 106.56 No Unacceptable 

80 80 142.08 No Unacceptable 

80 120 177.6 No Unacceptable 

80 180 213.12 No Unacceptable 

80 240 248.64 Yes Acceptable 

80 320 284.16 Yes Good 

80 380 319.68 Yes Good 

100 10 31.72 No Unacceptable 

100 20 63.43 No Unacceptable 

100 40 126.87 No Unacceptable 

100 60 190.3 No Unacceptable 

100 80 253.73 No Unacceptable 

100 120 317.16 Yes Acceptable 

100 180 380.59 Yes Acceptable 

100 240 444.02 Yes Good 

100 320 507.45 Yes Good 

100 380 570.88 Yes Acceptable  

120 10 49.28 No Unacceptable 

120 20 98.57 No Unacceptable 

120 40 197.13 No Unacceptable  

120 60 295.7 No Unacceptable 

120 80 394.27 Yes Good 

120 120 492.84 Yes Good 

120 180 591.41 Yes Good 

120 240 689.98 Yes Acceptable 

 

*The criteria when two of three Observers who scored at least 4 (probably clearly visible) in five of the 

seven anatomical features quality (ALQ) and scored at least 2 (acceptable) at OIQ 

 

However, in Table 16, the clinically acceptable image quality for GE® MDCT, where 

the criteria that have been met were identified. The lowest acceptable image quality was 

identified with the radiation dose (DAP) of 248.1.  

 



86 
 

Table 16. Relationship between dose and overall quality (in ascending order of 

dose) for GE® MDCT.   

Dose 17 31 35 63 49 71 98 106 126 142 177 190 197 213 

Quality U U U U U U U U U U U U U U 

 

Dose 
24

8 

25

3 

28

4 

29

5 

31

7 

31

9 

38

0 

39

4 

44

4 

49

2 

50

7 

57

0 

59

1 

68

9 

Quality A U G U A G A G G G G A G A 

 

*U: unacceptable, A: acceptable, G: good. 

 

The relationship between image quality (good, acceptable, and unacceptable) and 

various tube voltages is demonstrated in Figures 9 and 10. 
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A. 

 

B.  

Figure 9. The relationship between exposure settings (mA and kVp) and the 

average image quality for Toshiba®. In A: the X-axis is the tube current while the Y-axis is 

the average image quality. In B: the X-axis is the tube potential while the Y-axis is the average 

image quality. 

 

 

The phantom study showed that alterations of exposure settings played an essential role 

in the image quality in both MDCT scans. The Toshiba® MDCT set at 200 and 250 mA 

produced consistent good image quality in tube voltages of 100 and 120 kVp, whereas 

the 100 mA setting provided the lowest image quality (Figure 9).  
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In comparison, in the GE® MDCT, 120 mA resulted in acceptable image quality at 100 

and 120 kVp tube voltages. Good image quality was consistently reported with high 

kVp (120) and tube currents of 80, 120, and 180 mA (Figure 10).  

A.  

B.  

Figure 10. The relationship between exposure settings (mA and kVp) and the 

average image quality for GE® MDCT. In A: the X-axis is the tube current while the Y-axis 

is the average image quality. In B: the X-axis is the tube potential while the Y-axis is the average 

image quality. 

 

 

Increasing the tube voltage improved the image quality in the GE® MDCT, while in the 

Toshiba® MDCT, the image quality was not dependent on changes in tube voltage.
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Figure 11. Sample of different exposure setting for GE and Toshiba® 16 multislice CT. Images A, B, and C were acquired with GE with the 

following exposure settings: 80 kVp and 80 mA, 80 kVp and 240 mA, and 100 kVp and 380 mA, respectively. Images D, E, and F were acquired 

with Toshiba® with the following exposure settings: 100 kVp and 100 mA, 100 kVp and 120 mA, and 120 kVp and 150 mA, respectively.
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4.2 Image quality and radiation dose optimisation in CBCT 

Image evaluation data from the observers were collected; data entry was performed by 

the principal investigator and was double-checked. The evaluation process by observers 

was based on VGA; the data were analysed with a visual grading scoring and the scores 

were averaged as in Figure 12, where the trend line was polynomial (R² = 0.5138).  

 

Figure 12. CBCT Image quality using VGA, where the Y-axis represents the 

average image quality and the X-axis represents the DAP. The trend line was 

polynomial (R² = 0.5138). 

Result of the subjective method of image quality evaluation is reported in this study 

(Table 17). The image quality evaluation data were then analysed based on specific 

criteria as outlined in the methodology chapter.  

 

The clinical decision was “unacceptable” if less than half of the observer scores indicated 

“acceptable image quality”, as with the exposure setting of 8 kVp and 4 mA, where only 

one observer found it acceptable. The decision was “acceptable” if more than half of the 

observer scores indicated “acceptable image quality”, as with the exposure setting of 8 

kVp and 6 mA. The decision was “good” if all the observers found the image to have 

“acceptable image quality” such as with exposure setting of 8 kVp and 8 mA. This was 

demonstrated clearly in Table 17. 
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Table 17: CBCT Image Quality using VGA. The shaded area represents the 

acceptance of the image to fulfil the clinical requirement by the observer (N ≥ 5 

and Q ≥ 2) 

Exposure 

settings 
Observer 1 Observer 2 Observer 3 

Criteria 

met? 

Clinical 

Decision  

kVp mA N Q N Q N Q   

70 8 2 1 1 1 6 2 No Unacceptable 

70 10 4 1 2 1 5 1 No Unacceptable 

70 12 2 1 1 1 5 1 No Unacceptable 

80 4 2 1 5 1 7 2 No Unacceptable 

80 6 4 1 7 2 7 2 Yes Acceptable 

80 8 6 2 7 2 6 3 Yes Good 

80 10 7 2 6 2 7 3 Yes Good 

80 12 3 1 6 2 7 3 Yes Acceptable 

96 4 5 1 5 2 6 2 Yes Acceptable 

96 6 6 2 7 2 6 2 Yes Good 

96 8 7 2 5 1 6 2 Yes Acceptable 

96 10 2 1 7 3 6 2 Yes Acceptable 

96 12 4 1 7 2 7 2 Yes Acceptable 

 

 

 

 

 

 

 

 

 

 

 

 

Table 18. Relationship between dose and overall quality (in ascending order of dose) 

For CBCT: 
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Dose 359 434 539 548 654 659 719 898 981 1078 1308 1635 1962 

Quality U U A U A U G G G A A A A 

*U: unacceptable, A: acceptable, G: good. 

 

The minimum acceptable exposure setting demonstrated was 80 kVp, 6 mA with DAP 

539 mGy cm2. However, the exposure settings of 80 kVp, 8 mA with DAP 719 mGy 

cm2 and 80 kVp, 10 mA with DAP 898 mGy cm2 seemed to be suitable as they attain 

acceptable clinical image quality, more enhanced than the minimum acceptable 

combination (Table 17 and 18). 

