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SUMMARY

The increasing acceptance of cone beam computed technology (CBCT) as a standard
form of dental diagnostic imaging is based upon its ability to produce multiplanar cross -
sectional (‘3-dimensional’) images at resolution levels that, while not as high as
conventional radiographs, overcomes anatomical overlap and distortions characteristic
of two dimensional (2D) radiology. CBCT imaging is achieved at relatively low doses
compared with conventional computed tomography (CT). The recent promotion of new
hybrid devices incorporating 2D and 3D imaging has increased CBCT use in both the
primary dental care setting and specialist practice, not only as a pre-operative
diagnostic imaging tool but also for post-operative outcome assessment (e.g. surgical,
implant and endodontic). However, extensive persuasive marketing, has largely
downplayed concerns of increased patient dose, estimated to be between 10-100
times (small field of view [FOV]) that of a standard periapical radiographic exposure,
hence significantly increasing radiation detriment. Therefore, it is essential to
understand the image quality (1Q) determinants for CBCT, in order to fully appreciate
the potential for dose optimisation, and to facilitate the establishment of low dose
strategies for dental applications. This is particularly relevant for tasks deemed to
require higher resolution and doses, such as endodontic imaging. In order to balance
radiation risk, the potential benefits of CBCT imaging must be verified, which only be
achieved by analysing the evidence base on the diagnostic efficacy of CBCT relating to
the particular diagnostic task.

The overarching aim of this thesis is to identify a strategy in which radiation dose
can be reduced for a specific diagnostic task, while maintaining images of diagnostic
quality, and to demonstrate any potential impact of CBCT imaging on treatment
outcome for this diagnostic task. Initially, the literature on optimisation and diagnostic
efficacy relating to CBCT imaging was reviewed to identify important questions as well
as gaps in knowledge in this area. Thereafter, the first study aimed to identify a dose as
low as diagnostically acceptable and a threshold level of image quality (1Q) for CBCT
imaging of root canal anatomy, using the second mesiobuccal (MB2) canal of extracted
maxillary first molars (M1M), of varying complexity. The impact of experience on the
diagnostic efficacy of observers was also assessed. Using two CBCT scanners, the aim
was also to establish if an objective I1Q parameter could act as a transferable IQ metric



in order to simplify the process of optimisation for a diagnostic task. Subsequently,
after an exploration of 1Q metrics and IQ determinants in the CBCT imaging chain, the
second aim was, using regression analysis, to identify the 1Q metric(s) that have a
statistically significant relationship with successful achievement of the diagnostic task
of root canal identification. A further aim was to identify which of these IQ
determinants had a statistically significant relationship with achieving this diagnostic
task. A final aim of this thesis was, using 3D-printed M1M teeth, to identify if
supplemental CBCTimaging could potentially improve outcome after endodontic access
cavity preparation in M1Ms. This was achieved by analysing changes in tooth substance
removed, procedural time taken and root canals located, in relation to location of the
MB2 canal, compared with the use of conventional (intraoral periapical [IOPA]) and
clinical methods alone; thereby justifying the increased dose associated with CBCT
imaging.

This is the first study to address optimisation of CBCT imaging of root canal
anatomy, and it was demonstrated that a similar threshold dose for this diagnostic task
could be identified for two scanners. This optimised dose was achieved using standard
protocols instead of high resolution scans and applied to simple - moderate MB2 canal
complexity. Increasing dose to enhance visualisation of more complex canal anatomy
was ineffective. The IQ metric, contrast-noise-ratio (CNR) was not demonstrated to be
a transferable measure of 1Q for this diagnostic task. Further investigation of the
relationship between objective and subjective 1Q identified CNR as the significant
predictor of successfully achieving the diagnostic task of root canal identification when
adjusting for the other evaluated core 1Q metrics, using logistic regression. The imaging
variables: x-ray tube voltage, x-ray tube current, degree of rotation and native pixel
array were demonstrated to have a significant effect on successfully achieving the
diagnostic task of root canal identification. In addition, experienced observers
significantlyincreased the likelihood of successfully identifying root canal anatomy. The
final “with or without” study using 3D printed teeth, demonstrated that additional
preoperative CBCT imaging significantly reduced tooth volume removed, procedural
time and increased the number of MB2 canals located for standard anatomies and more

experienced operators. Within the limitations of the model, these findings potentially



translate to improved patient outcome for non-surgical endodontics but ideally require

validation from a prospective clinical trial.
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Chapter 1

Literature review:

Adapted from MCGUIGAN MB, DUNCAN HF, HORNER K: An analysis of effective dose,
optimisation and its impact on image quality and diagnostic efficacy relating to dental
cone beam computed tomography (CBCT). Swiss Dent J 128(4): 297-316 (2018) PMID:
29589667.



1.1 INTRODUCTION

Since its origins in the 19t century, dentomaxillofacial radiology (DMFR) has relied on
2D imaging, with more recent advancements in radiographic film and digital
radiography offering lower doses and faster image production. Conventional 2D
radiographs, however, are limited by superimposition, distortion, magnification and
misrepresentation of structures (SCARFE & FARMAN 2008) with planar 2D interpretation of
the 3D maxillofacial anatomy creating a superimposed image, which prevents optimal
visualization due to overlying structures (KILUUNEN ET AL. 2015). The introduction in
medicine of computed tomography (CT), later followed by cone beam computed
tomography (CBCT) (RoBB 1982) heralded the clinical progression from 2D to 3D images
generated by computer enabled reconstruction of the acquired data.

Dental CBCT was introduced commercially in Europe in 1999 (M0zzO ET AL. 1998,
ARAI ET AL. 1999) and since its inception has become an increasingly popular imaging
modality, with a recent report identifying 203 commercially available CBCT models
(from 47 manufacturers) (GAETA-ARAUJO ET AL. 2020). Rapid advances in detector
technology and computer software systems able to handle large volumes of data have
propelled the evolution from initial basic prototypes into faster, more sophisticated
imaging tools targeted at specific clinical applications (e.g. small volume scanners used
in endodontics: Accuitomo 3D; Morita Corporation, Kyoto, Japan). Furthermore, it is
likely that the recent availability of compact and affordable hybrid devices that
constitute 87% of all models identified has increased its accessibility and use in a
primary dental care setting (GAETA-ARAUJOETAL. 2020). CBCT certainly offers a significant
benefit over conventional CT imaging by allowing high resolution 3D visualization of the
maxillofacial skeleton with adjustable field of views (FOV) sizes and concomitant
reduction in patient dose (SCHULZE ET AL. 2004). This 3D visualization offers a wide range
of potential applications within dentistry, primarily aimed at examination of the hard
tissues as well as the various sinuses and air cavities of the maxillofacial region (DE vos
ET AL. 2008); however, CBCT appears to be of limited value for soft tissue evaluation due
to limited low contrast resolution (SCARFE & FARMAN 2008). Common dental CBCT
applications include implant planning, maxillofacial surgery, endodontics and

orthodontics (ALAMRI ET AL, 2012); but use must be tempered by the understanding that



the effective dose of CBCT is significantly higher than traditional intra oral periapical
radiography (IOPA) and panoramic radiography (ROBERTS ET AL. 2009). CBCT image
quality is also limited by a relatively large degree of noise and artefacts on imaging of
high density tissues and metal objects due to scatter, beam hardening and photon
starvation (SCHULZE ET AL. 2011). Given the explosion of higher dose CBCT imaging in
dentistry, there is certainly an evolving need for robust, evidence-based directives and
guidelines on selection criteria and specific dose optimisation protocols in key
procedures (HORNERET AL. 2013, HORNER ET AL. 2015). The widespread and increasing use
of CBCT in dental practice (DOLEKOGLU ET AL. 2011, BERG ET AL. 2014, HOL ET AL. 2015) has
raised other concerns, with a shift in reporting responsibilities from radiologists to
dentists who may not be appropriately trained to interpret all the structures visible on
the CBCT scan (PARASHAR ET AL. 2012). As a result, the European Academy of DMFR
(EADMFR) has highlighted the lack of dental undergraduate (and perhaps postgraduate)
training in this novel evolving technology and has recommended appropriate training
in justification, acquisition and interpretation of CBCT imaging (BROWNETAL. 2014).

CBCT offers clear advantages in 3D visualisation and diagnostic accuracy (MATZEN
ET AL. 2013, ROSEN ET AL 2015), which are reflected in guidelines advocating its use in
specific clinical applications (EUROPEAN COMMISSION 2012, AAE & AAOMR 2015, OENNING ET AL.
2018, ESE 2019, MATZEN ET AL. 2019). Notably, questions remain as to what quantifiable
impact 3D imaging has in modifying diagnosis, treatment planning and outcome when
compared with conventional radiography. As health care professionals, we must
consider if the benefit of CBCT imaging outweighs the associated radiation risks for each
individual patient and for society.

Consequently, the aims of this review include, understanding radiation risk,
which also requires a knowledge of quantification of dose and an appreciation of
dosimetry techniques and their limitations. Reduction of this risk through processes of
justification and optimisation will be addressed. Primarily, the parameters that can
influence CBCT dose will be explored in conjunction with measures and protocols to aid
the operator in achieving dose optimisation while investigating what impact this has on
image quality for a range of diagnostic tasks. Finally, the impact of CBCT on decision-

making and treatment outcome will be accessedandgaps in our knowledge highlighted.



1.2 MATERIALS AND METHODS

This chapter is based on a review published in the Swiss Dental Journal (MCGUIGAN ET AL.
2018). A comprehensive MEDLINE search up to May 2017 was conducted using various
medical subject headings (MeSH) in combination with ‘and’ or ‘or’. The major MeSH
terms searched were ‘Radiography, Dental’, ‘Tomography, X-Ray’ and ‘Diagnostic
Imaging’ and ‘Radiographic Image Enhancement’ in combination with a series of related
subheadings. In addition, the following terms were added ‘optimisation’ and ‘CBCT.
Bibliographies of all relevant papers and previous review articles were hand-searched.
Any relevant work published in the English language and presenting pertinent
information related to this review was considered for inclusion. Titles were generally
excluded if they were conference reports or if aspects of CBCT were discussedthat were
not the subject of the current review. For the purpose of the thesis, the same MEDLINE

search was updated to May 2022 and adaptions made to the text.

1.3 RESULTS

Optimisation is a process for ensuring that the likelihood and magnitude of exposures
and the number of individuals exposed are as low as reasonably achievable, with
economic, societal and environmental factors taken into account (IAEA 2022). In
practical terms, optimisation in CBCT involves quantification of the radiation dose and
risk for patients, while assessing the impact on image quality for specific diagnostic
tasks. In order to fully consider CBCT optimisation, this review will analyse the literature
on dose and risk as well as the impact of optimisation on image quality and diagnostic

efficacy of CBCT.

1.3.1 Radiation damage and protection

Each radiological exposure involves interaction of body tissues with ionizing radiation
and therefore carries the potential of permanent alteration in cellular DNA with the
ultimate risk of latent tumour formation and hereditable effects. This chance
happening is described as a stochastic effect, where the magnitude of riskis believed to
be proportional to the radiation dose; notably there is no threshold dose below which

these effects will not occur (IRCP 2007). Furthermore, risk is sex and age dependent,



being greatest for children (10-year-old, 3x higher risk than 30-year-old) and up to 40%
more for females than males (IRCP 1990, EUROPEAN COMMISSION 2012).

Practitioners should be aware of the potential effects of ionizing radiation and
understand the increased doses attributable to CBCT imaging, this reinforcing the
importance of strict adherence to the IRCP principles of justification and optimisation
(Ircp 2007). Indeed, the preliminary process of justification can be the most effective
means of dose reduction particularly for young children and adolescents. Guidance
documents and position statements provide a framework for selection criteria to
ensure CBCT scans are prescribed appropriately, ensuring a net potential benefit to the
patient. Therefore, in general, guidelines do not advocate CBCT as a routine imaging
tool but only when an alternative reduced dose imaging technique is diagnostically
insufficient (HORNER ET AL. 2009, EUROPEAN COMMISSION 2012, DULA ET AL. 2015, FGDP [UK]
2018, eSe 2019); however, routine use of CBCT has been recommended by some (DRAGO
& CARPENTIERI 2011, NOFFKE ET AL. 2011) but not all groups in implant dentistry. Valid
guideline documents should be extracted from the evidence base rather than relying
solely on expert opinion and general consensus; however, a relatively recent review
(HORNERET AL. 2015) identified only two evidence based guidance documents at the time
of publication (EUROPEAN COMMISSION 2012, AWMF 2013). This review (HORNER ET AL. 2015)
highlighted the need for more rigorous and consistent reporting of guidelines, free of
potential bias, facilitated by the use of the AGREE 11 instrument (Appraisal of Guidelines
for Research & Evaluation 11). That said, it is recognized that evidence based guidelines
can only reflect the validity of the research that exists. The inherent difficulties of
achieving studies at higher hierarchical levels of Diagnostic Efficacy are discussed
subsequently.

Optimisation of diagnostic medical exposures means, keeping the exposure of
patients to the minimum necessary to achieve the desired diagnostic objective (1AEA
2022). Broad guideline documents serve to direct the practitioner in achieving this goal
of minimizing patient exposure while achieving the diagnostic information required.
Optimisation involves a range of factors, from maintenance and selection of equipment
most suited to clinical/imaging needs of patient base, selection of the appropriate
exposure and imaging parameters (Table 1.1), limitation of the exposed volume, use of

shielding devices and establishing diagnostic reference levels (DRL) (HPA2010, EUROPEAN
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COMMISSION 2012). The inherent difficulty of creating a standardized optimisation
protocol in CBCT imaging relates to the range of clinical protocols and diversity of
available CBCT systems. The clinician’s expectation of high resolution and “visually
pleasing” CBCT images, perhaps without due consideration of dose implications, has
prompted the adoption of a modification of the ALARA principle. The concept of ‘aslow
as diagnostically acceptable’ (ALADA) acknowledges the link between dose and image
quality and encourages the minimum exposure possible for the specific diagnostic task
(WHITE ET AL. 2014). The ALADA principle evolved from the drive to increase radiation
protection in paediatric populations associated with the increased awareness of their
sensitivity to diagnostic radiation (HALL & BRENNER 2008, THEODORAKOU ETAL. 2012, PAUWELS
ET AL 2014a, WHITEET AL. 2014, HIDALGO RIVASET AL. 2015). This principle has been adapted
further to consider the specific diagnostic indication, ALADAIP (As Low as Diagnostically

Acceptable being Indication-oriented and Patient-specific [OENNING ET AL. 2018]).



Dose ™ ™ N N is device ™
dependent
Spatial X X X ™ ™
Resolution
Contrast J X ™ X X
Noise NE N2 N2 ™ N
Artefacts J beam X ™ X X
hardening truncation
artefact

TABLE 1.1 Effects of exposure and image quality parameters on dose and image quality.\ : decrease,
N :increase, X: not affected. This tablereports influence of each factorindependently butinreality

some variables will beinter-related.

1.3.2 What do we understand by patient dose?

Patient dose monitoring is an essential part of quality assurance (QA) to ensure doses
are kept as low as reasonably achievable and allow comparison to DRLs (EUROPEAN
COMMISSION 2004). DRLS do not indicate the desired dose level for a specific diagnostic
task but instead define a reference dose or threshold above which operators should
investigate the potential for dose reduction measures (YU ET AL. 2009). Dosimetry is also
essential to study the radiation—induced risk of different types of diagnostic imaging
examinations enabling comparison of imaging modalities/devices which can influence
directives on justification and dose reduction strategies.

Absorbed dose (D7), describes the amount of energy absorbed from the
radiation beam per unit mass at a site of interest. The SI unit for this is the gray (Gy)
representing one joule per kilogramme but the milligray (mGy) is more appropriate in
the context of diagnostic imaging (WHITE & PHAROAH 2013). Although useful for quality

control purposes (IRcp 2007), radiation absorbed dose gives no indication of stochastic



risk. A complicating factor when considering ‘dose’ of radiation is that different types
of radiation have different biological effectiveness, interms of their potential to cause
damage. Particulate radiation (high-energy protons, neutrons, alpha particles) cause
greater damage than X-rays. Thus an absorbed dose of 1 mGy from X-rays would give
less damage to tissues than 1 mGy from high energy proton radiation. The differing
radiobiological effectiveness of different types of radiation is taken into account by
attributing a radiation weighting factor (Wr) to the absorbed dose, resulting in the
concept of equivalent dose (HT), which can be calculated as: Dt x radiation weighting
factor (WR). Fortunately, the Wr of X-rays is 1, but the SI unit of equivalent dose is
changed from the Gy to the sievert (Sv).

Effective dose (E) (recommended by The International Commission on
Radiological Protection (IRCcP 2007) is a more relevant index when considering patient
dose. It enables a measure of radiation risk from different exposures of ionizing
radiation to various body tissues/organs which exhibit a range of radiosensitivities.
Specifically, itis calculated as a product of the equivalent doses to the irradiated tissues
and the tissue weighting factor (W) (which reflects the degree of sensitivity of each of
the tissues to radiation and relative contribution to overall risk). These weighted doses
are then summed to deliver the effective dose, which is typically expressed in
millisieverts (mSv) or microsieverts (uSv). E=Y W+ x Hr. Importantly, effective dose
allows an approximate comparison of radiation—induced risk among different types of
examinations. Thus, it becomes possible to compare the radiation-associatedrisk of, for
example, an intraoral radiograph with a chest radiograph or a CT scan of the abdomen.

The most recent tissue weighting factors are provided by the IRCP (Ircp 2007)
which revised the existing figures from 1990 (1Rcp 1990). Particularly relevant to dental
imaging, new tissue weighting factors for salivary glands, oral mucosa, lymph nodes and
brain were included (EUROPEAN COMMISSION 2012). This updating of tissue weighting
factors results in a 10% increase in the weighting ascribed to tissues located in the
maxillofacial region. Being a relatively recent imaging modality, most CBCT dosimetry
research studies have used the updated tissue weighting factors but, along with the
variation in CBCT device parameters, it is worth considering these issues when

comparing dose estimations from different studies.



1.3.3 How is dose quantified?

In order to compare radiation risk between different types of examination, effective
dose is considered the most appropriate metric. Since effective dose cannot be
measured directly in vivo, it is only possible to quantify it in laboratory studies or by
computer modelling.  Traditionally, ascertaining the dosimetry necessary for the
calculation of effective dose involved the use of anthropomorphic phantoms
constructed from materials that have comparable X-ray attenuation characteristics to
human tissue. Multiple thermoluminescent dosimeters (TLDs) are distributed
throughout the phantom (position dependent on tissues to be evaluated) to allow for
accurate measurement of absorbed dose. Notably, no standards have been set as to
the number or locations of the TLDs, often leading to low reproducibility of this
technique (LUDLOW ET AL. 2006, PAUWELS ET AL. 2012a, LUDLOW ET AL. 2015). This fact,
compounded by the use of a range of phantoms have resulted in studies that are not
readily comparable and highlights the need for standardized method of dose
measurements to enable comparison between studies (PAUWELS ET AL. 2012a).

Computed dose simulations using virtual phantoms have been developed. These
virtual phantoms potentially negate the need for the laborious task of repeated
dosimetry on standard adult or paediatric phantoms, which do not allow for
consideration of population variation in size (KOIVISTOET AL. 2012, MORANT ET AL. 2013,
ALUAWHARA ET AL. 2020). This technique allows simulation of the interaction of radiation
with matter and provides a quick way of modelling the multitude of potential variations
within imaging systems and patients. It has been widely used in radiotherapy dosimetry
but has also been used in a small number of dental CBCT studies (STRATIS ET AL. 2016,
EZELDEEN ET AL. 2017, MARCU ET AL. 2018, OENNING ET AL. 2019). Appraisal of the use of virtual
phantoms with Monte Carlo simulation of exposure, as a dependable replacement for
anthropomorphic phantoms, suggests that further development of virtual phantoms is
necessary (ZHANG ET AL. 2013).

Neither laboratory studies using phantoms nor complex computer modelling,
have direct use in clinical situations. For measuring dose in clinical facilities, particularly
for dose audits, alternative measures are needed from which effective dose can be
estimated. In the context of dental CBCT, examples of these include dose area product

(DAP), also known as kerma area product (KAP). This is a simple, less laborious
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technique for indirectly estimating effective dose. DAP is defined as the air collision
kerma integrated over the beam area. It can be measured using a DAP meter (calibrated
ionisation chamber that measures dose and beam size at a fixed point). Additionally,
DAP can be available via machine output data (determined computationally, based on
the x-ray tube output and field size settings), however these data can be unreliable and
calibration is required (AL-OKSHI ET AL. 2017). Measured DAP values can then be
converted to effective dose using conversion factors (Kim ET AL. 2014, MAH ET AL. 2021).
There are conflicting opinions as to the accuracy of this dose index in the calculation of
effective dose. DAP has been recommended for establishing achievable doses and,
possibly, diagnostic reference levels and is described as relating ‘reasonably well’ with
effective dose (HOLROYD & WALKER 2010, EUROPEAN COMMISSION 2012). However, the central
point of the scanis not always in the centre of the clinical area of interest and patient
dose measurements could be either underestimated or overestimated. It has been
demonstrated that within a smallfield of view (FOV), although effective doses exhibited
a three-fold change over three separate locations, DAP remained unchanged (LubLOW
2009). Additionally, an average of 35% absolute error in calculation of the effective
dose resulted when using DAP, even when using conversion factors specificfor FOV size,
arch location and patient type (KIMET AL. 2014). Furthermore, it was concluded that
since imaging factors (FOV size and positioning) govern the actual distribution of dose
throughout the patient, generally it would not be possible to link DAP values to patient
effective doses (PAUWELS ET AL. 2012a). Accepting its limitations (LARSSON ET AL. 1996,
LUDLOW & IVANOVIC 2008) and being aware that its precision as a measure of risk is
questionable (LUDLOW ETAL. 2015), it was reported that DAP could be used to assess dose
reduction strategies and compare the results from different CBCT units (LOFTHAG-HANSEN
2010, GOULSTONETAL. 2016). Furthermore, according to the ICRPrecommendations (ICRP,
2015), effective dose quantity (mSv), is not the dose descriptor of choice in CBCT
dosimetry due to the wide variation in conversion factors.

Interestingly, use of dose height product (DHP) in place of area resulted in
statistically improved accuracy in the estimation of effective dose, with a reduction in
absolute error to 19% from 35% evidenced with DAP (LubDLOW ET AL. 2015). Ludlow
theorized that DHP may correlate more with effective dose than DAP due to the nature

of the vertical distribution of radiosensitive organs. Therefore, an increase in height of
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the FOV results in new and potentially radiosensitive tissues being brought into the area
of direct exposure, while an increase in beam width, merely resultsinanincreased dose
to tissues that are already being exposed. It was concluded that the use of DHP as a
means of estimating effective dose merits further investigation (LubLOw ETAL. 2015). CT
dose index volume (CTDI) is the international assessment metric used to measure the
radiation output of CT scanners. Studies have revealed that CTDI measurement
methodology does not accommodate the cone shaped beam of CBCT and the larger
FOVs (MORIETAL. 2005).

It has been established that owing to its unique exposure geometry (eliciting a
dose distribution which canbe asymmetrical and exhibits a strong dose gradient outside
the primary beam), CBCT requires a specific dose index that copes with differences in
FOV, diameter, positioning and varying degrees of rotation arc (PAUWELS ET AL. 2012c).
Alternative dose indices have been explored by the SEDENTEXCT team but further work
is necessary to establish if such indices are appropriate for establishing DRLs (EUROPEAN

COMMISSION 2012).

1.3.4 What are the reported CBCT doses and how does it compare with conventional
radiography?

The effective dose ranges quoted for CBCT reflect the range of devices and imaging
protocols (collimation of the cone beam, detectors, exposure factors, image quality
parameters), in addition to the location of the radiation field with respect to the
radiosensitive organs, which leads to a considerable difference in absorbed dose for all
organs in the head and neck region (PAUWELS ET AL. 2012a, THEODORAKOU ET AL. 2012,
BORNSTEINET AL. 2014, PAUWELS ET AL. 20143, LUDLOW ET AL. 2015, AUAWHARA ET AL. 2020). As
a result of this diversity between devices it is not possible in the field of CBCT to
establish a single average effective dose when making comparisons to conventional 2D
radiography and multi-slice CT (MSCT) (PAUWELS ET AL. 2012a). Effective dose for CBCT
has been quoted in tens to several hundred uSv, demonstrating a twenty-fold range
(EUROPEAN COMMISSION 2012, PAUWELS ET AL. 2012a, PAUWELS ET AL. 2014a, LUDLOW ET AL.
2015). If effective dose calculations are categorised by FOV size (Section 1.3.3), dose
ranges have been demonstrated using a broad selection of devices as: small FOV: 19-44

uSv, medium FOV: 28-265 uSv and large FOV: 68-368 USv (PAUWELSET AL. 2012a, AL-OKSHI
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ET AL. 2021). These figures clearly demonstrate the impact of FOV size of which FOV
height is believed to be the key determinant of effective dose (PAUWELSET AL. 2014a). An
intraoral periapical radiograph (IOPA) effective dose is quoted as less than 1.5 uSv when
morantall parameters are fully optimized (LubLow ET AL. 2008). Reported effective dose
ranges for panoramic radiography are 2.7-24.3 uSv and less than 6 uSv for
cephalometric radiography (EUROPEAN COMMISSION 2012), this confirming the fact that
radiation dose and risk is considerably greater for CBCT than conventional radiography.
It is generally accepted that effective doses for CBCT are well below those for common
MSCT protocols, with a range of dose being reported as 280-1410 pSv (EUROPEAN
COMMISSION 2012). However, CBCT images with a large FOV and high exposure factors
can have comparable dose ranges with low-dose MSCT protocols (LOUBELE ET AL. 2009,
SUOMALAINEN ET AL. 2009, KYRIACAOUET AL. 2011, AUAWHARAET AL. 2020).

The effective dose from a dental CBCT exposure is mainly defined by the
absorbed dose of the remainder organs (38%), salivary glands (25%), thyroid gland
(19%) and red bone marrow (14%) (MORANTETAL. 2013). If the effective dose of a small
FOV upper anterior scan (19 uSv) is compared with a lower molar scan (40 uSv), the
observed difference in effective dose can be attributed to the increased absorbed dose,
particularly of the salivary glands and thyroid gland associated with a mandibular scan
(PAUWELS ETAL. 2012a). This variation clearly demonstrates the impact of FOV position
relative to the radiosensitive organs on patient dose.

When appropriate child settings are selected, effective doses for children and
adolescents (measured in paediatric and adolescent phantoms) have been reported as
similar to effective doses measured in adult phantoms; the lowest effective doses
reported resulted from small FOV and ‘small patient’ settings (THEODORAKOU ETAL. 2012).
In the paediatric phantom, equal contributions to effective dose come from the
remainder organs, salivary and thyroid glands. Other studies have reported that where
imaging protocols remained constant (adult setting), the highest absorbed dose was
measured in all locations in the small child phantom and the lowest in the adult
phantom which attenuated more radiation due to its increased diameter (AL NAIJAR ET AL.
2013, cHol & FORD 2015). An increasing number of paediatric CBCT scans are being
performed with indications including impacted teeth, orthodontics and

dentomaxillofacial development, highlighting the need for appropriate justification and
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dedicated paediatric protocols optimized for the imaging task (CHOI & FORD 2015, HIDALGO

RIVASET AL. 2015).

1.3.5 Risk considerations related to CBCT

Effective dose was developed for use in radiation protection to provide a measure of
overall risk of stochastic effects from diagnostic radiation exposure. However, with
regards to CBCT imaging, it is generally measured in a standard phantom, estimating
risk for an average sized adult reference patient. This does not reflect the risk of the
individual patient who varies in size and mass with a concomitant variation in dose
(MARINE ET AL. 2010, CASSOLAET AL. 2011). This has implications particularly for children,
being physically smaller, with more tissue (e.g. brain and thyroid now closer to dental
area) in the primary beam and subject to scatter radiation; therefore, absorbed dose to
the head and neck regions will be higher if appropriate ‘child settings’ are not used
(BORISIVAET AL. 2008, THEODORAKU ET AL. 2012, AL NAJAR ET AL. 2013). Furthermore, this
increased risk is compounded by age (owing to their larger proportion of dividing cells
and a longer remaining lifespan to express stochastic effects) and gender sensitivity
(female risk > male risk) to potential stochastic effects from radiation (IrRcP 1990). It was
concluded that since effective dose is not individual-specific, it is not a suitable quantity
for individual patient risk estimation but is considered a useful indicator of relative risk
when comparing a range of examination protocols or differing imaging modalities
(LubLow ET AL. 2015). Interestingly, a method to estimate patient-specific dose and
cancer risk from CT examinations has been developed by combining a validated Monte
Carlo program with patient-specific anatomical models (U ET AL 2011).

There is continuing debate about the level of risk associated with diagnostic
imaging and the validity of the linear-no-threshold model (LNT) of extrapolating cancer
risk from higher doses to lower levels of exposure (IRCP 2007, TUBIANA ET AL. 2009). The
uncertainty lies with the inherent limitations associated with the studies available for
risk analysis of low doses (PAUWELSET AL. 2014a). Such data includes the Life Span Study
of atomic bomb survivors, which serves as a model for determining cancer risk for low
doses (PRESTON ETAL. 2007). Additionally, epidemiological studies on the cancer risk of
CT scan exposures to the maxillofacial region suggest that increased risks associated

with doses applicable to CT are not hypothetical and are independent of extrapolations
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and modelling. These studies have demonstrated a significantincrease in brain cancer
and leukaemia among the scanned subjects, the increased incidence being associated
with increasing dose and young age at the time of exposure (PEARCEET AL. 2012, MATTHEWS
ET AL. 2013). These studies support the LNT hypothesis of a proportional increase in
cancer risk and heritable defects concomitant with any exposure of radiation above
zero. Of note, other dose-risk models exist which are diverse from the LNT hypothesis
(e.g. radiation hormesis and supra-linear models) while others adhere to the principles
of the LNT hypotheses while involving a dose-rate effectiveness factor (DDREF) to
compensate for the potentially lower biological effectiveness of low doses. However
current literature appears to support the LNT hypothesis (IRCP 2007, BARRET ET AL. 2015).

When considering risk specifically associated with CBCT, it has been estimated
that the lifetime attributable risk (LAR) for cancer induction is between 2.7 and 9.8 per
million examinations (PAUWELS ET AL. 2014a). Children exhibit the highest cancer risk in
this spectrum due to their increased radiosensitivity, which highlights the importance
of an understanding of this increased risk by operators and referrers and
implementation of a more rigorous application of the ALARA principle (HORNER ET AL.
2009). These LAR figures were calculated by applying established correlation factors
(PAUWELS 2012a & 2012b) to measured skin doses on patients receiving CBCT scans to
estimate patient organ dose. Individual effective dose was then calculated using tissue
weighting factors (IRcp 2007). Finally, lifetime attributable cancer risk was calculated
from gender and age specific risk factors reported in the Biological Effects of lonizing
Radiation (BEIR) V11 report (National Research Council of the National Academies
2006).

1.3.6 Technical and imaging parameters that influence dose optimisation

The technical principles and details of CBCT design have been reviewed in detail (SCARFE
& FARMAN 2008, NEMTOI ET AL. 2013, KIUUNENET AL. 2015, PAUWELS ETAL. 20153, KAASALAINEN ET
AL. 2021). The aim of the current review is to analyse the manner in which technical
specifications, optimum selection of exposure and image quality parameters can
minimize radiation and risk to the patient, while maintaining image quality and
diagnostic accuracy. This aim adheres to the principle of optimisation stipulated by the

IRCP (1rCP 2007).
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CBCT imaging is accomplished using a rotating gantry (similar to a panoramic system)
to which an x-ray source and opposing detector are fixed in a c-shaped arm
arrangement (PAUWELS ET AL. 2015a). Scanning can be performed in a standing (most
common but susceptible to patient movement), sitting or supine position (space-
demanding) according to device design or patient requirements. Each unit has a device
specific stabilization method to minimise patient motion which can degrade image
quality (DONALDSON ET AL. 2013, SPIN-NETO & WENZEL 2016). The fundamental principle of
x-ray production is similar for two- and three- dimensional imaging modalities, the x-
ray tubes differing mainly in the size of the exit window (i.e. collimation), the range of
exposure factors and the amount of beam filtration (PAUWELS ET AL. 2015a). Dental CBCT
utilizes a cone- or pyramid-shaped X-ray beam, which is directed at the required FOV,
the X-ray source and detector rotating around a rotation fulcrum fixed within the centre
of the region of interest. Rotation times range most commonly between 10 and 40
seconds, during which the X-ray exposures (at certain degree intervals) result in several
hundred 2D projections (raw data) being acquired by the detector. These images have
been described as similar to lateral and posterior-anterior cephalometric images, each
slightly offset from the other (SCARFE & FARMAN 2008). Only one rotation sequence is
required to acquire sufficient data for image reconstruction as the beam incorporates
the entire FOV. This differs from medical CT which uses a fan shaped beam in a helical

movement and acquires only individual slices of the FOV at a time (Figure 1.1).

1.3.7 Exposure settings

Assuming all other scan factors remain equal, the dose associated with each CBCT scan
is determined by tube operating potential (‘voltage’), measured in kilovolts (kV), and
tube current-exposure time product, measured in milliampere.seconds (mAs). These
parameters are initially determined by the manufacturer, perhaps with an emphasis on
delivering images of high quality rather than dose optimisation. Some CBCT models
have pre-set exposure settings for differing clinical applications (e.g. endodontic mode)
and for patients of different sizes, thus enabling a degree of dose and image
optimisation. Other devices enable the operator to selectthe kV, mA and exposure time
within a specified range allowing the user the possibility of reducing dose for a smaller

patient/child or for a particular diagnostic task. This necessitates operator knowledge
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and experience and demands evidence-based guidance regarding the impact of
exposure parameters on image quality for specificdiagnostic tasks. Collaboration of the
clinician with a medical physicist and engineer can facilitate further optimisation. The
use of automatic exposure control (AEC) has been introduced to a limited degree in
CBCT imaging. The aim of AEC is to automatically modify the tube current to
accommodate attenuation differences due to patient size, shape and anatomy, for
example when the mAs is varied depending on the density distribution of a scout image
(KALENDER ET AL. 1999). In CT, AEC has been found to lead to a significant dose reduction
and could negate the need to manually adapt the kV and mA according to patient size
(PAPADAKIS ET AL. 2008). However, a recent European Radiation Dosimetry (EURADQOS)
working group survey confirmed that AEC in dental CBCT imaging is generally not used

or available across the responding surveyed sites (SIISKONENETAL. 2021).

1.3.7.1 Current-exposure time product

For the CBCT devices currently available, tube current ranges from 1-120 mA but tube
current values typically selected for 3D imaging are 2-15 mA (KAASALAINEN ET AL. 2021).
Both the tube current and exposure time (seconds) determines the quantity of X-ray
photons produced which reach the detector. When other exposure factors are kept
constant, alinear relationship exists between current exposure-time product (mAs) and
patient dose i.e. increasing mAs causes a proportional increase in dose. With regards
to image quality, an increased mAs decreases image noise by increasing signal at the

detector but, since the beam penetration remains the same, contrast is unaffected.

1.3.7.2 Tube voltage

Typical tube voltages in existing CBCT scanners vary most commonly between 60-90 kV
(full range 50-120 kV), the full range often reflecting the options available for 2D
imaging in hybrid devices, this being the case for tube current also (KAASALAINEN ET AL.
2021). As tube voltage increases, the mean energy/penetrating power but also the
quantity of the photons in an X-ray beam increases and, overall, radiation dose is
increased (other factors being constant). However, unlike current exposure-time
product the relationship between tube voltage and dose is not linear. Higher kV values

increase the detector signal due to the increased photon count and a decreased
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absorption ratio. In respect to image quality, at a higher kV the difference in X-ray
attenuation between tissues of differing density is decreased, which can result in a
decreased image contrast (Table 1.2). Conversely, a lower kV can lead to increased
image contrast with regards to the hard tissue of maxillofacial region (DRAGE ET AL. 2010).
However, this dynamic of increased contrast at lower beam energies is not fully
translatable to CBCT due to the complementary information of projectional data from
many angles (PAUWELSETAL. 2014b). Nevertheless, there is the potential to decrease the
voltage and thus dose while maintaining image contrast, which is especially pertinent
for smaller patients/children where less penetrating X-rays (80 kV or less) are required
(Yyu ET AL. 2009). A reduced kV is associated with increased noise; however, the
compensating effect of better contrast maintains the contrast-to-noise ratio (CNR)
(KARMAZYN ETAL. 2013). With the greater attenuation associated with larger patients and
accompanying increase in noise, a greater tube voltage has been recommended (SEIGEL
ET AL. 2004).

Certainly, optimisation by kV and mA reduction below the manufacturer's
recommendations has been investigated with maintenance of image quality (objective
and subjective), facilitating diagnostic accuracy and significant dose reductions (Table
1.3, Fig. 1.1). Unfortunately, the effect of changing one or both of the exposure factors
is not straightforward. An objective image quality study recommended that a low dose
protocol should constitute reduction of the tube current-exposure time product
(depending on the clinical application), while keeping the tube voltage constant at 90
kV (highest kV in device studied) as this achieved the highest CNR at low dose levels
(PAUWELSET AL. 2015b). The inference of Pauwel’s study (2015b) being that the increase
in noise for a given mAs reduction would be less than that seen with kV reduction. Later
studies by the same group have suggested identifying the optimal tube voltage for a
given diagnostic task and subsequently determining the minimally acceptable current-
time exposure product, employing the use of fast-scan modes (PANMEKIATE ET AL. 2018).
However, another study (same CBCT scanner used), assessing image quality relating to
the anterior maxilla in a paediatric skull phantom, found that dose reductions (50% less
than manufacturer’s recommendations) could be achieved with a reduction in X-ray
tube voltage (80 kV) and indeed for a range of combinations of kV and mAs (HIDALGO

RIVAS ET AL. 2015). Optimizing kV and mAs settings is difficult and involves appropriate
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balancing, where sufficientimage quality is achieved dependent on imaging task at the
lowest dose possible and the need for more studies in this area has been highlighted

(EUROPEAN COMMISSION 2012).

(a) 7

CBCT X-ray tube  Object

(b) %
i o

Linear Detector

2D Detector

CT X-ray tube Object

FIGURE 1.1 Cone beam geometry of CBCT (a) compared to the fanshaped beam of medical CT (b).
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IMAGE QUALITY
CHARACTERISTIC

DEFINITION

DETERMINING
FACTORS

CHARACTERIZED BY:

Spatialresolution

Ability to discriminate
small structuresin an
image. Especially relevant
where depiction of fine
detail is critical for
diagnosis. Spatial
resolutionis approx. one
order of magnitude lower
than thatof PR
(periapical radiography).