 

 

Table 19. Image quality optimisation in relation to dose area product. The thick 

line (shaded area) indicates the threshold combinations of kVp and mA which the 

overall quality is at least acceptable. The number in the bracket is the DAP. 

CBCT 
mA 

4 6 8 10 12 

kVp 

70   U (434) U (548) U (659) 

80 U(359) A (539) G (719) G (898) A (1078) 

96 A (654) G (981) A (1308) A (1635) A (1962) 

 

*Adapted from Hidalgo Rivas et al. (2015, BJR, Table 3, p. 10) with some modification, where “U” 

=“Unacceptable”, “A” =“Acceptable”, “G” =“Good”.  

 

This result demonstrated a threshold in regards to exposure setting sequences of the 

radiation dose which has offered acceptable to good image quality combined with lower 

dose (Table 19). This approach has been adopted from Hidalgo Rivas et al. (2015) in 

which the shaded area below the thick line is the radiation dose with acceptable or good 

image quality. 
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Figure 13. Plot of OIQ in relation to dose level. The lines in the graph have no literal meaning; 

they aim to help visualise the pattern only. 

 

Figure 14. CBCT Image quality in relation to kVp exposure settings. 
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The results show that tube voltage relationship to the image quality. Low tube voltage (70 

kVp) has low acceptable image quality, which improves with increasing tube voltage (80 

and 96 kVp) (Figure 14).  

 

Tube current was demonstrated to consistently affect the image quality (Figure 15), and 

the acceptable and good image qualities were consistent with 8 and 10 mA and 

inconsistent with other tube current settings. 

 

Figure 15. CBCT Distribution of OIQ by mA exposure settings.  
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(A)      (B) 

 

                  (C) 

Figure 16. Examples of different exposure settings for CBCT. Images A, B, and C 

were acquired with CBCT with the following exposure settings: 70 kVp and 8mA, 

80 kVp and 8 mA, and 96 kVp and 8 mA, respectively. A was ranked as 

“Unacceptable”, B as “Good”, and C as “Acceptable”. 
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4.3 IVGR 

 

 In this section, we will explain the driven methodology starting with stages two and three 

(stage one was explained in the methodology chapter and implemented in the data 

analysis of the CT and CBCT scans). As explained, in stage one, an integrated score based 

on certain criteria has to be defined. In stage two, an ordinal regression model is fitted 

using the integrated score as the response variable on the explanatory variables in the 

study. To capture the variabilities of the observers, it is suggested to include the observers 

as a random effect (Båth, 2003; Månsson Båth & Månsson, 2014; Hidalgo Rivas et al., 

2015; Sund, Bath, Kheddache, & Mansson, 2004). In stage three, the effects of the 

explanatory variables are assessed based on the fitted model. This stage varies depending 

on the field of application and the aim of the experiment. The idea was formulised as 

below. 

 

4.4 Data analysis 

As mentioned in the methodology chapter, denoted by Yijk the score of the i-the question 

of the jthe image assessed by observerk. Out of the eight scores, the last one,Y8, is 

perhaps the most important one and has to be investigated differently. It is essential to 

assume that an image should be at least acceptable for the clinical application. Therefore, 

Y8 ≥ 2 is required. We defined the IIQ for image j assessed by observer k on a 4-point 

scale as follows: 

 

Zjk = max {0,∑1{Yijk ≥ 4}

7

i=1

− 4}

× 1{Y8jk ≥ 2} 

(5) 

Where 1{A} is the indicator function which takes a value of 1 if the condition A is 

satisfied; and a value of 0 otherwise. It can be easily verified that Zjk takes a value from 

the set {0,1,2,3}. If the image is not acceptable for clinical use (Y8jk < 2) and/or less than 

five of the seven anatomical landmarks scored “4” or above, then Zjk = 0, representing 
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poor clinical image quality. If the image is acceptable for clinical use (Y8jk ≥ 2), Zjk will 

depend on the number of anatomical landmarks scored “4” or above. Naturally, the more 

anatomical landmarks scored “4” or above, the better the image quality reflected by Zjk. 

Therefore, one could interpret the image quality as “poor” if Zjk = 0; “acceptable” if 

Zjk = 1; “good” if Zjk = 2; and “excellent” if Zjk = 3. 

 

In general, the concept of the integrated score is flexible in the sense that Eq. (5) can be 

modified easily to cater to different needs in various applications. As given in Eq. (1), 

any sensible choice of function f could be used. It is possible to include more or fewer 

ranks, as well as make the criteria more or less stringent. However, caution must be taken 

especially if one wishes to make the criteria less stringent; it can be considered as a weak 

point and increase the subjectivity. In medical studies, it is suggested to define rules which 

are tighter rather than looser due to their importance in the application.  

 

Our study looked for any potential for reducing the dose used in CBCT scans used for 

dental implantology. Without having other explanatory variables, the level of dose is the 

sole explanatory variable, denoted by 𝑋. Natural logarithm transformation was applied 

on 𝑋. With observers considered as the random effects, the ordinal regression model 

admits the following form:  

 logit[𝑃(𝑍𝑗𝑘 ≤ 𝑛)] 

= 𝛼𝑛 − 𝛽 ln(𝑋𝑗) − 𝛿𝑘. 

(6) 
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The image quality is demanded to have a probability of at least 75% for an image being 

classified as at least acceptable (Jones, A et al., 2015; Favazza, Fetterly, Hangiandreou, 

Leng, & Schueler, 2015; Schaefferkoetter, Yan, Townsend, & Conti 2015; Prasad et al., 

2002), namely𝑃(𝑍𝑗𝑘 ≥ 1) ≥ 0.75, when the image is assessed by an average observer. 

In other words, the minimum level of dose required can be calculated as: 

 
𝑋𝑚𝑖𝑛 = exp [

�̂�𝑛

�̂�
+
1

�̂�
ln (

1

0.75
− 1)]. 

(7) 

 

 

 

Application of the IVGA method into the CBCT data set was tested. The results then 

demonstrated as estimating and predicting the radiation dose threshold with acceptable 

image quality. As explained in Figure 4.11 and Table 4.9, using the derived ordinary 

regression model, the p-values for both 𝛼3 and 𝛽 are significant with positive coefficient 

of In (X). 

 

Table 20 shows the estimated parameters for the ordinal regression model described by 

Eq. (6). From the p-values, both 𝛼3 and 𝛽 are significant at 5%. The coefficient of ln(𝑋) 

is positive indicating that higher levels of dose increased the image quality, i.e., the 

chance of the image being classified in higher categories is more likely. Specifically, for 

a unit increase inln(𝑋), the odds ratio of 𝑍𝑗 being rated in category 𝑛 or above is 

exp(1.3711) = 3.9397. 
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Table 20. Results of ordinal regression analysis. 

Parameter Estimate SE p-value 

𝛼1 8.7808 4.6415 0.0585 

𝛼2 8.9094 4.6487 0.0553 

𝛼3 10.1540 4.7169 0.0313 

𝛽 1.3711 0.6927 0.0478 

sd(𝛿𝑘) 0.5683   

 

 

 

 

Figure 17 shows the plot of 𝑃(𝑍𝑗𝑘 ≥ 1) against𝑋. The minimum dose level required to 

achieve a probability of 75% for an image being classified as at least acceptable, when 

assessed by an average observer is 1346.91, a 31% reduction compared with 1962, which 

is the default clinical use. 
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Figure 17. Plot of probability of 𝒁𝒋𝒌 being greater than or equal to 1 against the 

dose level. 

 

 

 

 

The estimated random effects can also be extracted from the model. Figure 18 shows the 

estimated modes and the 95% confidence intervals for each observer. Among the 

observers, Observer 1 tends to give the lowest rating while Observer 3 tends to give the 

highest rating. Such a discrepancy is not unexpected, as each person will perceive image 

quality differently.  
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Figure 18. Inter and intra-observer effects confidence interval  
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Chapter 5: Discussion  
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5.1 Discussion  

 

Image quality evaluation using VGA has been a trending topic in recent years; so far, 

applied data analysis approaches have often been inadequate. Theoretically, it is 

commonly recommended to handle variables, such as the patient and the observer in our 

study, as random effects, since they both represent samples from larger populations. 

Many logistic regression methods are available for handling ordinal data from visual 

grading experiments in medical imaging. Therefore, in this part of the study, we discuss 

the principle researcher application of VGA to develop a methodology that would 

evaluate the image quality with acceptable statistical methods based on ordinal logistic 

regression. This methodology can be used in different clinical situations where VGA is 

used, and a clinical question related to the image is asked. 

 

In the results chapter, the evaluation of the anatomical features by observers using 

Toshiba® and GE® CT scan showed the relationship between the radiation dose and image 

quality in the form of polynomial trend line with R2 factor (approximately 0.8 and 0.7, 

respectively). This is clearly in agreement with the literature in that there is increased 

dose reduction by providing acceptable image quality using MDCT in dentistry 

(Almashraqi et al., 2017; Watanabe, Honda, Tetsumura, & Kurabayashi, 2011) and 

specifically in dental implantology (Koizumi et al., 2010). 

 

VGA's limitation, as mentioned earlier, is that it does not fit with parametric statistical 

methods as the numerical values are not linear (Båth, 2003; Bath & Mansson, 2007; 

Månsson Båth & Månsson, 2014). Therefore, this study used the importance of answering 

the clinical questions—i.e. to yield an acceptable image quality with reduced radiation 

dose to the patient. IIQ methodology was applied in both GE® and Toshiba® units for 

image quality evaluation, and the outcomes were focused more on being able to address 

the clinical indication or the purpose of the scan by the observers. Clinically, image 

quality was considered acceptable when at least five of the seven anatomical features are 

assigned a score of 4 or 5 in addition to answering the clinical question “Is the image 

quality adequate for assessment of pre-surgical implant placement site?” This criterion 

has to be met by 2 of 3 experienced clinical observers. As mentioned in the equation 

below 
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      (1) 

Where Ni is the number of the seven ALQ scored 4 or 5 for Observer i and Qi is the score 

of OIQ given by Observer i. The function 1{A} is an indicator function which takes a 

value of 1 if condition A is met and 0 otherwise. Thus, C can be interpreted as the number 

of observers who scored ≥4 (probably clearly visible) in five of the seven anatomical 

features quality (ALQ) and scored ≥2 (acceptable) in OIQ. The criteria are said to be met 

if C is ≥2. Based on the values of C, clinical decisions can be confidently made. Image 

quality is “unacceptable” if the criteria is not met (i.e. C ≤ 1), “acceptable” if C = 2, and 

“good” if C = 3. The clinical decision is based on the quality of the image for pre-surgical 

implant placement site. 

 

This can be clearly seen in the Toshiba® unit’s image quality evaluation where the 

exposure setting of 100 kVp and 150 mA led to good image quality that answered the 

clinical questions and met the criteria defined earlier; using VGA, however, this 

combination was defined as being out of the trend line (Figure 19). Regarding the GE® 

unit, VGA showed that averaging can be based on acceptable image quality can be 

achieved with the exposure setting of 80 kVp, 240 mA. However, the IIQ method uses a 

different approach: the accepted image quality starts from the dose at which the 

combination is inconsistent. The consistency starts to increase with 100 and 120 kVp 

parameters, but this approach misses the threshold dose required to establish a low-dose 

protocol. Accordingly, for deciding the threshold dose to answer the clinical question, 

image evaluation by Toshiba® until was chosen. 
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Figure 19. Toshiba average anatomical land mark image quality  

 

The difference between the integrated method and VGA is that with the former, we can 

set the threshold of the dose that meets the acceptable image quality, ultimately answering 

the clinical question. Then, using the Toshiba® units, we can conclude that there is an 

opportunity to use a low dose protocol, thus reducing the patients’ radiation dose. The 

IIQ method can be applied and developed to create low-dose protocols and predict the 

minimum dose required to achieve acceptable image quality. 

 

We found that the combination of the lowest exposure setting with acceptable clinical 

image quality to be the best-practice approach to produce an optimisation protocol. This 

result is well established in studies on different clinical applications such as imaging 

maxillary sinus, where Almashraqi et al. (2017) used this approach in both CBCT and CT 

to develop low-dose protocols. Developing this combination approach allows comparison 

of data among studies, just as Almashraqi et al.'s study has been compared with others in 

similar clinical scenarios to the lower the exposure setting for soft tissue or bone 

(Almashraqi et al., 2017). 

 

The reduction in mA significantly affects the image quality and radiation dose; therefore, 

using an approach, which does not involve a significant reduction of mA, will reduce the 

relative negative effect on the image quality after passing the threshold level. This 

outcome agreed with a recent study by El Sahili et al. (2018), who studied the reduction 

of tube current and its effect on the image quality for implant dentistry. 
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About the CBCT, due to the fewer possible combinations (exposure settings), the trend 

line was polynomial; however, the R2 factor was not strong. Hence, the application of IIQ 

was necessary, where the observers showed more consistency in higher exposure setting 

parameters. This is consistent with the findings of El Sahili (2018), where all the 

observers were consistent with answering the questions, specifically related to dental 

implantology, and images at exposure settings of 80 kVp and 8 mA were the most 

accepted image quality. Using setting alone reduces more than 60% of the dose compared 

with that delivered by the manufacturer-recommended exposure parameters (kVp and 

mA). Thus, a substantial dose reduction can be obtained by reducing the CBCT tube 

current whilst still providing acceptable image quality for dental implantology. Similarly, 

an in vitro study by Sur, Seki, Koizumi, Nakajima, & Okano (2010) highlighted the need 

of optimisation of CBCT in dental implantology by alternating the tube current. Goulston, 

Davies, Horner, & Murphy et al. (2016) in their recent systematic review stated that the 

reduction in the tube potential and current on many CBCT units can still provide 

acceptable diagnostic image quality. Therefore, more optimisation research is needed on 

the alteration of exposure parameters.  