Nominal detector pixelsize,
fill factor, detector motion
blur, grey-level resolution,
reconstruction technique
applied, patient movement,
scatter, imaging parameters
(Table 1.1)

Traditionally, assessed visually in line-
pairs per millimetre

(Ip mm-~1). Considering movement and
scatter effects, a realisticspatial
resolutionof 21 Ip mm~ hasbeen
suggested (HORNER ET AL. 2015)

Automatedassessment: Modulation
Transfer Function (MTF) —the ability
of the system totransfersignal of a
given spatial frequency. It is a metric
for the objective measurement of
spatial resolution in X-raybased
tomographic modalities

Contrast

Ability to distinguish
tissues or materials of
differing densities.

Contrastresolution of
CBCTis limited by
scattered radiation and
FPD relatedartefacts
(saturation, dark current
and bad pixels). CBCT soft
tissue contrast is lower
than MDCT.

Dynamic range of detector,
bit depth of reconstructed
images, exposure factors
(see Table1l)

Contrastto noiseratio (CNR) —
combines contrastand noiseandisa
metric of imaging performance with
respectto large structures of varying
attenuation.

Noise

Scattered radiationthat
is recorded by pixels on
the detector contributes
to image degradation.
Scatter a total mass of
tissue contained within
the primary X-ray beam,
increasing with object
thicknessand fieldsize.

Additional sources:
Quantum noise:
statistical variationsin
the homogeneityof the
incidentX-ray beam
Electronic noise: caused
by the conversionand
transmissionofthe
detectorsignal

Exhibits an interdependent
relationship with spatial
resolutioni.e. factors that
improve one (e.g.voxel size)
degradesthe other.

CNR: can be enhanced by changing
some parameters during scanning
procedure suchasthe FOV, mAs, kV
and projectionnumber. However,
high-density materials such as metals
can cause beamhardening and streak
artefactwhichleadsto a decreasein
the CNR.
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Artefacts

Inherent Artefacts:

-Scatter

-Partial volume
averaging

-Cone-beameffect

Procedure-related
Artefacts:

-Undersampling

Scanner related
Artefacts:

-Circular artefact

Introduced Artefact:
-Cupping and extinction
artefact

-Patientmotionartefact

-Capture of scattered
photons.

-Selectedvoxelsizeislarger
than size of objectbeing
imaged.

-Divergence of the X-ray
beam means that structures
atthe top or bottom of the
image field or only exposed
when x-ray sourceis onthe
oppositeside of the patient.

-Too few basis projections or
incomplete scanning
trajectory.

-Imperfections in scanner
detection orpoorcalibration

-Both of these artefactsare
as aresult ofbeam
hardening (absorption of
lower energy photonsin
preference tohigherenergy
photons as the beam passes
through a given material and
is more pronounced for
denser materials i.e. metal)

-Patientmotion causes mis-
registrationof data, the
smaller the voxel size the
more marked the effect of
patientmovement.

-Increasednoise, streak artefacts.

-‘Step appearance’in image or
homogeneity of pixel intensity.

-Streaking artifacts and greater
peripheral noise.

-Mis-registration of data by
reconstruction software (aliasing)
resulting inincreased image noise and
appearance of fine striations radiating
from the edge of image- “moire”
pattern.

-Circular orring streaks.

-Distortion of metallic structures due
to differential absorption.

-Streaks and darkbands between two
dense objects.

-Double contoursin the reconstructed
image.

TABLE 1.2 Image quality characteristics. FPD:flat panel detector, MDCT: multi-detector computed

tomography.
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STUDY

DIAGNOSTIC TASK

EXPOSURE FACTORS
ALTERED

REFERENCE
STANDARD

DOSIMETRY

RECOMMENDATION OF
LOW-DOSE PROTOCOL

PRINCIPLE CONCLUSIONS

KWONG ETAL. -Diagnostic quality of -kv -No standard -Not recorded -Not described -Images atreduced kV and
2008 images assessedvia mA generally maintained DA
questionnaire. ‘mA
-High observer variationin
quantifyingimage quality
BROWN ETAL. -Orthodontic linear -Exposure time -Dry human skull -Not recorded -Not described -Reduced exposure time
2009 accuracy (LA) study measurements (projections) did not reduce
DA
SUR ETAL. -Implantplanning- -mA -Reference -Not recorded -Not described -Reducing rotationat 4mA
identification of exposure 80kVp, provided acceptableimage
2010 -Exposure time by

relevant anatomic
landmarks

using 180°and 360°
rotations

8mA, 360° rotation

quality,imagequality at
2mA provided acceptable
image quality only with 360°

scans.

DURACK ETAL.

2011

-Detection of
simulated external
inflammatory
resorption (ERR)

-Exposure time by
using 180°and 360°
rotations

-Reference
exposure
90kVp/3mA/17.5s,
360° rotation

-Not recorded

-Not described

-Reducing rotation from
360° to 180° with small FOV
reduced exposure time but
not DA.

LENNON ET AL.

2011

- Detection of
simulated periapical
bone loss

- Exposure time by
using180°and 360°
rotations

-No standard

-Not recorded

-Not described

-Reducing rotation from
360° to 180° reduced
exposure time but not DA

-Wide range of
interobserver variation.
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AL-EKRISH -Implant -Exposure time (3 -Dry human skull -Not recorded -Not described -Reliability and dimensional
2012 planning/dimensional | different times) measurements accuracyremainthe same
accuracy with the chosen reductions
inexposure time
HASHEMET AL. | -LA of simulated -Exposure time with -Dry porcinehemi- | -Not recorded -Not described -Reducing rotation from
2013 external inflammatory | 180° and 360° mandible 360° to 180° produced
resorption rotations measurements equallyaccurate
measurements.
WALTRICK ET -Implantplanning/LA | -Exposure time by -Dry human skull -Not recorded -Not described -All of the protocols
AL.2013 and visibility of using 3 different measurements produced animage
mandibular canal resolution settings adequate for measurements
and mandibular canal
visualisation.
YADAV ETAL. -Detecting arthritic -Exposure Time with -Dry human skulls | -Not recorded -Not described -Images were equally
2015 change inthe TMJ 180°and 360° with simulated diagnosticat180°and 360°
rotations soft tissueand rotations (other exposure
artificial joint factors remained identical)
lesions.
HIDALGORIVAS | Evaluation of -kVv Reference image -DAP Meter -80Kv 3Ma LDP (Acc) couldachieveup
ET AL.2015 impacted maxillary A data sets using to a 50% dose reduction
-m

canines and possible
adjacentresorptionin
paediatric skull
phantom. Objective
measure of image
quality

highest and lowest
exposures possible
with device being
used.

while maintaining sufficient
IQ for evaluation of
impacted maxillary canines.
Optimum CNR at lower tube
voltage than maximum
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AL-OKSHI ETAL.

2017

Assessment of
periodontal spaceat
apical third of root,
MBC and CEJ.

Objective measure of
image quality

-kv
-mA

-Trajectoryarc— 180°,
360°

No Standard

-DAP Metre

-80Kv/5Ma/3600r 17.5
s

CNR andvisualization of
periodontal structures were
not compromised at this
lower dose protocol.180°
rotation degraded image
quality.

EZELDEEN ET AL.

2017

Planningand tooth
replica fabrication
(TAT) andfollowup

-kV, mA and time

Altered via selectinga
range of pre-defined

Reference CBCT
scanning protocol
validated for

Monte Carlo
dose simulations
for 3 paediatric

Pre-defined lowdose
protocols specific to
device.

Use of device specific pre-
defined low dose protocols
canachieveconsiderableED

on three different accuratetooth and | models. reductions while
CBCT devices protocols (18)on 3 bone maintainingimage quality
CBCT machines. segmentation. for TAT.
ELSAHILIETAL | Implantplanning -mA High dose protocol | Device DAP Pre-defined lowdose Reducing mA and exposure

2018

usinghuman cadavers

-Exposure time
Altered via selectinga

pre-defined protocols:

high/lowdose

CBCT dataset

protocols specific to
device.

time did not affect ability to
identify key landmarksin
implantplanning

BRASIL ETAL
2019

Paediatricindications
usingtwo paediatric
anthropomorphic
phantoms

- kv
- mAs

No objective
reference standard
Subjective
comparisons used

Not recorded

High kV = 95 (for device
used), reduce mAs
accordingtodiagnostic
task

Identification of an optimal
kV, minimising noiseand
artefacts, allows selection of
minimal mAs for the patient
specific diagnostic task

TABLE 1.3 Selected representative studies demonstrating exposure factor reductions that maintained images of diagnostic qualityin a range of diagnostic tasks.
MBC: marginal bone crest, CEJ: cementoenamel junction, ED: effective dose, TAT: tooth autotransplantation, CNR: contrast-to-noiseratio, LDP: Low dose protocol
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Exposure A. Exposure B. Exposure C.

o

S

<

FIGURE 1.2 The effect of exposure factors (kV, mAs) and choice of exposure parameter (voxel size) on

image qualityis demonstrated by exposing 16 region of a dry skull usinga ProMax 3D Classic(Planmeca
Oy, Finland) CBCT scanner. From exposure A-C, kV, mAs are reduced and voxel size is increased by
selecting smaller patient settings and moving from high resolution to ultra-low dose (ULD) settings.
Although the image sharpness is reduced it remains diagnostically acceptable with the identification of
the MB2 still possible (ExposureC.), illustrating the principle of optimisation.

1.3.7.3 Field of view

The dimensions of the field of view (FOV) are dependent largely on the size and shape
of the detector, the beam projection geometry and the ability to collimate the beam
(SCARFE ET AL. 2008). The FOV is either cylindrical or spherical and collimation of the
primary X-ray beam using adjustable lead shields limits exposure to the anatomical area
of interest, thus avoiding unnecessary exposure. CBCT devices can be categorized
according to the dimensions of the FOV. Some devices offer a single fixed FOV, with the
majority offering a few pre-set options of FOV, particular to a specific indication. Other
devices allow freely adjustable FOVs within certain limitations with another option
being the stitching together of adjacent 3D volumes to achieve a larger FOV. The
drawback of stitching being that the overlapped area is imaged twice, doubling the
exposure to such areas. FOVs (described as diameter [D] x height [H] in cm?) canrange
from small (<10cm in field height, e.g. D x H: 4x4 cm? suitable for imaging a localized
dentoalveolar area (1-3 teeth) and 8 cm x 8 cm?- suitable for imaging the dentate areas
of the maxilla and mandible) to medium (10-15 cm in field height). Large FOVs (>15 cm
field height) are required for full craniofacial imaging (up to dimensions of 26 x 26 cm?).
However itis evident from the literature that FOVs are not always categorised using the

same criteria as above, with a recent meta-review highlighting the necessity for a
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general consensus on classification of FOV dimensions to allow comparison of effective
doses (AL-OKSHI ETAL. 2021)

Reducing the FOV size (specifically field height) is the most straightforward
method of reducing patient radiation dose and is a key factor in CBCT optimisation
(DAVIES ET AL. 2012, PAUWELS ET AL. 20123, THEODORAKOU ET AL. 2012, BORNSTEIN ET AL. 2014,
PAUWELSET AL. 2014a, LUDLOW ETAL. 2015). Nevertheless, with the diversity of devices and
scan options, an approximate ten-fold variation in dose for an equivalent FOV was
reported between the units studied (BORNSTEINET AL. 2014). FOV size and collimation in
addition to diagnostic image quality are key determinants in the diagnostic application
of a CBCT device (HIRSCH ET AL. 2008, LOUBELE ET AL. 2009). In relation to image quality, an
increase in FOV results in a relatively greater amount of scatter reaching the detector
and thus is accompanied by a relative increase in noise/artefacts and a reduction in
contrast.

Larger FOVs have implications for the thyroid gland, especially for children. This
radiosensitive organ has a significant contribution to effective dose (17-20% - Adults,
30-37% - children) (IrRcp 2007) and can be exposed to scatter (contribution of internal
scatter is uncertain) and possibly to the primary beam in dental CBCT. Use of thyroid
shields has demonstrated a thyroid dose reduction in children (17-42%) and adults (20-
49%) (TSIKLAKISET AL. 2005, QU ET AL. 2012, HIDALGO-RIVASET AL. 2015). Thyroid shielding is
not mandatory in the EU as it was concluded that the thyroid gland is not normally in
the primary beam during dental CBCT scans (HPA 2010, EUROPEAN COMMISSION 2012).
However, it is advised that a decision should be made locally with the aid of a medical
physics expert concerning large FOV scans, if it is likely the thyroid lies in or close to the
primary beam ( ). Notably, in the USA, dentists are
advised to use thyroid shielding routinely for all dental radiography and for CBCTsolong
as this does not interfere with the examination (

). However, ifthe thyroid shieldlies within the X-ray beam,
even if outside the displayed FOV, it will attenuate the beam and produce artefacts on
CBCT scans. Furthermore, if an AEC is used, at least in theory, a thyroid shield may
reduce the dose to the receptor sufficiently to increase automatically the exposure. A
recent publication presenting a consensus of multidisciplinary European organisations,

including dental, concluded that thyroid contact shielding ‘may be used’ for CBCT when
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it is outside the field of view of the scan, but with a strong recommendation that a

Medical Physics Expert (MPE) is consulted first (HILESET AL. 2022).

1.3.7.4 Filtration

Filtration serves to limit patient exposure to lower energy photons, which will
contribute to skin dose but not to image formation. Therefore, highly filtered X-ray
beams have anincreased mean energy, reduced entrance exposure and suffer less from
beam hardening, but can be associated with loss of contrast (LOFTHAG-HANSEN ET AL. 2008,
ROBERTS ET AL. 2009, LubDLOW 2011). CBCT scanners typically utilize aluminium filtration
(2.5-21 mm) with additional copper filtration being increasingly common. Dose
reductions associated with additional copper filtration in selected CBCT devices have
been reported (LuDLOW & IVANOVIC 2008, QU ET AL. 2010, LUDLOW 2011, KOIVISTO ETAL. 2012,
KAASALAINEN ETAL. 2021). In reality, clinicians using CBCT have no easy means of changing
filtration, which would require the input of a medical physics expert and an equipment
engineer. Even then, this would be challenging without cooperation from equipment

manufacturers.

1.3.7.5 Detector

The X-ray detector samples the attenuated beam in its trajectory. The incoming X-ray
photons are converted by X-ray detectors to an electrical signal. Almost all modern CBCT
scanners utilize indirect flat panel detectors (FPD) consisting of a pixel array of
hydrogenated amorphous silicon thin-film transistors (TFT) or complementary metal
oxide semiconductors (CMOS). In both cases a layer of scintillator material [gadolinium
oxysulfide or caesium oxide] converts X-ray photons to light photons. Subsequently,
the light is detected on the photodiodes and read from the entire detector array to
compile a raw-data digital image (KILUNENET AL. 2015). FPDs offer higher spatial and
contrast resolution, greater dynamic range and reduced peripheral distortion compared
with the earlier generation image intensifiers and charged coupled devices (CCD)
technology, which have gradually been superseded (BABAET AL. 2004, NEMTOI ET AL. 2013,
PAUWELSET AL. 2015a). Involvement of a medical physics expert at installation is deemed
essential to optimize the detectors parameters with regards to dose and image quality

(EUROPEAN COMMISSION 2012).
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1.3.8 Image quality parameters

1.3.8.1 Exposure frequency: continuous v pulsed exposure

A minority of CBCT units utilize continuous X-ray exposure i.e., exposure time equals
scan time. However, constant exposure during signal integration contributes to patient
dose but not to image formation as most detectors are unable to record X-ray exposure
during the acquisition process. To avoid this unnecessary exposure the majority of
current CBCT units have a pulsed/intermittent X-ray emission to coincide with detector
activation, ensuring that there is no exposure being made between projections. Pulsed
emission systems not only result in a reduced dose but also may exhibit improved
spatial resolution owing to a reduced motion effect (PAUWELS ET AL. 2015a). A small
number of CBCT models have been reported to use both pulsed and continuous

depending on the scanning mode (KAASALAINEN ET AL. 2021).

1.3.8.2 Rotation arc

Ofthe currently commercially available devices, the rotation angle varies between 180°
and 540°, the majority of scanners having a single fixed rotation angle (most commonly
180°) with some devices enabling selection of a variable rotation arc according to scan
protocol (HORNERET EL. 2013, NEMTOI ET AL. 2013, KAASALAINEN ET AL. 2021). A shorter scan
arc results in a reduced scan time and hence dose (lower total mAs) with a 180° arc
resulting in an approximately 50% dose reduction compared to a 360° arc. Images
produced by partial rotation have been associated with increased reconstruction
artefacts (SCARFE & FARMAN 2008, BECHARA ETAL. 2013) and particularly those acquired with
restricted FOVs (COSTAET AL. 2019). Additionally, while it would be expected that this
reduced mAs would be accompanied by increased noise and reduced image quality,
studies demonstrate that for particular diagnostic tasks image quality and diagnostic
accuracy can be maintained (LENNON ET AL. 2012, BECHARA ET AL. 2013 COOK ET AL. 2015,
TADINADA 2017). This finding implies that manufacturers’ recommendations for exposure

factors are too high for these tasks.

1.3.8.3 Number of projections
The number of acquired projection images (‘basis images’) during the scan arc

movement is determined by the rotation time, frame rate (number of projection images
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per second), the completeness of the trajectory arc and the speed of the rotational
movement (SCARFE & FARMAN 2008). A greater amount of projection data generally
necessitates a longer scan time, with greater potential for patient movement and
consequently a higher patient dose. Enhanced image quality accompanies this
increased projection data; providing more information to reconstruct the image,
allowing for greater spatial and contrast resolution and an increased signal-to-noise
ratio and decreased metallic artefacts (PAUWELS ET AL. 2013). However, minimizing the
number of projections appropriately can result in reduced patient dose (via \ mAs) and
still be consistent with diagnostic images (KUSNOTO ET AL. 2015). Furthermore, it is
reported that increasing exposure does not improve the appearance of metal artefacts
sufficiently to justify the increased radiation exposure (PAUWELS ET AL. 2013). Notably,
iterative reconstruction algorithms show promise in overall image quality improvement

and artefact reduction (SCHULZEET AL. 2011, NIEBLERET AL. 2019).

1.3.8.4 Voxel size

Voxels (the individual volume elements) produced in formatting the volumetric data
set, dictates the spatial resolution of a CBCT image (SCARFE & FARMAN 2008). Voxel size
can be selectedon most dental CBCT systems according to the particular diagnostic task.
Overall, voxel sizes of CBCT equipment have been reported to range from 0.05 mm to
0.6 mm, with the more recent availability of these smallest voxel sizes being attributed
to improved image reconstruction algorithms, image noise reduction, and patient
movement correction methods (GAETA-ARAUJO ET AL. 2020). The smaller the voxel size, the
higher the spatial resolution (Fig. 1.1) and therefore smaller voxel sizes are generally
selected when a high level of detail is required e.g. endodontic purposes (LIEDKE ET AL.
2009, KAMBOROGLU & KURSUN 2010, MELO ET AL, 2010, MARET ET AL. 2012). However, voxel
dimensions primarily depend on the pixel size on the area detector and smaller pixels
capture fewer X-ray photons which result in more image noise. This may require a
compensatory increase in radiation dose to achieve a sufficient signal-noise ratio to
achieve this improved diagnostic image quality (via I mAs or basis images). Some
devices allow the operator to control exposure factors used with different resolutions,
while others automatically dictate exposure factors accompanying particular voxel sizes

in order to keep noise relatively constant. Notably, a study reported that the patient
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dose was doubled on selection of the high resolution from standard on a particular CBCT
unit (LUDLOW & WALKER 2013). In the pursuit of dose optimisation, the lowest resolution
(larger voxel size) option should be selected where the nature of the diagnostic task
permits (EUROPEAN COMMISSION 2012). It was reported that the effect of voxel size on
diagnostic outcome has not yet been systematically demonstrated (SPIN-NETO ET AL.
2013a). While there appears to be a trend of increased diagnostic accuracy relating to
smaller voxel sizes for conditions such as root fracture and external root resorption
(BRAGATTO ET AL. 2016, WANDERLY ET AL. 2017, GUO ET AL. 2019), it has also been established
that larger voxel sizes do not necessarily mean lower diagnostic accuracy for a range of
diagnostic tasks including those requiring fine detail (6zer 2011, MAET AL. 2016, SONMEZET
AL. 2018, KEHRWALDET AL. 2022). Conflicting results may be related to the use of different
devices used and varying methodology (KEHRWALD ET AL. 2022). Therefore, as previously
identified (SPIN-NETO ET AL. 2013a), it is still not possible to suggest general protocols for
all diagnostic tasks and further standardised studies are required to establish accurate
guidelines in this area.

It is apparent from the aforementioned that the image quality (ability of CBCT
images to display the required anatomical features and/or pathologies)and consequent
dose of CBCT imaging is influenced by a number of variables (Table 1.1). Such variables
include the individual device (e.g. detector, filtration, FOV capabilities etc.), the
exposure parameters (kV, mAs) and image quality parameters (voxel size/resolution,
basis images [dependent on rotation arc, exposure frequency]). These variables can be
inter-related and therefore selection of the optimal combination of scanning
parameters to reduce dose can prove a challenge to the operator with very little in the
way of practical guidance. While general recommendations on dose-optimisation exist
(HPA 2010, EUROPEAN COMMISSION 2012, AMERICAN DENTAL ASSOCIATION COUNCIL ON SCIENTIFIC
AFFAIRS 2012, WHITE ET AL. 2014, DIMITRA [OENNING ET AL. 2018]), reviews of the literature
have highlighted the need for more specific guidance on how optimisation can be
achieved for specific diagnostic tasks in the full range of dental disciplines (GOULSTONET
AL. 2016, YEUNG ET AL 2019, VAN ACKER ET AL. 2020, KAASALAINEN ET AL. 2021). Nevertheless, it
is accepted that establishment of diagnostic task specific protocols may prove difficult
due to wide range of CBCT devices and capabilities. The development of low dose

protocols in a range of diagnostic applications has gone some way in beginning to
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achieve optimisation (HIDALGO RIVAS ET AL. 2015, AL-OKSHI ET AL. 2017, YALDA ET AL. 2022) as

could device specific low dose pre-set options (EZELDEEN ET AL. 2017, OENNING ET AL. 2019).

1.3.9 Image quality

In keeping with the ALADA principle, the image quality attained should be sufficient to
achieve the specific diagnostic task, but at the minimum exposure possible. The
operator must be aware that the acceptable level of image quality and the radiation
dose may vary according to the particular diagnostic task and indeed the anatomical
region investigated/position of the pathology (LOFTHAG-HANSEN ET AL. 2011, NEVES ET AL.
2012). Image quality is described in terms of spatial resolution, contrast, noise and
presence of artefacts (Table 1.2) but on a simple level can be assessed relative to
achieving the diagnostic task e.g. visualisation of a periapical radiolucency,
identification of the second mesiobuccal canal (MB2). A number of parameters impact
on image quality; tube current, tube voltage, FOV, voxel size, number of projections and
type of detector (MARET ET AL. 2012, SPIN-NETO ET AL. 2013a, PAUWELS ET AL. 2015a). As
previously established, there is a great array of CBCT devices available commercially,
exhibiting a range of technical specifications, doses and image quality capabilities
(HATCHER 2010, NEMTOI 2013). In order to achieve optimisation of these devices it is
essential to use a standardized approach to assessing image quality (PAUWELS ET AL.

2011). Image quality can be assessed using subjective and objective methods.

1.3.9.1 Subjective evaluation

This is considered as the benchmark when assessing image quality in relation to
achieving a specific diagnostic task. Itinvolves the standardized presentation of images
(anthropomorphic phantoms, human skulls or jaws) to a specified number of observers
who are provided with a scale to grade their ability to identify the presence of
anatomical structures or/and grade the sufficiency of the image quality for a particular
task e.g. root resorption, implant planning and periapical diagnosis. (ALQERBAN ET AL.
2011, DURACK ET AL. 2011, ESPOSITO ET AL. 2011, LOFTHAG-HANSEN ET AL. 2011, SHELLEY ET AL.
2011). This technique is limited by its inherent subjectivity, (inter-observer, intra-
observer, case-sample variability, and the use of non-standardised skull and jaw models,

which limits comparison (TAPIOVAARA 2008, LOFTHAG-HANSEN ET AL. 2011). Furthermore,
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findings are often limited to the CBCT device investigated due to the large diversity in

image quality between scanners (PAUWELS ET AL. 2012d).

1.3.9.2 Objective evaluation

This involves quantitative measurement (on physical test objects) of physical factors
such as spatial resolution, contrast resolution, image density/pixel intensity, image
noise and artefacts, on the basis that they equate to clinical image quality using test
phantoms (WATANABE ET AL. 2011). Identifying the need for a standardized phantom
appropriate for dental CBCT, the SedentexCT project developed a quality control
phantom (SedentexCT IQ phantom) which enables reproducible measurement of these
technical image quality parameters on any CBCT device and thus is utilized for assessing
device performance and quality control (PAUWELSET AL. 2011, BAMBA ET AL. 2013, LUDLOW &
WALKER 2013, DE LAS HERAS GALA ET AL. 2017). Other devices have been developed,
including the QUART DVTkp test tool (Quart GmbH, Germany).  While objective
evaluation is essential for quality assurance (QA) of CBCT devices and these physical
indices are germane, there is no direct means by which to relate them to clinical
diagnostic accuracy (MARTIN ET AL. 1999, MANSSON 2000, WATANABE ET AL. 2011). Studies
have shown a significant association of physical factors (modulation transfer function
[MTF] and/or CNR]) with subjective image quality and related this to the ability to
achieve a specific diagnostic task (CHOI ETAL. 2015, HIDALGO RIVAS ET AL. 2015, AL-OKSHI ET AL.
2017). Choi and co-workers (2015) demonstrated that a better physical image quality
(higher MTF and CNR value) was required to achieve the clinical task of periapical
diagnosis compared with implant planning in the mandible, the findings corresponding
in part to a study on subjective image quality in relation to diagnostic task (LOFTHAG-
HANSEN ET AL. 2011). However, both of these studies’ findings were not related to dose

measurements.
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1.3.10 Is there evidence that ALADA is practicable in a range of dental diagnostic
tasks?

Optimised exposure protocols can be achieved while maintaining adequate image
quality and thus diagnostic accuracy for a range of clinical tasks (EUROPEAN COMMISSION
2012, GOULSTON ET AL. 2016). These results relate to the diagnostic task investigated
using specified CBCT scanner(s) and that technical specifications limit translation to all
CBCT scanners. As previously discussed, it has been established that size and position
of FOV relative to the radiosensitive organs and the scanned individual have a
substantial impact on dose optimisation (DAVIES ET AL. 2012, PAUWELS ET AL. 20123,
THEODORAKOU ET AL. 2012, PAUWELS ET AL. 2013).  Nonetheless, several in vitro studies
specifically demonstrate that a reduction in exposure factors (kV, mA, exposure time-
also altered through rotation time or voxel size/resolution) can be consistent with
sufficientimage quality to enable diagnosisina range of clinical applications (Table 1.3).
Furthermore, some of these studies included dose measurements, recommending low
dose protocols or threshold doses for their respective diagnostic tasks (HIDALGO RIVAS ET
AL. 2015, AL-OKSHI ET AL. 2017, MCGUIGAN ET AL. 2020, YALDA ET AL. 2022). One low dose
protocol established a 50% dose reduction from the manufacturer's recommended
protocol (HIDALGO RIVAS ET AL. 2015), which highlights the difficulty for practitioners in
optimizing exposures. Other studies demonstrated the limitations of lower exposures
relating to specific sites or pathology location (LOFTHAG-HANSEN ET AL. 2011, NEVES ET AL.
2012), reporting that although 180° rotations produced diagnostic images for maxillary
implant planning, this was not the case for mandibular implant planning or periapical
diagnosis (LOFTHAG-HANSENET AL. 2011). Inthe same way, Neves et al. (2012) suggested a
reduced dose scanning protocol produced images of diagnostic quality for detection of
external root resorption (ERR) with the caveat that the position of root resorption may
affect the ability to diagnose at lower exposures.

Generally, studies have reported that image quality is consistently degraded
with reduced exposure factors (SUOMALAINEN ET AL. 2009, LUCKOW ET AL. 2011, PARSA ET AL.
2013). The most commonly investigated diagnostic task with regard to optimisation of
exposure factors was that of implant planning, perhaps reflecting the almost ubiquitous
use of CBCT in this dental application. Oddly, considering that children have a

significantly increased radiation risk, there is more limited literature regarding
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optimisation of exposure factors in orthodontic diagnostic tasks, while in the available
studies it has been highlighted that orthodontic scanning in a child phantom resulted in
on average an effective dose 36% greater than in the adult phantom (LubLOW & WALKER
2013). Other orthodontic studies found that reduced exposure time and/or number of
projections was consistent with maintenance of diagnostic accuracy (BROWNET AL. 2009,
COOKETAL. 2015, KOSNOTO ETAL. 2015).

In conclusion, it is evident that radiation doses that are significantly reduced
from the manufacturer's recommendations can be achieved (via reduced kV, mA or
time, number of projections) while maintaining acceptable image quality and applied
for certain diagnostic tasks and particular devices (Table 1.3). Nonetheless, it has been
emphasized that radical reductions in dose are futile if image quality degrades to the
point of being non-diagnostic, thereby necessitating a repeat scan (LUDLOW & WALKER
2013). Evidentially more research is needed, perhaps in collaboration with industry to
further assist practitioners in this important area. Furthermore, moving forward
inclusion of guidance on use of low-dose protocols as part of position statements from
a range dental disciplines would be instrumental in disseminating the importance and

practical application of optimisation.

1.3.11 How valid is the research on dose optimisation on image quality?

The majority of studies relating optimisation to image quality are in vitro and thus of
low hierarchal evidence-based standing (MARSHALL & SYKES 2011, YEUNG ET AL. 2019).
Variations in CBCT device setting and properties make itimpossible to reliably compare
dose estimations from different studies. A systematic review of the literature on CBCT
imaging in the oral and maxillofacial region highlighted inconsistent reporting on device
settings and properties concluding, that a specific list of CBCT device parameters (e.g.
exposure time, FOV, detector type, rotation arc etc.) should be documented to enable
comparison (DE VOS ET AL. 2009). Unfortunately, this policy has not been universally
adopted, but is reiterated in a more recent literature on optimisation (EUROPEAN
COMMISSION 2012, GOULSTON ET AL. 2016). These reviews highlight, among other issues,
the need for international compliance on a standardized method of accurately
measuring patient dose using a standard commercially available phantom and the use

of consistent reference standards when diagnostic accuracy is measured.
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1.4 DIAGNOSTICEFFICACY

1.4.1 Does CBCT have a greater diagnostic efficacy than conventional techniques?
The final section of this review analyses the evidence comparing the diagnostic efficacy
of CBCT and conventional techniques for specific clinical tasks. If itis accepted that the
diagnostic accuracy of CBCT is superior to conventional techniques for certain
diagnostic tasks, albeit at a higher dose to the patient, can this enhanced accuracy
deliver a net benefit to the patient as evidenced by an impact on diagnosis, clinical
decision-making and treatment outcome?

Critical appraisal of the literature on CBCT imaging efficacy is best facilitated by
a hierarchal classification model, which categorizes six ascending levels of diagnostic
efficacy (FRYBACK & THORNBURY 1991). The levels start with the simple goal of procuring
the most accurate image and ascends to the complex target of improving patient
outcome and societal impact with the aim of effecting evidence-based changes in
patient care and health policy (Table 1.4). The lower tiers (Levels 1 and 2) focus on
image quality (NATIONAL COUNCILON RADIATION PROTECTION AND MEASUREMENTS 2005, KRUPINSKI
ET AL. 2007) and diagnostic accuracy of CBCT (GHAEMINIA ET AL. 2009, MATZEN ET AL. 2013,
PATEL ETAL. 2016, YIET AL. 2017). Such technical and diagnostic efficacy studies constute
the bulk of evidence in the literature and are less time consuming and expensive than
study designs required at higher levels of efficacy; however, even these research
domains are considered incomplete (EUROPEAN COMMISSION 2012, PETERSSON ET AL. 2012,
KRUSE ET AL. 2015, ROSEN ET AL. 2015, HORNER ET AL. 2020, ROSEN ET AL. 2022). While these
principally lab-based studies are essential in establishing accuracy and report that CBCT
exhibits higher sensitivity and specificity than intra-oral radiography for several
diagnostic tasks (PETERSSON ET AL. 2012, ROSEN ET AL. 2015, NIKOLIC-JAKOBA ET AL. 2016,
SALINEIRO ET AL. 2017, AMINOSHARIAEET AL. 2018), albeit often in the absence of a relevant
reference method (PATELET AL. 2012, URABA ET AL. 2016), they do not provide any evidence
of impact on patient care. Critically, accuracy studies should use a non-radiographic
reference standard, which is an exact reflection of the true situation (MILEMAN & VAN DEN
HOUT 2009) and could include histology (DE PAULA-SILVA ET AL. 2009, KRUSE ET AL. 2017) or
intrasurgical visualization (GHAEMINIAET AL. 2009, QIAO ET AL. 2014). Ex vivo simulation

studies on dry skulls (DURACK ET AL 2009, BRAUN ET AL 2014) utilize direct
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visualisation/measurement as a reference, however it is questionable whether
artificially created lesions represent either the true topography or borders of resorption
or periodontal lesions (PETERSSON ET AL. 2012). Furthermore, considering the effect of
patient movement on image quality, these studies are even further removed from the
in vivo reality (SPIN-NETO ET AL. 2013b, 2015, 2016, 2018, SPIN-NETO & WENZEL 2016).

On the contrary, other reports conclude that there is insufficient evidence of
superior diagnostic accuracy of CBCT over intra-oral imaging for a range of diagnostic
tasks including vertical root fracture detection (CORBELLA ET AL. 2014, CHANG ET AL. 2016).
These findings were attributed not just to the heterogeneous nature of the included
studies, with high levels of bias, but also to the impact of artefacts created by
radiopacity of root canal filling materials and intracanal post restorations (BRULLMAN &
SCHULZE 2015). Specifically, systematic reviews with meta-analysis have reported
reduced diagnostic accuracy using CBCT in detection of VRF in endodontically treated
teeth and teeth with intracanal post restorations (MA ET AL. 2016, TALIWAR ET AL. 2016),
where presence of streak artefacts reduced specificity. Similarly, reduced diagnostic
accuracy was reported for periapical lesion detection with CBCT in surgical endodontic
retreatment cases, where 40% of teeth identified by CBCT as having a periapical lesion
proved not to have periapical inflammation histologically (KRUSEET AL. 2017). In a later
study by the same author (KRUSE ET AL. 2018), it was also theorized that these reduced
diagnostic accuracy parameters associated with root filled teeth (not evident in the
study’s findings with non-root filled teeth), may relate not only to artefacts associated
with the obturant but also possibly due to a widened periodontal ligament reaction to
the root filling that occurs even where no pathology exists (TORABINEJADETAL. 2018).

Levels 3 and 4 evaluate whether an imaging modality can give rise to a change
in diagnostic thinking or patient management and therefore begin to consider impact
on patient’s health. Before-and-after studies are frequently used to investigate the
impact of diagnostic and therapeutic choices at levels 3and 4 (GUYATT ET AL. 1986, FRYBACK
& THORNBURY 1991, MEADS & DAVENPORT 2009). The number of studies published at this
level are much reduced compared to technical and diagnostic efficacy studies and the
need for more research in these higher levels has been repeatedly highlighted (EUROPEAN
COMMISSION 2012, BORNSTEINETAL. 2014, ROSENET AL. 2015, NIKOLIC-JAKOBAETAL. 2016, HORNER

ET AL. 2020). Level 3 evidence suggests that CBCT does have an impact on diagnostic
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thinking efficacy in more complex and challenging cases with regards to implant
placement and endodontics but cannot be justified for routine use (EEET AL. 2014, MOTA
DE ALMEIDA ET AL. 2015, SHELLEY ET AL. 2015, AL-SALEHI & HORNER 2016). However, these
studies have their limitations, including retrospective designs, selection bias, recall bias
of operators and type of operator used, e.g. Al-Salehi and Horner used general dental
practitioners (GDPs), which may mean the results may not be applicable more widely
to other groups such endodontists, especially as the cases in their study were patients
referred to specialists (AL-SALEHI & HORNER 2016). Additionally, in an orthodontic study
on impacted canines, CBCT did increase accuracy in diagnosis, especially for more
critical information such as the labiopalatal position of the canine cusp tip (HANEY ET AL
2010). Albeit, it was accepted that most impacted teeth can be accurately diagnosed/
localized with conventional radiographs, nonetheless, there are undoubtedly cases
which benefit from CBCT imaging (BJERKLIN & ERICSON 2006).

Therapeutic efficacy studies (Level 4) revealed a range of CBCT-impact on
therapeutic decisions, perhaps influenced by study design (e.g. case selection method,
teeth numbers, observer numbers/experience) and/or diagnostic task investigated. An
endodontic study (24 teeth) revealed there was no significant difference in lesion size
recorded or treatment strategy for periapical lesions in non-complex cases between
periapical radiography (PR) and CBCT imaging (BALASUNDARUM ET AL. 2012). Although the
numbers of subjects enrolled in the study are small, it does highlight that if CBCT does
not actually alter the treatment plan, then the increased diagnostic accuracy of CBCT in
recognizing apical periodontitis is of no real benefit (DE PAULA- SILVAET AL. 2009, PATEL ET
AL. 2012, VENSKUTONIS ET AL. 2014). It could be argued that the increased sensitivity of
CBCT does diagnose AP lesions of smaller dimensions that would otherwise go
undiagnosed and untreated by PR, this constituting an increased therapeutic efficacy;
however, this is not clear as the possibility of reduced specificity of CBCT in diagnosing
AP has been reported in vivo (POPEET AL. 2014). Pope’s (2014) study reports on error in
interpretation of the healthy periapex on CBCT scans and the inherent flaw of applying
PR interpretation of health and disease to CBCT, thereby risking overdiagnosis
(MOYNIHAN ET AL. 2012 KRUSE ET AL. 2015, TORABINEJAD ET AL. 2018). Furthermore, a study

referred to previously and categorised as having low levels of bias (ROSENETAL. 2022) has
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identified that this increased sensitivityand concomitant reduced specificitycanleadto
overdiagnosis and overtreatment as verified with histopathology (KRUSEET AL. 2018)
Other endodontic studies and periodontal studies have demonstrated a
significant impact of CBCT imaging on treatment planning choices in complex cases (EE
ET AL. 2014, MOTADE ALMEIDA ET AL. 2014, VENSKUTONIS ET AL. 2014, PATELET AL. 2016, PARKER ET
AL. 2017, RODRIGUEZ ET AL. 2017, WOEBLERET AL. 2018). The general consensus from these
studies is that the increased diagnostic information from 3D cross sectional imaging
provided by a CBCT scan compared with 2D conventional radiography had a substantial
impact on treatment planning of high difficulty cases (e.g. resorption, surgical cases).
An orthodontic study showed that CBCT imaging evoked a change in treatment plan
from conventional imaging but only in a minority of cases (27%), concluding that the
additional diagnostic information did not translate to a significant change in treatment
plan (HANEY ETAL. 2010). Implant studies reported a significant change in treatment plan
with CBCT imaging for more challenging cases (narrower implants selected in the
anterior mandible with CBCT) and high risk anatomical regions (posterior jaw-longer
implants selected using panoramic images) (SHELLEY ET AL. 2015, GUERRERO ET AL. 2014b);
however, when all cases were considered a significant change in treatment plan
between the two imaging modalities was not demonstrated. In general, these studies
reflect the majority of current guidelines/position statements across the dental
disciplines, which highlight that use of CBCT is not recommended routinely, but is only
advisable in more complex cases where conventional radiography does not elucidate
the diagnosticinformation required (EUROPEAN COMMISSION 2012, HARRISETAL. 2012, AAOMR
2015, FGDP [UK] 2018, ESE 2019). Notable exceptions to this conservative approach to
CBCT prescription do exist (DRAGO & CARPENTIERI 2011, NOFFKE ET AL. 2011, TYNDALL ET AL.
2012), with routine use of cross-sectional imaging in dental implant planning and
treatment advocated, basedon areduced risk of neurosensory and neurovascular injury
(zIJDERVELD ET AL. 2008, RENTON ET AL. 2012, ROEDER ET AL. 2102, JACOBS ET AL. 2014). This
routine CBCT use has been questioned by other groups who elicited opposing
conclusions from the literature, highlighting the lack of evidence-based guidance in
most national and international guidelines on implant dentistry and described their
recommendations as largely expert opinion and consensus driven (BORNSTEINET AL. 2014,

HORNERET AL. 2015). Regarding management of mandibular third molars, a recent review
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(MATZEN & BERKHOUT 2019) identified that CBCT did change the treatment plan in a small
percentage of cases (GHAEMINIAETAL. 2011, MATZENET AL 2013), however, for the majority of
mandibular third molars, the selected treatment plan was the same as that selected using
panoramic radiographs.

Ultimately, if clinicians are exposing patients to diagnostic ionizing radiation
which is of significantly higher dose than that of the existing diagnosticimaging modality
of choice, the new imaging modality should demonstrate a positive impact on patient
outcome (Level 5-Patient outcome efficacy), preferably in a cost-effective manner
(Level 6-Societal efficacy). Randomized controlled trials (RCTs) are the optimal study
designto assess these levels of accuracy (FRYBACK & THORNBURY 1991). Generally, RCTs are
expensive and time consuming, often resulting in low subject numbers and
underpowered studies (ROEDERET AL. 2012). Furthermore, they can be ethically difficult
or impossible to perform with regards to diagnostic imaging modalities (MILEMAN & VAN
DEN HOUT2009) and it has been argued that due to their longitudinal nature and the fast
pace of CBCT technology development, their results can be redundant even before
publication (kiMm ET AL. 2011). Perhaps not surprisingly there are very few studies
published which assess patient outcome efficacy (Level 5). Three studies investigating
surgical extraction of impacted mandibular third molars (GUERRERO ET AL. 2014a,
GHAEMINIAET AL. 2015, PETERSEN ET AL. 2016) failed to demonstrate any beneficial impact
of CBCT over panoramic imaging on patient related outcomes (i.e. neurosensory
disturbances and other post-operative complications). Although, it should be
recognized that the studies were small, with an inadequate sample size for a
comparative prospective study (ROEDER ET AL. 2012). On reviewing the more recent
literature regarding mandibular third molar extraction, an EADFMR position paper
(MATZEN & BERKHOUT 2019) concluded that CBCTimaging does not appear to be a superior
predictor of post-operative sensory disturbance when compared with panoramic
imaging. In fact, absence of bony separation viewed on CBCT imaging had a low
predictive value, no higher than some of the seven signs identified for panoramic
radiographs (ROOD & SHEBAB 1990). Secondly, using evidence from a meta-analysis of
RCTs (CLE-OVEJERO ET AL 2017) and other high quality studies (SANMARTI-GARCIA ET AL. 2012),
the review identified that pre-operative CBCT does not reduce the frequency of post-

operative sensory disturbances, operation time, needs for analgesics, nor post-
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operative complications when compared with conventional imaging. The conclusion
was that CBCT imaging of the mandibular third molar has no positive impact on patient
outcome and should not be applied as a routine diagnostic method before removal of
mandibular third molars. Therefore, CBCT imaging should only be applied when the
surgeon has a very specific clinical question in an individual patient case that cannot be
answered by conventional (panoramic and/or intraoral) imaging. In reality this may
resultin a pattern of imaging prescription that correlates with the clinician’s experience.
Conclusions on the impact of CBCT imaging on patient outcome subsequent to third
molar extraction is based on high levels of evidence, including RCTs with high numbers
of patients using definitive outcome measures. Conversely, although the endodontic
literature is replete with CBCT-related publications, only two studies that assessed
endodontic patient outcome could be identified by a recent review (ROSENET AL. 2022),
both of which were categorized as low quality studies, making it impossible to assess
the validity of their findings (KURT ET AL 2014, YANG ET AL. 2016). One of the additional
difficulties in endodontic outcome studies is the absence of a core outcome setthat can
be used to definitively assess outcome in a homogenous manner.

Societal efficacy studies (Level 6) aim to prove that implementation of this
diagnostic imaging modality is an efficient use of societal resources and can provide
medical benefits to society. There is a paucity of RCTs investigating societal efficacy.
One prospective RCT reported on the absolute and relative costs of a CBCT scan
compared with that of a panoramic examination undertaken for third molar surgery,
identifying a 3-4 times greater cost associated with CBCT than panoramic imaging but
there was no significantdifference in resources consumed between the imaging groups,
either surgically or post-surgery (PETERSEN ET AL. 2014). The same group also published
an epidemiological study in Denmark (PETERSEN ET AL. 2015), which highlighted the higher
economic implications of potential routine use of CBCT in extraction of mandibular third
molar teeth. Importantly, this study actually considers the radiation risk implications
associated with this potential policy change (calculation of cancer incidence — 0.46 per
year) which is necessarywhen contemplating societal efficacy. Other Level 6 studies are
descriptive; a cost analysis study noted that a demonstrated cost-effectiveness of CBCT
imaging in one healthcare system cannot necessarily be translated to another ( CHRISTELL

ETAL. 2012). A periodontal case series reported that CBCT based treatment decisions for
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maxillary molars with furcation defects can lead to time and cost benefits when
compared with conventional radiography in a Swiss dental health setting (WALTER ET AL
2012), although that study was not a rigorous economic evaluation. The economic
evaluations required in level 6 studies can be performed in conjunction with level 3 or
4 studies when RCTs are considered to be unfeasible. Such a study was previously
carried out (CHRISTELL ET AL. 2018). They were able to calculate the incremental cost-
effectiveness ratio (ICER), a measure of the average additional cost per treatment
decision that was changed as a result of using CBCT imaging for the assessment of
maxillary canines as part of orthodontic treatment. Based on the cost analyses
performed, it was concluded that CBCT as an additional diagnostic measure is only
justified when more invasive therapies are planned and considering the potential
increased radiation risk associated with additional imaging, cases should be judged on
an individual basis. Again, this conclusion is open to subjective interpretation.

Overall, the ways in which diagnostic efficacy may alter patient diagnosis,
management and potentially treatment outcome for a specific diagnostic task can vary
according to a range of factors. These may include the technical efficacy of the CBCT
scanner used and the selected exposure parameters, such as voxel size (SPINNETO ET AL.
2013a). Additionally, monitor resolution and post-acquisition adjustments; contrast,
brightness and magnification (PAUWELS ET AL. 2015a) and ultimately the subjective
interpretation of the observer, all impact on the detection accuracy of a given condition
(HORNERET AL. 2020).

In conclusion, there is still a lack of studies exhibiting the impact of CBCT at
higher levels of efficacy (EUROPEAN COMMISSION 2012, PITTAYAPAT ET AL. 2014, MATZEN &
WENZEL 2015, ROSENET AL. 2015, NIKOLIC-JAKOBAETAL. 2016, MATZEN & BERGOUT 2019, HORNER
ET AL. 2020, ROSEN ET AL. 2022). Unfortunately, regardless how compelling the results of
the technical and diagnostic accuracy efficacy studies, this literature is not indicative of
any translational benefit of CBCT to patient’s treatment and outcome or indeed to

society.
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LEVEL OF DEFINITION AND PARAMETERS MEASURED

DIAGNOSTIC

EFFICACY

1.Technical Evaluates technical quality ofimaging modality: i.e. noise, contrast, resolution, presence of artefacts andincludes dose and
Efficacy dimensional accuracy.

2. Diagnostic Evaluates accuracy ofimaging modality in establishinga correctdiagnosis when compared with the reference or ‘gold

Accuracy Efficacy

standard’ technique: sensitivity, specificity, predictivevalues, ROC curves.

3.Diagnostic
Thinking Efficacy

Evaluates the ability of the imaging modality to improve diagnostic decisions.

Evidenced in before-and-after studies where an alternativediagnostic conclusionis madewith new imaging modality when
compared with diagnosis madeusingthe existing conventional imaging modality.

4 Therapeutic
Efficacy

Evaluates the impactthat the imaging modality has on the choiceof treatment. Evidenced inclinical studies (before-and-
after) by observing for changes intreatment strategies where the new imaging modality scanis oris notsupplied.

5.Patient

Outcome Efficacy

Evaluates the impactof the imaging modality on patient outcome. Has this new diagnostictechniqueleadto animproved
treatment strategy with a concomitantimproved outcome for the patient e.g. reductionin post-operative complications?
This is assessed via randomized controlled trials (RCT’s) comparing patient outcome using new technique compared with
existing ‘gold standard’.

6.Societal Efficacy

Assesses the cost-benefit ratio of the imaging modality to society as a whole.

TABLE 1.4 Hierarchal model of classification of diagnosticaccuracy (FRYBACK & THORNBURY 1991). ROC: receiver operating characteristic curve.
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1.5 CONCLUSIONS

e Conventional radiography is limited by the inability to describe the 3D anatomy
of teeth and their related structure. It has therefore been recommended that
CBCT be used in select cases in which conventional radiography cannot supply
satisfactory diagnostic information.

e CBCTis often a more sensitive diagnostic tool than conventional radiography but
delivers a significantly greater patient dose. Therefore, unless the benefit to the
patient can be justified there is a risk of overexposure. Furthermore, there is
concern that with increased diagnostic sensitivity there is a loss of specificity
which may result in over-representation of disease, which highlights a need for
establishing ‘the limits of normal’ particular to CBCT, in order to correctly
diagnose pathology.

e The clinicianin practice prescribes, exposes, analyses and reports on the CBCT
image. Therefore, appropriate training in justification, acquisition and
interpretation is paramount.

e The evidence base highlights the lack of evidence that use of CBCT imaging has
a significant impact on decision-making and treatment outcome, therefore, the
clinician remains unsupported in their justification of CBCT imaging.

e With an awareness of the potential stochastic radiation risks of CBCT, being
particularly pertinent to the young, judicious case selectionis essential to ensure
that the benefits—risk ratio remains in favour of the individual patient.
Guidelines constructed from the best available evidence serve to aid the
clinician’s justification. Unfortunately, these available guidelines are of varying
quality with the majority being based on expert opinion. Itis important that a
more critical systematic approach is adopted in the formulation of new
guidelines

e |t is accepted in CBCT that FOV height and relation of the FOV to the
radiosensitive organs are the main determinants of effective dose. Additionally,
optimisation of exposure and imaging parameter factors can achieve significant

dose reductions while maintaining image quality for a range of diagnostic tasks,
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but this is not necessarily translatable to all devices. Further development of
low dose protocols in key diagnostic areas would greatly aid the clinician.

e Despite the lack of evidence on the efficacy of CBCT, its use is expanding rapidly
in dental practice. It is a lucrative, industry-driven business sold on the basis of
improved, attractive and high quality imaging. Critical evaluation of
manufacturer’'s advice and default protocols necessitates appropriate
undergraduate and postgraduate training and knowledge of the evidence base

regarding CBCT imaging.

The current literature on CBCT imaging reveals the need for consistent and
standardized testing and reporting to allow effective comparisons of dose
calculations and optimisation techniques on image quality. Diagnostic accuracy
studies do not always reflect the clinical situation and inconsistent reference
standards make ready comparison between results impossible. Notably, higher
hierarchal level studies are rare, with few studies of high quality, assessing clinical
outcome efficacy. Nevertheless, for the purpose of establishing robust guidelines
for appropriate use of CBCT, researchin the future should be directed at higher level

clinical studies.
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1.6 AIMS & OBIJECTIVES

As was concluded from the literature review, there are outstanding challenges to be
addressed regarding the use of CBCT imaging, to ensure adherence of both the
principles of optimisation and justification. Specifically, there is a need for low dose
protocols in key diagnostic areas to aid the clinician in optimisation. Additionally the
review highlighted the lack of evidence that use of CBCT imaging has a significantimpact
on the higher levels of diagnostic efficacy such as outcome efficacy. Therfore the
principle aims of this thesis are are to identify a strategy in which radiation dose can be
reduced for a specific diagnostic task, while maintaining images of diagnostic quality,
and to demonstrate any potential impact of CBCT imaging on treatment outcome for

this diagnostic task. Consequently the overall objectives of this thesis are:

(1) To identify a threshold dose for imaging of fine detailed structures in endodontics
as represented by the diagnostic task of MB2 root canal identification while
maintaining images of diagnostic quality.

(2) To quantify the objective image quality at this threshold dose and by performing
this using two scanner types, to gain some insight into the transferability of the
results obtained which could facilitate the process of optimisation.

(3) To examine the impact of anatomy complexity on establishing this threshold dose
and examining the impact of operator experience on diagnostic efficacy.

(4) To explore optimisation strategies by examining the relationships between 1Q
metrics and 1Q determinants and the diagnostic task of root canal. Specifically, using
regression analysis to identify those that have a statistically significant relationship
with successful achievement of the diagnostic task of root canal identification.

(5) To investigate if supplemental CBCT imaging can potentially be demonstrated to
improve outcome after endodontic access cavity preparation in M1Ms using a with
or without sudy on 3D-printed teeth, thereby justifying the increased dose
associated with CBCT imaging.
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Chapter 2

An investigation into dose optimisation for imaging root

canal anatomy using cone beam CT

Adapted from MCGUIGAN MB, THEODORAKOU C, DUNCAN HF, DAVIES J, SENGUPTA A, HORNERK: An
investigation into dose optimisation for imaging root canal anatomy using cone beam

CT. Dentomaxillofac Radiol 49(7): 20200072 (2020) PMID: 32464075
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2.1 INTRODUCTION

The use of CBCT as a diagnostic aid in a range of dental disciplines is not routinely
indicated, but can be justified when conventional radiography is insufficient for the
specific diagnostic task (EAO 2012, EUROPEAN COMMISSION 2012, HARRIS ET AL. 2012, AAE &
AAOMR 2015, EUROPEAN COMMISSION 2012, FGDP [uK] 2018, ESE 2019). Nevertheless, CBCT
use is becoming increasingly prevalent in primary care, where there is potentially less
supervision and a range of training and experience among its users (BROWNET AL. 2014).
CBCT can provide acceptable image quality over a wide range of exposures; therefore,
the risk of over-exposing the patients, without any improvement in diagnostic image
quality exists (KORNERETAL. 2007).

As initially discussed in section 1.3.1, an awareness of the need to ‘tailor’ dose
according to the specific diagnostic indication, while also considering patient type, has
now prompted the evolution from the dose optimisation strategy ALADA toward
ALADAIP (DIMITRA Project: Position Statement 2018). Selection criteria guidelines and
general dose optimisation guidance serves to aid the practitioner in the appropriateness
of CBCT exposure (HPA 2010, EUROPEAN COMMISSION 2012, ESE 2018, MATZEN & BERKHOUT
2019). The pertinence of employing low dose protocols has recently been highlighted
(YEUNG ET AL. 2019), with protocols achieving significant dose reductions suggestedinthe
dental disciplines of paediatric dentistry (OENNING ET AL. 2019), orthodontics (HIDALGO
RIVASET AL. 2015), tooth autotransplantation (TAT) (EzELDEEN ET AL. 2017), periodontology
(AL-OKSHI ET AL. 2017) and implant dentistry (ALAWAII ET AL. 2018). In the process of
optimisation, both the acceptable clinical level of the image quality and the radiation
dose may differ according to diagnostic tasks (LOFTHAG-HANSEN ET AL. 2011). Although such
studies have provided evidence to assist in optimisation efforts for the particular
scanner models used, there is no evidence that the objective image quality
measurements can be transferred to a different manufacturer’'s CBCT equipment or
even to different models from the same manufacturer. Thus there is a need to identify
a threshold level of objective image quality for a specific diagnostic task that might be
readily transferable to a different scanner, avoiding the time-consuming assessments

used in these research studies.
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Within endodontics, limited volume, high resolution CBCT is indicated where the
diagnostic yield from conventional radiography is inadequate, such as in cases of
complex/atypical anatomy, resorption, perforation and complicated endodontic
surgery (EUROPEAN COMMISSION 2012, AAE & AAOMR 2015, ESE 2019). Complex and atypical
anatomy is of particular relevance as evaluation of tooth complexity is subjective and
because the success of treatment depends on location, negotiation and chemo-
mechanical debridement of the entire root canal system prior to filling (CHANG ET AL.
2013, WITHERSPOON ETAL. 2013, KARABUCH ET AL. 2016). Recognised differences in M1M root
canal morphology existdue to the anatomic variations of the second mesiobuccal (MB2)
canal (WEINEET AL. 1969, VERTUCCI ET AL. 1984) within which there is an inherent range of
complexity (CLEGHORN ET AL. 2006, BRISENO MARROQU/N ET AL. 2015). Of all dental
applications of CBCT, endodontics is the one for which a high level of image quality is
invariably required (EUROPEAN COMMISSION 2012). Imaging the MB2 root canal anatomy of
upper first molars represents a good clinical test of image quality needs of an
endodontist. High resolution settings are often selected in such situations, although it
is essential to recognise that this is only achieved by changing exposure parameters in
ways that increase patient dose, so optimisation of exposures is especially relevant to
endodontic practice.

Clinically, image quality is ultimately subjective, being based on whether the
diagnostic task can be achieved in the opinion of the reporting clinician. Because of
inter- and intra-clinician variability in assessment of radiological images, it is important
to relate such subjective assessments to objective measurements of image quality, such
as CNR, with the purpose of identifying if minimally acceptable values exist for specific
diagnostic tasks that could potentially aid in the process of dose optimisation (PAUWELS
ET AL. 2014b). Validated methods of assessing objective and subjective image quality
using a SedentexCT phantom and anthropomorphic phantoms respectively have been
used in the pursuit of optimizing doses for specific diagnostic tasks (HIDALGO RIVAS ET AL.
2015, AL-OKSHI ET AL. 2017, ALAWAJI ET AL. 2018) but not for identification of root canal
anatomy for endodontic purposes. As high resolution protocols may be indicated for
CBCT imaging to assess complex root canal anatomy where the diagnostic yield from
conventional imaging has proved insufficient for treatment planning (EUROPEAN

ComMMISSION 2012), in addition to studying the impact of altering tube voltage and tube
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current-exposure time product, this study planned to investigate the effect of available
scanning protocols including high resolution and 180° scans on achieving this clinical

task.
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2.2 AIMS & OBJECTIVES

The principle aim of this study is to identify a threshold dose for CBCT which is

as low as diagnostically acceptable for adequate imaging of MB2 root canal anatomy of

M1Ms and additionally, to quantify the objective image quality at this threshold dose.

By performing this using two scanner types, some insight into the transferability of the

results would be obtained. Additional aims included investigating the impact of

anatomy complexity on establishing this threshold dose and examining the impact of

operator experience on diagnostic efficacy. Consequently the overall objectives of this

thesis are:

1.

To determine the radiation dose, as measured by DAP, for a range of
combinations of tube voltage and tube current-exposure time product in CBCT
using two different scanners: Accuitomo 170 (J. Morita, Kyoto, Japan) and
ProMax 3D Classic (Planmeca, Helsinki, Finland) at the smallest available voxel
size of each scanner.

To determine objectively the image quality, as measured by CNR at the exposure
combinations used in 1. using a commercially available image quality phantom
for CBCT.

To manufacture an anthropomorphic phantom containing maxillary molar teeth
with a range of complexity of MB2 canal morphology and to image it using the
two scanners for the range of exposure combinations used in1. and 2.

To measure the diagnostic efficacy of observers, of differing experience level, in
identifying the MB2 canal anatomy using the CBCT images obtained in 3., along
with recording their subjective image quality assessment of the images.

To identify, for each scanner, the combination of exposure parameters giving
the lowest achievable dose, consistent with an adequate level of diagnostic
efficacy and without observing a significant loss of subjective image quality.

To use the information to suggesta threshold level of objective image quality
and radiation dose for each CBCT scanner when used for imaging root canal
anatomy and to compare the concordance between the two scanners in the
objective image quality threshold.
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2.3 MATERIALAND METHODS

2.3.1 Sample selection and preparation

Ethical approval for the use of pooled extracted teeth in this study was obtained from
St. James’ Hospital/Tallaght University Hospital (SJH/TUH) Joint Research Ethics
Committee (Reference number 2019-02 Chairman’s Action [05]). M1Ms were selected
from a bank of extracted teeth. After extraction the teeth were washed with water and
the adherent tissue removed gently, before being immersed in a 2% sodium
hypochlorite solution (Milton solution, Proctor & Gamble Ireland, Dublin, Ireland) for
24 hours prior to storage in a sterile saline solution until ready to use. Inclusion
requirements included M1Ms (as identified by their coronal and root anatomic-
morphological appearance) of normal external anatomy, a mesio-distal crown diameter
of 10 mm + 0.2 (JORDAN ET AL. 1992), three mature distinct roots with closed apices,
absence of root fracture, caries or resorption, a complete pulpal floor and no evidence
of previous root canal treatment. The 12 left maxillary molars which visually appeared
at this point to fit these criteria were imaged using the ProMax 3D Classic CBCT scanner
to confirm the inclusion characteristics and subsequently three left maxillary molars of

varying MB complexity were provisionally selected.

2.3.1.1 MicroCT analysis

In order to confirm the presence of a MB2 canal and identify the root canal system
complexity of the MB root, these three left maxillary molars were subjected to further
analysis using a microCT scanner (LCT 40 SCANCO Medical AG, Briittisellen, Switzerland)
(Figure 2.1). MicroCT analysis was completed at 70 kVp, 114 mA, 8 W with a spatial
resolution of 20 um. For each tooth, a microCT 3D model of the root canal system was
constructed with 3D IPO image processing language (version 5.15, Scanco Medical,
Brittisellen, Switzerland). The reconstructed microCT 3D models of the root canal
systems and 2D slices (n = 502 per tooth) were viewed independently by two
endodontists (defined as individual who has completed a three-year full time training
in endodontics) who by consensus, confirmed the teeth as M1Ms. In order to facilitate
comparison between the three teeth, the diameter of the main trunk of the MB2 canal

was measured. The maximum width of the MB2 canal in the coronal third was; T6 - 760
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pm; T7 - 710 pm; T8 - 735 um and the minimum diameter, which was either in the
middle or apical third of the root was; T6 - 200 um; T7 - 145 pum; T8 - 163 um.
Subsequently, the canal number, configuration and complexity of the MB2 canals of

each of the three maxillary molars were determined and classified accordingly.

FIGURE 2.1 MicroCTscanner: 40 SCANCO Medical AG, Briittisellen, Switzerland used to obtain microCT
3D model of the root canal system.

Specifically, the root canal systems of three representative M1Ms were
classifiedintosimple, moderate and complex morphology as seen in Figure 2.2a-c. The
‘root canal system’ was defined as arising from an orifice(s) in the pulp floor, continuing
through the canal(s) to the apically positioned foramen (or foramina) (AHMED ET AL.
2017). The maxillary molar positioned in the skull in the first molar position was named
T6, (Figure 2.2a). The MB2 root canal system of T6 originated from one orifice in the
pulpal floor, before the MB1 and MB2 canal splits 1-2 mm apical to the pulp floor in the
coronal third of the root. The MB2 canal re-joined the MB1 canal in the coronal aspect
of the mid-third of the root before terminating in one foramen. This is a common
anatomical variation that is relatively easy to manage and was therefore classified to be
of simple complexity. The M1M in the second molar position in the skull was named T7

(Figure 2.2b). The MB2 root canal system of T7 originated from two orifices in the floor
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of the pulp chamber and terminated just short of the MB1 in the apical third of the root.
Tooth T7 exhibited an added anatomical feature of an anastomosis between the MB1
and MB2 in the mid-root area and, as a result T7, was considered to be of simple to
moderate complexity. The M1M occupying the third molar position in the skull was
called T8 (Figure 2.2c). The MB root canal system of T8 exhibited three separate MB
canals (MB2 and MB3 [within the MB2 complex]), with multiple connections between
the MB2, MB3 canals and MB1 canal in the middle third of the root. Consequently, T8
was classified as having complex anatomy, being categorized as high difficulty with

respect to diagnosis and treatment (AAE 2006).

(a) (b) (c)

MB Root MB Root
MB Root

Apical 1/3 g"j
i 4
W

Mid1/3 LY

Apical 1/3

Coronal 1/3

T6: First Molar in UL6 Position T7: First Molar in UL7 Position T8: First Molar in UL8 Position

Simple-Moderate Anatomy Complex Anatomy

FIGURE 2.2. MicroCT3D models of the root canal systems of the three maxillary molars: (a) T6 (b) T7
(simple-moderate anatomy) and (c) T8 (complex anatomy) constructed with 3D IPO image processing
language (version 5.15, Scanco Medical, Briittisellen, Switzerland).

2.3.2 CBCT scanners and selected exposure parameters

Two scanners were selected to perform CBCT imaging: Accuitomo 170 and ProMax 3D
Classic. The smallest available voxel size and FOV option applicable to each scanner
were selected according to the manufacturers’ guidelines for endodontic imaging:

e Accuitomo 170 (Accuitomo): 40 mm (D) x 40 mm (H): 80 um

e ProMax 3D Classic (ProMax): 50 mm (D) x 50 mm (H): 100 um

There were 33 different scanning protocols for the Accuitomo: manually selected X-ray
tube voltages of 70, 80, 90 kV and X-ray tube current selections included 3, 5, 7 and 9

mA. These combinations were completed using a full rotation 360° at normal (17.5
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seconds) and high resolution (30 seconds) settings and then again at 180° (9 seconds).
For the ProMax scanner the same X-ray tube voltages 70, 80, 90 kV were manually used,
with X-ray tube currents of 3, 5, 7.1 and 9 mA, which were the closest possible options
to the Accuitomo that could be manually selected. This resulted in 12 exposure
combinations for the ProMax scanner. Rotations of 180° and high resolution options
altering time alone were not features of the ProMax scanner available. These
combinations represent a wide range of exposures, including those employed in clinical

practice and recommended in manufacturer protocols for endodontic imaging.

2.3.3 Dose measurements

Dose measurements were performed on each CBCT scanner for the chosen exposure
settings. DAP values (uGycm?) were obtained using a DAP meter sensor (Figure 2.3)
with an active area of 7cm (VacuDap; VacuTech Messtechnik GmbH, Dresden, Germany)
positioned at the centre of the X-ray tube window; completely intercepting the
radiation field (4x4cm: Accuitomo and 5x5 cm: ProMax) for all combinations of tube
voltage and current-time exposure product. For the Accuitomo this resulted in 33 DAP
values (as exposures at 9 mA were not possible at high resolution setting) and 12 DAP
values for the ProMax. To assess consistency of the units, the DAP values were repeated
and recorded four times for 80 kV, 5 mA at normal and high resolution where applicable

and the coefficient of variance calculated.

% VacuDAP

FIGURE 2.3 DAP meter used to obtain DAP values atthe exitof the X-ray beam.
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2.3.4 Image quality: Objective measurement

To assess objective image quality, contrast resolution was measured using the
SedentexCT 1Q phantom (Leeds Test Objects, Boroughbridge, UK): 162 mm (H) x 160
mm (D) along with the corresponding polytetrafluoroethylene (PTFE) insert, consisting
of five rods of PTFE of differing diameters (1, 2, 3, 4 and 5 mm) embedded in
polymethylmethacrylate (PMMA). The PTFE insert was selected as being representative
of dental hard tissue (HIDALGO RIVASETAL. 2015, AL-OKSHI ETAL. 2017)

The insert was positioned in the upper left molar region in the phantom (as per
position of experimental teeth in skull) and the remaining phantom columns in the
SedentexCT IQ were filled with PMMA inserts (Figure 2.4). The dedicated dental CBCT
phantom was mounted on a rigid tripod and positioned as per standard patient set-up.
In total all inserts were scanned individually at all exposure protocols for Accuitomo

(x33) and ProMax (x12).

FIGURE 2.4 SedentexCT phantom (left) and PTFE (insert(right) placedin phantom and
scanned to measure objectiveimage quality.

2.3.4.1 Calculating CNR

To assess contrast resolution and calculate CNR for all the imaging protocols, the PTFE
insert was scanned individually for every exposure protocol for both the Accuitomo
(x33) and the ProMax (x12), as described above. The resulting 45 data sets were
individually exported as DICOM files into Image J software v. 145s (National Institute of

Health, Bethseda, USA). Axial images were analysed at a 16-bit scale. Onthese images
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a circular region of interest (12 mm?) was drawn on the 5 mm diameter rod of the PTFE
insert (Figure 2.5a) and another in the background PMMA (Figure 2.5b) thereby
enabling pixel value calculation of each material. Beginning at the centre of the 5 mm
rod and moving upwards (to avoid possible interference in pixel values created by the
air gap between the test insert and the blank PMMA) measurements were performed

on five consecutive axial images.

FIGURE 2.5 Images from Imagel software of the scanned PTFE test insert enabling
evaluation of the pixel values in the centre of the PTFE 5mm rod (a) and in the background
PMMA (b).

For each scanning protocol the mean and standard deviation (SD) of the pixel values
from the five slices were recorded for the PTFE rod and background material and CNR

calculated using the formula:

(Mpvmsert_Mpvbackground)

J(standard deviation?;, ... + standard deviation® packground)/?2

CNR=
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2.3.5 Image quality: Subjective measurement

The three selected left maxillary molars were mounted in a dried adult skull (obtained
from the Anatomy Department of Trinity College Dublin) from which the existing molars
had been carefully extracted by sectioning the roots to avoid damage to surrounding
bone. Mounting of the three teeth selected for the study involved careful osteoplasty
of the alveolar bone using a stainless steel rosehead bur in a slow-speed handpiece to
acquire a best possible fit, prioritising the buccal roots’ position. The three study teeth
were maintained in place with a modelling wax, which lacked radiopacity. The skull and
implanted teeth were positioned in a head-shaped polystyrene container, specifically
designed to house the skull morphology along with cervical spine (C1-C4)and immersed
in water to simulate soft tissue density (Figure 2.6). This anthropomorphic phantom is
a validated method, designed and used in previous studies (SHELLEY ET AL. 2011, HIDALGO
RIVASET AL. 2015) designed to replicate the clinical scenario as much as possible with the
skull and cervical spine (C1-C4) also being soaked in water for 48 hours before imaging
to ensure water had displaced air from all trabecular spaces.

The container design facilitated fixation to a tripod stand and allowed
positioning as for a patient set-up with initial scout images confirming centring of the
FOV on the upper left molar region. The phantom was then exposed to all 33 scanning
protocols as described for the Accuitomo scanner, this being completed in one session
ensuring imaging consistency. This same protocol was repeated exactly for all 12

scanning combinations described for the Promax scanner.

FIGURE 2.6 Positioning of anthropomorphic phantomin CBCT scanner (left), diagrammatic

image of skull in water bath to simulatesofttissue (right).
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2.3.6 Image evaluation

Including both scanners, there were 45 CBCT datasets available for observation,
additionally 9 datasets (20%) were randomly selected and duplicated within the study
sample to assess intra-observer variability, the observer being blinded to the duplicates.
The resulting 54 datasets were randomized (via a downloaded internet programme:

https://app.studyrandomizer.com/); volume acquisition parameters anonymized and

each allocated a number 1-54.

Images were viewed with the viewing software provided by the manufacturer;
Accuitomo datasets using i-Dixel One Volume Viewer software (Morita, Japan) and the
ProMax datasets viewed using Planmeca Romexis software (Helsinki, Finland).
Evaluation of the images was facilitated using a new Acer V176LBMD 17" HD Ready
Monitor, with luminance of 250cd/m? dynamic contrast ratio of 100000000:1 and
resolution of 1280x1024 pixels. These technical specifications are within the range
indicated by the Health Protection Agency (HPA) as required for diagnostic purposes of
dental CBCT images (HPA 2010). The monitor was DICOM-calibrated to comply with the
DICOM GSDF (Greyscale Standard Display Function) standard (GRIMSTEAD & Avis 2009).
Evaluation of the monitor using a test pattern (Society of Motion Picture and Television
Engineers test pattern [SMPTE]) was carried out to determine that each distinct
greyscale levels could be appreciated and the elements of the resolution test patterns
could be individually resolved.

Subjective evaluation of image quality was performed by nine observers; three
radiologists, three endodontists and three junior hospital dentists (JHDs). The observers
were informed that the purpose of the study was to evaluate the effect of differing
acquisition parameters on identification of MB2 canal anatomy in M1Ms. All observers
had exposure to CBCT image interpretation and software. Nonetheless, due to their
differing skill sets, range of CBCT interpretation experience and familiarity with the two
viewing software systems utilized in the study, a standardized interactive tutorial was
given prior to the observation and reinforced with a printed document. Viewing
conditions for all observers were consistent. Ambient room lighting was recorded using
an illuminance metre and ensured that this was less than 50 lux. Observers were able

to adjust contrast and brightness as required and to rotate and tilt the volumetric data
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using the three orthogonal reconstructions (axial, coronal and sagittal) (Figure 2.7). No

time restriction was placed on the period of observation.

prreeng vy
£ Coronal(Y)

FIGURE 2.7 ProMax 3D Classic volume (viewed with Romexis software) of the three implanted maxillary
molars which were evaluated in all three orthogonal planes to identify the presence and extent of the

MB2 canal atthe exposure parameters of that image set (80Kv, 5mA).

Each observer completed a seven-part questionnaire (summarised Table 2.1) which
they answered using a five-point Likert rating scale of agreement for each of the three
M1Ms, circling the number which corresponded to their answer. Questions (Q’s): 1-5
related to the visibility of the MB2 anatomy in the coronal, mid and apical thirds of the
tooth and Q6 related to the confidence the observer had in the diagnostic acceptability
of the volume. A final required task involved tracing the extent of the MB2 canal that
they could definitively identify from the image set for each of the three teeth, over the
included microCT images of the molar anatomy. These tracings of the anatomy were
then measured using a calibrated acetate overlay and a resulting percentage of the MB2
anatomy identified (recorded as a percentage of the total length as seen on microCT)
and assigned to each of the three maxillary molars per volume. To assess repeatability
of this technique, five randomly chosen datasets were selected to repeat the

measurements.
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The observers had been familiarized with the questionnaire as part of the

instruction tutorial.

2.3.6.1 Pilot study
The questionnaire was piloted by two endodontists and two JHDs (three of which
participated in the study), they evaluated ten randomly chosen datasets and their

feedback on the instructions and questionnaire was used to refine the final documents.

Can you identify a separate second mesiobuccal canal
(MB2) in the root anatomy for each maxillary first molar: 0=No - Complete Confidence
Q1- At level of pulp floor?
Q2- Within coronal third?
Q3- Within mid-third?
Q4- Within apical-third?

Q5- If identified, is the MB2 canal continuouslyvisiblefrom | 3=Yes - Partial Confidence
its perceived origins coronally toits termination?

1= No - Partial Confidence

2= Unsure

4= Yes — Complete Confidence

Q6- Are you confident that this volume is diagnostically
acceptable?

Q7- For each volume 1-54, can you trace overthe microCT depiction of the MB2 canal
anatomy that you can definitively identify from the image setforthe first molarteethin
positions UL6, UL7, UL8 withthe providedred pen.

TABLE 2.1 Summary of questionnairewith a ratingscaletoreflect the confidence the observers had
intheir response.

2.3.7 Data analysis
Diagnostic acceptability (Q6) responses for each of the 45 datasets (excluding repeats)
were examined and if the percentage of observers recording a scan as diagnostically
acceptable (i.e. agreed or strongly agreed options) fell below 67% (i.e. 6 out of 9
observers), it was considered a negative result and was excluded from further analysis.
Assessment of pilot study results identified target levels for specific subjective
imaging tasks: identification of the overall proportion (%) of MB2 root canal identifiable
and secondly for both confidence in the presence of the canal at the different levels of
the root (Qs 1-4, Table 2.1) and in identification of canal continuity (Q5, Table 2.1).
On analysis of percentage of MB2 root canal anatomy identified by each
observer for each of the three M1Ms at every diagnostic exposure protocol in the pilot

study, a target subjective image task was provisionally set as identifying 95% of the MB2
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canal anatomy. This task included identification of the canal at the level of the pulp
chamber floor and the coronal third of the MB root, which by consensus was deemed
most relevant from an endodontist’s perspective.

Employing the confidence scale ratings from questionnaires for diagnostic
exposure protocols from the pilot study, the median of the observers’ confidence scale
rating (CSR) responses for the identification of the MB2 canal for Q’s 1-4 at the level of
the pulpal floor and in the coronal, middle and apical thirds of the root were identified
for each of T6, T7 and T8. Similarly, the median CSR responses related to Q5:
identification of a continuous MB2 canal from perceived origin to termination, were
established. Using these data, a second target subjective image task of achieving
median CSRs of 3.5 was set from the pilot study. This corresponded to greater than or
equal to 95% MB2 canal anatomy identification, achieving close to complete confidence
in identifying the MB2 canal in all thirds of the root canal and identifying the MB2 canal
continuously from origin to its termination.

These combined subjective image tasks were used to indicate the CNR values
necessary to achieve the diagnostic task of root canal identification and from which the

corresponding threshold exposure factors and DAP values could be identified.

2.3.7.1 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (Version 24.0; IBM
Corporation, Chicago, USA). Intra observer and inter observer agreement of subjective
image quality assessment was calculated using Cohen’s Kappa test (K) using the scale

for strength of agreement described by Altman (ALTMAN 1990) (Table 2.2).