 

Dawood et al. (2012) also emphasised the importance of optimisation concerning pre-

surgical implant placement planning. In the present study, there was a significant 

reduction in the radiation dose without compromising the quality of the image. However, 

this approach needs to be considered carefully when planning for computer-guided 

surgery as it may reduce the quality of the 3D virtual model. Recently, El Sahili stated 

that the subjective evaluation of the image quality, specifically in the posterior mandible 

for pre-surgical implant placement, requires a higher resolution; this had considerable 

variability among observers and depended on the observers’ experience. We, too, found 

an inter-observer discrepancy in the posterior mandibular area. Therefore, it is necessary 

to develop the IIQ evaluation with a specific clinical question. 

 

Interestingly, the tube current did not significantly affect the image quality. While 

increasing the tube current did improve the image quality to an extent, it was more related 

to the tube potential. For example, with the Toshiba® Unit, the image quality improved 

regardless of tube current with the increase in the tube potential from 80 kVp to 100 kVp 

to 120 kVp; this was also seen with CBCT image quality. This finding is consistent with 
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Wanatnabe et al., who stressed that the clinicians should understand the limitations 

associated with artefacts in relation to soft tissues when using low voltage CBCT 

(Watanabe et al., 2011). However, the improvement in quality was not appreciable in 

GE® unit, where the image quality is perhaps more related to the tube current, and may 

have been due to the low-mA exposure parameters. Indeed, El Sahili et al. (2018) found 

a remarkable inter-observer inconsistency with the lower mA exposure parameters, which 

gradually decreased with the increase in the exposure. 

 

5.2 Methodology development 

The above results also identify the observers’ tendencies in rating the images in addition 

to the extent of inter-observer correlation. Our results suggest that the newly formulated 

analytical protocol is an effective tool for visual grading studies of clinical CT and CBCT 

dental image quality. 

The key to success is defining an integrated score. In general, clinical image quality is 

criteria based, and there is considerable inter- and intra-observer variability in VGA for 

specific criteria of a specific image, which is the main challenge in employing VGA in 

quantifying clinical image quality. Undoubtedly, ordinal regression should be employed 

in VGA for ordinal data. However, even if it is employed, there is no guarantee that it 

will give us a sensible result if large variability exists in the VGA data. 

 

Smedby and Fredrikson (2010) stated that statistically, it is not acceptable to use a 

common statistical method relying on least-squares estimates such as t test and ANOVA 

on ordinal type data. Solutions include the use of VGCs either by using a mathematical 

approach similar to the ROC curve (Båth, 2007) or which are based on handling the 

ordinal nature of the grading data with ordinal logistic regression (Smedby, 2010). VGR 

methodology is in agreement with our study developed methodology in which 

introducing of the concept of IIQ by adding the clinical question to it. 

 

Defining an integrated score (an OIQ score) effectively filtered out most of the outliers 

within the VGA data and smoothed out inter- and intra-observer variability. This OIQ 

score effectively removed the higher visual grading scores that contradicted the OIQ. This 

method is widely used in optimisation studies, where the regression formula permits 
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continuous independent variables; for example, a study on the effect of changing the 

exposure settings in CT (kVp and mA) reported that the odds predicted by the formula of 

gaining at most agreed outcomes is proportional to the corresponding odds for different 

outcomes for all combinations of independent variables (Smedby, 2010). 

 

On the other hand, the psychometric factors affect the evaluation of the image quality 

because the image quality involves the interaction between human attitude and image 

detail. The observer will score the image attributes in relation to their agreement about 

whether they are clearly visualised. This is called the self-efficacy theory, which was 

reinforced and linked to the image quality by Mraity et al. (2014). Our approach of 

validation of the psychometric scale of image quality and developing an image quality 

method that answers the principal clinical questions agrees with this theory. Psychometric 

approach explains the other application of our proposed method. Therefore, to eliminate 

the disagreement between observers and link it to the psychometric approach while 

answering the clinical questions. 

 

In the present study, we used the R2 factor to evaluate the correlation between image 

quality and radiation dose. This factor varies between 0 and 1 (1 being the strongest 

correlation). The R2 factor is usually interpreted as the percentage of variance explained 

by ordinal linear square regression. Hence, the R2 factor has several different 

interpretations, which can be calculated with various approaches, all yielding the same 

numerical result for linear regression. In some cases, it can be called as pseudo-R2 when 

it acts as a counterpart for other linear models, making it less straightforward on some 

occasions (Zhao, 2017). 

 

The Medical Services Advisory Committee reviewed the Medicare benefit scheme in 

November 2013 and April 2014, with consultation in different health organisations, and 

observed the rapid growth of the CBCT scan, particularly among the younger population, 

which was a concern for the Committee (Zhang, 2017). Brown and Monsour (2015) 

emphasised that it is essential to observe and regulate the use of CBCT and that the 

operator should be aware of the clinical indications, the ionising radiation dose to which 

the patient is exposed, and the limitations of CBCT in dentistry. They made this 
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conclusion based on their study which indicated that in the past there were significant 

increases in the use of CBCT particularly in the state of Victoria, which raised the 

question about the clinical decision-making and the selection of cone beam imaging 

(Brown and Monsour, 2015) 

 

Dose reference level is also identified as a key aspect in clinical applications of radiation 

dose. However, to our knowledge, no DRL studies have been undertaken in Australia 

concerning the use of CT and CBCT scanning in dentistry. This situation highlights the 

need for such a study, as well as warrants further studies, in order to increase the 

knowledge about and the attitude regarding CBCT and CT optimisation in dentistry, 

especially in Australia. 

 

Although optimisation studies have grown significantly in various aspects, to our 

knowledge, there has also been no optimisation study concerning dental applications in 

Australia. We, therefore, wish to emphasise the need to raise awareness of the radiation 

dose risk in dental imaging and the importance of optimisation and answering the clinical 

question. 

 

One crucial aspect of successful dental implant therapy is precise pre-operative planning, 

in which appropriate radiographic assessment plays a vital role. These assessments are 

usually based on analysis of the anatomical landmarks in relation to implant placement 

and evaluation of the associated risk factors (Harris et al., 2012). Bornstein et al. 

emphasised the importance of pre-operative radiographic assessment and recommended 

that it meet specific criteria: identifying the anatomical characteristics of the alveolar 

bone, defining the orientation of the residual alveolar ridge with respect to the prosthetic 

treatment plan, and determining the location and boundaries of the local anatomical 

landmark at the potential implant placement location (Bornstein et al., 2015). 