Value of K Strength of agreement
<0.20 Poor

0.21-0.40 Fair

0.41-0.60 Moderate

0.61-0.80 Good

0.81-1.00 Very good

TABLE 2.2 Altman’s (1990) strength of agreement scaleto facilitate interpretation of Kappa
values.
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Intra observer agreement was calculated for each of the observers by considering their
responses for Q’s 1-5 (identification of root canal anatomy) in the questionnaire and
also separately for Q6 (diagnostic acceptability of the datasets). To facilitate the
analysis, the responses to the six questions were dichotomized, with values 4 and 5
considered as a positive result while 1, 2 and 3 were considered as negative result
(GIIBELS ET AL. 2001, HIDALGO-RIVAS ET AL. 2015). Inter observer agreement was evaluated
for Q’s 1-6 separately. The proportion of acceptable/unacceptable images identified by
the JHDs and senior staff (endodontists and radiologists) was calculated. Contingency
tables and a Chi-squared test was used to determine statistical significance of the

difference in proportions of these two groups with statistical significance set at p<0.05.

2.4 RESULTS

2.4.1 Dose measurements

DAP values for the ProMax (Table 2.3a) and Accuitomo (Table 2.3b), demonstrate
expected variations according to exposure settings. DAP value reproducibility for the
ProMax scanner, based on four measurements at 80 kV and 5 mA resulted in a (SD) of
+0.96 mGy cm?. For the Accuitomo, reproducibility at 80 kV and 5 mA for both standard

and high resolution settings had a resulting SD + 1.07 and + 1.39 mGy cm? respectively.
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DAP Values (mGy cm?)
Tube Current Tube operating potential (kV)
mA mAs 70 80 20
3.2 38.4 49.5 90.3 135.3
5 60 77.1 139.4 209.3
7.1 85.2 107.6 195 294
9 108 134.4 244.6 373.3

TABLE 2.3a Dose-area product (DAP) values recorded usingthe ProMax 3D Classicscanner, expressed

in mGy cm? for all combinations of tube operating potential (kV) and tube current-exposuretime product

(mAs [mAs = mA x time]) used in this study. All scans were performed usinga full rotation
of 200° at an exposure time of 12 second.

DAP Values (mGy cm?)
Tube Current Tube operating potential (kV)
mAs 70 80 90
mA
180° | S HR 180° S HR | 180° S HR | 180° S HR
3|27 |525 |924 | 543 |106.4 | 187.5| 72.3 | 143.8 | 251.2 | 90.5 | 181.7 | 316.8
5] 45 87.5 154 88.5 | 174.9 | 306.7 | 118.0 | 233.9 | 409.5 | 147.1 | 294 517.5
7| 63 | 1225 | 215.6 | 120.9 | 240.7 | 426.3 | 163.2 | 324.4 | 568.9 | 203.2 | 405.1 | 714.4
9| 81 157.5 | 277.2 | 154.6 | 304.6 N/A | 207.9 | 410.5 N/A | 257.6 | 520.2 N/A

TABLE 2.3b. Dose-area product (DAP) values recorded using the Accuitomo 170, expressed in mGy cm? for all
combinations of tube operating potential (kV) and tube current-exposure time product (mAs) used in this study.
All standard (S: 17.5 seconds)and high resolution scans (HR: 30.8 seconds) were performed usinga full rotation

of 360° with a third set of scans performed at a reduced rotation of 180°. N/A: setting not permitted by the
scanner
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2.4.2 Image quality: Objective measurement

Figure 2.8a & b relate CNR values to DAP values for the ProMax and Accuitomo scanners
respectively. This approximates to a second order polynomial relationship. Figure 2.8b
demonstrates that high resolution settings achieve comparatively lower CNR values
than the standard and 180° scans for the Accuitomo at equivalent DAP. CNR values are
notably lower for the Promax compared with the Accuitomo at equivalent kV and mA

protocols (Figure 2.8a & b).

63



CNR

ProMax® 3D

209 A

3.5 g A

w

CNR
N

w
(>

1.5 A

0.5

0 100 200 300
(a) DAPmGycm?

Accuitomo F170°®
14

12 A

203 A

o N A O ®
X
o

0 200 400 600
(b) DAPmMGycm?

A Standard

400

A Standard
@ 180°

X High Res

800

FIGURE 2.8 Contrast-to-noiseratio (CNR) values plotted againstdose-area product (DAP) values
for (a) ProMax 3D Classicand (b) Accuitomo 170. Additionally,the DAP values correspondingto

the CNR value necessary to achieve the combined subjective image tasks for root canal

identification arehighlighted.
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2.4.3 Image quality: Subjective measurement

Kappa values for intra observer agreement are detailed in Table 2.4. JHDs
demonstrated fair-moderate strength of agreement (k = 0.31-0.56), while senior staff
(radiologists and endodontists) exhibited good-very good strength of agreement (k =
0.65-1) for questions relating to identification of root canal anatomy and continuity of
the canal (Q1-5) as well as the diagnostic acceptability of the datasets (Q6). Inter
observer agreement for questions relating to root canal anatomy identification (Q2-5)
and diagnostic acceptability (Q6) ranged from moderate to good (k = 0.45-0.58). Levels
of agreement were only fair for Q1: identification of the MB2 canal at the level of the

pulp chamber floor (k = 0.27).

ObserverCode END1 | END2 | END3 | RAD1 | RAD2 | RAD3 | JHD1 | JHD2 | JHD3
Kappa Values:Q's | 0.65 | 0.69 | 0.71 0.67 0.73 | 0.69 0.50 | 0.51 | 0.56
1-5
Kappa Values: Q6 0.73 1 0.76 1 1 0.76 0.31 | 0.55 | 0.53

TABLE 2.4 Intra observer agreement of the nine observers (END=Endodontist, RAD= Radiologist,
JHD= Junior hospital dentist) for Q’s 1-5 (root canal anatomy identification and continuity) and Q6

(diagnostic acceptability), measured using Kappa.

The proportion of datasets judged as being of acceptable/unacceptable image quality
(Q6) by the radiologist and endodontists were similar, being 84%/16% and 81%/19%
respectively, but differed from the judgments of JHDs; 67%/33%. Using the Chi square
test, a significant difference was identified (p=0.043) with JHDs classifying significantly
more images as undiagnostic compared with senior staff.

Tables 2.5a & b show the results of the subjective image quality assessments for
ProMax and Accuitomo respectively at each exposure protocol and corresponding DAP
value. Four scans taken using the ProMax and four using Accuitomo were categorized

as undiagnostic and excluded from further analysis.
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TABLE 2.5 For ProMax 3D Classic (a)and Accuitomo 170 (b) Dose-area product (DAP) values and
associated exposure protocols of datasets that observer assessmentidentified as being:

Undiagnostic: -
]

Diagnostic:

Diagnostic and achieving ‘combined target subjectiveimage tasks’: I:I
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On analysing the percentage of MB2 root canal anatomy identified by each observer for
the 37 diagnostic datasets, for simple-moderately complex anatomy, senior staff
consistently identified a marginally increased percentage (0-7.2%) of MB2 root canal
anatomy than junior staff; the difference was not evident at the highest DAP values for
both scanners (Appendixl). This trend between junior and senior staff was repeated for
complex anatomy, but with margin of difference increasing (1.9-18.1%); however, for
complex anatomy, increasing the DAP values did not reduce the differences between
junior and senior staff in the percentage of canal identified. Agreement within both
groups was greatlyreduced for complex anatomy, as reflected by their greatly increased
SD values.

Repeatability assessment of the recording of the percentage of canal identified
using the five repeat volumes (15 teeth) demonstrated that while 10 teeth showed no
difference from the original recording, five teeth exhibited a small variation ranging

from 1-1.7%.

2.4.4 CNR values necessary to achieve diagnostic task of root canal identification

Figure 2.9a & b highlight that the percentage of MB2 canal anatomy identified
increased along with CNR values. The target subjective image task of identifying > 95%
of the MB2 canal anatomy corresponded to a CNR of 3 for simple to moderate anatomy
(T6, T7) for the ProMax and a markedly different CNR of 7.6 for the Accuitomo scanner.
The target subjective image task was not achieved at any DAP value for complex

anatomy (T8).
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FIGURE 2.9 Mean percentage of MB2 canal anatomy identified by all observers related to
contrast-to-noise ratio (CNR) values, calculated for each exposure protocol judged as
diagnostically acceptable for (a) ProMax 3D Classic and (b) Accuitomo 170. Regarding
simple-moderate anatomy, a CNR of 2 3 and > 7.6 were necessary to achieve the subjective
task (i.e. identifying > 95% MB2 canal anatomy) for the ProMax 3D and Accuitomo 170
respectively.
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The second subjective task of achieving median CSR’s > 3.5 for Q’s 1-4 and Q5 were
related to CNR for both scanners and are depicted in Figure 2.10a-d. With the ProMax
scanner; for simple-moderate anatomy, achieving median CSR responses of > 3.5
occurred at a CNR of 3 for both identifying the MB2 canal in all thirds of root canal
anatomy (Q’s 1-4) and for identifying it as continuous from perceived origin to
termination (Q5) and at 3.6 and 3.7 respectively for complex anatomy (Figure 2.10a &
b). For the Accuitomo scanner, median CSR responses of > 3.5 for both tasks Q1-4 and
Q5 for simple-moderate anatomy corresponded to a CNR value of 7.5 and 7.3

respectively and at 8.5 and 11.3 values for complex anatomy (Figure 2.10c & d).
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with simple-moderate anatomy.
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2.4.5 Identifying DAP and exposure protocols that correspond with threshold CNR values
As shown in Figure 2.8a &b, the DAP values necessary to achieve the combined subjective
image tasks for simple-moderate MB root canal complexity (T6, T7), were 209.3 and 203.2
mGy cm? for Promax 3D and Accuitomo scanners respectively. For complex anatomy (T8),
this subjective image task was not achieved, even at the highest DAP values for both
scanners.

For M1Ms exhibiting simple-moderate root canal complexity, Table 2.5a & b
summarise the exposure protocols and resultant DAP values that were considered
undiagnostic, diagnostic and those which were at or above the ‘threshold dose’ to achieve
the combined ‘target subjective image quality tasks’. For the ProMax the threshold dose
(2209.3 mGy cm?), included 90 kV protocols of 5mA and above and one 80 kV/ 9 mA
protocol (Table 2.5a). For the Accuitomo, the threshold dose (> 203.2 mGy cm?) was
achieved for a range of protocols (Table 2.5b). Only three 180° scan protocol at the higher
range of the kV and mA protocols were identified as achieving these combined ‘target
subjective image quality tasks’. Conversely all high resolution Accuitomo scans reached this
level of subjective image quality, except at the lowest kV and mA experimental selection.
These tables do not include complex anatomy (T8) as the combined subjective task was not

achieved at any experimental DAP value.

2.5 DISCUSSION

This purpose of this study was to ascertain whether a threshold level of image quality, and
hence an optimised dose level, could be established for the accurate identification of root
canal anatomy using CBCT imaging, a diagnostic task which is believed to necessitate high
image detail and an associated increase in patient dose compared with less demanding
diagnostic tasks (BAUMAN ETAL. 2011, MALOUL ETAL. 2011). By measuring DAP values at arange
of exposure protocols and carrying out parallel subjective and objective image quality
assessments, it was anticipated that the impact of varying exposure settings could lead to
the identification of a threshold dose and CNR value as well as identification of a practical

strategy for the reduction and optimisation of radiographic exposures within endodontics.
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Furthermore, by carrying out the investigations using two commercial CBCT scanners, an
analysis of whether the threshold level of objective image quality for this specific diagnostic
task could be transferred to a different scanner was carried out. Protocols achieving
significant dose reductions in other dental disciplines have been established (HIDALGO RIVAS
ET AL. 2015, AL-OKSHI ET AL. 2017, EZELDEEN ET AL. 2017, ALAWAII ET AL. 2018, OENNING ET AL. 2019)
involving dose measurement, objective and subjective assessment, but not in endodontics
and none of these have investigated the transferability of objective image quality
measurements between scanners. Additionally, this study also examined the impact of
anatomy complexity on establishing a threshold dose for this diagnostic task and the effect
of operator experience on diagnostic efficacy. One previous study has investigated the
relationship between objective and subjective image quality and the potential for
transferability of findings between different CBCT scanners, recording observer findings of
various anatomical features in a human skull phantom (PAUWELS ET AL. 2015b). These
included ‘pulp canal’ assessments, but were in the form of a general overview of all teeth
in a skull phantom rather than a detailed endodontic assessment. They did not find
evidence that minimally acceptable image quality values were applicable to multiple CBCT
models, but did not specifically consider the root canal visualisation, focusing on implant
planning, root pathology and sinus pathology.

CBCT imaging of root canal systems prior to endodontic management is indicated
in cases in which anatomically challenging morphology is predicted and for which a
combination of conventional radiography and potential clinical investigation with a dental
operating microscope cannot indicate the orifice, portals of exit or extent/continuity of the
canal (ESE 2019) Identification and negotiation of more complex anatomy is important, as
failure to locate anatomy reduces chemo-mechanical debridement and results in excessive
dentine removal, which can lead to potential clinical complications including root fracture
and perforation (TSESIS & Fuss 2006), as well as an increased risk of root canal treatment
failure and possible tooth loss (DECHEVIGNYETAL. 2008). The MB root of a M1M is recognised
as having the most predictably complex root canal anatomy in adult, teeth (WOLCOTT ET AL.

2005, CHANG ET AL. 2013) and therefore was used within the current study as a ‘model’ to
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investigate the effect of reducing dose on the diagnostic task of root canal identification in
teeth with a range of root complexities.

The need for dose reduction strategies within the discipline of endodontics and
specifically canal anatomy identification is particularly pertinent. While it is difficult to
currently ascertain the incidence of CBCT use for this indication, it appears that routine
endodontic preoperative CBCT scans of teeth are being suggested for a more accurate
assessment of root canal anatomy (PATEL ET AL. 2019), which is not in keeping with current
guidelines on dental CBCT imaging (EUROPEAN COMMISSION 2012)

This diagnostic task-based study ultimately relied on subjective analysis of the CBCT
images. In order to reproduce the clinical situation as accurately as possible, the skull and
cervical spine set up was used to replicate the normal attenuation and scatter by a human
head (SHELLEY ET AL. 2011). However, like other optimisation studies in the literature (HIDALGO
RIVAS ET AL. 2015, AL-OKSHI ET AL. 2017, EZELDEEN ET AL. 2017, ALAWAIJI ET AL. 2018, OENNING ET AL.
2019), it does not replicate the impact of patient movement on image quality, which can
be particularly pertinent for high resolution settings with extended scan times (SPIN-NETO &
WENZEL 2016). Similarly, in this study the first molar and adjacent teeth had not been
restored with metal restorations and were not previously root canal treated, which can
both produce artefacts throughout the FOV that can negatively impact on image quality
and thus on canal visualisation (BECHARAET AL. 2012a & b).

Assessing the impact of differing exposure protocols on root canal anatomy
identification necessitated selection of M1Ms with differing root canal anatomies,
reflecting a spectrum of both complexity and difficulty with respect to diagnosis and
treatment. To exclude the impact of MB2 canal width, it was ensured that all MB2 canals
exceeded 100 um at their narrowest point, this figure was extrapolated from the literature
on CBCT detection of vertical fractures (BRADYET AL. 2014, GUO ET AL. 2019) which has shown
that defects above a minimum width of 2100 um could be predictably appreciated and
diagnosed with CBCT imaging.

Anatomical variations in the MB root canal system vary in both incidence and

complexity (VERTUCCI 1984, BRISENO-MARROQUIN ET AL. 2015) with recognised variations
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considered in this study encompassing additional, accessory and connecting canals,
anastomoses and canal divisions. The three selected molars in this study all displayed a
MB2 canal, but with variations in origin, length, anastomoses, divisions and as a result,
complexity of the MB2 canal. T6 was classed as having simple anatomy as this canal
variation (type Il Vertucci) is the most common in the MB root (MARTINSETAL. 2019). T7 was
classed as representing a simple-moderate complexity, being type Il Vertucci, with an
incidence of 25-45% (GUO ET AL. 2014, BRISENO-MARROQUIN ET AL. 2015) but with an added
anastomosis between MB1 and MB2, which is reported to occur in 2.9% of cases (BRISENO-
MARROQUIN ET AL. 2015). Although these anastomoses cannot be instrumented, their
visualization is relevant to alert the clinician regarding potential reservoirs of bacteria and
need for enhanced irrigation. T8, possessing several variations and classified as complex (a
variation of type VIII Vertucci), has a reported incidence of 1.3% and 0.2-12% (SERT ET AL.
2004, AHMAD & AL-JADAA 2014). Obviously the selected sample of MB2 root anatomical
configurations is not exhaustive; however, in combination with two CBCT scanners and
range of exposure protocols it was not considered feasible to include a greater selection of
teeth, not least because of observer time commitment requirements.

No validated tool for subjective assessment of root canal identification at a range
of exposure protocols exists; the development of the seven-part questionnaire and
subsequent assessment of the results took into account methodology from other
previously published studies reporting on the measurement of image quality in diagnostic
radiology (MARTIN ET AL. 1999, HIDALGO RIVAS ET AL. 2015, AL-OKSHI ET AL. 2017). This design
approach was used in conjunction with a discussion amongst the researchers and the pilot
study results. Use of a five-point rating scale for observer assessments is a validated tool
for assessing image quality in diagnostic radiology (GIJBELS ET AL. 2001). This scale permits
the observers to have a wider scope in which to record their answer, rather than being
limited only to a positive/negative response, an approach utilized/validated in other
subjective image quality studies (GIIBELSETAL. 2001, HIDALGO RIVASETAL. 2015). This facilitates
assessment of the degree of certainty and uncertainty and the option of being unsure to

be reflected in elements of the analysis (median CSR responses). Additionally,
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dichotomization of the data was necessary for other aspects (identification of
diagnostic/undiagnostic data) with 0, 1, 2 responses being classified as a negative response
and 3, 4 as a positive response. Unsure (=2) was noted as a negative response leaving just
two positive options (=3, 4) ensuring that a positive response was documented only when
the observer recorded as such.

Nine observers (three radiologists, three endodontists and three JHDs) were
enlisted to perform subjective image quality assessments under standardized conditions in
order to reflect the varying experience and skill set of a range of operators, who would
realistically be carrying out this diagnostictask in primary/tertiary, clinical/referral practice.
Although, the number of observers was in keeping with other image quality assessment
studies, there is no clear guidance on how many observers are needed in imaging studies
(oBUCHOWSKI 2004). Larger numbers of observers would reduce the impact of subjectivity;
however, recruiting greater number of observers was not possible.

Identifying a ‘target subjective image task’ involved analysing the endodontists
opinion of the volume of root canal identification necessary to fulfil the diagnostic task,
balanced with clinical relevance. A consensus of opinion between the three endodontists
established that the position of the MB2 orifice relative to the floor of the pulp chamber
was particularly important, as this would dictate the volume of dentine required to be
removed prior to potential canal location. Additionally, whether the canal was readily
visible in the coronal third of the root was also clinically relevant, as it would be unlikely
that the operator would search for a canal beyond the coronal third of the root, due to the
potential complication of perforation and weakening of the root structure (TSESIS & FUSS
2006). Percentage of root canal identified was assessed from tracing over the microCT
‘truth’ and not from being asked to simply draw that part of the MB2 canal that they could
definitively identify. It is of course possible that the availability of the ‘diagnostic truth’
might have led to higher proportions of root canallength by observers than were genuinely
seen by them, but the strategy was considered to be the only practicable way forward but

the strategy was considered to be the only practicable way forward.
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After analysis of the pilot study results and discussion with three ‘study’
endodontists, a provisional figure of 95% of the MB2 canal identified was chosen as a
‘target subjective image task’. It was observed from the pilot study data that when the
observers identified > 95% canal anatomy, that the MB2 canal was also always successfully
identified at the level of the pulp floor and in the coronal third of the MB root, these two
objectives being deemed by endodontists to be particularly clinically relevant to this
diagnostic task. The target subjective image task of 95% was reassessed after analysis of
the completed study results and it was identified that this same pattern was evident.
Similarly, analysis of the pilot study results also elicited a further subjective image target of
achieving median CSRs > 3.5 (questionnaire scale 0-4), which reflected the observer’s
confidence in continuously identifying the canal in all thirds of the tooth and was
established with 95% canal identification as the combined ‘target subjective image tasks’.

Randomly selecting and repeating 20% of datasets within the study sample was
used as the method to assess intra observer variability, resulting in 54 of data sets
(including duplicates). It could be argued that a means of reducing recall bias further would
be to include a greater number of teeth but this would have increased the number of
datasets and time required from observers to an impractical level. For the three JHDs,
although statistically significantly lower than those of the specialists, intra observer
reliability was still classifiable as “moderate” for all questions except for one observer for
the question (relating to overall image quality, not specific to root canal visualisation),
which was only ‘fair’. It might be argued that the lower intra observer reliability of the
junior clinicians was not sufficient for a research study. Their inclusion was, however,
considered worthwhile in being representative of the real world, in which use of CBCT is
not limited to specialists.

Although pairwise comparison for observer results for questions relating to root
canal identification and diagnostic acceptability (Q’s 2-5 and 6) revealed moderate to good
inter observer agreement, agreement was only ‘fair’ for identification of the MB2 canal at

the level of the pulp chamber floor (Table 2.4). Differing perceptions as to whether this
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referred to a common orifice for MB and MB2 or a separate orifice for MB2 could
potentially explain this as would observer perception of the pulpal floor.

Undiagnostic scans were removed prior to analysis, being identified as those scans
which at least six out of the nine observers did not record as diagnostic (67%). This was
keeping with majority based image quality acceptance that been utilized in optimisation
studies (HIDALGO RIVAS ET AL. 2015). The percentage of scans identified as undiagnostic by
JHDs was significantly greater than that by the senior staff (p=0.043). This is likely to be
due to the influence of experience and training that radiologists and endodontists possess
with regard to diagnostic skills compared with recently qualified graduates. Notably, it has
been suggested that the inexperienced operator is also more likely to request a CBCT scan
(MATZEN & WENZEL 2015), highlighting less confidence with diagnostic skills in general and
perhaps a familiarity and reliance on new technologies.

DAP was used to establish dose of each of the scanning protocols for both scanners;
it is practically easy to achieve, relates relatively well to effective dose and has been
recommended for establishing DRLs (EUROPEAN COMMISSION 2012). Itis understood that DAP
has the potential limitation of being over or underestimated (LOFTHAG-HANSEN 2010)
nonetheless, DAP is still advocated and utilized for comparing dose between machines and
assessing dose reduction strategies (LOFTHAG-HANSEN 2010, AL-OKSHI ET AL. 2017, ALAWAII ET AL.
2018).

A range of physical phantoms has been employed to facilitate dental CBCT objective
image quality assessment (LOUBELEET AL 2008, SUOMALAINEN ET AL. 2009, WATANABE ET AL. 2011)
The SedentexCT phantom was used in the current study, as it was designed specifically for
dental CBCT and is successful in assessing basic image quality parameters (PAUWELS ET AL.
2011, BAMBA ET AL. 2013). The SedentexCT phantom is the size of an adult human head and
is constructed from PMMA on the basis that this material simulates the average
attenuation of the soft tissues of the human head, taking into account that there are also
high attenuation structures (e.g. mandibular cortical bone and tooth enamel) in addition to
the low attenuating contribution of air cavities (sinuses and oral cavity); this is reported to

result in detector photon fluences similar to the human head (SUOMALAINEN ET AL. 2009,
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PAUWELS ET AL. 2013) Therefore, the objective image parameters measured using the
selected inserts can be related to the scanners’ clinical performance.

CNR is an objective measure of technical image quality and an effective means of
assessing performance and constancy of a CBCT device (PAUWELS ET AL. 2011). CNR can be
easily interpreted and has been widely used to assess the impact of tube voltage and tube
current-exposure time product on image quality and therefore is considered an
appropriate tool in optimisation strategies (KALENDER 2009, KLINTSTROMET AL. 2014) CNR was
assessed using a PTFE insert (this particular insert approximating bone density), with
previous related clinical diagnostic studies confirming that the PTFE insert generated CNR
values which had a significant relationship with bone tissue (HIDALGO RIVAS ET AL. 2015,
EZELDEEN ET AL. 2017). While other software exists for evaluation of physical parameters on
IQ phantoms for dental CBCT, Image J was employed in this study as it is readily accessible
and its effectiveness has been validated in several similar studies (PAUWELS ET AL. 2011 &
2013)

The results demonstrated that CNR increased with increasing DAP and hence with
tube voltage and tube current (Figure 2.8a & b). Differences in CNR have been identified as
largely influenced by the noise element of the equation (BECHARAET AL. 2012c, PAUWELS ET AL.
2014b). Increasing mAs decreases the image noise by increasing signal at the detector but,
since the beam penetration remains the same, contrast is unaffected. Higher kV values
increase the detector signal due to the increased photon count and energy, resulting in a
proportional fall in photoelectric effects and an increase in Compton scatter. In 2D
radiography, reducing tube voltage within diagnosticrange leads to an increased difference
in attenuation between tissues of varying density and therefore increased image contrast,
the opposite being the case when tube voltage is increased. In contrast, with CBCT imaging,
the pure signal that reaches the detector does not solely determine contrast due to the
additional information from the projectional data at many angles. Therefore, for CBCT
imaging in this otherwise fixed scanning set up, contrast over the range of exposures
exhibited relatively little variation (as could be identified from the pixel/grey value data)

whereas noise varied with exposure protocol (as identified from the SD of grey values
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consistently decreasing with increased tube voltage and tube current) causing noise to be
the major contributor to CNR.

When compared to standard protocols, 180° scans resulted in CNR values at the
lower end of the range (Figure 2.8b), this being related to decreased basis images and a
concomitant increase in noise. For each kV and mA protocol, high resolution setting
selection delivered CNR values only marginally greater than 180° scans and markedly lower
than standard protocols. Moreover, when considering equivalent DAP, CNR values of high
resolution settings were distinctly lower than both standard and 180° protocols. This can
be attributed to the fact at high resolution setting the pixel array changes from a 2x2 array
(i.e. four for standard setting) to an individual pixel (i.e. one for high resolution setting),
thereby reducing the signal by one quarter, increasing noise and resulting in a decreased
CNR values. Additionally, the small FOV (4x4cm) reduces photon fluence further, allowing
noise to dominate. Accuitomo CNR values for standard protocols were considerably higher
than for the equivalent protocols using the ProMax scanner. This may be related to the
differing voxel size and/or differing technologies e.g. detector efficiency.

The evaluation of clinical image quality by observers is unavoidably subjective, as
can be seen from inter observer agreement levels, whereas physical parameters can largely
be measured in a reliable and repeatable manner; however, there is no direct way of
translating these physical parameters to clinical image quality. This study defined a
combination of subjective image tasks for the diagnostic task of root canal identification
and identified the objective image quality, in this case CNR that achieved these tasks for
two different scanners. Regarding the ProMax, achieving all components of the combined
‘target subjective image task’ elicited identical CNR values (3) and similar CNR values for
the Accuitomo (7.3, 7.5, 7.6), this being for M1Ms exhibiting simple-moderate root canal
complexity. Thisindicates that for the same scanner, these clinically relevant and necessary
tasks to achieve root canalidentification all consistently demanded the same or similar CNR
level, indicating that CNR is a relevant measure of objective image quality in the task of
canal identification. For both CBCT models, on relating CNR to the subjective

measurements of image quality, similar patterns of improved subjective image quality with
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increased CNR were evidenced in the scatter plots (Figures 2.9a& b and 2.10 a-d), albeit
the relationship between CSRs and CNR for the Accuitomo was less clear cut (Figures 2.10c
& d). However, it has to be concluded that in this study the CNR values identified to achieve
the diagnostic task were not the same, or even similar, for the two CBCT models and
therefore indicates that a reference CNR value for this diagnostic task cannot be applied
between CBCT models. This can likely be attributed to differing technologies such as tube
filtration, detector efficiency, FOV, filtering or voxel size of both scanners. Relating CNR
alone to subjective image quality has some limitations in that it does not account for spatial
resolution and, as can be seen from Figure 2.9b, focusing on the complex anatomy, there
is a pattern of lower CNR high resolution scans achieving similar levels of canal
identification to CNR standard protocols, which perhaps may be attributable to enhanced
spatial resolution of these high resolution protocols. Therefore, in agreement with other
studies, the relationship between objective measurements of image quality (in this case
CNR) and subjective image quality is complex, with it being difficult to definitively relate
one to the other in order to devise optimisation strategies (BECHARAET AL. 2012C, PAUWELSET
AL 2015, AL-OKSHI ETAL. 2017, OENNINGET AL 2019).

For M1Ms exhibiting simple-moderate root canal complexity, the threshold DAP
values necessary to achieve the combined subjective image tasks were similar for both
scanners (209.3 and 203.2 mGy cm? for Promax and Accuitomo scanners respectively) and
lower than the recently published National Diagnostic Reference Level (NDRL) for adult
CBCT (based on maxillary molar preoperative implant assessment)in the UK of 265mGy
cm? (PHE 2019) and much lower than the Finnish NDRL (specifically for CBCT examination
aimed at assessment of tooth’s periapical region and root canal morphology) of 550 mGy
cm? (STUK 2016). This study suggests that there is scope for optimisation of patient dose in
CBCT used in endodontic practice. Nonetheless, it is recognised that these study data are
not clinical data and exclude the impact of movement and restoration artefact and that
clinical studies would still be required. Furthermore, Table 2.5b highlights that standard
protocols, except at the lower mA settings, achieved the diagnostic task while avoiding

large DAP values that can be associated with high resolution scans.

80



The tables do not include complex anatomy (T8), as the target of 95% canal
identification was not achieved at any experimental DAP value. This study suggests that
factors other than diameter of a structure can impact on its visibility on CBCT scans.
Rotating the 3D reconstructions of the MB2 canals of the selected molars, identified T8 as
exhibiting the most curved MB2 canal structure, resulting in the canal ‘weaving in and out’
of a coronal and sagittal slices and altering position in axial slices. These features were
complicated further by the presence of isthmuses and reduced observer ability to
confidently identify its path. It could be concluded that in perceived complex cases, as
judged from clinical perception or preoperative 2D radiography, increasing tube voltage
and current-time exposure product, and resultant patient dose (maximum experimental
DAP values achieving canalidentification of 65% [ProMax] and 77% [Accuitomo]), could not
be justified on the basis that it seemed probable that there was no likelihood of potentially

improving diagnostic or clinical outcome.
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2.6 CONCLUSIONS

e For the diagnostic task of root canal anatomy identification as ‘modelled’ by the
M1M, MB2 canal, a representative threshold dose of just over 200mGy cm? was
identified for the ProMax and Accuitomo scanners, lower than published NDRLs.

e Achieving the individual subjective image tasks for root canalidentification required
a consistent CNR value within each scanner. However, the markedly different CNR
values identified for the two CBCT models suggest that it not possible to determine
a single threshold level of objective image quality that could be universally
applicable to other CBCT models.

e Experience and expertise was shown to have a significant impact on the diagnostic
efficacy of observers in the diagnostic task of root canal identification.

e Ultimately all dose reduction strategies are scanner specific and in practice needs
to be achieved with the advice of a medical physics expert.

e Theresults suggestedthat selectionof standard protocols instead of high resolution
scans is a practical means of reducing patient dose and that increasing dose to
enhance visualisation of the most complex anatomy was ineffective.

e As with all ex vivo optimisation studies, these findings must be interpreted with
caution. The ex vivo design, with a limited number of teeth, without patient
movement or the presence of restorations, along with the subjective criteria for
image quality and the complex inter relationship between subjective and objective
image quality, all mean that there are significant limitations. Clinical studies are still
required, presenting considerable challenges to researchers in terms of testing

different exposure protocols.
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Chapter 3

Investigation into the relationship between objective IQ
metrics and determinants of IQ and the diagnostic task of

root canal anatomy identification
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3.1INTRODUCTION

Clinically acceptable levels of image quality are dependent on the specific diagnostic task
and are influenced by the 1Q metrics of the scan (e.g. CNR, noise, spatial resolution). These
IQ metrics reflect the selected exposure and imaging parameters in addition to the
reconstruction process and specifications of the CBCT model (PAUWELS ET AL. 2012d).
Quantifying these 1Q metrics and relating them to clinically acceptable levels of image
quality, could potentially indicate the IQ metric(s) that have a statistically significant
relationship with successfully achieving that diagnostic task, thus facilitating optimisation
of image quality. Furthermore, understanding how differing exposure protocols, and other
variables in the imaging chain, influence each IQ parameter could facilitate optimisation of
dose for that specific diagnostic task.

In Chapter 2, the 1Q metric CNR was related to the diagnostic task of MB2 canal
identification and resulted in similar patterns of improved canal identification as CNR
increased, for both CBCT models, Accuitomo 170 (Accuitomo) and ProMax 3D (ProMax).
Additionally, threshold CNR values were identified for both scanners, above which the
diagnostic task was consistently achieved. It was concluded that CNR was a relevant
objective 1Q measure for the subjective task of MB2 canal identification in M1M teeth.
However, it was also identified that the high resolution protocols with lower CNR values
(below the threshold value identified for the Accuitomo) also achieved the diagnostic task,
this finding being potentially attributed to the enhanced spatial resolution of these
protocols. Clearly, therefore, CNR alone is insufficient to use as a metric in guiding
optimisation strategies. The purpose of this study was to identify the association with other
IQ metrics, to investigate their relative importance in achieving this diagnostic task and to
explore all the determining factors affecting these metrics and indeed the diagnostic task
of root canal identification (Table 3.2).

In this study, 1Q metrics that are commonly used in research to characterize the
quality of a CBCT image were assessed objectively in terms of spatial resolution, CNR and
noise. Other IQ parameters that relate to the performance evaluation of CBCT systems and

more commonly used for quality control (QC) purposes regarding CBCT include uniformity

84



(U), geometrical precision, voxel density values and artefact behaviour (ABOUEI ET AL. 2015,
DE LAS HERAS GALA ET AL. 2017). A principal advantage of CBCT technology is its relatively high
spatial resolution, largely the result of FPD technology and isotropic data, which is of
particular importance in clinical dental applications (BRULLMAN & scHULZE 2015). Notably, it has
been reported that certain diagnostic tasks, such as periapical diagnosis, demand higher
spatial resolution in addition to CNR values, compared with implant planning in the
mandible (CHOI ETAL. 2015). This present study and others in this thesis used an endodontic -
model and specifically MB2 canal identification as it is representative of the finest
submillimetre detail required in dental imaging, and is assumed to demand higher spatial
resolution which is generally associated with anincrease in patient dose.

Spatial resolution substantially depends on the technical characteristics of the
scanner, such as focal spot dimension, source-object-detector distances and detector
specifications (matrix size, detector element size, number and spacing of detector
elements), which can change over time (sMITH 2003). The number of projections,
reconstruction process (voxel size, interpolation, filtering) and artefacts also impact on
spatial resolution (GOLDMAN 2007, PAUWELS ET AL. 2012d, PAUWELS ET AL. 2015a) (Table 1.1 &
1.2). Measurement of spatial resolution provides a quantitative evaluation of the size of
the smallestobject that can be resolved in the acquired volumetric datasetand the Nyquist
theorem indicates that for a fine structure, e.g. 100 um to be reproduced accurately it must
be sampled by pixels of 50 um (twice the frequency). Studies show that theoretical spatial
resolution, calculated from the number of pixels per square millimetre, differs greatly from
that quantified during tests to measure this IQ metric (BRULLMAN & D’HOEDTT 2011). This
disparity between ideal and spatial resolution measurements can also be explained by a
number of other factors; pixel cross talk, partial volume averaging, image processing and
noise (BRULLMAN & SCHULZE 2015, WILLEMINK ET AL. 2018). Image quality depends on the
accuracy of the X-ray projection signal, which is acquired by a two-dimensional array of
pixel cells in the detector. If the signal of X-ray photons is spread out to neighbouring pixels
(crosstalk) and not discretely sampled by each pixel but spread over a number of pixels, a

decrease of spatial resolution may result (ENGEL ET AL. 2006, WILLEMINK ET AL 2018).
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Additionally, partial volume averaging artefact occurs when tissues of broadly different
absorption are captured on the same voxel (e.g. buccal bone and air) producing a beam
attenuation proportional to the average value of these tissues. This is a limitation in
resolution of small structures such as thin bone (MOLEN 2010). The influence of partial
volume averaging is reduced by selection of the smallest voxel size possible (native pixel
array), however, the reduced photon fill of the smaller pixels, receiving a reduced signal,
allows noise to dominate which also can reduce spatial resolution. The signal acquired by
flat panel detectors is pre-processed and, subsequently, additionally processed by pixel
binning and/or noise reduction, generally resulting in the projection images having a higher
actual resolution than that of the reconstructed volumes (BRULLMAN & D'HOEDTT2011).

Smaller voxel sizes often necessitate longer scan times (to increase number of
projections for reconstruction) which will increase the likelihood of patient movement. If
there is patient movement (also contributed to by heartbeat and respiration amplitude)
during the scan of more than the voxel size, then after the movement, grey values from
neighbouring anatomy instead of the correct anatomy are back projected into the volume
(DE KINKELDER ET AL. 2011, ZHANG ET AL. 2011, SPIN-NETO ET AL. 2013b). This results in motion blur
and in reduced spatial resolution (BRULLMAN & SCHULZE 2015). Evidently, the smaller the
voxel size, the smaller the movement necessary to move the patient structures out of the
‘correct’ voxels (SCHULZEET AL. 2011); therefore, the higher the nominal resolution, the more
likely motion artefacts are to appear. Decreasing scantime and hence frame acquisitions,
to reduce the risk of motion artefact, can leadto undersampling which againreduces spatial
resolution and the ability to resolve fine structures.

The subjective assessment of distinguishing line-pairs per millimetre (Ip mm3), a
function of the contrast between the line and background, has been largely replaced by
technical, and more objective, measures of spatial resolution: MTF and full width half
maximum (FWHM) (NAKAHARA ET AL. 2016). All real objects can be decomposed into sine
waves of different amplitudes, frequencies, and phases and computation in spatial
frequency domain is easierthan in the spatial domain, which is achieved in the calculation

of MTF (smITH2003). MTF is a graphical description of the spatial resolution characteristics
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of an imaging system and measures change in the amplitude of sine waves. It can be
evaluated by imaging a thin wire or a slanted edge to attain the point spread function (PSF)
or Line Spread Function (LSF) (BRULLMAN & SCHULZE 2015). The Fourier transform of the
PSF/LSF yields the MTF which measures how spatial frequencies pass through the system
and has been described as a measure of contrast transfer from an object to an image
(SCHULZE & DOERING 2019). The limiting spatial resolution (in the form of the smallest size of
high contrast objects that can still be adequately imaged by the X-ray device) is usually
associated with the frequency at which the MTF falls to a defined level (usually 10%) of its
maximum value, with studies showing a fair agreement between visually discernible

Ip mm™ and the frequency at 10% modulation (BRULLMAN & SCHULZE 2015).

Spatial resolution can alsobe expressed by FWHM, which is evaluated using the PSF
insert and calculating the FWHM of a series of one-dimensional line profiles through the
metal wire in the axial plane. FWHM is the width of the spectrum curve which is measured
between two points on the y-axis that are half the maximum amplitude (smITH 2003, ABOUIE
ET AL 2015, YALDA 2019). The SedentexCT PSF insert consists of a 0.25mm in diameter wire.
Literature has suggested that a more accurate method of recording FWHM would be
acquired using a wire diameter smaller than the smallest voxel size of both scanners and
would therefore be completely captured within a voxel (NAKAYA ET AL. 2012, TRAN ET AL. 2021).

Noise is the result of fluctuation of photons hitting the detector manifesting as
graininess and compromising the visibility of low-contrast tissue. The main sources of
noise are quantum noise, electronic noise and noise introduced during the reconstruction
process (Table 1.2). The noise levels in scans vary greatly between machines, each
machine’s settings, environment, and reconstruction algorithms affecting the image’s noise
(MIRACLE & MUKHERJI 2009). Noise levels can be reduced by increasing the exposure settings;
scanning time, tube amperage, and kilovoltage peak and by using 2x2 and larger binning
sizes, thereby maximizing the signal-to-noise ratio (SNR). During the reconstruction stage,
it is also possible to use smoothing filters to reduce noise. The acceptable noise level for
dedicated dental CBCT is normally higher than in conventional CT or other CBCT

applications, because the high contrast between the studied tissues (teeth, bones and soft
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tissue) cancels out the effect of the high noise. Noise appears as fluctuations in pixel values,
with the SD indicating the magnitude of these random fluctuations, the larger the SD, the
higher the image noise and such a measurement can be made using regions of interest
(ROls) on a scan of a PMMA insert.

On a practical level, image quality is determined primarily by the lesion-to-
background contrast, which is believed to relate more strongly to CNR than to image noise
(KALENDER 2008). Previous studies have demonstrated an association between CNR and
achieving the diagnostic task (CHOI ET AL. 2015, AL-OKSHI 2017, WANG 2020, YALDA ET AL. 2022).
Contrast in radiographic imaging indicates the ability to differentiate various material types
which have different attenuation coefficients. Image contrast is determined by many
factors such as the contrast of physical objects or materials, exposure factors, the bit depth
of the reconstructed image, and the display settings (e.g. window level) in the image
visualization stage (Table 1.2). Furthermore, scatter degrades contrast, with CBCT having
up to 15 times higher scatter levels than that of medical CT (MoOLEN 2010), however, scatter
can be reduced with smaller FOV selection and peripheral FOV positions (PAUWELS ET AL.
2016), often applicable in dental imaging. Specifically, variations of this IQ metric are an
indicator of changes intube performance, as low-contrast resolution is linked to the peak-
voltage (kVp) of the X-ray tube and consequently to patient dose (DE LAS HERAS GALA ET AL.
2017). While FPD technology offers excellent spatial resolution, contrast resolution suffers,
however, due to increased X-ray scatter and the reduced temporal resolution and dynamic
range (BECHARAET AL. 2012c).

It is clearthat there is some inter-dependence between these different IQ metrics,
with noise being a principal determinant of contrast resolution and hence CNR, and also
impacting to a lesserextent on spatial resolution. Furthermore, itisapparent that there are
a range of variables influencing these IQ metrics and in turn the patient dose required to
achieve adequate image quality. Therefore, the first aim of this study was to build on the
work presented in Chapter 2, by undertaking an investigation into the relationships
between IQ metrics using a regression analysis andto identify those that have a statistically

significant relationship with successful achievement of the diagnostic task of root canal
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identification. The hope is that this information might assistin optimisation strategies and
help in selection of exposures that are as low as diagnostically acceptable. While IQ
parameters allow objective measurements, the underlying determinants of IQ consist of a
multiplicity of factors inthe imaging chain. A second aim, therefore, was to explore these
variables in the imaging chain that are expected to have an impact on root canal
identification and to identify which of these predictor variables have a statistically

significant relationship with achieving the diagnostic task.
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3.2 OBJECTIVES

Using the data (detailed in Chapter 2) collated from nine observers, identifying 45 exposure
protocols as diagnosticallyacceptable or not acceptable for the diagnostictask of root canal

identification (MB2 canal) in M1Ms, the following objectives were defined:

1. To quantify the following IQ metrics: CNR, MTF, noise, FWHM for each of the 45
exposure protocols used to image the M1Ms.

2. To perform a regression analysis, using a logistic regression model, to identify the
IQ metric(s) and the imaging chain determinants of 1Q (the independent variables)
that are associated with successful achievement of the diagnostic task of root canal

identification (the dependent variable) by analysing the relationships between
these independent variables.

90



3.3 METHODS AND MATERIALS

3.3.1 Assessment of subjective image quality

The method was that described in Chapter 2, Section 2.3.5; so, to summarize: an
anthropomorphic phantom with three mounted upper left M1Ms, was scanned at the
exposure protocols listed in Table 3.1 using both the Accuitomo (voxel size: 80 um) and the
ProMax (voxel size: 100 um). Subjective evaluation of image quality of the resulting CBCT
datasets was performed by 9 observers; 3 radiologists, 3 endodontists and 3 JHDs,
specifically regarding identification of MB2 root canalanatomy inthe M1Ms. The observers
were asked to record confidence in their ability to, identify the MB2 canal in the coronal,
mid and apical section of the root respectively and identify it as continuous, from a Likert
scale (1 = lowest to 5 = highest), for each M1M for all dataset exposure protocols.
Subsequently, the observers were then asked to trace these sections of the MB2 canal that
they could definitively identify on scrolling through each of the datasets, over the provided
microCT images of the M1M anatomies (Section 2.3.6). The resulting percentage of the
MB2 anatomy identified for each of the three maxillary molars per volume was recorded.
From analysis of the pilot data (Section 2.3.6), a combined subjective image task was set
at: identifying > 95% canal identification (including identification of the coronal third MB2
canal) and a median confidence scale rating of > 3.5. Analysis of the completed study data
revealed that achieving median scale ratings of > 3.5 corresponded with 95% MB2 canal
identification (Section 2.3.7). Each exposure protocol dataset was thereafter classified
either as being of sufficient or insufficient image quality to achieve the diagnostic task of

root canal identification.
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Tube Voltage (kV)

70 80 90
Tube —7g5eT 3 HR | 180° | S HR | 180° HR
current
(mA)
3 v v v v v v v v v v v v
5 v v v v vV v v v v v v v
7 v v v v v v v v v v v v
9 4 v v | NA 4 v v | NA |V v v | NA

TABLE 3.1 Study exposure protocols:Accuitomo (voxel size:80 um): Red Tickandthe ProMax (voxel size:
100 um): Blacktick. kV: Kilovoltage, mA: Milliampere
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FIGURE 3.1 a) SedentexCT phantom and tripod set up for the 12 protocols for the
ProMaxscanner. b) PSFinsert- 0.25 mm diameter c) PSF insert- 0.075 mm diameter d) PTFE
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3.3.2 Assessment of objective IQ metrics

The SedentexCT 1Q phantom was used to assessthe objective IQ metrics of CNR, noise, MTF
and FWHM for both CBCT scanners. This dedicated dental phantom is a head-sized cylinder
162mm (H) x 160mm (D) made of PMMA with a density of 1.20 +0.01 gcm? to simulate
human tissue. In this study, it was placed on a tripod, levelled with a spirit level, and
positioned using lasers to align the phantom within the FOV (Figure 3.1a). 1Q assessment
was obtained by scanning the phantom containing each selected insert (35 mm [D] x 20
mm [H]), positioned in turn (Figure 3.1b-d), approximating the upper left molar position,

using the protocols listed for both scanners (Table 3.1).

3.3.2.1 Quantifying spatial resolution:
Spatial resolution was assessed using the quantitative objective measurements MTF and
FWHM.

MTF: Specifically, 10% MTF was assessed as this is associated with limiting spatial
resolution. This was facilitated by using the PSF insert, which contains a 0.25-mm diameter
stainless steel wire suspended in air parallel to the z-axis (Figure 3.1b). The insert was
positioned in the SedentexCT IQ phantom approximating the upper left first molar position
and scanned centrally within the FOV using the same 45 exposure protocols for both the
Accuitomo and ProMax scanner detailed in Table 3.1. The resulting 45 data sets from the
insert scans were individually exported as DICOM files into Image J software. Ten adjacent
central axial images were selected, a ROl (30 x 30 pixels) placed centrally around the wire
(Figure 3.2) and analysed at a 16-bit scale. The MTF 10% was calculated from 1-D PSF using
the fast Fourier transform method, by means of the open source Spice CT plugin

(https://imagej.nih.gov/ij/plugins/spice-ct/SPICE CT.jar). The generated MTF 10% was

averaged for the ten readings and recorded for all exposure protocols for both scanners.
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FIGURE 3.2 Calculation of MTF: DICOM files exported into Imagel of the scanned PSF inserts enabled
calculation of 10% MTF using open source SPICE-CT plug-in.
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FWHM: The DICOM files from the PSF insert (0.25 mm) scans were again
individually imported into Image J. Ten central axial slices were selected and a ROl was
placed (30 x30 pixels) to record the background pixel value. The central image of the wire
was magnified, the minimum window width set and the maximum window level set at the
point the central magnified image disappeared and the pixel value noted (Figure 3.3a-c).

The pixel value at half maximum was then calculated using the equation:

Pixel Value (maximum) — Pixel Value (background)
2

+ Pixel Value (back ground)

The ‘measure’ tool was then used to measure the distance in mm between the two points
at half maximum of the metal wire line profile (Figure 3.3d), with the average of the ten
values generating FWHM. Calculation of FWHM was repeated as described above from
scans (all 45 exposure protocols for both scanners) of a second PSF insert, containing a
0.075 mm diameter stainless steel wire (Figure 3.1c). This was based on suggestions from

the literature (NAKAYA ET AL. 2012).
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3.3.2.2 Quantifying CNR and noise
Both CNR and noise were assessed using a PTFE insert, consisting of five rods of PTFE of
differing diameters (1, 2, 3, 4 and 5 mm) embedded in PMMA. PTFE was used as it is
considered representative of dental hard tissue (Figure 3.1d). The insert was placed in the
SedentexCT 1Q phantom as described Section 2.3.4 and scanned using the 33 selected
exposure protocols for Accuitomo and 12 protocols for the ProMax as detailed in Table 3.1.
CNR: CNR was quantified by exporting the 45 data sets as DICOMfiles into Image J
software and the histograms generated from ImagelJ (Figure 3.4) enabled evaluation of the
mean and SD of pixel values of the PTFE rod centre and PMMA background, which were
then used to calculate CNR as described in Section 2.3.4.1.
Noise: This was measured as the average of the SD’s of the pixel value (Figure 3.4)
within a ROI (12 mm?), taken in the central region of the PMMA section of the PTFE insert,

and using five consecutive axial slices either side of the central slice.

3.3.2.3 Reproducibility of IQ metrics
Reproducibility of 1Q parameters were assessed from the average SD’s of the repeated
measurements for each of the IQ metrics. This deviation represents the intrascan

reproducibility of the phantom and measuring methods.
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FIGURE 3.4 Histograms generated from exported DICOM files into ImageJ of the scanned PTFE test insert (PTFE
rod and PMMA background) enabling calculation of CNRand noise(yellowarrow-standard deviation of PMMA
background pixel value).
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3.3.3 Exploration of the determinants of IQ that impact on root canal identification

The possible variables that can influence the visibility of root canal anatomy on CBCT
imaging, from patient factors or anthropomorphic phantom set up in this experiment, right
through the imaging chainto the observation of the acquired dataset are described in Table
3.2.  While some of these independent variables were fixed (e.g. most aspects of the
anthropomorphic model, many equipment factors), others were altered in the study, and
could therefore be considered in the regression analysis as potential predictors of
successful achievement of the diagnostic task. Variables that showed collinearity had to be
excluded from statistical analysis, also all those variables that varied only because the
difference in machine specifications/type could only be grouped together under the

variable, machine type.
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Variedin the study

Type of variable

Patient
anatomical
factors

Anatomical:

Physical thickness of
bone

Bone density

Root canal
dimensionsand
configurations

No

No
Yes (varied with M1M)

Continuous

Other patient e Movement No
variables e Artefactfrom No
adjacent structures,
including high
attenuation objects
(restorations;
implants; radiation
protective barriers,
etc.)
X-ray quantity ¢ mAs Yes Continuous, but
limited settings
X-ray quality e Beamspectrumshape | No
(spectrum e Maximum X-ray Yes
characteristics) energy
e Mean X-ray energy Yes
e Operatingpotential | Yes Continuous, at

three settings

e Exposure Type Yes: Acc: DC Continuous
Pmx: Pulsed
(Varied with machinetype)
e Focal Spot No:Both 0.5 mm
e Filtration Yes:
Acc: 23.1 mm Al
Pmx: 2.5 mmAl +0.5 mm Cu
X-ray field size e Height Yes (Varied with machine type) | Acc: 4x4 cm
Pmx: 5x5 cm
e Diameter Yes (Varied with machine type)

Source-to-object
distance (SOD)

Yes (Varied with machine type)

Acc: 740-840 mm
Pmx: 517.5 mm

TABLE 3.2 Exploration of determining variables in theimaging process thatmayimpacton rootcanal identification.
M1M: Maxillary firstmolar, Acc: Accuitomo, Pmx: ProMax, mAs: tube current-exposure time product.
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Number of e Halfrotation, Yes (Acc) Acc:
projections standard or Hi Res 180°= 256
360°= 512
Hi Res=600
Pmx:
200° = 275
X-ray absorbed e DAP Yes Continuous:
dose-area- Acc: 33 settings
product Pmx: 12 settings
X-ray detector e Detectortype No
characteristics e Detectorpixel Acc: 127 um
dimensions Pmx: 127 pm

Native pixelarray

Yes: HiRes: Acc only

Image
reconstruction

Reconstruction
algorithm?
Voxel dimensions

No:Feldkamp*

Yes (varied with machine
type)

Acc: 80 um
Pmx:100 pum

Image display e Monitorsize and pixel | No (same monitorscreen
dimensions throughout)
e Magnification used Notdefinable:
Adjusted freely
e Contrast/brightness Not definable:
(i.e.greyscale Adjusted freely
histogram)
e Roomlightingetc. No —fixed
Operator e Visual acuity No —not measured
Variables

Experience

Yes:JHD/Senior staff

TABLE 3.2 Continued: Exploration of determining variables in theimaging process thatmay impacton root

canal identification. Acc: Accuitomo, Pmx: ProMax, JHD: Junior hospital dentist, Senior staff: Endodontists and

Radiologists
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3.3.4 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (Version 24.0; IBM Corporation,
Chicago, USA). Binary logistic regression analysis was performed to identify firstly which of
the 1Q metrics CNR, MTF, FWHM or noise (continuous independent variables) were
statistically significant predictors of successful achievement of the diagnostic task of root
canal identification (dichotomous dependent variable). Additionally, logistic regression
was used to identify which of the IQ determinants considered in Table 3.2 had a statistically
significant association with this diagnostic task. To ensure the data could be analysed using

binary logistic regression, checks were made to ensure all assumptions were met.

103



3.4 RESULTS

3.4.1 Subjective image quality assessment

The exposure protocols that achieved the diagnostic task of root canal identification i.e.
attained the combined target subjective image task (Section 2.3.7) are listed in Table 3.3.
These results refer only to standard anatomy results (T6, T7). For complex anatomy (T8),
the combined target subjective image task was not achieved at any exposure protocol for
either scanner (Figure 2.9a & b). As the identification > 95% of MB2 canals largely equated
with achieving a median CSR 2 3.5, all plotting of IQ metrics have been related solely to
percentage of canalidentified for interpretation and ease of display purposes. As described
previously (Section 2.4.3), for questions relating to the identification of root canal anatomy,
intra observer agreement ranged from good to very good for senior observers (radiologists

and endodontists) and fair to moderate for the JHDs.
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CNR Noise MTF FWHM
0.25mm
1.5 410 1.28 | 0.60
1.8 338 1.31 | 0.60
2.1 276 1.32 | 0.60
2.4 242 1.28 | 0.60
19 300 1.35 | 0.60
2.5 243 1.37 | 0.60
3 207 1.36 | 0.60
3.4 236 1.33 | 0.60
2.4 250 143 | 0.60
3.1 197 14 0.60
3.6 160 143 | 0.60
3.7 194 1.39 0.60

CNR Noise MTF FWHM FWHM
0.25mm 0.075m
m

70/3 3.3 154.88 | 1.97 | 0.48 0.39
70/5 4.6 111.34 | 1.94 | 0.48 0.37
70/7 5.7 91.62 1.94 | 0.48 0.33
70/9 6.6 76.42 193 | 0.48 0.31
80/3 4.4 103.7 1.98 0.40 0.34
80/5 5.7 82.84 | 1.97 | 0.40 0.31
80/7 7.5 66.22 197 | 0.40 0.39
80/9 7.9 62.14 1.97 0.40 0.38
90/3 5.2 86.88 | 1.99 | 0.40 0.36
90/5 6.7 65.28 [ 1.98 | 0.40 0.37
90/7 7.6 56.32 198 | 0.40 0.36

53.64 [ 195 | 0.45 0.30

98.38 | 1.94 | 0.47 0.30
70/5 7.1 73.08 1.96 0.40 0.31
70/7 8.5 63.74 | 1.97 | 0.40 0.35
70/9 9.4 53.94 [ 1.97 | 0.40 0.37
80/3 6.3 75.98 [ 1.98 | 0.40 0.38
80/5 8.2 57.16 [ 1.96 | 0.40 0.37
80/7 9.6 52.88 [ 1.93 | 0.40 0.31
80/9 11 46.4 195 | 0.40 0.31
90/3 7.5 68.45 193 | 0.47 0.38
90/5 9.7 48.1 1.94 | 0.40 0.36
90/7 11.3 | 43.12 193 | 0.40 0.33
90/9 12.5 | 40.24 1.93 0.40 0.31
70/3 3.7 137.52 | 2.21 0.47 0.31
70/5 5.1 101.26 | 2.28 | 0.40 0.32
70/7 6 83.66 |[220 | 0.32 0.30
80/3 4.7 100.04 | 2.28 0.32 0.30
80/5 6.3 72.32 220 | 0.39 0.29
80/7 7.5 61.84 2.24 | 0.39 0.30
90/3 5.4 80.32 |[233 |0.39 0.26
90/5 7.3 60.74 | 229 | 0.38 0.24
90/7 8.5 52.3 2.24 10.39 0.28

TABLE 3.3 Image quality metrics for ProMax and Accuitomo at all exposure protocols.

Achieved Diagnostic Task of Root Canal Identification: | Yes | | No |
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3.4.2 Objective IQ metrics
3.4.2.1 Spatial Resolution

MTF: MTF 10% appears to be unrelated to DAP (Figure 3.5a). 10% MTF values
ranged from 1.93 - 1.99 for 180° and standard protocols and 2.2 - 2.33 for high-resolution
protocols for the Accuitomo scanner (Table 3.3). A range of MTF values achieved the
diagnostic task, however protocols with an MTF above 2.21 achieved the diagnostic task
consistently, with these higher MTF values being reserved for the high resolution scans (Fig
3.6a). For the ProMax scanner MTF 10% ranged between 1.28 and 1.43 (Table 3.3) with no
obvious threshold value above which the diagnostic task was achieved (Figure 3.6b).

FWHM: FWHM appears to be unrelated to DAP (Figure 3.5b).
0.25 mm wire - For the Accuitomo scanner FWHM values ranged from 0.32-0.48. The
higher resolution scans exhibited some of the lower FWHM values of this range and the
standard and 180° scans had similar distribution of values of 0.40-0.48 (Table 3.3). For the
Accuitomo a range of FWHM values achieved the diagnostic task, but protocols with a
FWHM value < 0.4, achieved the diagnostic task consistently (Figure 3.6c). The ProMax
scanner showed no variability, recording a constant FWHM value of 0.6 for all exposure
protocols and therefore no threshold value for achieving the diagnostic task was evident
(Table 3.2, Figure 3.6d).
0.075 mm wire - For the Accuitomo scanner FWHM values ranged from 0.24-0.39, the high-
resolution scans again recording the lower end of this range of FWHM values (Table 3.3).
FWHM values could not be quantified for the ProMax scanner with the 0.075 diameter wire
as the central pixel values of the wire did not differ sufficiently from the background pixel

to allow measurement of FWHM (Figure 3.8).

3.4.2.2 CNR and noise

CNR: CNR increased with DAP (Figure 3.5c). Values for the Accuitomo scanner
ranged from 3.3-7.9 for 180° scans and a similar range of 3.7-8.5 for high-resolution scans,
with standard scans recording the highest CNR values ranging from 5.5-12.5 (Table 3.3).

While a range of CNR values achieved the diagnostic task, a threshold value CNR value of

106



7.6 was identified, above which the diagnostic task was consistently achieved (Figure 3.7a).
For the ProMax scanner CNR values ranged from 1.5-3.7, the diagnostic task being
achieved consistently above a CNR value of 3 (Figure 3.7b).

Noise: Noise was shown to decrease with DAP (Figure 3.5d). Values, only at the
lower end of the respective ranges, achieved the diagnostic task for standard and 180°
scans for the Accuitomo and also for ProMax scanner (Table 3.3, Figures 3.7 b-c). In
comparison, the diagnostic task was achieved almost for the full range of noise values for
the high-resolution scans. Specifically, a noise value of < 95 and < 207 for the Accuitomo

and ProMax respectively achieved the diagnostic task consistently.

3.4.3 Reproducibility of measurements

The average intrascan SD’s of the repeated measurements for each of the 1Q metrics for
both machines were; MTF: £0.08, FWHM (0 .25mm): +0.02, FWHM (0.075mm, Accuitomo
only): £0.28 CNR: £0.35, noise: +3.41. The highestintrascan deviation was evident for noise.
Measurement of FWHM (0.25mm) showed the highestintrascan reproducibility but there
was a disparity between the two diameters of wire, with the FWHM (0.075mm) showing

much greater intrascan variability.
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FIGURE 3.8 ProMax scansliceof 0.075 mm PSF insertinImage J: On magnification ofimage, poor

distinction between background pixel valueand wire pixel value.
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3.4.4 Logistic Regression

3.4.4.1 1Q Metrics

Preliminary statistical analysis showed that multi-collinearity was present, relating to
noise and FWHM (0.25mm), this was demonstrated by a tolerance value approaching
0.1 and a high variation inflation figure (VIF) greater than 5 (Table 3.4). On removing
noise and FWHM as independent variables in the regression the VIF reduced to nearer
1. SPSS output did not produce a casewise plot as no outliers in the data were
discovered. The model was statistically significant, x2 (2, N = 45) = 14.35, p =.001,
demonstrating that the model could distinguish between protocols that did and did not
achieve the diagnostic task. The model explained between 27.3% (Cox & Snell R square)
and 36.4% (Nagelkerke R square) of the variance in the dependent variable and
correctly classified 71% of cases. Findings indicate (Table 3.5a) that when CNR and MTF
are considered separately they both have a statistically significant effect on successfully
achieving the diagnostic task of root canal identification albeit the larger confidence
intervals for MTF suggest that this finding for MTF should be viewed with caution.
However, when both variables are considered in the same model (Table 3.5b) and when
adjusting for MTF, CNR still had a significant effect on successfully achieving the
diagnostic task, increasing the odds of doing so by a factor of 1.68 (95% Cl 1.13 — 2.51),

when all other features remained the same.
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Collinearity Statistics

Tolerance VIF Tolerance VIF
CNR .26 3.79 0.63 1.56
MTF .27 3.63 0.63 1.56
Noise 12 7.87 - -
FWHM .97 10.33 - -

TABLE 3.4 Test for collinearityamongthe independent variables

.VIF=Varianceinflation Factor

(a) 95% Cl for OR (b) 95% Cl for OR
P Lower | Upper P Adjusted | Lower | Upper
CNR .002 1.696 | 1.210 | 2.302 .011 1.129 2.513
MTF .033 9.214 | 1.192 | 71.240 941 .057 14.280

TABLE 3.5 Logistic regression predictingthe likelihood of achieving the diagnostic task: (a) odds
ratios when CNR and MTF areconsidered separately (b) adjusted odds ratios when both CNR and
MTF are considered. OR = Odds ratio, p =p value

113




3.4.4.2 1Q determinants

Variables that differed exclusively with machine type (Table 3.2), included exposure
type, filtration, FOV, source-to-object distance (SOD), pixel dimension and voxel
dimension. These variables could therefore, not be considered separately and were
jointly considered under the category of machine. The assumption of multi-collinearity
was not met for the remainder of the variables; tooth, tube current-exposure time
product: mAs, X-ray tube voltage: kV, degrees of rotation/ number of basisimages, pixel
binning (1x1, 2x2) and operator experience. On substituting tube current-exposure
time product with tube current and time as separate variables, the same problem
remained. Accordingly, the model was run with the variables; X-ray tube voltage, X-ray
tube current, pixel binning, rotation, machine type and operator and preliminary
analysis showed the assumption of multi-collinearity was met (Table 3.6). The model
was statistically significant, x2 (9, N = 180) = 165.99, p <.0001, demonstrating that the
model could distinguish between protocols that did not achieve the diagnostictask. The
model explained between 60.2% (Cox & Snell R square) and 80.5% (Nagelkerke R
square) of the variance in the dependent variable and correctly classified 87.8% of
cases. As shown in Table 3.7 all of the predictor variables except machine type
significantly contributed to successfully achieving the diagnostic task of root canal
identification.

Specifically, adjusting for other variables, an increasing kilovoltage, 80 kV (OR =
5.52, 95%Cl [1.48, 23.97]) and 90 kV (OR=22.72, 95% CI [5.14, 134.920]) was associated
with an increased odds ratio of successfully achieving the diagnostic task when
compared with 70kV. Similarly, anincreasing tube current, 5 mA (OR=9.2, 95% CI [1.99,
54.92]), 7 mA (OR=25.54, 95% CI [5.06, 177.95]) and 9 mA (OR= 67.24, 95% CI [10.29,
350.56]) was also associated with an increased odds ratio of successfully achieving the
diagnostic task when compared with 3 mA.

The odds of successfully achieving the diagnostic task was 64.72 [95% Cl (12.50,
335.03] times greater with single pixel read-out than with 2x2 pixel read-out.
Additionally, increasing rotation degrees, 360° [OR = 32.29, 95%Cl (3.26, 330.97)] and
200° [OR=10.77, 95% CI (5.14, 53.95] was associated with an increased odds of

successfully achieving the diagnostic task when compared with 180°.
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Successful achievement of the diagnostic taskwas 6.62 times more likely [95%ClI
(2.53,17.37)] for senior observers (endodontists and radiologists) than junior observers
(JHDs). However, machine type did not have a statistically significant effect on
successfully achieving the task. When looking at the association of the predictor
imaging variables with the outcome variable, independently (Table 3.7a, left column),
the same significant/non-significant associations existed. However, when adjusting for
the other variables (Table 3.7, right column) the odds ratios and confidence intervals

were greatly inflated when adjusting for the other variables (Table 3.7b, right column).

Tolerance VIF
kv 1.000 1.000
mA .966 1.035
Pixel Binning .697 1.435
Rotation .596 1.677
Machine Type .757 1.322
Operator 1.000 1.000

TABLE 3.6 Test for collinearity amongthe independent
variables.VIF = Varianceinflation factor
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(a) 95% Cl for OR (b) 95% Cl for OR
P OR Lower | Upper P | Adjusted | Lower | Upper
OR
kV=90 .000 | 7.000 3.133 | 15.640 .000 22.718 5.139 | 134.922
kV=80 .002 | 3.267 1.537 | 6.942 .003 5.515 1.479 23.967
kV=70 Reference Category Reference Category
mA=9 .000 | 7.800 | 2.930 | 20.765 .000 67.243 | 10.286 | 350.560
mA=7 .000 | 7.286 2.955 | 17.692 .000 25.544 5.056 | 177.950
mA=5 .004 | 3.545 | 1.492 | 8.425 .001 9.230 1.990 | 54.921
mA=3 Reference Category Reference Category
Pixel Bin: 1x1 | .000 | 7.125 2.622 | 19.363 .001 64.716 12.501 | 335.034
%2 Reference Category Reference Category
Rotation:360° | .000 | 10.263 | 4.477 | 23.525 .000 | 32.29 3.264 | 330.974
200° | .054 | 2.333 .980 5.554 .004 10.769 2.150 53.946
100° Reference Category Reference Category
Machine Type
Acc | .084 | 1.800 | .924 3.507 .509 1.389 .523 3.689
Pmx Reference Category Reference Category
Operator:
SeniorStaff | .003 | 2.849 1.363 | 4.546 .000 6.620 2.523 17.372

JHDs

Reference Category

Reference Category

TABLE 3.7 Logistic regression predicting the likelihood of achieving the diagnostic task: (a) odds
ratios when predictor variables areconsidered separately (b) adjusted odds ratios when all included
predictor variables areconsidered. OR = Odds ratio, p = p value<.05
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3.5 DISCUSSION

The dose optimisation strategy ALADAIP (As Low as Diagnostically Acceptable being
Indication-oriented and Patient-specific) highlights the importance of tailoring dose for
a specific diagnostic task (OENNING ET AL. 2018). Therefore, an awareness of the most
significant IQ metric in achieving a diagnostic task would certainly be of value when
adopting this key radiation principle. This investigation aimed to find which of the core
IQ metrics; CNR, noise, MTF and FWHM, that encapsulate the objective 1Q of the
acquired CBCT datasets, was a significant predictor of successfully achieving the
diagnostic task of root canal identification. Anadditional aim was to explore the impact
of all identifiable determining factors on this diagnostic task given the differing

machines and imaging parameters.

3.5.1 Spatial resolution IQ metrics: Determining factors

The SedentexCT 1Q phantom and inserts facilitates evaluation of the different aspects
of the imaging chain in a standardised and reproducible mode and has been used to
assess the correlation between objective IQ metrics and clinical diagnostic tasks
(PAUWELS ET AL. 2012d, YEUNG ET AL. 2019). Encased in the PMMA phantom, which
approximates the attenuation of the human head, the peripherally placed inserts
replicated the peripheral position of structures of interest in dentomaxillofacial imaging
of (e.g. teeth, jaw bones, sinuses). This is particularly relevant for the small FOVs used
in this study as it has been shown that the size and position of a FOV can affect the
image quality relating to the ‘exomass effect’ (BYRANT ET AL. 2008, PAUWELS ET AL. 2011).
The methods of quantifying the 1Q metrics were selected to remove subjectivity as
much as is possible.

MTF values were calculated using a 30x30 pixel ROI, this is within the range
deemed large enough to include the entire object response without including
extraneous noise and artefact (KAYUGAWA ET AL. 2013). The MTF 10% values for the
Accuitomo and ProMax (1.28-2.33 cycles per millimetre) were in keeping with the range
reported (0.5 — 2.3 cycles per millimetre, median 2.1 cycles per millimetre) in a meta-
analysis involving numerous machines with differing parameters (BRULLMAN & SCHULZE

2015). These ranges however, refer to theoretical spatial resolution emanating from
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experimental conditions, without patient movement or normal patient scatter. The
literature reports that there is a fair agreement with MTF 10% and lp mm™ and that
CBCT spatial resolution is, in reality, closer to 1 Ip mm, yielding a resulting visibility of
details of only 0.5 mm (HORNERET AL. 2013, BRULLMAN & SCHULZE 2015).

The MTF values were higher for the Accuitomo (voxel size: 80 um) than the
ProMax (voxel size: 100 um), and is consistent with previous studies reporting higher
MTF values with smaller voxel size (SUOMALAINEN ET AL. 2009, WATANABE ET AL. 2011, CHOI ET
AL 2019). Albeit, the literature has reported no significant correlation between MTF
10% and voxel size (ABOUEI ET AL. 2015, SCHULZE & DOERING 2019) for reasons (Section 3.1)
such as errors in the imaging chain and implications of the Nyquist theorem, with voxel
size described as only a rough indicator of available spatial resolution (BRULLMAN &
D’'HOEDTT 2011, BRULLMAN & SCHULZE 2015). This difference in spatial resolution may
indeed be due to other factors that differed between the two machines. Across all
settings, MTF 10% values were higher than that of the ProMax, this could also be
attributed to the greater number of basis images associated with the larger rotation
angle and exposure time. However, the ProMax had a greater number of basis images
(rotation: 200°/exposure: 12 seconds) and yet recorded lower MTF 10% values than the
Accuitomo 180° setting (180°/9 seconds). Furthermore, MTF 10% exhibits no
relationship with dose (Figure3.5a). The markedly lower noise values of the Accuitomo
and consequently improved CNR may impact on MTF, being a function of contrast.
Given that MTF is a system-level performance metric, differences in machine
specifications (Table 3.2) may have had an influence. Both machines were identical
with regards to focal spot size, (0.5 mm), pixel size (127 um) and filters used in
reconstruction. However, the Accuitomo (512 projections) had a higher number of
projections than the ProMax for the standard setting which would enhance spatial
resolution. Additionally, the he Accuitomo had a larger SOD (740-840 mm) than the
ProMax (517.5 mm). This larger SOD can lead to sharper images owing to reduction of
focal spot blur, the shorter SOD giving a higher geometric magnification (TRAN ET AL.
2021). In reality, identification of machine specifications provided in the instructions
for use (IFU) cannot provide a comprehensive insight or understanding into the level of
image quality attained by a given CBCT model, but is also established by undisclosed

manufacturer customizations and adjustments.
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FHWM was an additional 1Q metric used to characterise spatial resolution, again
involving imaging of a fine wire insert, with the acquired image being the PSF of the
system. Unlike MTF, FWHM does not relate to the subjective observer measurement of
Ip mm™. Measurements of FWHM using the 0.25 mm steel wire in this study were also
somewhat consistent with other reported studies, in so far as there were little to no
differences evident in values for the range of protocols within the same FOV and
protocols reconstructed at the same voxel size (PAUWELSET AL. 2011, ABOUEI ET AL. 2015).
Specifically, studies have reported decreases in FWHM values (enhanced spatial
resolution) with increasing tube current-exposure time product from low to high dose
protocols in the same device, the exception being where these protocols were
reconstructed at the same or similar voxel sizes (PAUWELS ET AL. 2011). Furthermore, it
was reported that FWHM values were almost the same within each FOV (ABOUEI ET AL.
2015). Inreality, FWHM is unaffected by the product of X-ray tube current and exposure
time and is precisely assessed at higher doses in X-ray systems to suppress noise.
Exposure time has an indirect effect on FWHM as it impacts on the number of
projections and consequently on the reconstruction algorithm (BUSHBERG ET AL. 2020).
Reflecting normal clinical protocols for imaging individual teeth for endodontic
purposes, only the smallest voxel size and FOV within each machine were selected,
therefore FWHM was not a particularly discerning IQ metric in this study. Specifically,
there was no change in FWHM for the ProMax protocols, and minimal change for the
Accuitomo, although its high-resolution protocols (largest number of projections, native
pixel array) did record the lowest FWHM values (increased spatial resolution) but
FWHM showed no relationship with dose (Figure 3.5b). As with MTF, studies have
shown that while there was some consistency between FWHM values and voxel sizes
of the CBCT datasets, values did not significantly correlate with reconstructed voxel size
(PAUWELS ET AL. 2011, ABOUEI ET AL. 2015). Additional factors, such as the difference in
voxel values for the steel wire and the surrounding air, and the presence of small streak
artefacts have also been demonstrated to influence PSF and thus the recorded spatial
resolution (PAUWELSET AL. 2011).

The 0.075 mm stainless steel wire was additionally used to calculate FWHM as
it is smaller than the voxel size of both machines and theoretically could characterise

the point spread function more accurately (NAKAYA ET AL. 2012, TRAN ET AL. 2021). It was
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shown that in fact, for the ProMax protocols, the weak signal produced from minimal
attenuation by the thinner wire was swamped by the random noise. Although, the
signal from the higher current-time product protocols was stronger, measurement of
FWHM was prohibited at all exposure protocols. It could be theorised that a wire of a
higher atomic number element (e.g. tungsten 74, or gold 79) would have circumvented
this problem. FWHM was recorded for the thinner wire for the Accuitomo for all
settings, it can be seen from the results (Table 3.3) that there were was more variability
in the range of values, with high resolution scans achieving the smallest FWHM values.
It was noted that there was greater intrascan deviation in the readings for the 0.075
mm wire than the 0.25 mm wire (Section 3.4.3) particularly for the lower tube current-
exposure time product settings, this being perhaps related to undersampling (WATANABE

ETAL 2010).

3.5.2 CNR and noise: Determining factors
On relating noise to dose for both machines itis evident (Figure 3.5d), that noise levels
can be reduced by altering the exposure settings, including increasing the scanning
time, tube current, and tube voltage. The results show that the ProMax noise levels
were higher for the equivalent tube voltage and tube current standard setting of the
Accuitomo, this may be related to the longer exposure times of the Accuitomo, its
smaller FOV (negligible difference between scanners), filters, reconstruction algorithms,
smoothing filters, detector efficiency or even machine environment (PAUWELS ET AL
2015a). Infact, the Accuitomo demonstrated superior control over noise, considering
the ProMax higher noise levels when compared with the high resolution settings,
despite the noise elevating effects of the native pixel array and the smaller voxel size.
CNR, being a quantitative measurement of low-contrast resolution, indicates the
system’s ability to differentiate a signal from the background and relates more strongly
to image quality than noise (KALENDER 2009). The factors determining CNR are
considered in detail in Chapter 2 (Section 2.5.3). To summarize, complementary
information of projectional data rather than signal at the detector dictates contrast in
CBCT imaging and thereby diminishes the effects of X-ray tube voltage on contrast
(PAUWELS ET AL. 2014b). Thus, contrast, which remains relatively stable in this study’s

fixed scan set up (phantom composition), is relatively independent of exposure factors;
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however, CNR is largely driven by noise and thus CNR demonstrates a positive
relationship with tube current-exposure time product and hence DAP (Figure 3.5c).
Consequently, Accuitomo CNR values were superior to those of the ProMax, even for
the high resolution settings, where the CNR dropped relative to the machines standard

and 180° settings.

3.5.3 Logistic Regression

3.5.3.1 1Q metrics

FWHM and noise were removed from the logistic regression model due the high degree
of correlation with the other independent variables MTF and CNR. Such multi-
collinearity occurs when independent variables are effectively a measure of the same
element and have to be removed from the model as they would reduce the precision of
the estimated coefficients and weaken the statistical power of the regression model.
Of the 1Q metrics measured, CNR was shown to be significantly associated with
successfully achieving the diagnostic task of root canal identification and agrees with
other studies reporting the positive relationship between CNR and the identification of
anatomical landmarks and achieving diagnostic tasks (CHOI ET AL. 2015, PAUWELS ET AL.
2015b, MCGUIGAN ET AL. 2020, WANG ET AL. 2020). The regression model did not identify
spatial resolution, as quantified by MTF, as having a statistically significant relationship
with the diagnostic task of root canal identification when adjusting for CNR. On
confirmation of the correlation between FWHM and MTF, FWHM was removed, as it
was evident from graphical display (Figures 3.6 ¢ & d) that FWHM did not show a clear
relationship with achieving the diagnostic task. Contrary to this finding, one identified
study concluded that FWHM provided the most suitable link with the subjective
assessment of identifying anatomical landmarks (OENNING ET AL. 2019). However, this
study reported that this finding applied only when protocols involving a range of
different voxel sizes were being compared, and indeed that CNR is more relevant when

the voxel size is fixed, as was the case in this study for each machine.