 

Considering that the maxillofacial regions consist of complex anatomical landmarks, 

traditional 2D imaging techniques are limited for assessment of these landmarks (Tsapaki, 

2017). Accordingly, the use of 3D imaging methods, such as CCT, MDCT and CBCT, in 

dentistry has significantly increased in the last 15 years. However, this has come at the 

expense of higher radiation exposure (MacDonald, 2017) with CCT and MDCT generally 
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having a higher radiation dose than CBCT. Widmann et al. (2017) discussed the 

possibility of obtaining acceptable image quality scans using ultra-low dose MDCT for 

analysis of multiple implant sites, and they stated that MDCT may have an advantage 

over CBCT especially for CT-guided production of surgical guides. By contrast, Al 

Abduwani, ZilinSkiene, Colley, & Ahmed (2016) stated that both image quality and 

radiation dose of CBCT are comparable to those of low-dose MDCT. This difference can 

be explained by the inconsistency in their image quality evaluation methods and 

variations of the scanning parameters used. In the present study, CT and CBCT were 

used; both modalities have been used in dentistry and specifically in dental implantology 

surgical placement planning for several years.  

 

Depending on the x-ray modality, the practice of optimisation must comply with the 

national guidelines and policies. In Australia, the current guidelines (“Code of Practice 

and Safety Guide for Radiation Protection in Dentistry,” 2005) are more than a decade 

old. Recent technologies such as CBCT are not explicitly mentioned with respect to 

optimisation. However, a recent European publication provides distinguished 

recommendations for radiological protection in CBCT (Radiological Protection in Cone 

Beam Computed Tomography (CBCT); ICRP Publication 129) (Rehani et al., 2015). 

 

There is a crucial need for optimisation in scanning protocols, with the benefits 

outweighing the risks. Al-Nuaimi, Patel, Foschi, & Mannocci (2016) reported that 

optimisations can be achieved by reducing up to 74% radiation dose compared with that 

administered using the manufacturer-recommended exposure parameters and still 

maintain good diagnostic accuracy and image quality. EzEldeen et al. (2017) highlighted 

the essentials of more indication-oriented optimisation studies to develop protocols for 

evidence-based practice, which may influence the manufactures to consider indication-

guided image acquisition protocols. For now, it is the clinician’s responsibility to ensure 

that the radiation exposure is ALARA for the indication. 
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Therefore, an optimum balance between radiation dose and image quality needs to be 

maintained. Almashraqi et al. (2017) mentioned that exposure settings and FOV factors 

affect dose quality in CBCT as well as MDCT. Although some CT manufacturers 

recommend exposure settings that provide high image quality with low noise factor, such 

settings often involve higher exposure (Neves, Vasconcelos, Campos, Haiter-Neto, & 

Freitas, 2014). Manual adjustment of the exposure settings can significantly reduce the 

exposure dose. This might, however, degrade the image quality and become unacceptable 

clinically. Therefore, optimisation needs to consider image quality to ensure that 

clinically acceptable image quality is provided (White & Mallya, 2012). 

 

Hence, manual adjustments of kV and mA are recommended, nothing that the 

combination of these adjustments plays an essential role in developing dose-reduction 

protocols sequenced in dose optimisation (Dawood et al., 2012; Goulston et al., 2016; 

Pauwels, Araki, Siewerdsen, & Thongvigitmanee, 2014). FOV size is another critical 

factor that can affect patient dose, especially in CBCT (Chinem et al., 2016; Pauwels, 

Zhang, Theodorakou, Walker, Bosmans, Jacobs, et al., 2014). The other factor is the degree 

of rotation of the gantry around the patient’s head (Jones, Mannocci, Andiappan, Brown, 

& Patel, 2015; Pauwels, Zhang, Theodorakou, Walker, Bosmans, Jacobs, et al., 2014). Both 

radiation dose and clinical image quality are dependent on the above factors. 

 

To optimise radiation dose, standardising the dose measurements is important. Effective 

dose estimation in dental CBCT and MDCT has been determined using different 

approaches such as organ-absorbed dose, dose–area product (DAP), and CTDI (Helmrot 

& Carlsson, 2005; Thilander-Klang & Helmrot, 2010).  
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DAP-based dosimetry estimates the total area irradiated but stands for only the surface 

dose. CTDIvol evaluates roughly the radiation distribution inside the patient, whereas 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 (2010) stated that with the use of a small FOV, the conversion 

parameters DAP are rather inaccurate. One of the reasons to that is due to the salivary 

glands not possessing a constant conversion factor included with dental examinations. 

The DAP determination has in addition been utilised to locate dose reference for dental 

radiography (Napier, 1999; Tierris, Yakoumakis, Bramis, & Georgiou, 2004). 

Assessment of the dose from these scans is vital in analysing the potential risk and 

enabling optimisation. Although, CT dosimetry has various dose measures and indicators 

and is often complex to verify the most suitable calculations and method to employ. 

Generally, utilising a combination of these methods are required to appropriately describe 

the exposure situation. Although, Brenner and Hall (2007) stated, that there is minimum 

risk associated with CT scan radiation, and most likely, the benefit will outweigh any risk 

to the individual. However, with the increase of CT scan applications in clinical areas, 

the small risk for a large population can create health concerns.  (Brenner & Hall, 2007). 

 

Al-Okshi, Lindh, Sale, Gunnarsson, & Rohlin (2015) concluded that although many 

studies have been conducted on an effective dose of CBCT of the facial skeleton, the 

quality of evidence is low when there is a limitation to the study quality and 

inconsistencies exist in estimates of effects across studies, which precludes drawing solid 

conclusions. They recommended more studies on optimisation and image quality of 

CBCT examinations (Al-Okshi et al., 2015). Similarly, McGuigan, Duncan, & Horner 

(2018) stated that the current literature on CBCT imaging highlights the lack of consistent 

and standardised testing and reporting that will allow effective comparisons of dose 

calculations and optimisation techniques for image quality. There is, however, some 

consistency in the literature with respect to effective dose measurement. These 

measurements are usually based on objective factors, which provide a good ground for 

developing optimisation protocols. 
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However, as mentioned earlier in the Chapter 2, multiple image quality evaluation 

methods were identified in the literature on medical and dental CT applications. Most of 

these clinical assessments are based on subjective factors and have defined limitations. 

Accordingly, this study aimed to identify a consistent methodology to evaluate image 

quality using proven and agreed statistical approaches. Therefore, the empirical 

hypothesis is to identify a scientifically valid method to evaluate the image quality. 

 

Sund et al. (2004) described image quality as “a quantity that is difficult to quantify”, 

whereby the observer offers his opinion on the quality of a radiographic image. This 

opinion will be based on the observer’s experience and other technical parameters. 