3.5.3.2 IQ determinants
Regarding exposure factors, the regression model demonstrated, as expected, that the

odds of successfully achieving the diagnostic task were significantly increased with
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higher levels of kV and mA compared to a lower baseline level (Table 3.7). Native pixel
array compared to 2x2 pixel binning and 360° and 200° rotation compared to 180° also
significantly increased the odds of successfully identifying the root canal anatomy.
However, itisimpossible to extricate native pixel array properties of the high-resolution
setting from the effects of increased tube current-exposure time product associated
with increased time and basis images that accompanies this setting for the given
exposure protocol. It should be mentioned that, while these identified variables are
significant and they do have an effect on the response variable, the large confidence
intervals associated with the adjusted odds ratios mean these results have to be viewed
with caution. Causes of large confidence intervals may possibly be due to a small
sample size or due to the combination of variables in the model. Calculation of sample
size (10k/p: k = number of independent variables, p= proportion of —ve or +ve cases in
the population) did indicate 133 cases were required, this number being exceeded in
this study (180). Other means of statistically analysing the data were investigated
(linear mixed effects, fixed effects model) but model assumptions were not satisfied.
The odds ratios for the variables, machine type and operator did exhibit narrow
confidence intervals. Machine type did not prove to have a statistically significant effect
on successfully achieving the diagnostic task in this study despite the superior CNR,
noise, MTF values, in addition to the higher DAP values and smaller voxel size of the
Accuitomo F170°. Furthermore, these variations were accompanied by the hardware
differences identified between the two machines (Table 3.2). These differencesin value
highlights that 1Q metrics are device dependent and not readily comparable.
Interestingly, MTF being a measure of spatial resolution and voxel size, albeit
considered under the umbrella of machine type, did not prove to have a significant
effect on this task (BRULLMAN & scHULZE 2015). It would be presumed that an IQ metric or
imaging variable that enhanced the ability to differentiate small structures as separate
entities would prove to be a significant factor in this diagnostic task. However, it has
been well established that larger voxel sizes do not necessarily mean lower diagnostic
accuracy for diagnostic tasks requiring fine detail, with a meta-analysis of studies
reporting no impact of voxel size on the detection of vertical root fracture (MA ET AL

2016). Notably, a recent study did identify an impact of voxel size on vertical root
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fracture diagnosis but only when comparing broadly different voxel sizes
(250/160 um and 250/80 um), (GUO ET AL. 2019).

Operator experience was demonstrated to have a statistically significant effect
on successfully achieving the diagnostic task, which is in agreement with other studies
that reported on the impact of operator expertise/experience and variance, on
achieving a diagnostictask using CBCT (PARKERET AL. 2017, WOLFET AL. 2020). The benefits
of increased operator experience may relate not solely to enhanced interpretive skills,
but also to proficiency in making full use of zooming tools and maximising windows in
order to achieve a 1:1 ratio of image pixel to monitor pixel which allows optimal
presentation of the scanimages. The Acer V176LBMD 17” HD Ready Monitor (Acer UK,
London) used in this study had a resolution of 1280 x 1024 pixels, with machine FOV
and voxel sizes (ProMax® 3D: 50 mm (D) x 50 mm (H): 0.1 mm, Accuitomo: 40 mm (D) x
40 mm (H): 0.08 mm) resulting in each scan slice for both machines being 500 x 500
image pixels. Therefore, viewing in the multiplanar formatting (2x2) view would require
a minimum resolution height of 1000 x 1000 pixels. However, if considering the screen
pixels occupied by the graphic user interface, this would necessitate a monitor height
in excess of the 1024 pixels available in order to show each slice at a 1:1 ratio of scan
voxels with monitor pixels. This could only be achieved in this study set up through use
of zooming tools or maximizing windows. Therefore, magnification of image may have
had an indirect impact on successfully achieving the diagnostic task. While all
observers, not proficient in viewing the software of each system, were given a
standardized interactive tutorial prior to observation, a potential limitation of the study
was not to record whether the operators actually availed of magnification in their
observations soits impact could have been assessed. The benefits of large-size and high
resolution monitors are thus apparent (PAUWELS ET AL. 2015a). Higher diagnostic
accuracy has been associated with medical grade monitors (ORGILLET AL. 2019) although
not exclusively so (ISIDORETAL. 2009). The technical specifications of the monitor usedin
this study were within the range indicated by the UK Health Security Agency (UKHSA)
as required for diagnostic purposes of dental CBCT images (Health Protection Agency,
2010). In this study a DICOM-calibrated consumer grade display was used for the
subjective assessment of the CBCT datasets and a standardised ambient room lighting

recorded of less than 50 lux (HELLEN-HALME ET AL., 2012). Studies have concluded that

123



DICOM-calibrated consumer grade monitors have been shown to be capable of
displaying luminance image quality (MCILGORM ET AL. 2013) and facilitating diagnostic
accuracy for a range of diagnostic tasks (KALLIO-PULKKINEN ET AL. 2015) comparable with
that achieved with a DICOM-calibrated medical grade monitor.

CNR is a measurement of low-contrast resolution and indicates the system’s
ability to differentiate a signal from the background and accordingly, between tissue
types. This study shows that CNR is a significantIQ metric in successfullyidentifying root
canal anatomy. CNR is largely dictated by noise and thus driven by exposure settings
and time, this being confirmed by the findings that higher tube voltage, tube current
and rotation angle (above study baseline) significantly increased the odds of achieving
the diagnostic task. From an optimisation perspective it is useful to establish the
relationship between 1Q metrics and exposure parameters, with a specific diagnostic
task, in order to prioritise those most relevant at an optimised dose. Chapter 2
confirmed how a threshold CNR can be established (for a given machine) for the
diagnostic task of identification of root canal anatomy, above which the diagnostic task
was consistently achieved. This study provides further support for this strategy and the
potential clinically foridentifying the exposure protocols that can achieve this threshold
CNR level at the minimum patient dose, while being aware of the over estimation of
diagnostic accuracy in ex vivo studies.

Additional limitations of this study included the wide confidence interval for the
dose related variables, it was hypothesized this may be due to the sample size although
the requirement for sample size were met. Possibly some interaction between degree
of rotation and pixel binning may have caused this issue. It would be of interest to
repeat this study with a wider variation of machines that could allow clearer isolation
of imaging variables that varied exclusively with machine in this study. Additionally,
imaging a greater variety of M1Ms anatomy would allow a more insightful assessment
of the impact of tooth anatomy on successful completion of the diagnostic task to be
assessed. Inthis study tooth type/anatomical variation was not included in the list of
possible variables as T8 did not achieve the task at any exposure protocol. Inclusion of
T8 would have caused issues of convergence in the regression model (ALLISON 2008) as
all observations for the variable would be the same (0 - did not achieve the task). A

wider variation of machines and/or teeth would obviously increase scan numbers to be
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observed which may create issues of observer recruitment as has been reported (YALDA
ET AL. 2022). Albeit, this increase could be counteracted by restricting the range of
exposure protocols e.g. removing the lowest (those that were already identified as
diagnostically unacceptable) and highest DAP protocols. Ultimately a clinical study,
allowing impact of motion blur from patient movement in addition to artefacts from
restorations, particularly existing endodontic treatment (KRUSE ET AL. 2019) would
provide more clinically relevant data rather than use of data from an ex-vivo model
(Section 2.5.1). The issue of course with a clinical study, apart from the obvious ethical
issues that exists with all optimisation studies, is the absence of the reference standard
as a micro CT could not be completed on a tooth in vivo, although there is at least the
theoretical possibility of using teeth which are planned for extraction (e.g. some third

molars or other ectopic teeth).
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3.6 CONCLUSIONS

The 1Q metric shown to have a statistically significant effect on successfully
achieving the diagnostic task of identification of root canal anatomy is CNR.
Imaging variables; X-ray tube voltage, X-ray tube current, degree of rotation and
native pixel array were demonstrated to have a statistically significant effect on
successfully achieving this diagnostic task, albeit with wide confidence intervals.
Skilled, experienced observers significantly increased the odds of successfully
identifying root canal anatomy.

Measurement of spatial resolution using FWHM in not a discerning 1Q metric
when the acquired scans have the same voxel size and FOV.

Assessing FWHM with a wire diameter (0.075 mm) smaller than the voxel size

(80 um) was not successful for both machines due to the resulting weak signal.
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Chapter 4

The impact of CBCT on endodontic access cavity
preparation and associated outcomes in maxillary 3D

printed first permanent molars
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4.1 INTRODUCTION

CBCT offers the advantages of cross-sectional imaging and, for some diagnostic tasks,
superior diagnostic accuracy, compared with conventional radiographic techniques
(SCARFE & FARMAN 2008). This benefit is reflected in clinical guidelines that advocate its
use for specific clinical applications (HARRISET AL. 2011, EUROPEAN COMMISSION 2012, AAE &
AAOMR 2015, PATEL ET AL. 2019, HORNER ET AL. 2020). Uncertainty remains, however, as to
whether this enhanced accuracy translates into positive impacts on patient outcome,
classified as level 5 (Section 1.4.1; Table 1.4) of Fryback and Thornbury’s imaging
efficacy classification model (FRYBACK & THORNBURY 1991), which would thereby help to
justify the higher doses associated with this imaging modality.

A general paucity of literature demonstrating a positive impact of CBCT imaging
on patient outcome exists across the spectrum of dental disciplines and notably in the
endodontic literature. This is, in part, due to the fact that that investigation of
diagnostic efficacy at the higher levels of the hierarchical model (FRYBACK & THORNBURY
1991), is difficult to achieve in the absence of randomised control trials (RCT). These are
ethically challenging and may be impossible to perform with regards to diagnostic
imaging modalities (MILEMAN & VAN DEN HOUT 2009) and furthermore often result in poor
reproducibility, high-bias and ultimately low quality studies, which are inadequately
powered (ROEDER ET AL. 2012). A recent review (HORNER ET AL. 2020) identified 26
systematic reviews (involving in vivo and ex vivo studies of adult patients) of CBCT
diagnostic efficacy, of which 12 related to endodontology. Only one of these 12
endodontic systematic reviews (ROSEN ET AL. 2015) reported on diagnostic efficacy
studies higher than diagnostic accuracy efficacy (level 2, of the hierarchical model
[FRYBACK & THORNBURY 1991]), with only one article having findings relating to patient
outcome (KURTET AL. 2014). This systematic review by Rosen and co-workers (ROSEN ET
AL. 2015) was recently updated to consider only high-level-evidence studies (ROSENET AL.
2022), but only identified one further article relating to patient outcome (YANG ET AL.
2016).

The identified patient outcome studies (KURTET AL. 2015, YANG ET AL. 2016) did
report positive findings and potential justification of CBCT with regard to the impact on

surgical and non-surgical endodontic treatment outcome but these findings have to be
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judged in context of their methodological quality.  Both outcome studies were
identified as having high levels of bias (met no more than five of the quality criteria
[REITSMAETAL. 2009]). Yangetal.(2016) carried out a prospective clinical study reporting
that CBCT, in addition to ultrasonics and use of a dental operated microscope (DOM),
aided negotiation of all 16 calcified (mid and upper third sclerosis) molar root canals.
However, it was a single-arm intervention study (or a case-series), small patient
numbers (13) with the absence of a power calculation, control group; therefore, it was
described as a low quality study, making it impossible to assess the validity of its
findings. Kurt et al. 2015 performed a randomized control trial to compare the impact
of CBCT with conventional imaging on molar periapical surgery (40 patients). No
significant difference was shown between treatment success rates using CBCT imaging
and conventional imaging but a significantly shorter procedural time was reported with
CBCT imaging. This study was criticized as it showed verification bias (outcome being
assessed by the actual index test), incorporation bias in addition to uninterpretable
results. The evidence of CBCT impact on endodontic outcome is limited to these two
studies, which appear to be of limited quality. Of the other high-evidence-level studies
(levels 3 and 4) identified in the review (ROSENET AL. 2022) only two were considered to
have a low risk of bias and these and other relevant studies are considered in Section
1.4. The predominance of high bias, lower-evidence-level studies highlights most of all,
perhaps, the difficulty in designing and executing studies to provide the robust evidence
that the clinician needs to satisfy themselves that CBCT will influence decision making,
treatment strategy and treatment outcome.

A positive impact on patient outcome efficacy, (level 5 of the imaging
classification model) (FRYBACK & THORNBURY 1991) in non-surgical endodontics, must
primarily demonstrate an improvement in the long-term retention of the tooth,
achieved by treating or preventing apical periodontitis. The management of necrotic
pulp tissue and apical disease is achieved by effective chemo-mechanical debridement
of the entire root canal system after location and instrumentation of all root canals
present, with the ultimate aim of optimal reduction/elimination of microbial biofilmin
the root canal system (ESe 2006). Long-term retention of the tooth was considered by
consensus as the most critical outcome for non-surgical root canal treatment in the

development of the ESE S3-level clinical practice guidelines (DUNCAN ET AL. 2021), while
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another specific outcome measure, cited in these guidelines as important, was ‘tooth
function (fracture, restoration longevity)’ (DUNCAN ET AL. 2021). Resistance to root
fracture is multifactorial and requires preservation of the structural integrity of the
tooth after endodontic access cavity and root canal preparation has been completed
(LANG ET AL. 2006). Additional factors including dentine age (AROLA & REPROGEL 2005), the
use of root canal irrigants (KAFANTARI ET AL. 2019) and type of medicaments used
(ANDREASEN ET AL. 2002), which have been shown in vitro to affect the physical properties
of dentine. Loss of marginal ridge (REEHET AL. 2009, EL-HELALI ET AL. 2013) and lack of cuspal
coverage of endodontically treated posterior teeth (SORENSEN & MARTINOFF 1984) are well
reported causes of reduced fracture resistance, in addition to the compounding effects
of masticatory forces (CHAN ET AL. 1998). Furthermore, residual tooth volume and the
presence of cracks, have been demonstrated to influence restoration and tooth survival
(AL-NUAIMI ETAL. 2017, AL-NUAIMI ETAL. 2020, BHUVAET AL. 2021, LINET AL. 2022). The concept
of minimally invasive endodontics dictates that non-surgical endodontics should cause
the least amount of change to the dental hard tissues in order to preserve the strength,
stiffness, function, and longevity of the endodontically treated tooth (TANG ET AL. 2010,
GLUSKINET AL. 2014). While ultimately, the total volume of residual tooth substance has
been identified as being linked to tooth survival (AL-NUAIMI ET AL. 2017, AL-NUAIMI ET AL.
2020), specifically maintaining the structural integrity and dentine volume of the peri-
cervical area of the tooth (defined as the area approximately four millimetres above
and below the alveolar crest) has been identified as being critical to fracture resistance
and long-term survivability (Cvek 1992, KATEBZADEH ET AL. 1998, CLARKE & KHADEMI 2010).
Indeed, the thinness of the cervical area was a significant factor in the determining the
occurrence of root fracture clinically of immature incisor teeth (cvek 1992). Thus,
minimising the dimensions of the access cavity while achieving adequate root canal
access is an important objective. It can be hypothesised that the availability of CBCT,
providing cross-sectional imaging of the tooth, would assistin achieving this objective.

Root canal anatomy varies enormously from tooth to tooth and from patient to
patient. Any study attempting to quantify the efficacy of a diagnostic technique such
as CBCT s faced with a choice of which teeth to study. The results of studies on, for
example, endodontics of maxillary central incisors might be expected to be different to

those on teeth with more complex root canal systems for which cross-sectional imaging
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might offer greater benefits. Molar endodontics is usually seen as being complex and
identifying the location of the MB2 canal in maxillary first molar (M1M) teeth would
generally be seen as particularly challenging for clinicians. The evidence suggests that
a greater number of MB2 canals could be located clinically (78%: using experienced
endodontists and a dental operating microscope), than were identified on CBCT imaging
(69%: using separate pair of evaluators, a suspected MB2 canal was classified as absent
[HIEBERTET AL. 2017]). However, in cases where clinical methods cannot locate the MB2
canal, supplemental CBCT imaging has been shown to have a significantimpact on the
incidence of locating the MB2 canal (HIEBERT ET AL. 2017, PARKER ET AL. 2017). Regarding
preservation of dentine, guided-endodontics, which uses a 3D printed stent generated
by CBCT, to clinicallylocate the canal orifice, has been shown to reduce tooth substance
removal inincisor teeth with sclerosed canals (BUCHGREITZETAL. 2019, CONNERTET AL. 2019)
as well as extracted maxillary molars (SAT0O 2020). However, guided-endodontics adds
both time and expense and is not commonly used in molar endodontics, and it has not
yet been shown if CBCT imaging alone (without a stent) had any impact on tooth
substance removal when locating all four root canals in M1Ms.

Position statements from European and American Endodontic organizations
have stated that CBCT imaging of teeth prior to root canal treatment is indicated in
cases where anatomically challenging morphology is predicted or when a combination
of planar radiography and clinical investigation with a dental operating microscope
cannot locate the orifice, portals of exit or extent/continuity of the canal, (AAE & AAOMR
2015, ese 2019). Identification and negotiation of more complex anatomy is important,
as failure to locate all the root canal anatomy in a tooth reduces the efficacy of chemo-
mechanical debridement and increases risk of persistent disease, endodontic failure
and potentially tooth loss (WOLCOTTET AL. 2005, TSESIS & FUSS 2006, CHANG ET AL 2013).
Conversely, extensive searching to locate root canals can result in excessive dentine
removal, particularly in the mesio-buccal (MB) root area, which can lead to potential
complications including reduced resistance to root fracture, perforation and
compromised restoration (DE CHEVIGNY ET AL. 2008, GLUSKINET AL. 2014, BHUVA ET AL. 2021),
leading to potential tooth loss (STUDEBAKER ETAL. 2018). Previously, it has been suggested
that CBCT imaging may improve the ability to locate root canals in teeth with

challenging anatomy (HIEBERTET AL. 2017, RODRIGUEZ ETAL. 2017).- A positive impact of CBCT
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imaging on patient outcome, relating to second mesiobuccal (MB2) canal location,
could be determined by a reduction in tooth substance loss, increased canal
identification and reduced procedural time. Reduced procedural time may have an
impact on the patient-centred outcome, cost-effectiveness (SCHWENDICKE & GOSTEMEYER
2016).

To test a hypothesis that the availability of CBCT imaging might lead to patient
or societal benefits, the ideal research design would be a RCT. As described in Chapter
1 of this thesis, RCTs are challenging to perform to an excellent standard. Unlike new
drug therapies, there are no comparable frameworks for requiring evidence of
improvements in outcome efficacy. New diagnostic methods, particularly imaging, are
therefore often introduced into practice without clinical trial evidence (KNOTTNERUS ETAL.
2002). Furthermore, clinicianand patient recruitment could be challenging for a RCT
on an established diagnostic imaging method because of a perception that some
patients would be ‘deprived’ of access to the best techniques. ‘Before-after’ study
designs have been used as one method of identifying changes in clinical practice (Level
3 and 4 of Fryback & Thornbury’s hierarchy) but can alsobe applied to patient outcomes
studies (Level 5 or 6). In its traditional sense, the ‘before-after’ design would involve
measuring some aspect of diagnostic thinking, treatment or outcome before and after
introduction of a new imaging method, so permitting the identification of any changes
resulting from it. As highlighted, this research designhas several weaknesses that mean
changes in the measured parameter ‘after’ introduction of the new method might not
actually be due to the new imaging technique itself (ROHUNET AL. 2020). An alternative
method is to test the impact of the new method in parallel rather than in series, in a
‘with-without’ design (ROHLINETAL. 2020). Itis impossible to treat a patient twice for the
same purpose simultaneously, so this method is applicable to clinical ‘vignettes’ or
scenarios, in which clinicians are presented with clinical and diagnostic information (e.g.
history and examination information, photographs, diagnostic test results) about a
patient with, and then without, the addition of the new imaging information. An
extension of this design can be proposed for dental or surgical purposes by
manufacturing a model of a patient upon which the procedure can be performed. Such

a method was used in the context of dental implant placement (SHELLEY ETAL. 2011). A
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key aspect of this design is that the model should be as close to a clinical situation as
possible.

Therefore, due to the ethical challenges of clinical trials and logistical
impossibility of comparing outcome measures within the same tooth to establish the
benefits of CBCT imaging compared with conventional radiography, this study utilized
3D printed reproductions of extracted first permanent molar teeth in a clinical scenario
with laboratory simulation. The development of an accurate 3D printed replicate
facilitates experimental standardization and realistic clinical simulation (LIANG ET AL.
2018, CONNERT ET AL. 2019, MAGNI ET AL. 2021).

The aim of this ‘with-without’ study using 3D printed M1M teeth was to identify
if supplemental CBCTimaging can potentially improve outcome after endodontic access
cavity preparation in M1Ms, by analysing changes in tooth substance removed,
procedural time taken and root canals located, specifically in relation to location of the
MB2 canal, compared with the use of conventional (IOPA) and clinical methods alone;

thereby justifying the increased dose associated with CBCT imaging.

4.1.1 Null hypotheses

The null hypotheses of this ‘with or without’” study design, were that provision of

additional CBCT imaging would result in:

1. No difference inthe volume of tooth substance removed.

2. No difference in time taken to complete access cavity preparation (procedure time).

3. No differences in the outcome measurement (1-2) when adjusting for experience
level, session number, magnification, tooth type.

4. No change inthe proportion of canals located and specifically, MB2 canals located.

5. No impact on operator confidence and reported ‘helpfulness’ on location of the MB2

canal.
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4.2 OBJECTIVES

1.

For participants, over two randomised sessions (with washout period), to locate
and establish coronal patency of the palatal, disto-buccal, MB1 and MB2 canals
in three different bespoke 3D-printed M1M teeth with the preoperative aid of
either IOPA imaging alone or IOPA supplemented with CBCTimaging. Eachtooth
would have distinct MB2 canal morphologies and location challenges.

To quantify the volume of tooth substance removed and specific access cavity
dimensions subsequent to procedure outlined in 1., in both sessions.

To measure the time taken to complete endodontic access cavity preparation
and attempt location of all four canals in both sessions.

To analyse the number of canals located after both sessions.

To measure operator confidence and perceived ‘helpfulness’ of both imaging
techniques in achieving MB2 canal location outlined in 1.

To assess any impact of operator experience, the session number, magnification
and tooth type on tooth substance removal and time taken for endodontic
access cavity preparation and canal location, using conventional and CBCT
imaging.
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4.3 MATERIALS AND METHODS

4.3.1 Teeth selection

Ethical approval for the use of pooled extracted teeth in this study had previously been
obtained from St. James’ Hospital/Tallaght University Hospital (SJH/TUH) Joint Research
Ethics Committee (Reference number 2019-02 Chairman’s Action [05]). M1Ms were
selected by the author from a bank of extracted teeth, collected for this study. After
extraction, the teeth were washed with water and the adherent tissue gently removed,
before being immersed in a 2% sodium hypochlorite solution (Milton, Milton
International, Nantes, France) for 24 hours prior to storage in a sterile saline solution
(Henry Schein, Dublin, Ireland). Inclusion requirements were based on preliminary
visual and radiological examination. Visual inclusion criteria were the external
anatomical features, a mesio-distal crown diameter of 10mm + 0.2 (JORDANET AL. 1992),
three mature distinct roots with closed apices, and absence of root fracture.
Radiological criteria were the presence of a pulp chamber and absence of extensive
tertiary dentine deposition, as seen on using conventional radiography. Ten teeth were
identified in this way. Subsequently, CBCT imaging (ProMax 3D Classic, CBCT scanner)
was used to refine the selection of teeth, with the intention of obtaining a range of MB2
features; this limited the ten M1Ms that visually appeared to fit the inclusion criteria,
to three left M1Ms and one right M1M (provisionally three study and one practice
tooth) representing differing MB2 bucco-palatal and apico-coronal positions, MB2

orifice width, and possessing a visible MB2 canal in the coronal aspect of the root canal.

4.3.1.1 MicroCT analysis

In order to confirm MB2 anatomical features, microCT analysis of the four selected
M1Ms (UCT 40 SCANCO Medical AG, Brittisellen, Switzerland) was performed in the
core facility in the Bioengineering Building, TCD. The teeth were positioned in turn with
the occlusal surface (pulpal floor) parallel to the horizontal plane and imaged at 70 kVp,
114 mA, 8 W with a spatial resolution of 20 um. DICOM files were imported into ITK-

SNAP (free software, Version 3.8, http://www.itksnap.org), allowing visualisation and

navigation through all three orthogonal planes of the reconstructed microCT 3D images

of the tooth/root canal systems (Figures 4.1a-c: 1-3). Additionally, the hard tooth
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structure and, separately, the pulp chamber and root canal anatomy of each M1M were
segmented in ITK-SNAP (process described in detail Section 4.3.2.1) and the Standard
Tessellation Language (STL) files imported into Meshmixer (free software, version 3.5,

http://www.meshmixer.com) to allow analysis of and interaction with the 3D

structures. The resulting segmented meshes (Figures 4. 1a-c: 4 - 5), in addition to the
reconstructed images of the tooth/root canal systems (Figures 4. 1la-c: 1-3), were
viewed by two independent endodontists not taking part in the study itself.
Endodontists were defined as individuals who had completed a three-year full time
equivalent training in endodontics. The endodontists were asked to describe canal
numbers in each tooth, canal continuity, and the bucco-palatal and apico-coronal
positions of the MB2 orifice relative to the pulp chamber floor.

The two independent endodontists confirmed that teeth X, Y and Z were left
M1Ms and the practice tooth was a right M1M, each exhibiting four canals including a
continuous MB2 canal, while all differed with regards to the position and origin of the
MB2 orifice (Figure 4.1a-c, Table 4.1). The investigator scrolled using the ({/) cursor
through the 2D axial slices (Figure 1a-c) from the pulpal floor in an apical direction,
noting the bucco-palatal and apico-coronal location of the MB2 canal orifice (Table4.1).
The origin was recorded as the position at which the MB2 orifice first became
identifiable as a separate canal in the axial slices (Table 4.1). The endodontists
identified the MB2 orifice of Tooth Z as being the most technically challenging to locate.
It had the smallest coronal diameter; its origin was located almost 1 mm apical to the
floor of the pulp chamber and was close to the MB1 orifice. Tooth Xand Y had different
MB2 origins in the bucco-palatal plane compared with tooth Z (Table 4.1). After
assessment all four teeth (X, Y, Z and the practice tooth) were selected for 3D printing.
Prior to printing, the four teeth were accessed to ensure the canals were in fact present

as visualised on the microCT scans and were negotiable.
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Bucco-palatal Position

of MB2 Orifice

Apico-coronal Position

of MB2 Orifice

Approximate Diameter of MB2

Orifice at level first identified

Reference Point: (mm)
Direct line: Mid MB1-P
Direct line: Mid MB1-MB2
Mesial:Mid MB1-P At floor of pulp chamber, 0.61
Mid MB1-MB2: 2.38 mm appears simultaneously

with MB1, DB, P
Mesial:Mid MB1-P Just below main body of 0.53
Mid MB1-MB2: 1.01 mm floor of pulp chamber,

appears simultaneously

with MB1, DB
Mesial:Mid MB1-P Finally separates fromthe 0.21

Mid MB1-MB2: 0.63 mm

MB1 main orifice 0.84 mm
below the main pulp body
floor (measured in sagittal

view).

TABLE 4.1. Classification of features of MB2 canal for Tooth X, Y, andZ. MB1: Firstmesiobuccal
" canal, MB2: Second Mesiobuccal Canal, DB: DIstobuccal canal, P: Palatal canal.
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FIGURE 4.1a Tooth X: MicroCT images reconstructed in ITK-SNAP from DICOM files (1-3).Segmented meshes reconstructed in Meshmixer from STL files of the
pulp chamber and root canal anatomy (4) and the entire hard tooth structure usingtoggle visibility (5). ITK-SNAP: software application used to segment
structures in 3D medical image. DICOM: Digital Imagingand Communications in Medicine.
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FIGURE 4.1b Tooth Y: MicroCT images reconstructed in ITK-SNAP from DICOM files (1-3). Segmented meshes reconstructed in Meshmixer from STL files of the
pulp chamber and rootcanal anatomy (4) and the entire hard tooth structure usingtogglevisibility (5). ITK-SNAP: software application used to segment structures
in 3D medical image. DICOM: Digital Imagingand Communications in Medicine.
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FIGURE 4.1c Tooth Z: MicroCT images reconstructed in ITK-SNAP from DICOM files (1-3). Segmented meshes reconstructed in Meshmixer from STL files of the
pulp chamber and rootcanal anatomy (4) and the entire hard tooth structure usingtoggle visibility (5). ITK-SNAP: software application used to segment structures
in 3D medical image. DICOM: Digital Imagingand Communications in Medicine.
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4.3.2 3D printing of M1M replicas

4.3.2.1 3D printing workflow

Segmentation of the M1M images (imported as DICOM files into ITK-SNAP) was
required to facilitate 3D printing of the teeth. Digitalimage segmentation is the process
(Figure 4.2a-f) whereby the selected structure of interest, in this case the hard tissue
structure of the tooth, is delineated using thresholding according to pixel value (Figure
4.2b). A label is assigned to every pixel in the image region of interest, with pixels
sharing the same characteristics, having the same label. Labelling was executed in all
three orthogonal planes and results were visualized as a three-dimensional rendering
or mesh. The segmented meshes were imported as STL files into Meshmixer to facilitate
preparation for printing. The mesh of a tooth is a complex geometry represented by
several million constituent triangles. In this form, the mesh cannot be processed by the
computer programs necessary for the printing process, as the number of triangles is
proportional to rendering speeds and memory requirements. A decimation algorithm
in Meshmixer was applied to the mesh, specified as a percent reduction (50%) of the
original mesh, reducing the number of triangles (to < 1 million triangles) while
preserving the original topology and good adherence to the original geometry.
Subsequently, the outer surface of the crown/root was smoothed to remove any
defects that would potentially interfere with printing (Figure 4.3). Finally, the STL files
were imported into Blender (free software, version 2.9, http://www.blender.org) to

check STL files for printability and any further editing where necessary.
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FIGURE 4.2 Illustration of segmentation process of M1M crown using ITK-SNAP semi-
automatic segmentation: a) Definition of the region of interest (axial view), b) thresholded
image: upper and lower threshold values adjusted so that structure to be segmented (crown
structure) is white and sharply delineated from the blue area that is not to be segmented
(pulp chamber). c) Labelling:3D bubbles placed inside of the crown of tooth (evolution after
30iterations), d), e) axial and then sagittal view of finished evolution of crown structure (after
325 iterations), f) mesh of crown obtained after automatic segmentation. Meshes were
produced for the entire tooth for each M1M. M1M: First Maxillary Molar

ITK-SNAP: software application used to segment structures in 3D medical images.
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FIGURE 4.3 Decimation of mesh in Meshmixer: The structureofinterest is demarcated

(in brown) and percentage reduction of triangles is selected. 50% reduction applied,
reducingmesh triangles tojust< 1 million triangles which can bereadily processed by
relevant programs for printing. Additionally, a smoothing and analysis function was
applied to remove rough/uneven surfaceandto remove surfacedefects. Meshmixer:
3D modeling software to create, analysisand optimize 3D models.
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In order to print the four selected M1Ms (labelled: X, Y and Z and practice) with the fine
detailed canal morphology required, polyjet printing technology was necessary;
however, it was not available in TCD. As a result, STL files were sent to collaborators
(Prof. Gabriel Krastl, Dr. Julia Ludwig, Wirzburg Dental Hospital, Germany) with access
to a polyjet printer (Figure 4.4). The materials used were Objet 30 Prime, Materials:
Vero White Plus (VWP) with SUP705 (support material), Stratasys Ltd, Minneapolis,
MN). A preliminary first batch of ten of each tooth type was printed for use in the

subsequent feasibility study.

4.3.3. Feasibility study

Two endodontists, who had previously analysed the microCT datasets for M1M
suitability, were allocated samples of each of the four M1Ms (X, Y, Z, practice), and
asked to access the first batch of 40 printed study teeth, to check if all canals were
accessible. The endodontists confirmed that for tooth X, all four canals were negotiable
and distinctand that the tooth required no alterations, but stated that the other M1M’s
(Y, Z, practice) required modification as the MB2 canals were not all consistently
negotiable after the 3D printing process. The STL files of teeth Y and Z were reimported
into Blender software, to enable modifications to the MB2 canals. Minor enhancement
of these MB2 canals, in areas with the narrowest of dimensions using the Blender tool
(delineated in orange, Figure 4.5), prior to reprinting, proved sufficient for tooth Y and
Z, producing teeth which were checked and the MB2 was consistently negotiable. The
practice tooth required greater modifications, departing further from its original
anatomy, so it was confirmed as a non-study tooth to allow operators to practice and

become accustomed to the texture of the teeth.
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FIGURE 4.4 Laserjet printer used to print 3D teeth: Objet 30Prime (Stratasys Ltd, Minneapolis, MN,
used for printing M1M’s (Wiirzburg Dental Hospital, Germany). M1M: FirstMaxillary Molar.

Tooth 2

FIGURE 4.5 Blender software modifications (orange) to MB2 canal fin for Tooth Yand to the narrowest
point of MB2 justbelow MB2 canal orifice.

MB2: Second Mesiobuccal Canal. Blender: Open-source 3D computer graphics software toolset for
printing 3D models.

145



After the modified batch of teeth were reprinted, a further, more developed, feasibility
study was undertaken by the same non-study endodontists during which they
completed the endodontic access cavity, prior to locating and instrumenting all four
canals in each M1M type. The purpose of this second feasibility study was to confirm if
all canals were consistently present, continuous and accurately reflected the micro-CT
datasets with regards to bucco-palatal and apico-coronal location of canal orifice and
relative dimensions of the canal orifices. Additionally, they were asked to qualitatively
describe the characteristics of the printed teeth as compared with real teeth,
specifically with regards to similarity to the texture and hardness of dentine during
access opening, canal gauging and canal instrumentation. These details would later be
included in the pre-operative instructions as a guide to prepare the operators. The
feasibility study feedback concluded that teeth X, Y and Z teeth were suitable for the
study and presented different challenges with respect to the location of the MB2. The
practice tooth was used to familiarise the operator with drilling and instrumenting of

this particular 3D printed teeth resin material.

4.3.4 Preparing clinical simulation mock-up

4.3.4.1 Imaging

To reproduce the clinical scenario as closely as possible, imaging of the selected study
teeth (X, Y, Z) was facilitated by using an anthropomorphic phantom as used in previous
studies (SHELLEY ET AL. 2011, HIDALGO RIVAS ET AL. 2015, MCGUIGAN ET AL.2020). This consists
of skeletal material suspended in head-shaped polystyrene container, with air displaced
by water to mimic soft tissues. This involved soaking a skull and cervical spine (C1-C4)
in water for 48 hours before imaging; this was in order to ensure water had displaced
air from all trabecular spaces. Thereafter, the selected teeth were inturn mounted into
the upper left first molar socket of the maxilla, a procedure that involved careful
osteoplasty of the alveolar bone using a stainless steel water-cooled rosehead bur ina
slow-speed handpiece to acquire the best possible fit. The study teeth were retained
with the aid of modelling wax which has aradiopacity greater than airand less than that
of water. The anthropomorphic phantom was imaged using the Planmeca dental
intraoral unit and, for CBCT imaging, the ProMax 3D Classic at the optimised adult

settings used clinically for each unit in DDUH X-Ray Department.
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e Conventional Imaging: 66 kV operating potential, 8 mA tube current, 0.32 seconds
exposure time, rectangular collimation (30x40mm beam), focus-to-skin distance
(FSD) 200 mm.

Two intraoral periapical radiographs were taken of each of the three study teeth, one

using the paralleling technique and the second at a 30 degrees angle to the first, shifting

the tubehead in the horizontal plane to provide a parallax view (Figure 4.6).

e CBCTImaging: 50 mm (D) x50 mm (H) field of view: 100 um voxel, 90 kV operating
potential, 5 mA tube current, 12 second exposure time.

A CBCT scan was completed of each of the three teeth in the anthropomorphic

phantom (Figure 4.6).
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Figure 4.6 Tooth Z: Imaging provided to operator: CBCT datasetimage andinset: parallax|OPA’s: parallel

image (upper), 30° to the parallel image (lower). IOPA: Intraoral periapical CBCT: Cone beam computed
tomography.
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4.3.4.2 Simulated dental arch preparation

Nine magnetised plasticarch trays were adapted (Figure4.7) to enable secure retention
in the Frasaco dental manikin head (Frasaco Gmbh, Tettnang Germany). The manikin
head was inserted into the individual dental units in the DDUH clinical skills laboratory.
In the DDUH, the clinical skills lab uses identical stations, dental light, headpieces and
set-up in order to accurately replicate the clinical experience and enhance training.

To replicate the orientation of the M1Ms and the adjacent upper left premolars
and second molar on the IOPAs and CBCT image dataset, an acrylic jig was created
around the upper left quadrant for the set-up of teeth X, Y and Z (Figure 4.8). The plastic
arches were lined with carding wax and Frasaco plastic teeth were placed from 17
(upper right second molar) to 23 (upper left canine) position, simulating their position
in the upper arch (Figure 4.9).

The acrylic jig was removed from the skull and placed in the simulated upper
magnetised plastic arch and pressed into carding wax, in order to record and replicate
the orientation of the M1M as imaged (Figure 4.9a). The jig was carefully prised open
on one side and the M1M was replaced with its printed replica, which was embedded
in the carding wax.

The abutment teeth were each in turn replaced with commercially available
printed teeth, being positioned in turn into the carding wax. The arch tray was then
filled with a polysilicone laboratory putty Affinis (Colténe/Whaledent, Altstatten,
Germany) to secure the teeth firmly in place and simulated acrylic gingival tissue placed
around the M1M and abutment teeth (Figure 4.9b).

Prior to access cavity preparation, in order to facilitate volume removal
assessment (Figure4.12, Section 4.3.5.1), a low shrinkage resin-based composite (Filtek
LS, 3M ESPE, Minneapolis, USA) imprint was made of each of the 3D printed M1M teeth,
which was cured with a LED Curing light (Elipar DeepCure-S, 3M ESPE, Minneapolis,
USA), labelled and stored for later use.

To complete the clinical simulation, the dental arch, including the M1M, was
inserted into the manikin head with an opposing lower arch (Figure 4.10a). A clamp,
rubber dam and metal frame were used to isolate the tooth in the same manner as a
normal clinical endodontic set up (Figure 4.10b). A separate simulated dental arch was

prepared for each of the three M1M (X, Y, Z) study teeth for each participant at both
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sessions. All three teeth at both sessions were assigned an electronic patient name and
clinical chart on the patient database normally used at DDUH (SALUD; Two-Ten Health

Ltd., Dublin, Ireland) through which the imaging could be retrieved, resulting in six

experimental patient charts.

FIGURE 4.7 Frasaco dental care training manikin head with magnetised receiving plate (left),
adapted magnetised plastic arch tray with holes drilled to accommodate metal projections
(right).

FIGURE 4.8 Acrylicjigconstructed onskull.
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FIGURE 4.9 a) Jiginplacein mock up arch. (b) Printed teeth stabilised with polysilicone material

FIGURE 4.10 (a) Mock up arch in manikin with opposing arch. (b) Endodontic isolation of 26
(upper left firstmolar).
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4.3.5 Pilot study

Prior to commencing the study proper, a pilot study was completed by two
endodontists, who had not previously examined the teeth and were not participants in
the study proper. The final experimental protocol is explained in depth for Session 1
and 2 in Section 4.3.8. The pilot study was carried out in an identical manner to the
planned study (Figure 4.11), with all 3 M1Ms instrumented in two sessions (random
allocation to either IOPA only or, IOPA + CBCT). The purpose of the pilot study was three-
fold: to highlight any potential methodological errors, troubleshoot practical problems

and use the resulting data to create a power calculation.

FIGURE 4.11 Access cavity and canal location completed in pilotstudy usingsize 10 K-handfiles
(Flexofile, Dentsply-Maillefer), and with files removed (inset image), displaying a blue hue
evident in pulp chamber.
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4.3.5.1 Assessing volume removed

The endodontic access cavities from each M1M included in the pilot study were
volumetrically assessed to demonstrate reliability and repeatability of the
measurement technique and the software to be used for volumetric assessmentinthe
study. The accessed M1Ms from the pilot study teeth were stabilised in wax and CBCT
scanned using identical exposure protocols (50 mm [D]x 50 mm [H] field of view: 75 um
voxel, 90 kV operating potential, 10 mA tube current, 14.9 second exposure time) and
the DICOM files imported into ITK-SNAP to allow volumetric evaluation of the access
cavities. This technique has been previously validated as a method of assessing volume
in airways and cysts (ALMUZIAN ET AL, 2018, GOMES ET AL, 2020). Additionally, the process
was trialled by scanning an air-filled syringe (50 mm [D] x 50 mm [H] field of view: 75
pum voxel, 90 kV operating potential, 10 mA tube current, 14.9 second exposure time)
at two different volumes with a small intervening difference, this resulted in a
discernible difference in volume being recorded in ITK-SNAP (Appendixl). Each M1M
needed to be prepared before scanning by sealing the orifice of each located canal with
an injected flowable composite (Clearfil, Kuraray, New York, USA) whilst rigorously
ensuring removal of any excess from the pulp chamber with fine and superfine
microbrushes performed under a dental operating microscope (Zeiss, Oberkochen,
Germany). Additionally, the composite imprint of each printed M1M constructed prior
to the endodontic access procedure (Section 4.3.4.2), was repositioned on top of the
M1M, to provide a definite seal to the access cavity, replicating its original occlusal
topography (Figure 4.12 a-c). A check, in all orthogonal planes in ITK-SNAP was
completed of the canal orifice seals, ensuring that they sealed the orifice and that there
was an absence of excess material. Similarly, the accuracy of the cavity occlusal seal was
checked. If problems were identified, the seals were removed and repeated until
accurate. The access cavity was then segmented in ITK-SNAP, with the canal orifice seals
and composite imprint preventing the segmentation bubble spreading outside the
confines of the cavity so to ensure an accurate and reproducible reading of volume
removal. Extrusion of the segmentation bubble outside the cavity in any orthogonal
plane was again an indication to repeat the sealing process. The resulting volume was
extracted from volume statistics accessible from the drop-down menu in ITK SNAP.

Each volume measurement was repeated three times, the mean calculated and
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standard deviation of the result recorded: SD+ 0-0.09 (Appendixlll). The segmented
access cavity volume was then imported into Meshmixer software as STL files and the
greatest depth, bucco-palatal width and mesio-distal width were recorded (Figure

4.13).
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FIGURE 4.12 DICOM files of CBCT scanned image of 3D printed tooth, post access cavity
preparation, imported into ITK-SNAP. (a) Demonstrates composite imprint and seal of canal
orifices in thatorthogonal planewhich functioned to stop segmentation bubble extending outside
the confines of the cavity (b) Segmentation bubbles completely merged to fill access cavity. (q
Segmented cavity preparation from which volume of tooth substance removal was evaluated.
DICOM = Digital Imagingand Communications in Medicine. ITK-SNAP = software application used
to segment structures in 3D medical images.

9 UnitsiDimensions

Dimensions

FIGURE 4.13 STL files imported into Meshmixer software to enable measuring of greatest depth,
bucco-palatal width and mesiodistal width of cavity preparation. Meshmixer: 3D modeling
software to create, analysis and optimize 3D models.
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4.3.6 Sample size

The power calculation was based on the primary outcome: volume removed (mm3),
which was established after analysis of pilot study data (Appendix V). Similar themed
studies were available in the literature (IKRAMET AL. 2009, CONNERT ET AL 2019, SATO 2020);
these provided guidance regarding the volume of tooth substance removal during
endodontic access as well standard deviation among operators. However, these
previous studies, although investigating the volume of tooth substance removed with
the aid of CBCT imaging, related only to guided endodontics: i.e. a jig provided a guided
access pathway for the operator and therefore the results only partially reflected the
aims and methods of this study. Nevertheless, a mean reduction 63.2 mm? (+ 12.2) was
shown for maxillary molars. Pilot study data from 2 operators (volume of tooth
substance removed during endodontic molar access with conventional imaging alone
as compared with additional CBCT imaging) (Section 4.3.5) suggested a mean reduction
of 7.7 mm? with CBCT imaging and a standard deviation 9.9 (AppendixIV). Usingan
online sample size  calculator for  comparing paired differences:

http://statulator.com/SampleSize /ss2PM.html, it was ascertained that a minimum

sample size of 16 would be required to achieve a power of 80% and a level of
significance of 5% (two sided). The aim of the study was alsoto recruit three tiers of
experience regarding endodontic and CBCT knowledge/skills/competence; however,
the primary measure was overall volume removed regardless of experience. Therefore,
a total sample size of 18 operators was selected (6 in each experience level). A separate
calculation was not made on the secondary outcome measures of time and number of

canals identified.

4.3.7 Sample

In total, 23 potential operators were invited to partake in this study and 18 operators
eventually recruited for this study, reflecting a range of endodontic experience. This
included three groups: six endodontists (completed postgraduate qualification in
endodontics and current practice limited or largely limited to endodontics), six
postgraduate dentists (qualified 2-4 years and completed endodontic rotations under
supervision of endodontist for at least one year) and six general practitioners (practice

including simple/uncomplicated molar endodontics). Since this study was completed
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in a Dental Hospital, both practicality and laboratory indemnity purposes necessitated
recruiting Hospital employees, either full time or part-time, to populate these
groupings. The postgraduates were all full-time members of staff, the endodontists
were both full-time members and part-time teachers with the general practitioners all
being part-time teaching members of staff. The three sub-groups of operators are
hereafter referred to as Experience Groups: ET (Endodontist), PG (Postgraduates) and

GP (General Practitioners).

4.3.8 Study protocol

The operators were informed that the aim of the study, using 3D printed M1M teeth,
was to identify the impact of additional CBCT radiographic imaging in the diagnostic task
of root canal location. As detailedin sample (Section 4.3.7), the operators possessed a
range of awareness, knowledge and competence with regards to CBCT image
interpretation and manipulation of CBCT viewing software. ETs were experienced and
competent both ininterpretation and interaction with arange of viewing software. The
PGs generally had some limited experience and knowledge of interpretation and
interaction with Romexis viewing software (available in DDUH) while GPs varied, with
some familiar with CBCT interpretation, but others only aware of CBCT interpretation.
Generally, GPs had limited experience ininteraction with viewing software. In order to
familiarise the operators with the Romexis (Planmeca, Helsinki, Finland) viewing
software system utilized in the study, a standardized interactive tutorial was given prior
to engaging in the study, which was reinforced with a printed document for the
participant to keep. Endodontic access of the three printed M1Ms was completed on
two separate occasions (session 1 and 2), with the two sessions occurring eight weeks
apart to allow ‘wash-out’ and reduce recall. Each operator was randomly assigned
either intraoral periapicals (IOPAs) alone or IOPA and additional CBCT datasets of each
of the M1Ms to be accessed at each session. Specifically, using an online list

randomisation generator allocation: https://www.random.org/lists/, three out of six

operators in each experience group was randomly selected to be provided with IOPAs
in session one and three with CBCT datasets and IOPA’s in session one, with the

opposite scheduled for sessiontwo (Table 4.2). Standardised and optimised viewing
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conditions were established for all operators viewing the preoperative imaging.

Additionally, each operator completed a five-part questionnaire (Table 4.3).

ET PG GP

1 [2[3]a]5]6[1][2]3]a[5]6[1]2]3]a[5]6
S1 | IOPA+CBCT | IOPA IOPA+CBCT | IOPA IOPA+CBCT | IOPA

52 IOPA | CBCT+IOPA IOPA | CBCT+IOPA IOPA | CBCT+IOPA

TABLE 4.2 Randomisation of preoperative assignment of conventional or CBCT and conventional

imaging between S1: session 1 and S2: session 2, within each experience group.

periapical CBCT: Cone beam computed tomography.

IOPA Intraoral

SESSION 1 & 2: BEFORE TASK COMPLETION FOR EACH

imaging datathat you could actually locate the MB2
canal?

TOOTH

Q.1 | Can youidentify an MB2 Canal fromimaging Y/N
provided?

Q.2 | How confidentare you from using the available 1= No confidence

2= Slight confidence

3= Moderate Confidence/Unsure
4= High confidence

5= Complete confidence

SESSION 1 & 2: AFTER TASK COMPLETION FOR ALL TEETH

Q.3

Q.4

How similaristhis simulation of locating the canals
inthe provided 3D printed teethtoa real clinic
scenario?

How helpful wasthe imaging data providedin assisting
location of the MB2 canal?

1= Not helpful/similar

2= Slightly helpful/ similar

3= Moderately helpful/similar
4= Highly helpful/ similar

5= Completely helpful/ similar

SESSION 2: AFTER TASK COMPLETION FOR ALL TEETH

Q5

Did recall have any impacton location of canalsin
Session 2?

Y/N

TABLE 4.3 Summary of questionnaire:Q.1 & 5: Y/N answer. Q.2 - 4: Five-pointLikertscaleprovided
to reflect strength of answer to question.
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Additionally, each operator completed a five-part questionnaire (summarised Table
4.3) to assess impact of IOPA and additional CBCT imaging on identification of MB2
canals and on perceived helpfulness and confidence imparted from the allocated
imaging. The questionnaire also assessed the clinical similarity of the 3D printed teeth
and the role of recall on location of canals at the second session. Q.1 and Q.2 were
completed after observing the imaging provided and before endodontic access cavity
preparation at both session1 and 2. Q.3 and Q.4 were populated after completion of
the endodontic access cavity preparations of all three teeth at both sessionland2. Q.5

was answered after completion of the second session.

4.3.8.1 Session 1 protocol

Each operator was assigned to a training station in the clinical skills laboratory, DDUH.
At the station there was a dedicated screen from which the simulated patient charts
and imaging could be accessed and interacted with. Initially, verbal and written
instructions were provided as to the specific requirements of the task. Subsequently
the operators were allocated time to familiarise themselves with drilling and
instrumenting of the practice 3D printed tooth. Furthermore, time was given to ensure
satisfactory proficiency with regard to the viewing software and CBCT interpretation
requirements specific to root canal treatment.

All operators participating in the study were allocated three mock patients for
each session, and the preoperative imaging (IOPA or IOPA + CBCT) provided with each
patient chart was assessed before drilling an endodontic access cavity on each M1M.
After viewing the dataset, the relevant part of the questionnaire for that session was
completed (Q.1 & Q.2). Thereafter, the operators were instructed to complete access
cavity preparation on a tooth that had already been isolated with rubber dam. Rubber
dam placement was carried out for the operator to standardise placement and to avoid
excessive time being wasted providing isolation. Operators were asked to prepare the
tooth in the exact same way they would clinically in terms of burs, time taken and tooth
substance preservation constraints. Specifically, the operators were asked, after
viewing the relevant imaging, to locate the orifice of all canals present with coronal

preparation sufficient to ensure patency of each of the canals (i.e. size 10 file free in
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coronal two-thirds of the root canal). To replicate the clinic as closely as possible, the
participants were not informed specifically that any of the teeth had four root canals
and that a MB2 canal was or was not present but instead reminded to apply normal
clinical approach where it would be assumed that an MB2 canal exists in over 90% of
M1M'’s. Arange of equipment was provided to the operators. Thisincluded ahighspeed
air turbine handpiece, slow speed handpiece (Bien-Air Dental SA, Switzerland), with a
range of diamond burs and Endo Z bur, steel cavity burs and longshank slow speed burs
(Dentsply-Maillefer, Balliagues, Switzerland). Diamond coated ultrasonics were also
available to locate canals, in a manner designed to reflect the operator's standard
practice. It was stressed, however, that although ultrasonics could only be used
intermittently, they should be used with caution on printed teeth to limit burning of the
resin. Rotary nickel-titanium (NiTi) files (ProTaper Universal Gold, Dentsply-Maillefer)
and K-handfiles (Flexofile, Dentsply-Maillefer), were available for coronal flare; It was
emphasized, however, that this was not the point of the exercise. Individual use of
magnification, i.e. loupes or operating microscope as each operator would normally use
inclinics, was encouraged. On completing the task, the remainder of the questionnaire

for that session was completed (Q.3 & Q.4).

4.3.8.2 Session 2 protocol

Eight weeks after session 1, to allow wash out and reduce memory recall, in anidentical
manner to the first session, the operator was assigned three new clinical mock-up
patient charts and set up, with the manikin arch models having the same three printed
left M1Ms. The teeth were pre-isolated with rubber dam as in session 1. The imaging
allocation was reciprocal to session 1 (Table 4.2). One additional question was asked in
the questionnaire (Q.5), inquiring as to the influence of recall from session1 on location

of canals insession 2.

4.3.8.3 Assessing primary and secondary outcomes

Tooth substance volume removed was recorded as per Section 4.3.5.1. For both
sessions, procedural time for each of the three teeth was measured from the time the
endodontic access cavity was started until the operator reported that they had

completed location and patency of all four canals (disto-buccal, main MB [MB1], MB2,
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palatal). The timer was paused and restarted for any necessary disruptions (e.g. toilet
break, mechanical). If the operator reported that they could not locate the MB2 and
had exhausted normal clinical efforts or they reported concern of excess dentine
removal or perforation, then the procedure was completed and MB2 canal classified as
not located. This was confirmed by the lead researcher using a dental operating
microscope (DOM). Presence of all located canals, was confirmed with a size 10 K-
handfile (Flexofile) and compared under the DOM with the identical existing accessed
3D M1M with stained canal orifices, which served as a confirmatory guide for the lead
researcher. The name and number of the canallocated was recorded for each accessed
M1M for each operator. Any canal that was not located was explored to ensure a canal
was actually present, this process was completed using a DOM, post volumetric
assessment of access cavity (Section 4.3.5.1). Additionally, the use or absence of
magnification was recorded for each operator at each sessionto reflect their normal

practice.

4.3.9. Statistical analysis
Statistical analysis was performed using statistical software R: (Version; R 4.1.1,

Foundation for Statistical Computing, Vienna, Austria, https://www.R-project.org).

Descriptive statistics were initially completed for the measured variables during access
cavity preparation; volume of tooth substance removed, including dimensions (bucco-
palatal; depth; mesio-distal) and procedural time. This was completed for each of the
three 3D-printed teeth (tooth X, Y, Z) accessed by the 18 operators at both sessions; i.e.
conventional imaging alone or conventional imaging supplemented by CBCT imaging
(AppendixV). Paired t-tests were performed to test whether there was a significant
difference in the mean of the paired measurements (both sessions) for volume, time
and dimension and significance was set at p<0.05. Shapiro-Wilk tests confirmed
(p>0.05) that the assumption of normality was satisfied. For tooth X, Y and Z, volume
removed and procedure time taken (for both sessions) overall by all operators, were
displayed using bar charts and by experience (endodontist, PG, GP) group using
boxplots. Fishers Exact test was completed to identify if there was a significant
difference in the proportion of canals located and not located when IOPA imaging alone

was provided and when CBCT was provided additionally. Linear mixed effect modelling
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was employed to examine the effect of image type (conventional alone or additional
CBCT) on volume removed and time taken for each tooth (X, Y, Z) while adjusting for the
influence of experience level, use of magnification, tooth type and operator session. The
operator, level of experience and tooth type were included as random effects. Median
(Md) values extracted from the Likert scale scores recorded for Q.2 - 4 of the
guestionnaire relating to ‘perceived helpfulness of imaging modality’, ‘similarity of canal
location to clinical scenario’ and ‘confidence that the operator would locate the MB2
canal’, are presented (Table 4.10). Additionally, a Mann-Whitney U test was completed
to identify if there was a significant difference in the confidence scores and perceived
helpfulness scores when provided with IOPA imaging alone compared with viewing

additional CBCT imaging (p<0.05).
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4.4 RESULTS

4.4.1. Operator and experimental demographics

All 18 recruited operators completed both sessions, all adhering to the designated
‘wash out’ period of at least eight weeks. There were no drop-outs. All teeth were
accessed without separation (file fracture) of any root canal instrumentation files or

perforation of the teeth, resulting in all 108 teeth being suitable for analysis.

4.4.2 Endodontic access cavity procedure: Measured variables

4.4.2.1 Volume removed

The recorded mean volumes of tooth subsance removed by all operators, using IOPA
and IOPA with additional CBCT imaging, are shown in Table 4.4 and illustrated in Figure
4.14. The primary outcome, mean volume removed, when including all operators, was
significantly greater with IOPA alone than with IOPA and additional CBCT for tooth X
(p=0.011) and Y (p=0.0007). There was no significant difference in mean volume of
tooth substance removed in the case of tooth Z (p=0.143). Thus, for teeth X and Y, Null
Hypothesis 1 for this study (Section 4.1.1) was rejected, while it was accepted for tooth

Z.

Mean Volume of Tooth Substance
Tooth Removed (+/- SD) (mm3)
IOPA only IOPA + CBCT p
X 96.3 (18.67) 79.9 (9.65) 011*
Y 75.5 (13.23) 68.7 (9.21) <.001*
Z 82.6 (12.18) 86.9 (21.95) .143

TABLE 4.4 Mean volume of tooth substance removed during endodontic access by all
operators (n=18) for tooth X, Y and Z, with IOPA imaging alone, compared with the additional
availability of CBCT imaging. * = Significant reduction (P<0.05) in mean volume removed
between I0PAand IOPA+ CBCT. IOPA: Intraoral periapical radiograph, CBCT: Cone beam CT.

163



VOLUME OF TOOTH SUBSTANCE REMOVED

0 *
E I0PA
Ll
= CBCT
3
=]
=
X Y z

IMAGING MODALITY/TOOTH SAMPLE

FIGURE 4.14 Mean volume of tooth substance removed (+ SD) during endodontic access by all
operators (n=18) for tooth X, Y and Z, with IOPA imaging alone, compared with the additional
availability of CBCT imaging. * = Significantreduction (p<0.05) in mean volume removed between
IOPAand IOPA + CBCT. IOPA: Intraoral periapical radiograph; CBCT: Cone beam CT.
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Subanalysis of mean volume removed by Experience Group, using IOPA and IOPA with
additional CBCT imaging, are shown in Table 4.5 and illustrated in Figure 4.15 a-c. ETs
removed the least tooth substance when compared with PGs and GPs, for both IOPA
and IOPA with additional CBCT, with the sole exception of tooth Y but only with IOPA
imaging. The ETs consistently recorded lower mean volumes removed for all three
teeth (13-15%) with IOPA and additional CBCT when compared with IOPA alone, this
reduction in volume removed was significant for tooth X and Y. PGs also removed
significantly less tooth volume with IOPA and additional CBCT than IOPA alone for both
Tooth X (,23%) and Y (' 9%). In the case of tooth Z, however, a significantincrease in
volume of tooth removed was recorded, with IOPA and additional CBCT imaging, for
PGs (TM11%) and GPs (1°16%). Thus, when the sub-analysis by Experience Group was
performed, Null Hypothesis 1 was rejected for Teeth X and Y for ETs and PGs, but
accepted for the GPs. For tooth Z, while for the ET group the null hypothesis was
accepted, for PGs and GPs it was accepted, but in the opposite direction to that

hypothesised.
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Mean Volume Removed
Operator Tooth (+/- SD) (mm3)
IOPA IOPA + CBCT p
X 86.1 (15.6) 72.75 (2.2) .037*
ET Y 74.9 (17.5) 64.5(12.8) | <.001*
y4 78.1(12.2) 67.61 (17.4) .148
X 105.8 (19.6) 80.87 (11.9) .003*
PG Y 81.52 (5.4) 73.58 (7.4) .002*
z 82.7 (14.9) 92.53 (22.6) .044%
X 97.1(17.9) 86.13 (7.7) 183
GP Y 70.0 (13.5) 68.0 (4.3) 749
4 87.2 (7.9) 100.8 (9.9) .001*

TABLE 4.5 Mean volume of tooth substance removed (+ SD) during endodontic access, by each
Experience Group, for tooth X, Y and Z, with IOPA imaging alone, compared with the additional
availability of CBCT imaging.

* = Significantdecrease (p<0.05) in mean volume removed; * = Significantincrease (p<0.05)in mean
volume removed: between IOPAand IOPA+ CBCT. IOPA: Intraoral periapical radiograph, CBCT: Cone
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FIGURE 4.15 a) Tooth X, b) Y, c) Z: Box plots of mean volume of tooth substance removed during
endodontic access cavity preparation, by each experience group, (n= 6 for each of ET, PG, GP) with
IOPA imaging alone, compared with provision of CBCT imaging (+ SD). * = Significant decrease
(p<0.05) in mean volume removed; * = Significant increase (p<0.05) in mean volume removed:
between IOPAand|OPA + CBCT. IOPA: Intraoral periapical radiograph, CBCT: Cone beam CT.

X= Indicates mean volume removed, Medianvalue
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Table 4.6 displays the results of the linear mixed effects regression model, which was
used to determine the factors affecting volume removed. Examination of random
effects indicate that approximately 11.3% of the total variation of random effects was
due to the nested effect of operator within experience group per tooth type.
Approximately 5.2% of random effects was due to experience group by tooth type. The
effect for tooth type alone accounts for approximately 21.9% of the total variation of
random effects. Adjusting for other factors in the model: imaging modality used,
experience group and magnification were all shown to have a statistically significant
effect on the volume removed. The estimated mean volume removed (Table 4.6) with
IOPA and additional CBCT was lower than IOPA alone (used as reference) by -6.1 mm?3,
95% Cl (-11.1, -1.2), thus Null hypothesis 3 relating to outcome measurement: volume
of tooth substance removed, was rejected for this study. The estimated mean volume
removed (Table 4.6) for the GP group was higher than the ET group by a difference of
16.2 mm3, 95% CI (6.4, 26.0). Similarly, the estimated mean volume removed (Table
4.6) by PG group was higher than the ET group by 17.1 mm3 95% CI (7.5, 26.7).
Magnification was shown to have increased volume removed in comparison to the
mean volume removed using no magnification by 8.0 mm?3, 95% Cl (0.5, 15.2). Session
was not demonstrated to have a statistically significant effect on volume removed. An
interaction between image type and canal identification was reported to be significant.
The estimated mean volume removed when the canal was located with the use of
additional CBCT imaging was lower than when the canal was not located and IOPA

imaging alone was used: -23.4 mm?, 95% Cl (-32.6, -14.1).
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Fixed Effects Coefficient 95% Cl p-value

Image: IOPA Ref

CBCT -6.1 (-11.1,-1.2) 0.02*
Experience Group: ET Ref

PG 17.1 (7.5, 26.7) 0.02*

GP 16.2 (6.4, 26.0) 0.02*
Magnification: No Ref

Yes 8.0 (0.5, 15.2) 0.04*
Session: 1 Ref

2 -1.2 (-6.1,3.8) 0.63

Random Effects

Operator: Experience Group: 30.44
Tooth type variance

Group: Tooth type variance 14.0
Tooth type variance 59.17
Residual variance 166.81

TABLE 4.6 Linear mixed effects regression model: Factors effecting volume of tooth substance
removed (mm3): I0OPA imaging, ETs, no magnification and session 1 used as the reference (Ref),
againstwhichthe other variables arecomparedineach category. * denotes significant p<0.05 level.
IOPA: Intraoral periapical radiograph; CBCT: Cone beam CT

4.4.2.1.1 Endodontic access cavity dimensions

When all operators were considered together, there was no instance in which a mean
access cavity dimension significantly increased when CBCT was available (Table 4.7 a-
c). There were, however, several statistically significant reductions in mean access
cavity dimensions, but with no consistent pattern. Significantreductions in mean access
cavity dimensions were all less than one millimetre, ranging from 0.62 mm for bucco-
palatal width (Tooth Z) to 0.78 mm for cavity depth (Tooth Y).

Looking at the results according to the experience group, more variations were
seen in the impact of CBCT imaging on mean access cavity dimensions, with a distinct
difference between the GPs and the other two experience groups. For both ET and PG
groups, there were several significant differences in mean access cavity dimensions
between conventional and additional CBCT imaging sessions for Tooth X and Y,
particularly in the case of the ET group for Tooth Y (Table 4.7b). In contrast, the
availability of CBCT had no impact on mean access cavity dimensions for ET and PG
groups inthe case of Tooth Z (Table 4.7c). No significant changes in mean access cavity
dimensions were seen for the GPs except for tooth Z.This included a significantincrease

in depth with the addition of CBCT imaging (Table 4.7c).
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Mean Cavity Dimensions (+/- SD) (mm)

a) BP Width Depth MD Width
Tooth X IOPA CBCT p IOPA CBCT P | IOPA CBCT p
All 6.65 5.92 .004 7.94 7.52 .256 5.06 4.84 .206
(.78) (.82) * (.90) (.91) (.74) (.48)
ET 6.33 5.69 .038 7.99 7.38 .016 4.71 4.52 .644
(.61) (.47) * (.37) (.31) * (1.0) (.41)
PG 6.74 5.35 .003 8.1 6.72 .009 5.22 471 .105
(.91) (.80) * (.81) (.43) * (.72) (.39)
GP 6.99 6.71 721 7.88 8.47 .513 5.26 53 871
(.79) (.46) (.1.39) (.83) (.38) (.35)
Mean Cavity Dimensions (+/- SD) (mm)
b) BP Width Depth MD Width
Tooth Y IOPA CBCT P IOPA CBCT P IOPA CBCT P
All 5.93 5.58 .136 8.79 8.01 .014 5.45 4.81 .029
(.46) (.72) (.19) (.64) * (.71) (.99) *
ET 5.98 5.21 .002 8.65 7.50 .002 5.45 4.15 .005
(.33) (.23) * (.26) (.38) * (.58) (.34) *
PG 5.47 5.65 .698 9.32 8.01 5.62 5.08 274
(.24)  (.86) (.44)  (.53) .001 | (.60) (1.39)
*
GP 6.32 5.93 .386 8.41 8.56 .818 5.29 5.20 .880
(.34) (.84) (.1.2) (.73) (.99) (.78)
Mean Cavity Dimensions (+/- SD) (mm)
c) BP Width Depth MD Width
Tooth Z IOPA CBCT p I0PA CBCT P IOPA CBCT p
All 5.73 5.11 .021 8.39 9.01 .087 4.65 4.71 .701
(+.78)  (+.53) * (+.89) (+.85) (+.54) (+.83)
ET 6.34 5.06 .055 8.28 8.75 291 4.18 3.72 .018
(+.86) (+.48) (£.59) (+.79) (+.35) (%.39)
PG 5.52 5.30 .645 9.02 8.99 .978 4.74 5.07 410
(+.86) (+.86) (¥1.11  (+1.24 (+.54)  (+.51)
) )
GP 5.33 4.97 .026 7.88 9.28 .003 5.05 5.36 .053
(£.73) (£.35) * (+.1.5) (*.34) * (+.45) (+.47)

TABLE 4.7 a), b), c¢) Tooth X, Y andZ: Mean dimensions of endodontic access cavity (mm, +SD) for all

operators and for experience groups with conventional imaging alone and with CBCT, including

standard deviation and significance values.

* = Significant reduction/* = Significant increase in
dimension (p<0.05) between IOPA and IOPA + CBCT. BP: bucco-palatal, MD: mesio-distal, IOPA:
Intraoral periapical, CBCT: Cone beam computed tomography.
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4.4.2.2 Procedural time

The recorded mean procedural time for all operators, using IOPA and IOPA with
additional CBCT imaging, are shown in Table 4.8 and illustrated in Figure 4.16. Mean
procedural time was significantly greater with IOPA alone than IOPA and additional
CBCT for tooth X (p=0.007) and Y (p=0.003). There was no significantdifference inmean
procedural time for Tooth Z between IOPA and IOPA + CBCT (p=0.92). Thus, for teeth X

and Y, Null Hypothesis 2 of this study (Section 4.1.1) was rejected, while it was accepted
for tooth Z.

Mean Procedural Time (minutes)
Tooth (+/-SD)
IOPA only IOPA + CBCT p
X 24.4 (+6.7) 19.3 (6.9) .0007*
Y 24.2 (£8.9) 19.4 (+7.4) .0003*
Z 24.8 (+7.5) 24.1 (+6.2) 92

TABLE 4.8 Mean procedural time taken (minutes, + SD) to complete endodontic access by all
operators (n=18) for tooth X, Y and Z, with IOPA imaging alone, compared with the additional
availability of CBCT imaging. * = Significant difference (p<0.05) in mean procedural time between
IOPA and IOPA + CBCT. IOPA: Intraoral periapical; CBCT: Cone beam computed tomography.
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FIGURE 4.16 Mean procedural time taken (minutes, + SD) to complete endodontic access by all
operators (n=18) for tooth X, Y and Z, with IOPAimagingalone, compared with additional provision
of CBCT imaging. * = Significant difference (p<0.05) in mean procedural times (p<0.05) between
IOPAandIOPA + CBCT. IOPA: Intraoral periapical, CBCT: Cone beam computed tomography.
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Subanalysis of mean procedural times by experience groups, using IOPA and IOPA with
additional CBCT imaging, are shown in Table 4.9 and illustrated in Figure 4.17 a- c. ETs
and the PGs recorded significantly lower mean procedural times for Tooth X and Y but
not Tooth Z. However, GPs differed from the other two experience groups, recording
no significant reduction in mean procedural time for any tooth when IOPA + CBCT were
available, furthermore for Tooth Z; a significantly longer procedural time was observed.
The greatest reduction in mean procedural time between IOPA and IOPA and additional
CBCT was recorded by PGs for all three teeth (X: /42.9%, Y: {34%, Z: | 20.3%). Thus,
when the sub-analysis by Experience Group was performed, Null Hypothesis 2 was
rejected for Teeth X and Y for ETs and PGs, but accepted for the GPs. For tooth Z, the
null hypothesis was accepted for ET and PG groups but was rejected for GPs, but in a

contrary direction to that anticipated.

Mean time (+/- SD) (minutes)
Experience Tooth
o IoPA IOPA +CBCT 5

X 17.9 (5.6) 14.6 (5.87) .031*

ET Y 17.5 (8.4) 14.2 (5.6) .047*
y4 21.5(7.2) 18.3 (3.4) .073
X 28.0 (5.8) 15.9 (2.1) .002*

PG Y 29.1 (9.9) 19.2 (8.1) .001*
Z 26.9 (11.0) 23.5 (4.9) 311
X 27.2 (3.5) 27.3(3.1) .969

GP Y 25.9 (4.0) 24.9 (5.3) .709
z 23.1(1.8) 30.3(2.1) .004*

TABLE 4.9 Mean procedural time (minutes, + SD) taken to complete endodontic access, by each
experience group, for tooth X, Y and Z, with IOPA imaging alone, compared with the additional
availability of CBCT imaging. * = Significantdecrease, * = significantincrease (P<0.05) in mean
procedural time between IOPA and IOPA + CBCT. IOPA: Intraoral periapical; CBCT: Cone beam
computed tomography
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(c) TOOTH Z: PROCEDURALTIME OF EXPERIENCE
GROUP WITH IOPA COMPARED WITH CBCT
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FIGURE 4.17 Tooth X (a), Y (b), Z (c): Box plot of mean procedural timetaken (minutes, + SD) to
complete endodontic access cavity preparation by each experiencegroup, (n=6: ET, PG, GP) with
IOPA imaging alone, compared with provision of CBCT imaging. * = Significant reduction/* =
Significantincrease (p<0.05) in mean procedural times between IOPA and IOPA + CBCT. X=
Indicates mean procedural time. Medianvalue. IOPA: Intraoral periapical, CBCT: Cone beam

computed tomography
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Table 4.10 displays the results of the linear mixed effects regression model that was
used to determine the factors effecting procedural time. Examination of random effects
indicate that approximately 7.1% of the total variation of random effects was due to the
nested effect of operator per tooth type and approximately 2.1% was due to operator
alone. Adjusting for other factors in the model, the imaging modality used and
experience group were shown to have a statistically significant effect on the time taken
(minutes). The estimated mean time taken with IOPA/CBCT was lower than IOPA: -3.6
minutes, 95% Cl (-5.7, -1.4), thus Null hypothesis 3 relating to outcome measurement:
time taken to complete access cavity preparation, was rejected for this study. The
estimated mean time taken for GP group was higher than for the ET group: 9.6 minutes,
95% Cl (5.8, 13.4) and similarly the estimated mean time taken for the PG group was
higher than for the ET group: 7.5 minutes, 95% Cl (3.9, 11.1). Session and magnification

were not demonstrated to have a statistically significant effect on time taken.

Fixed Effects Coefficient 95% Ci p-value
Image: IOPA Ref
CBCT -3.6 (-5.7,-1.4) <0.01*
Group: ET Ref
PG 7.5 (3.9,11.1) <0.01*
GP 9.6 (5.8, 13.4) <0.01*
Magnification: No Ref
Yes 0.8 (-2.5,4.1) 0.65
Session: 1 Ref
2 -1.2 (-3.4,0.97) 0.28

Random Effects

Operator: Tooth type variance @ 7.14
Operator 0.84
Residual variance 32.76

TABLE 4.10 Linear mixed effects regression model: Factors effecting procedural time
(minutes): 10PAimaging, ETs, no magnification andsession 1 areused as references (ref)
or standard with which the other variables are compared againstin each category.
*denotes significantatp<0.05 level of significance. IOPA:Intraoral periapical, CBCT: Cone
beam computed tomography.
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4.4.2.3 Proportion of canals located

All operators located the disto-buccal, main mesiobuccal canal (MB1) and palatal canal
in all three teeth with both conventional imaging alone and with additional CBCT
imaging. However, image modality, tooth type and experience group were
discriminating factors with respect to successful location of the MB2 canal. For each of
the teeth (X, Y and Z), a greater proportion of endodontic access cavity preparations
resulted in successful identification of the MB2 canal when IOPA with additional CBCT
were available than when IOPA imaging alone was used (Table 4.11). The differences
were significantly different for tooth X (p=0.043) and Y (p=0.008), indicating that for
these teeth null hypothesis 4 was rejected, but not for tooth Z (p=0.153). Analysis by
experience groups (Table 4.12), indicated that for the ETs and the PGs, there was
successful location of MB2 canals in 83% and 28% of endodontic access cavity
preparations, respectively, using IOPA imaging alone. There were no successful MB2
canal identifications by the GPs. With additional CBCT imaging, the proportions of
endodontic access cavity preparations resulting in successful identification of the MB2

canal were 100%, 83% and 28%, for ETs, PGs and GPs, respectively.

TOOTH X
IMAGING MODALITY NOT LOCATED LOCATED
CBCT \ 4 (22.2%) 14(77.8%)
IOPA | 10 (55.56%) 8(44.4%)
Fishers Exact = 0.043*
TOOTH Y
IMAGING MODALITY NOT LOCATED LOCATED
CBCT | 3 (16.7%) 15(83.3%)
IOPA | 11 (61.1%) 7(38.9%)
Fishers Exact = 0.008*
TOOTH Z
IMAGING MODALITY NOT LOCATED LOCATED
CBCT | 9 (50%) 9(50%)
IOPA \ 13 (72.2%) 5(22.8%)

Fishers Exact= 0.153

TABLE 4.11 The proportions of endodontic access cavity preparations leading to location
(or non-location) of MB2 canals in the three teeth (X, Y and Z) according to the imaging
availableto the 18 observers. Comparison of proportions for each tooth made using
Fishers Exact Test (One-sided). *= Significant difference in proportion of canals located
times between IOPAand IOPA+ CBCT. (P<0.05). IOPA: Intraoral periapical CBCT: Cone
beam computed tomography.
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GROUP/TOOTH X Y y4

N=6 IOPA  IOPA+CBCT IOPA  IOPA+CBCT IOPA  IOPA+CBCT
(OPERATORS/CANALS)

ET 6 6 5 6 4 6

PG | 2 6 2 6 1 3

GP 0 2 0 3 0 0

TABLE 4.12 The number of endodontic access cavity preparationsleadingto location (or non-location)
of MB2 canals inthethree teeth (X, Y and Z) accordingto theimagingavailableto the three experience
groups of six observers.IOPA: Intraoral periapical CBCT: Cone beam computed tomography.
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4.4.3 Questionnaire data

Table 4.13 summarizes the responses given by the 18 operators to Q.1 and 2 of the
questionnaire. Only a small minority of operators were able to identify MB2 canals
using conventional radiographic information prior to preparing the access cavity. In
contrast, when CBCT was available, all 18 operators were prospectively able to identify
the MB2 canals in Teeth X and Y, with 15 operators successfully identifying the MB2 for
Tooth Z.

In terms of pre-operative confidence in being able to proceed to locate the MB2
canal based on the available imaging (Q.2 of the questionnaire), an increase in median
confidence score, from ‘slight confidence’ to ‘moderate confidence’ was recorded when
additional CBCT imaging was available. Specifically, the Mann-Whitney U test revealed
that confidence scores were significantly lower for all experience groups when provided
with IOPA imaging alone [Md =2 (X, Y, Z), n = 18] compared with receiving additional
CBCTimaging (Md= 3, n=18), U=9 (X), U=20(Y),U=64 (Z), p=0.001 (X, Y), p = 0.002
(2),r=0.84 (X), r =0.8(Y), r=0.55 (Z) (Effect size r <0.3: small effect, 0.3-0.5: medium
effect, >0.5: large effect).