Therefore, we need to consider that the production of these images with optimum 

diagnostic quality may be closer to science than to art (Sund et al., 2004). Kundel (2016) 

has a similar view but focuses on observer perception and cognition—an aspect that also 

plays a significant role in image quality assessment. Hence, image perception is 

considered as a unified realisation of the contents of the image signal (displayed image). 

Cognition, on the other hand, is the ability to explain the connotation of the displayed 

images in the context of medical scenarios related to a specific image. Therefore, the 

psychophysical nature is the fundamental pathway for image quality evaluation based on 

two elements: human and displayed images (Kundel, 2006), meaning that the two 

elements; physical (anatomical landmark) and psychological (human visualisation and 

perception) combine to form the evaluation of the image. This agrees with a study by 

Rossmann and Wiley (1970) who stated that both psychological and physical effects play 

a role in the evaluation of the image content, thereby making a clinical judgement a 

complex decision based on different factors. These factors were reviewed by Thornbury, 

Fryback, Patterson, & Chiavarini (1978)., who discussed that these factors can be 

anatomical and physical landmarks of the displayed parts of the image and have a 

significant impact on observer variability by focusing on certain structures in the image. 

 

Although different observer performance methods have been identified, the ROC has 

been considered as the state of the art method; however, this method is time consuming 

and has some difficulty in the applications as mentioned in chapter 2(Metz, 1986; Metz, 

2000). Other methods such as VGA and IC have been developed to overcome these 

difficulties (Verdun et al., 2015). Moreover, the use of parametric statistical methods 

based on ANOVA may be alluring, but it is not statistically suitable as the data to be 
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analysed are defined on an ordinal scale. In addition, on theoretical grounds, it is widely 

expected to apply the variables such as object and the human observer as random effects 

since they both represent samples from larger populations. 

 

Based on the explanation above, it is accepted that there is no validated visual image 

quality method in dentistry. Hence, in this research, we proposed a new way of analysing 

visual grading data with specific clinic scenarios and defined image criteria. The new 

approach also estimates the dose reduction, which will help further studies examine 

compare clinical data. Of the known methods of validation of the new approach, the 

estimated dose reduction reported in our study should be tested either by ROC or VGA. 

The use of linear models for analysing ordinal scale data is generally discouraged in 

statistical textbooks. 

 

The values on the scale have a natural ordering; however, due to the definitions and the 

specifications of the scoring system, there is no defined line on the difference between 1 

and 2 or between 4 and 5, and that is why, statistically, it has been defined as an ordinal 

scale. This explanation agrees with a recent 2010 study (Smedby & Fredrikson, 2010) in 

which the authors explained how VGA could be statistically challenging, especially in 

applying the accepted statistical methods that rely on a least square estimation, such as 

ANOVA and t test. However, using these methods which are based on minimising the 

sum of the squared distance between predicted and observed scores, in consideration of 

the assumption that the dependent variables are defined on an interval scale. Therefore, 

that a certain difference in the observation ranking values has a similar meaning.  

 

In vitro or phantom studies were used widely as a cornerstone for radiation dose 

optimisation. Several recent studies have used the Rando phantom for optimisation 

research, which consists of a human skull embedded in rubber-equivalent material to 

simulate the human soft tissue with an internal air cavity representing the oral, pharynx, 

and other airspace filled anatomical landmarks. All of these methods allowed radiation 

absorption and spread to closely match that of the human tissue (Almashraqi et al., 2017; 

EzEldeen et al., 2017). On the other hand, other studies used dry skull or part of skulls 

(such as a mandible), soaked in water prior use. This approach is beneficial to investigate 

the diagnostic performance of CBCT scans in clinical scenarios, because the attenuation 
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and the scattering of the x-ray beam is not explicit to the bone and teeth but is controlled 

by the soft tissue and the fluid content of these soft tissues (Al-Nuaimi et al., 2016; 

Durack, Patel, Davies, Wilson, & Mannocci, 2011; Hidalgo Rivas et al., 2015; Jones et 

al., 2015; Patel, Dawood, Mannocci, Wilson, & Pitt Ford, 2009). 

 

Hence, both approaches were used in this study: a 3M skull phantom embedded in tissue-

like material and a dry skull soaked in water and placed in acrylic or plexi-like material. 

Exposure for the same unit took place on the same day to decrease possible 

inconsistencies or errors while using this machine. A pilot study was done using both 

phantoms and demonstrated no difference in observer outcomes or exposure procedure; 

the images generated were clinically representative. Although the use of cadaver would 

be more reflective of the ideal clinical scenarios, this was not feasible due to restriction 

under Australian (NSW) Human Tissue Act 1983 No 164 (amended in 2012) and the CT 

and CBCT units used in this study were for clinical use and permission had not been 

obtained for cadaveric use. 

 

For CT and CBCT optimisation, although the FOV is essential in determining the patient 

radiation dose, the key exposure factors (x-ray tube current and voltage) have a significant 

role and should be adjusted to give diagnosable image quality (Carter et al., 2008). Most 

of the CT and some of the CBCT scan units allow manual adjustment of the exposure 

settings; however, some of the CBCT exposure settings are automatic, based on 

manufactured instructions. Accordingly, in this study, different exposure settings were 

used for both units but with some limitations in changing the settings, especially with 

CBCT. 

 

Consequently, it is important to note that there are different models of dental CBCT units 

with significant variation in their technical specifications; this was recognised clearly by 

Nemtoi et al. (2013), who summarised the technical data of 43 CBCT units and described 

how these specifications affect optimisation and improving the image quality in dentistry. 

Because we used only one CBCT unit in this study, our specifications may not be 

generalisable to other units, but our methodology may be (Nemtoi et al., 2013). 

 

As mentioned in the chapter 2, a large number of low dose protocol studies have been 

conducted on optimisation of medical CT scans; but few studies exist concerning the 
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optimisation of dental CT and CBCT scans. Harris et al. (2012) stated the importance of 

low dose protocols based on subjective image quality by utilising CBCT for dental 

implantology. On the other hand, Ludlow and Walker reported low dose protocols for 

CBCT based on objective assessment of image quality (J. B. Ludlow & Walker, 2013). 

Harris et al. (2012) stated general principles rather than specific guidelines regarding the 

adjustment of exposure settings for dental CBCT for acceptable image quality. Their 

principles are in agreement with several studies evaluating low dose CBCT with 

acceptable image quality in the context of implant dentistry. Most of these studies used 

subjective assessment of image quality (Dawood et al., 2012; Durack et al., 2011; Harris 

et al., 2012; Koizumi et al., 2010; Sur et al., 2010). 

Hidalgo Rivas et al. (2014) highlighted the need to identify a relationship between 

subjective and objective image quality assessments for an optimisation protocol; 

however, the authors included subjective assessments for only a specific clinical 

indication (paediatric dentistry) in parallel with the above-mentioned literature. In 

addition, they recommended the use of both image quality assessment methods but failed 

to establish a relationship between subjective and objective assessment methods of image 

quality (Hidalgo Rivas et al., 2014). These outcomes are in line with the previous studies 

(Månsson, 2000; Watanabe et al., 2011). 

 

Objective methods are essential for the evaluation of certain aspects of image quality, but 

the link between the physical and clinical image quality is not fully understood. Visibility 

of anatomical landmarks is a necessary but insufficient prerequisite of a performance 

indicator (Zanca et al., 2012). Therefore, this study used subjective image quality using 

VGA methodology and OIQ in the context of clinical pre-surgical planning for dental 

implant placements. In other words, we considered it important to consider human 

perception and cognition. 

 

Visibility of anatomical landmarks has been a fundamental criterion in the evaluation of 

the image quality in optimisation studies. According to the published guidelines 

(SEDENTEXCT 2011; European Commission 2012), development of an exposure 

optimisation protocol requires an acceptable image quality that provides a clear 

identification of anatomical structures as well as the shape of the bone (jaw bone), bone 

dimension (bone height and width), and bone quality. This statement has been 

acknowledged and supported by Harris et al. (2012), who stated that when planning dental 
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implant placement (including implant choice, placement location, and placement 

technique), specific requirement and information should be available, such as bone 

volume, structure, and density and relation to the adjacent anatomical structures. 

Accordingly, selective anatomical landmarks were identified in the present study. These 

landmarks have an important role during pre-surgical planning of implant placement. In 

addition, we included trabecular and cortical bone evaluation as part of the image quality 

evaluation. The observers were asked to subjectively evaluate the quality of these two 

structures, based on the clinical indication of acquisition justification. Both cortical and 

trabecular patterns are somewhat affected by optimisation protocols (Koizumi et al., 

2010). Partly because of this finding and partly to fulfil the requirement of the adequate 

image quality in pre-surgical implant placement (Harris et al., 2012), this pattern 

evaluation was included in the present study. 

 

As discussed earlier, the size of FOV is a critical factor affecting the patient radiation 

dose, and it is closely related to the image quality, specifically in CBCT. In the present 

study, manual selection of the tube voltage and current were taken into consideration to 

develop the optimisation protocols in which multiple choices of kV and mA combinations 

were adjusted for different CT units with the same FOV. This approach is consistent with 

the recommendation that dose optimisation protocols should be based on adjustments in 

the exposure settings (Al-Okshi et al., 2017; Dawood et al., 2012; Goulston et al., 2016; 

Tsapaki, 2017). 

 

VGA was used in this study to evaluate the image quality. The acquired scans and images 

from 2 MDCT scans and one CBCT were presented to the observers, with a simple and 

easily understood task of replicating image quality analysis in the clinical setting. The 

VGA approach was chosen because we believe that the decision on clinical adequacy or 

unacceptability of image quality for clinical purposes must rest with the observers. The 

observers were allowed to record their subjective opinion regarding the visibility of the 

anatomical landmarks or structures relevant to the clinical indication.  
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We used the absolute VGA (using no reference image) rather than relative VGA (with a 

reference image) (Sund et al., 2004). Absolute VGA is a preferred method in the literature 

for quantification of subjective opinions. Zarb et al. (2015) used absolute VGA for CT 

scan optimisation for head scanning and reported that the images were comparable to 

each other. Therefore, the scalers were considered as ordinary patterns, and a description 

was given to increase the inter-observer agreement and to simplify the image 

interpretation. This approach considered the agreed approach for optimisation purposes 

(Bath & Mansson, 2007; Zarb et al., 2015). 

 

The design of VGA is considered easy and straightforward approach, but the statistical 

analysis of the scoring data has some limitations; and as mentioned in chapter 2, there is 

no consistency in the choice of the methods. This is because scoring data are usually 

numerical values, but they are not linear and do not fit the parametric statistical methods 

such as ANOVA. Therefore, Bath and Mansson proposed non-parametric visual grading 

and Svensson (1998) proposed VGR. Svensson’s study showed easier and more practical 

applications (Månsson Båth & Månsson, 2014; Svensson, 1998). Hence, the optimisation 

methods in dental radiology focus on providing an image that fits the clinical purpose 

adequately while minimising radiation exposure to the patient. Eventually, the quality of 

the acquired scans was defined as a descriptor of the subjective evaluation of the visual 

data contained within the image. Therefore, it is widely agreed that the term adequate or 

acceptable image quality indicates a satisfactory answer to the primary clinical question 

(Månsson Båth & Månsson, 2014; Månsson, 2000; Månsson, 1994).  

In this study, in addition to using the VGA approach to assess the relevant anatomical 

landmarks, the OIQ was evaluated by asking the clinical question of the suitability of this 

image for pre-surgical implant placement planning. The association between OIQ and 

VGA has been explained well in the literature, as discussed here earlier. Ultimately, we 

grounded the development of optimisation protocols around producing an acceptable 

image that can answer the clinical question while minimising the patient radiation dose, 

thereby agreeing with the ALARA principle. Therefore, a question was added to the 

questionnaire about the OIQ for evaluation of pre-surgical implant placement, with the 

intention that the answer will be based on the observer's clinical judgement and subjective 

opinion on the fulfilment of clinical requirements. 
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For VGA scoring, a 5-point rating scale was used by the observers, where the score of 3 

was "neutral" (indecisive whether visible or not). Therefore, when dichotomising these 

scores, a negative response was assigned to it. This was reported by Hidalgo Rivas et al. 

and agrees with previous studies on subject image quality evaluation in dentistry (Hidalgo 

Rivas et al., 2015; Gijbels, Sanderink, Bou Serhal, Pauwels, & Jacobs, 2001). Thus, a 

positive response was limited to two options: 4=probably clearly visible and 5=definitely 

clearly visible. This questionnaire design was considered as a cautious method, allowing 

the observer to rank the image with a positive response only when they have a certain, 

positive response. Perhaps a simple "yes" or "no" would have been more appropriate, but 

the 5-point scale was chosen to give the observer more freedom to score the images and 

to facilitate comparison of the data with the existing literature. 

Three observers were selected to fill the questionnaire, all with extensive experience in 

surgical implant placement imaging. Gupta et al. (2017) concluded in their study 

involving Australian dental general practitioners that for routine implant placement and 

planning, both prosthodontists and periodontists reported their preferred choice as being 

to be a referred by a general dental practitioner. Similarly, we also chose one periodontist 

and two prosthodontists as observers for implant placement planning. The number of the 

observers may seem low, but it was really challenging to have qualified clinicians with 

specific experience who were fully registered as a specialist in Australia to be involved 

in the study. In particular due to the amount of time needed for observation and scoring. 

Almashraqi et al. (2017) used three observers in their study as well. Our intra- and inter-

observer agreements were consistent with those of other studies (Heetveld, Raaymakers, 

van Walsum, Barei, & Steller, 2005; Hidalgo Rivas et al., 2015). Moreover, it appeared 

that the scorings data were similar to the clinical judgement or OIQ data on an individual 

level. Therefore, an integrated approach was designed as an outcome of this study. 

 

In our study, the radiation dose for CCT and CBCT were reported as CTDIvol and DAP, 

respectively. We identified the use TLDs for measuring the effective or absorbed dose as 

the gold standard. However, using TLDs requires many steps to gather all measurements 

for the different combinations of x-ray tube current and voltage for CT and CBCT scans, 

which may be considered as impractical and excessively time consuming. This was 

similar to a study, which used DAP for 35 exposure combinations for CBCT (Hidalgo 

Rivas et al., 2015). 
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Ludlow et al. (2015) reported that for better outcomes of this argument, dose height 

product is superior to DAP as a proffered dose index because it is directly correlated with 

the effective dose. However, the 2012 European Commission guidelines—Radiation 

Protection No 172 recommended that DAP can be used for establishing the dose reference 

levels. A medical physicist can establish a framework for testing and then correlate with 

a defined dose reference of the units during routine equipment checks. Therefore, DAP 

and CTDIvol dose indices were used in the present study, in which the effective dose was 

not considered. 

 

Double acquisitions were undertaken for the same scan unit with the same exposure 

settings. The images were then evaluated by the principal investigators to ensure 

consistency. Thus, for the observer, only limited acquisitions were duplicated to measure 

intra-reliability agreement. 
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5.3 Limitation of the study 

 

There are several known limitations in this study.  As this was a phantom study, a 

phantom was used which has known inherent limitations. The structure of the phantom 

used in this study resembles normal anatomical structure, but the composition and the 

shape of the “soft tissues” differ from a human. The other limitation associated with 

phantom study is the patient movement and the artefacts, which have not been taken into 

consideration in this study.  The result of this study needs to be tested on clinical data 

using a VGA approach with application of the proposed new IVGR method.  

In this study, no correlation was established between VGA and RoC, in which the RoC 

was considered as the gold standard method for evaluation of image quality. In most of 

the clinical studies in dentistry, VGA was used as a preferred method due to clinical 

indications and the need for evaluation of the anatomical landmarks. Specifically in 

implant planning stage where it is important to assess the anatomical landmarks in relation 

to implant placement location.  

In addition, a subjective image quality evaluation method was used. Where the grading 

analysis were based on the observers’ interpretations to the images. Neither objective 

image quality evaluation nor physical image quality were used in this study. Some of the 

recommendations of the future studies are to have correlations between subjective and 

objective image quality. However, clinical scenarios and indications are more relevant to 

subjective image quality evaluation.  

 

Implant placement planning clinical scenarios were used in this study as an indication for 

CT and CBCT acquisitions, other clinical applications should be considered in the future 

studies. CBCT and CT application in dentistry has several indications, creating 

optimisation protocol for each of those will have a significant effect on reducing the 

radiation dose for patients. Some of these clinical indications such as orthodontics and 

traumatology deal with children and young adult patients, where the optimisation protocol 

is crucial. The proposed methodology can be applied for different clinical indications and 

will have a significant role in influencing radiation dose reduction.  

The other limitation of the study is the FOV in this study, the author considered only one 

FOV to be standardized in all acquisitions. Several variables were included in each 
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exposure such as mA and kVp, therefore the FOV was not considered as a variable. In 

future studies, application of different FOV should be considered, however the number 

of the images will be increased which may affect participation rate of the observers. In 

this study and due to the involvement of CBCT and CCT scans, the number of the images 

were managed for the observer and it was not practical to add more images to be 

evaluated.  One of the recommendations for future studies is to include an introduction or 

training session for the observer to explain the observation criteria. This session will have 

the benefit of increasing the consistency between the observers and present clear 

evaluation criteria for each anatomical landmark.  

 

5.4 Recommendations and future research 

 

Further research that includes more clinical applications using IVGR is recommended to 

validate this study. Different aspects of objectives can be evaluated, such as observer 

performance in relation to different clinical indications, different anatomical landmarks 

evaluation, application and indications of different radiological modalities, and finally the 

application of IVGR in clinical data as well as the potential to compare against ROC and 

validate the method for clinical indications.  

 

Optimising dose to its minimum value whilst maintaining a level of image quality that 

supports diagnosis must be at the forefront of modern diagnostic imaging techniques. As 

dose reduction is fundamental to imaging under the ALARA principle IVGR is envisaged 

to become core to future research methodology and clinical applications. 
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Chapter 6: Conclusion  

 

 

 

 

 

 

 

 

 

 

 

 



124 
 

6.1  Conclusion 

 

VGA is widely used and accepted in optimisation studies throughout the literature. There 

is, however, little scientific basis for this approach, and there are a number of limitations 

evident in studies that have used VGA for image quality evaluation. Nonetheless, there is 

sufficient and reliable evidence in this study to support the hypothesis that despite these 

limitations VGA is the gold standard for anatomical landmark evaluation due to the 

benefits of its use outweighing the limitations associated.  

 

The culmination of the outcomes of the present study has concluded that reduction of the 

radiation dose while maintaining acceptable image quality for pre-surgical implant 

placement is achievable. Despite some inter-observer variation, the key role of exposure 

factor manipulation has been demonstrated. 

 

The authors have highlighted the conundrum of the putative statistical analysis of visual 

grading scoring. Therefore, part of the conclusion of this study clarifies and validates the 

derived IVGR method. This conclusion is pertinent for clinicians and researchers, as it 

highlights the need to underpin research methodology with carefully controlled 

experiments for dose optimisations. 

 

In relation to dental implantology, dose reduction can be achieved by following VGA or 

IVGR methods. That reduction is clearly apparent by using MDCT and CBCT.  This type 

of research will create a baseline and reference for the clinician that should be adopted by 

professional guidelines and applied in clinical practice. In addition, these outcomes are 

beneficial for manufacturing companies to include in their devices an instruction manual 

for the clinical indication of the scan and exposure settings protocol. 

 

The experimental paradigm used in the present study could be very effective in the 

exploration of other optimisation protocols for different dental and medical indications. 

Radiation dose reduction is essential for routine clinical practice. Integrated visual 

grading regression will have a significant application in different medical and dental 

applications.  
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This breakthrough approach can scientifically establish a minimum limit of radiation dose 

with associated acceptable image quality.  The optimum exposure of radiation dose will 

be achieved; therefore patient will receive less exposure. This scientific approach to 

optimising dose reduction and image quality has future applications in other medical 

imaging, laboratory and clinical research. 
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