Breaking these results down by Experience Group, the median confidence rating
of ETs for all three teeth ranged from 2-3 using IOPA and was 3-4 when CBCT was
available. The equivalent results for PGs were all 2 with IOPA and all 3 with CBCT, while
all GPs scored median confidence ratings as 1-2 for IOPA and a range of 3-4 with

additional CBCT.

Numberand proportion (%) of Median and range of confidence

operators who identified canals ratings of operators pre-

pre-operatively (Q.1) operatively (Q.2)

Tooth IOPA IOPA + CBCT IOPA IOPA + CBCT
X 4(22.2%) 18 (100%) 2 (1-3) 3 (3-5)
Y 2 (11.1%) 18 (100%) 2(1-3) 3(3-5)
z 2 (11.1%) 15 (83.3%) 2(1-3) 3 (1-5)

TABLE 4.13 Responses of operators to Ql. & Q.2 of the questionnaire, answered pre-operatively. Q.1

asked “Can you identifyan MB2 Canal fromimaging provided?”. Q.2 asked, “How confident are you

from usingthe availableimagingdata thatyou couldlocatethe MB2 canal? IOPA:Intraoral periapical
radiographs, CBCT: Cone beam CT.
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Table 4.14 summarises responses to Q.3, answered after access cavity preparations of
all three teeth were completed for both session1 and 2. When asked “How similaris
this simulation of locating the canals in 3D printed teeth to a real clinic scenario?”, the
median Likert scale score was 4 (‘highly similar’ to the real clinical scenario), for both
sessions: IOPA alone and for IOPA with CBCT imaging. Additionally, all Experience

Groups recorded this median score.

Response regarding similarity of simulation to real clinical situation

Median (and range)

Experience Group ET PG GP

IOPA & IOPA + CBCT 4 (3-4) 4 (3-4) 4 (3-4)

TABLE 4.14 Responses of the operators to Q.3 of the questionnaire, when asked “How similar is this
simulation of locatingthe canals in 3D printed teeth to areal clinicscenario?” ET: Endodontists, PG:
postgraduate students, GP: general dental practitioners. IOPA: intraoral periapical radiographs,
CBCT: Cone beam CT.

Additionally, verbal feedback on the clinical similarity of the 3D printed teeth to real

teeth included the following responses with reported critical comments referring to:

“lack of internal staining”,
“less hardness when compared to dentine”

“crumbling of undermined dentine”.

Positive comments included:
“similar feedback to real teeth when instrumenting canals”,

4

“precise replication in canal dimensions and even included pulp stones”.

181



Table 4.15, shows that the median values recorded postoperatively for assessing
helpfulness of the imaging modality in locating the MB2 canal (Q.4 of the
questionnaire), which was 1 (‘not helpful’) with regard to IOPA imaging (ETs: 1, PGs: 1,
GPs:1)and 5 (ETs: 5, PGs: 5, GPs: 3) for IOPA with additional CBCT imaging (Table 4.15).
Specifically the Mann-Whitney U test confirmed that with regard to helpfulness of the
imaging modalities, that scores were significantly lower for all Experience Groups when
provided with IOPA imaging alone (Md = 1, n = 18) compared with receiving additional
CBCT imaging (Md =5 [ET, PG], Md =3 [GP] ,n=18), U = 0.000 (ET, PG), U=2 (GP),p =
0.002 (ET, PG), p = 0.01 (GP), r =0.87 (ET), r = 0.88 (PG), r = 0.48 (GP). Therefore Null

hypothesis 5 of this study was rejected for all Experience groups.

Median (and range) of helpfulness

ratings of operators post-operatively

Tooth IOPA |OPA +CBCT
ET 1(1-2) 5 (4-5)
PG 1(1-2) 5 (4-5)
GP 1(1-3) 3(3-4)

TABLE 4.15 Response of operators to Q.4 of the questionnaire, answered post-operatively, which
asked “How helpful was the imaging data provided in assisting location of the MB2 canal?” [OPA:
Intraoral periapical radiographs, CBCT: Cone beam CT.

In response to question 5, three out of the 18 operators (16.7%) reported that recall

played a role in location of canals in their second session.
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4.5 DISCUSSION

The purpose of this study was to identify if supplemental CBCT imaging can potentially
improve patient outcome after endodontic access cavity preparation in M1Ms, by
analysing changes in tooth substance removed, procedural time taken and root canals
located, specifically in relation to location of the MB2 canal, compared with the use of
conventional (IOPA) and clinical methods alone, thereby justifying its increased dose
and radiation detriment. Furthermore, this study investigated if operator experience
level, tooth complexity, magnification and session order (CBCT first or second session)
influenced these objective measurements. The subjective measurements of operator
confidence and reported ‘helpfulness’ of additional CBCT imaging in MB2 canal location
were also recorded.

A diagnostic X-ray exposure should always contribute to achieving the intended
clinical outcome. The goal of justification is to avoid unnecessary radiological
procedures, which would result in patients being unnecessarily exposed to ionizing
radiation and its potential risks. The process of determining appropriateness of a
medical procedure is an evidence-based approach to choosing the best test for a given
clinical scenario, with account taken of the diagnostic efficacy of the proposed
radiological procedure as well as of alternative procedures that do not use ionizing
radiation (IAEA2022). Therefore, this study was designed to demonstrate any potential
evidence of CBCT imaging impacting on patient outcome, level 5 of the diagnostic
efficacy evaluative framework (FRYBACK & THORNBURY 1991), in non-surgical endodontics
and identify some evidence that would help to determine the appropriateness of its
use.

It is important to justify the classification of this study as belonging to the level
5 of Fryback & Thornbury hierarchy (FRYBACK & THORNBURY 1991), as this might be
challenged in the absence of real patients. Some might consider it as being closer to a
Level 4 (Therapeutic efficacy) study. Looking back at their original paper, Fryback &
Thornbury (1991) describe Level 5 (Patient outcome efficacy) studies as being
concerned with “whether there is measurable effect of the (radiological) image on the
outcome experienced by the patient.” The main parameters measured in this study

(access cavity volume and linear dimensions, proportions of canals identified,
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procedural time) are certainly outcome measures, but some flexibility in the strict
definition of Level 5 efficacy studies is needed when using a ‘patient model’ rather than
a living patient. For reasons described previously, the same patient with the same
problem cannot be treated twice, with or without the novel imaging technique, while
RCTs are extremely challenging to perform. Therefore, study design using well-
constructed human analogues are a potentially valuable research tool that overcome
some of these problems. Level 4 studies classically measure the clinician’s management
before the diagnostic information is obtained with the treatment performed after the
diagnostic results are known, matching with the use of a ‘before-after’ study design.
Rohlin et al. (2020) included the ‘with-without’ study design under the Level 4 heading,
in which “paper cases” or ‘clinical vignettes’ containing a comprehensive set of clinical
information and results of other tests are used, but this did not include any practical
intervention with a measurable outcome such as in this study. Certainly, the
assessments of operator confidence and reported ‘helpfulness’ on location of the MB2
canal related to the available imaging sitin the Level 4 category, but the main focus of
the current study does not. Thus, it seems entirely justifiable to describe the current
study as sitting comfortably in the Level 5 category, but while also including some
aspects classifiable under the Therapeutic efficacy heading.

The end-point of any clinical treatment is evaluated using outcome measures,
which are defined as objective, or subjective measurements used to evaluate the
effectiveness of anintervention compared with the control (SMITHETAL 2015). Although
this study did not include patients, modelling using 3D-printed teeth has been
demonstrated to accurately reproduce tooth structure and allow effective simulation
of clinical scenarios, thus enabling controlled, direct comparisons of interventions on
the sameteeth, which is not possiblein a clinical study (TACKETAL. 2016, LIANG ET AL. 2018,
CONNERT ET AL. 2019, MAGNI ET AL. 2021). Furthermore, in studies that involve additional
exposure to ionizing radiation, it would be unlikely to be ethically acceptable to justify
taking a pre- and post- CBCT of every patient, (both images are required for accurate
volumetric assessment), while only using the pre-operative diagnostic information
available from the CBCT imaging for one arm of the study. Clearly, there are limitations

to modelling studies, with printed teeth often differing in their radiolucency or
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resistance to dental instruments compared with natural teeth, as well as differences
between the laboratory environment and the clinical setting (REYMUS ET AL. 2020).

Is it reasonable to extrapolate this study’s objective and subjective findings to
the clinic and demonstrate at least surrogate or potential impact on outcomes
associated with endodontic access cavities? Clinical outcome is defined as measurable
changes - clinician or patient reported - in disease, health, function or quality of life that
evaluate the effectiveness of an intervention or exposure (DUNCAN ET AL. 2021).
Traditionally, clinical endodontic outcomes or clinical end-points were measured
according to radiographic evaluation of apical disease (ESE 2006), but has now expanded
to include patient-reported outcomes including pain, function, tooth survival and cost-
effectiveness. Inthe absence of a core outcome set (COS) in endodontics (EL KARIMET AL.
2021), recent guideline projects in endodontics have developed, by consensus,
appropriate outcome measures. Long-term retention of the tooth was cited as the
‘most critical’ outcome measure, with pain, tenderness, swelling, need for medication’,
‘radiographic evidence of reduction of apical lesion” and ‘tooth function (fracture,
restoration longevity)’, all cited as important outcomes (DUNCANET AL. 2021). In this study
using 3D-printed teeth, the outcome measurements - access cavity volume, access
cavity dimensions and number of canals located (which reflects the root canal technical
quality), can be considered as surrogate measures, or ‘steps on the way’, that literature
suggests may correlate with a real clinical outcome (LERTCHIRAKARNET AL. 2003, SATHORNET
AL. 2005, DI FILIPPO ET AL. 2014). For example, if a root canal is not located the canal cannot
be disinfected and the residual intra-radicular infection increases the likelihood of apical
disease (NAIR 2006) although it is accepted that using canal location as a surrogate
marker cannot fully address the impact of the effectiveness of subsequent microbial
disinfection, which is a key determinant of successful endodontic outcome. Excessive
dentine removal during access cavity preparation may weaken the tooth rendering it
more susceptible to fracture (SATHORN ET AL. 2005). In clinical studies, these types of
surrogate outcome measures are often used to present data when the equivalent
clinical study would require large numbers of subjects and long-term follow up
(BERGENHOLTZ & KVIST2014).

Recent reports suggest that, of the factors influencing the survival of teeth and

restorations after root canal treatment, loss of tooth structure is the most critical (AL-
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NUAIMI ET AL. 2020, BHUVA ET AL. 2020). Preservation of the structural integrity is central
to fracture resistance and long-term tooth survival, albeit, being one component of a
multifactorial process affected by biomechanical properties of residual tooth structure
(AROLA & REPROGEL 2005, NAGASIRI & CHITMONGKOLSUK 2005, REEH ET AL. 2009, EL-HELALI ET AL.
2013, AL-NUAIMI ET AL. 2017, KAFANTARI ET AL. 2019), masticatory forces (CHAN ET AL. 1998)
and choice of restoration (SORENSEN & MARTINOFF 1984, AQUILINO & CAPLAN 2002, PRATT ET AL
2016). There is mounting understanding that conservation of residual tooth structure
should be considered paramount prior to and during root canal treatment (SILVA ET AL.
2020), in addition to minimally invasive solutions during the subsequent restorative
procedure. Specifically, itis proposed that factors related to the pre-operative anatomy
of the tooth being treated, such as root canal morphology, residual root dentine
thickness and canal curvature, are all factors affecting the fracture resistance of root
filled teeth (LERTCHIRAKARN ET AL. 2003, SATHORN ET AL. 2005). The growing evidence base
has prompted the drive towards more conservative access cavity and root canal
preparations in order to preserve residual dentine (CLARK & KHADEMI 2010, KRISHAN ET AL.
2014, PLOTINO ETAL. 2017), particularly in the peri-cervical region (approximately four mm
above and below the alveolar crest). Maintenance of this peri-cervical dentine (PCD),
especially in molars, has been said to facilitate better distribution of occlusal loads to
the radicular portion and is critical to their optimal function and long-term survival
(CLARK & KHADEMI 2010) with extensive searching and troughing to locate root canals
resulting in excessive dentine removal, particularly in the mesio-buccal (MB) root area.
This canincrease the chance of potential complications including reduced resistance to
root fracture, perforation and compromised restoration (DECHEVIGNY ET AL. 2008, GLUSKIN
ET AL. 2014, AL-NUAIMI ET AL. 2017, AL-NUAIMI ET AL. 2020, BHUVA ET AL. 2021, LINET AL. 2022),
leading to potential tooth loss (STUDEBAKER ETAL. 2018). Reduced or minimal access cavity
design has gathered momentum, but has been checked by studies highlighting that
although less dentine is removed, this does not significantly alter fracture resistance,
with the overall restorative status of the tooth potentially have more bearing and
additionally, results in reduced quality of root canal treatment (COEHLO ETAL. 2018, ROVER
ET AL. 2020, SILVA ET AL. 2021). This can be summarised by suggesting that removal of

sufficient tooth to complete high-quality root canal treatment remains key, but that
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avoiding removing unnecessary dentine (Figure 4.18) in key areas such as peri-cervical

area is critical (SILVAET AL. 2021).

Axial Views

Mesio-distal

Bucco-palatal Views

FIGURE 4.18 CBCT images of Tooth Z after access cavity preparation demonstrating the

variation in dentine removal in peri-cervical dentine. Left: CBCT assisted access cavity
preparation completed by ET. Right: CBCT assisted access cavity preparation completed by PG.
ET: Endodontist, PG: Postgraduate
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As stated, the most critical outcome measure for non-surgical root canal treatment is
long-term retention of the tooth, as defined by ESE S3-level clinical practice guidelines
outcome measures (DUNCAN ET AL. 2021). The aim of endodontic treatment is treatment
or prevention of apical periodontitis, an aim achieved by effective chemo-mechanical
debridement of the complete root canal system (ESe 2006). Therefore, identification
and location of all canals is necessary to remove the microbial biofilm, which is the
essential cause of apical disease (NAIR, 2006). If canals are missed, the efficacy of chemo-
mechanical debridement is reduced with an increased risk of persistent disease,
endodontic failure and potentially tooth loss (WOLCOTT ET AL. 2005, TSESIS & Fuss 2006,
CHANG ETAL 2013, KARABUCHET AL. 2016). If anatomically complex morphology is predicted
or where conventional imaging and clinical methods alone prove insufficient, such as in
the case for location of MB2s in M1Ms, CBCT imaging may be indicated (EUROPEAN
COMMISSION 2012, AAE & AAOMR 2015, ESE 2016). Since the literature clearly shows that
missed canals can lead to endodontic failure (WITHERSPOON ET AL. 2013, KARABUCAK ET AL.
2016) and risk of tooth loss (STUDEBAKER ET AL. 2018), this study measured MB2 canals
located as a potential marker of outcome, given that all other canals inthe M1M were
located by all operators. With regard to CBCT imaging-assisted detection and location
of the MB2 canal, the reported incidence varies (54-93.3%) according to study type
(COEHLO ET AL. 2018) and the literature is considered in depth in Section 4.5.2.
Procedural time was recorded in this study as a component of the evaluation of
a new technology (CBCT) should also be based on patient-centred outcome, individual
and societal (FRYBACK & THORNBURY 1991). Practically, in a clinical simulation study, the
only patient-centred outcome that could be assessed is a change in procedural time. It
is known that searching for canals is a time-consuming aspect of endodontic treatment.
Less time in the dental chairis always beneficial to the patient (and dentist) but asis the
case for all possible benefits gained from CBCT imaging, this has to be weighed against
the cost of CBCT imaging and indeed the associated increase in radiation dose
(SCHWENDICKE & GOSTEMEYER 2016, PETERSEN ET AL. 2015). Furthermore, although the
procedural time was shortened with the presence of an additional CBCT scan, this may
be negated overall, as the clinician will need additional viewing time to assess the CBCT

scan, which is separate from the procedural time and not assessed in the current study.

188



This would also likely have an impact on cost-efficacy. No literature was available on

CBCT imaging and procedural time in non-surgical root canal treatment.

4.5.1 Study design

4.5.1.1 Selection of teeth

Three teeth were selected for this clinical simulation study, to reflect a range of M1M
mesiobuccal root canal morphologies and complexities. As root canal instrumentation
was not part of the study remit, complexity and variation was reflected in two principal
ways. Firstly, the bucco-palatal and apico-coronal position of the canal orifice was
verified. Secondly, the approximate diameter of the MB2 orifice, at the level first
identified as a separate entity on scrolling apically from the pulpal floor in the axial view
using the microCT scans, was evaluated. Root canal anatomy studies indicate that the
majority of MB2 canals are positioned mesial to a direct line connecting the MB1 and
palatal canal, with the distance between the central MB1 and MB2 averaging around 1-
2mm; however, these measurements vary slightly with the technique (scanning
electron microscopy, stereomicroscopy, CBCT) used (KULID & PETERET AL. 1990, GORDUYSUS
ET AL. 2001, BETANCOURT ET AL. 2016). MB2 orifice diameter dimensions in the coronal
aspect of M1Ms range from an average of 0.59 mm to 1.13 mm (SUET AL. 2019). MB2
orifices that are detectable at the level of the pulp chamber floor in M1Ms can occur
anywhere between 50-94% of cases (ZHANGETAL. 2017, KIMETAL 2020). MB2 orifices that
do not appear at the level of the pulp chamber floor in M1Ms have an average vertical
distance below the pulp floor of 0.76-1mm (ZHANGET AL. 2017, KIMETAL2020). Comparing
the three printed teeth used in the current study, Tooth X and Y were locatable at the
level of the pulp chamber floor, but at different distances from the MB1 orifice.
Endodontists concluded that Tooth Z, having the narrowest coronal orifice diameter
and not appearing until a depth of 0.84 mm below the level of the pulp chamber floor,
presented the greatest technical challenge in MB2 canal location (Table 4.1).
Practicalities, such as the time needed for all tasks to be completed in each session, in
addition to operator time limitations, dictated that three was the maximum number of
teeth that could be included. Although a range of MB root morphologies were selected,

it was accepted this could not represent all variations of MB2 canal origin.
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4.5.1.2 3D printing process and volume assessment

MicroCT scanning, rather than CBCT, was completed on the selected teeth prior to
printing due to its higher resolution imaging (voxel size 20 um), which allows precise
depiction of small morphological structures such as root canal systems. MicroCT is
considered the gold standard in root canal anatomy and identification studies and
evaluating fine morphological structures (DOMARCK ET AL. 2013, ACAR ET AL 2015,
CHRISTIANSEN 2016, ALMEIDA ET AL. 2020). The accuracy of high-resolution 3D printing from
microCT data, for a variety of applications, has been previously described in the medical
and dental literature (AHN ET AL. 2018, REYMUS ET AL. 2018, ANDERSON ET AL. 2018). Medical
3D modelling techniques are particularly advanced, being used for prostheses, research
and surgical simulation, as well as having educational purposes as they demonstrate
advantages over traditional cadaveric and animal models (MICHAELS ET AL 2021).
Advantages of modelling include regulatory and ethical constraints, difficulty in
acquisition, cost and storage of cadaveric and animal models and variation from human
anatomy for the latter.

Polylet printing, rather than other available technologies (e.g.
stereolithographic [SLA] and digital light processing [DLP] printing), was used in this
study due its superior accuracy (0.1-0.3 mm), precision and track record in printing fine
structures such as root canal systems (ISHIDA & MIYASAKA 2016, KIM ET AL. 2016, ANDERSON
ETAL 2018). Specifically, Polylet printing is a patented technology executed by jetting
specific photopolymer materials in ultra-thin layers of 16 um onto a build tray layer-by-
layer until the model is completed. Each photopolymer layer is cured by UV light
immediately after itis ‘jetted’, producing fully-cured models that can be handled and
used immediately without the need for post-curing. A gel-like support material that is
specially designed to maintain complicated geometries, is easily removed by hand and
water jetting (KIMET AL. 2016). In addition to greater accuracy, Polylet printers have
significantly higher investment costs than SLA and DLP printers (REYMUS ET AL. 2019),
which unfortunately meant that the technology was not accessible in my University
resulting in the teeth being sent for remote printing in another centre.

In this study, VWP was the photopolymer selected (with the supporting
material: SUP705), primarily due to its compatibility with Polylet printing and its ability
to be printed in fine layers. A study evaluating and comparing tooth replicas
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constructed with different 3D-printed resins (including VWP) concluded that all
materials scored highly with regards to realism; however, a drawback for all replicas
was the inability to simulate dentine hardness and to recreate internal staining that
occurs in vivo and which demarcate the canal orifice (BITTER ET AL. 2016, REYMUS ET AL.
2020). Of all the replica materials, VWP was reported as one of the most realistic
regarding gauging and negotiating the root canals, which was due to the resistance
created during instrumentation by the residual soft support structure inside the root
canals. In keeping with other studies, some of the operators in the current study
suggested that the ‘hardness’ of the teeth and internal staining was not ideal (REYMUS ET
AL. 2020), but reported gauging and preliminary instrumentation of the tooth as very
realistic, grading the similarity to real teeth as moderate to highly similar (grade 3 and
4 on a 5-point Likert scale).

The accuracy of 3D printed teeth depends not only on the accuracy of the
imaging system and the 3D printing technology, but also on the software workflow
processes that follow. Moreover, an accurate segmentation process is fundamental to
physically reconstruct the anatomy (i.e. labelling and extracting the geometry of a
region of interest using the data from the 3D imaging modality). Manual or semi-
automated segmentation algorithms are generally used for this process (KABALIUK ET AL.
2017, GALIBOURG ET AL. 2018). Semi-automated segmentation is a computer-aided
approach in which the operator initially selects the threshold interval that guides the
automatic 3D rendering procedure. In this study, the validated method of semi-
automated segmentation was completed in ITK-SNAP, which has been shown it to be a
reliable software and method of segmentation in a range of medical and dental
applications (ALMUZIAN ET AL. 2018, CONNERT AT AL. 2019, LO GIUDICEET AL. 2020, MAGNI ET AL.
2020). Nevertheless, the final rendered image is the result of the programme algorithm
as well as a user-entered threshold value. All regions below a chosen pixel intensity
(threshold) are identified as air, and all above in this case as tooth, which can of course
be affected by the contrast of the image, image noise, individual visual perception and
prior knowledge of anatomy amongst others (KABALIUKET AL. 2017, ALMUZIAN ET AL. 2018).
Segmentation of the selected teeth was completed by one individual (MM), who was
experienced in tooth anatomy and segmentation processes, to avoid intra-operator

variations and reduce error. Final preparations before printing, including topological
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correction, decimation and smoothing, were completed using the software, Meshmixer
and Blender, which are open-access online resources regularly used in medical and
dental 3D printing studies (O’"HARAET AL. 2016, CONNERT ET AL. 2019).

The process of segmentation using ITK-SNAP was integral to the assessment of
volume of tooth substance removed, and represents a validated and widely used
method of assessing volume in a range of medical and dental settings (MARETET AL. 2012,
ADISEN ET AL. 2015, ALMUZIAN ET AL. 2018, GOMES ET AL. 2020). Volume assessment was
initially completed as part of the pilot study to assess the reliability of the ITK-SNAP
segmentation process. After access cavity preparation the teeth were CBCT scanned
using the smallestvoxel size (75 pm) and the same exposure protocol. Although Micro-
CT is considered the reference-imaging tool for dental anatomical research, forensic
data and measurements (GALIBOURG ET AL. 2018), it was not considered a viable option
for 108 experimental teeth due to expense and time. Nonetheless, volume assessment
in dental and medical research (MARET ET AL. 2012, ADISEN ET AL. 2015, ALMUZIAN ET AL. 2018,
GOMESET AL. 2020) is regularly based on reconstructions from CBCT imaging and support
its reliability, recommending submillimetre isotropic voxel resolution, which has been
shown to produce volumetric measurements that are the closest to microCT (MARET ET
AL. 2012). Potential sources of error in assessing the volume of the access cavities
included sealing of the canal orifice, with the potential of over or undersealing the canal
orifices, or ill-fitting resin-based composite imprint seals covering the occlusal access.
In order to prevent this, the resin-based composite was checked rigorously by scrolling
through all orthogonal planes in ITK-Snap before segmentation, with identified errors
corrected atthat stage. Post-segmentation, extrusion or leakage of the ‘segmentation
bubble’ beyond the cavity seal was diagnostic of an ill-fitting composite imprint, which
was subsequently repositioned and the segmentation process repeated. Ultimately,
the reliability and precision of the segmentation procedure was supported by the low
standard deviation recorded between three repeat measurements for each tooth,
ranging between +0-0.09 mm?3 for the pilot study and + 0.2 mm for the actual study. For
this reason, CBCT assessment of volume removal has largely superseded other

traditional methods (ALMUZIAN ET AL. 2018).
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4.5.1.3 Clinical simulation in laboratory

Clinical simulation studies using 3D printed teeth cannot replicate the clinical scenario
exactly, while an in vivo clinical study does not allow direct comparison of the absence
or presence of an intervention on the same tooth, necessary to minimise the host of
confounding variables. Confounding variables are created by tooth anatomy variations,
restorative status, patient differences, operator differences, variability in protocol
standardisation and fluctuations of the imaging standard amongst other factors. In an
attempt to overcome these, an adequately powered RCTis required, necessitating large
patient numbers over a long period of time with considerable cost. From a wider
perspective RCTs are rare in Endodontics with only 3.7% of all published articles (from
the two major endodontic journals, International Endodontic Journal and Journal of
Endodontics) being identified as RCTs (BERGENHOLTZ & KVIST 2014). Specifically, RCTs
assessing patient outcome efficacy of CBCT imaging in endodontics are particularly rare,
with a recent systematic review (ROSENET AL. 2022) identifying only one RCT and one
prospective clinical trial that assessed the impact of CBCT on patient outcome (KURTET
AL. 2014, YANG ET AL 2016). Both studies (investigating surgical and non-surgical
endodontics) reported positive effects of CBCT but were identified as having a high risk
of bias as per the Cochrane Handbook for Systematic Reviews of Diagnostic Test
Accuracy (REITSMAET AL. 2009). It was reported among other factors that they lacked a
reference standard and the results were uninterpretable, and that the reliability of
these studies were jeopardized by potential systematic errors. Generally, it was
concluded that the main reason for the paucity of reliable evidence in the literature is
the difficulty in conducting comparative in vivo clinical research in terms of outcome
assessment was due to ethical, practical, and clinical concerns (ROSEN ET AL. 2022). The
lack of RCTs assessing theimpact on CBCT use in Endodontics is alsoseen for other areas
of dentistry, with the exception of RCT studies looking at the impact of using CBCT on
injury to the inferior alveolar nerve during third molar removal. Six RCTs on this topic
were identified (DE TOLEDO TELLES-ARAUJO. ET AL. 2020) and itis of interest that their meta-
analysis found no difference in injuries between the CBCT group and panoramic
radiography group.

This study was a clinical simulation ‘with-without’ study, which has been used

extensively in dental imaging research (SHELLEY ET AL. 2011, CONNERT ET AL. 2019. SATO ET AL.
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2020) to study the effects of an intervention that would not otherwise be practically,
clinically or ethically possible was designed to recreate as closely as possible the clinical
scenario at every stage. The use of an anthropomorphic phantom, which is a published
method (SHELLEY ET AL. 2011, HIDALGO RIVAS ETAL. 2015) of replicating the tissues of the skull
as closely as possible, was used for conventional and CBCT imaging of the teeth, at the
clinically-optimised exposure protocols, to mimic the attenuation of maxillary
structures in clinical imaging. Limitations include the absence of patient movement
and the impact it can have on CBCT image quality (SPIN-NETO ET AL. 2018), which could
not be replicated in this study. Additionally, the absence of restoration artefact resulted
in superior image quality to that generally seen in the clinic. An acrylicjig (Figure 4.8)
was used to accurately transfer the orientation of the M1M as identified in the imaging
provided, to the simulated dental arch that was securely positioned in a magnetised
manikin head with an opposing arch (Figure 4.10). Rubber dam was already in place for
the operators in order to make the procedure as efficient as possible, limit potential
stress from rubber dam placement and safeguard the time needed for all three cavity
preparations and questionnaire to be completed in each session.

Notably, the pilot study was carried out only by endodontists not involved in the actual
study, which does not reflect the range of experience in the study proper. It isaccepted
that this could skew the results for sample size

(http://statulator.com/SampleSize/ss2PM.html), which was based on the mean

difference in volume removed in the pilot study and associated standard deviation. It
was concluded that the standard deviation was likely to be smaller between the
similarly skilled ETs than would be expected with less experienced groups PGs and GPs,
which would likely under-power the sample size required. However, this was
counteracted by the fact that the volume differences would also have been smaller
between ETs which has the effect of increasing the sample size needed and somewhat
remedy the calculation.

The numbers recruited to the study, 18, exceeded the sample size of 16 matched
pairs required, as indicated by the sample size calculation (Section 4.3.6). There were
challenges and constraints to recruiting sufficient numbers of operators to each group,
including the availability of practicing dentists within the DDUH in each of the selected

experience groups, as well as them agreeing to ‘volunteer’ to carry out a two-part study
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during working hours. Furthermore, for practicality and indemnity reasons, it was
accepted that the groups recruited were all associated with DDUH, and therefore were
a subpopulation of dentists potentially not representative of the wider population of
dentists. Nevertheless, operator recruitment numbers in this study exceed other
clinical simulation studies of a similar nature (SHELLEY ET AL. 2011, CONNERT ETAL. 2019. SATO
ET AL. 2020).

In order to limit operator recall and to disguise the fact that the M1Ms were the
same for both sessions, a ‘washout’ period of eight weeks between the first and second
sessionwas introduced, as well as creating two sets of IOPA and CBCT imaging for Tooth
X, Y and Z, with altered abutment teeth set-up for each session. Additionally, the order
of Tooth X, Y and Z were vrandomised within each session

(https://www.randomizer.org/) and were presented in six different patient files, with

differing ‘mock’ hospital numbers and identities, to further reduce similarity and recall
from the first session. Dental clinical simulation studies with ‘washout’ periods have
included time differences from four weeks to 12 weeks (SHELLEY ET AL. 2011, AL-SALEHI ET
AL 2016). While there is no definitive evidence on a minimum ‘washout’ period, it is
accepted that longer is better, and a maximum of eight weeks was practical in this study
due to the PGs completing their employment period in the dental hospital, after which
point they would have been lost to the study. To standardise settings and remove
ambient differences, both sessions were completed at exactly the same time for each

operator.

4.5.2 Primary and secondary outcomes

Volume of tooth substance removed was the primary outcome measured in this study,
with procedural time and the number of canals located being the secondary outcomes
evaluated. Recent studies have examined the impact of CBCT imaging in guided
endodontics: on volume removal, procedural time and canals located for a range of
tooth types, using 3D printed teeth, extracted teeth and in the clinic (CONNERTETAL. 2019,
BUCHGREITZ ET AL. 2019, SATO ET AL. 2020). The existing literature consistently highlights
that the use of a 3D printed endodontic guide generated from CBCT imaging decreases
volume of tooth substance removed, reduces procedural time and increases the

number of MB2 canals located, with the guide removing the impact of operator
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experience. The current study did not employ a guided endodontic technique, as it is
generally not applicable for molar endodontics for which there is a need for a straight-
line path to the apical target point and limited accessibility in the posterior area. Other
general limitations of guided endodontics include the construction time, additional
expense, and possible dentinal micro-crack formation with the associated temperature
increase (KRASTL ET AL. 2016, CONNERT ET AL. 2018). A further issue with location of MB2
canals is that unlike ‘sclerosed’ and calcified canals, the task of locating an MB2 canal is
not something that would routinely require a stent and guided procedure.

One previous study (GRANADOSET AL. 2018) examined the impact of additional CBCT
imaging on conservative endodontic access cavities in 45 extracted molars, while also
comparing with traditional endodontic access cavities, by measuring the ratio of the
surface area of coronal access to pulp floor on the accessed upper and lower molars (3
groups; 15 per group). Although the study demonstrated a trend towards more
consistent preparations and decreased procedural time with the availability of CBCT
(GRANADOSET AL. 2018), statistical significance was not recorded for either measure. The
authors concluded that the limitations of the study included heterogeneity between
teeth (some having variable degrees of calcified roots, these teeth being unevenly
distributed between the groups) which did not allow for any meaningful comparison.
Another study (CONNERT ET AL. 2014), compared dentine removal on 40 extracted molars
in a clinical-simulated split-mouth design study, assessing diameter of access cavities
made with conventional radiography as compared with CBCT. No significant difference
was demonstrated in mean diameters between cavities prepared using conventional
and CBCT imaging. This was a published abstract only (ESE conference, Lisbon, 2013).
No information was provided on the tooth types or attempts to standardise the
compared extracted teeth which would obviously have differed in morphology and
dimensions unlike printed teeth. The minimum and maximum diameter was recorded
but the depth at which the diameters were measured and the orientation of the
diameter recording was not detailed.

Regarding preoperative endodontic imaging for non-surgical root canal
treatment, currently intraoral periapical imaging (with the potential of an additional
parallax view), remains the gold standard (ESE, 2006). It is accepted that periapical

radiography can only provide two dimensional information, with its diagnostic
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effectiveness limited by the superposition of anatomical structures and reports
indicating that only 8% of MB2 canals in M1M teeth were identified using periapical
radiography (ABUBARA ET AL. 2013). The incidence of MB2 canals in M1Ms has been
reported asvarying between 14% and 96.1% (KULID & PETERS 1990, BETANCOURT ET AL. 2016,
ZHANG ET AL. 2017, COEHLO ET AL. 2018). Variation is dependent on the methodology used
(root sectioning with direct vision of the roots, use of microscopes, microCT, CBCT scans
etc.), with ex vivo studies reporting higher incidences of MB2 canals identified
compared with clinical studies reporting MB2 canal location. An ex vivo study using
microCT reported the incidence of MB2 to be 100%, and further reported no significant
difference of the incidence of MB2 canals identified using CBCT with that of microCT
(DOMARK ET AL. 2013). However, MB2 canal identification using CBCT imaging
demonstrates considerable disparity, with studies quoting between 54% - 93.3%. This
wide variation relates to study type (in vivo or ex vivo), population studied, voxel size,
CBCT scanner (manufacturer and model) and restorative status of the tooth (BLATTNER ET
AL. 2010, BAUMANN ET AL 2011, ZHANG ET AL. 2011, ABUBARA ET AL. 2013, HIEBERTET AL. 2017,
ZHANG ET AL. 2017). Furthermore, as demonstrated in Chapter 2 of this thesis, exposure
setting can affect the detection of MB2 canals. In vivo, MB2 location studies using
clinical methods (including magnification) and conventional imaging, achieved 72-78%
MB2 canal location by endodontists and trainee endodontists, with MB2 location
increased by approximately 10% after the addition of CBCT imaging and vertical
‘troughing’ (PARKERET AL. 2017, HIEBERTET AL. 2017). An earlier in vivo study reported that
with clinical experience, correct equipment and the dental operating microscope, the
MB2 was located in 93% of patients (STROPKO ET AL 1999). A highly variable factor
affecting the detection of MB2 canals on CBCT scans of live patients is likely to be
patient movement.

The current study is novel as it specifically investigates if the additional imaging
information provided by a CBCT scan (without guides), can affect the volume removed
during endodontic access in 3D printed M1Ms. Whilst being aware of the limitations of
a clinical simulation study using 3D printed teeth and the obstacles to directly
extrapolating to the clinical situation, this model does provide a level of standardization
that ensures direct comparability between operators, with the only difference to the

access cavity preparation protocol being the availability of preoperative CBCT imaging
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(Table 4.16). The results demonstrate that when adjusting for other factors, imaging
modality and experience had a statistically significant effect on volume removed during
endodontic access procedures on M1Ms. With availability of CBCT imaging, significantly
less tooth structure was removed when all experience groups were combined, for Tooth
X and Y. For Tooth Z, categorized by the endodontists in the pilot study as the most
technically challenging tooth, the PGs and GPs actually removed significantly more
tooth substance. For the groups with less experience, the additional diagnostic
information available from the CBCT data, which indicated that the MB2 canal was
present in the more challenging case (Tooth Z), appeared to resultin a more destructive

pursuit of the canal.
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STUDY SUMMMARY:

STRENGTHS

WEAKNESSES

Simulation:

Reproduction of clinical situation, both for
imagingand endodonticprocedures,
performed as accurately as possible,
including the patientscenario.

Simulation:

Unable to simulate pt. movement: CBCT
imagingor pt. tolerance variation:
endodonticprocedures (e.g. limited
opening)

Microbial disinfection beingamain
determinant of endodonticsuccess canonly
be represented in this study by measuring
the surrogate marker of canal location.

Sample Size:

Achieved asample size greaterthan power
calculationandincluded the greatest
number of operators of any similarstudyin
the literature.

Sample:

Only 3 teeth typesused. Agreaternumber
of teeth would have beenideal, limited by
the time commitmentrequired from
participating clinicians. Analternative
strategy might have beentorecruita second
set of participants whoworked on three
differentteeth.

Operators:
Range of operator experience

Operators:

Lack of experience in use of CBCTfor some
operators (i.e. the problem might have been
inreadingthe scans ratherthan applying
what the scansshowed).

Novel Methodology:

3D molarteeth printed with fine anatomy
using mostaccurate printingtechnology.
Strict standardisation of teeth/protocol,
only difference beinginterventionand
operator.

Adequate ‘washout period’ as session
shown statistically not toimpact on volume
removed.

Generalisability:

The ‘reduced hardness’ of 3D printedteeth,
and lack of internal staining limits
extrapolation of these findings.

CBCT image quality varies enormously
accordingto the manufacturer, the
equipment model and the operating
parameters, including X-ray exposure
settings. Itislikely thatwhen CBCTimages
are of lowerimage quality, forexample with
largervoxel sizes, lower x-ray exposures or
inferior viewing conditions, therewould be
an effecton surrogate outcomes measured
here.

Image quality:
No patient-associated movement or
artefacts fromrestorations

TABLE 4.16 Summary of study strengths and weaknesses. Pt Patient, CBCT: Cone beam CT.
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The ETs, with or without additional CBCT imaging, removed significantly less
tooth volume than all other groups with the estimated mean volume for ETs: <PG: 17.3
mm3, <GP: 16.2 mm? (Table 4.6). For ETs, additional CBCT resulted in an average 13-
15% reduction when all teeth were considered together, and with a significant
reduction for Tooth X and Tooth Y. This significant reduction was also evident for Tooth
X and Y with the PGs, which specifically for Tooth X, resulted in the highest percentage
reduction in volume (26%) of any group, potentially suggesting this was the group that
benefited most from the availability of CBCT imaging for cases of standard complexity.
The GPs, however did not show a significant reduction in volume removal for any tooth.
The results indicate that endodontic expertise is potentially necessary to translate the
additional diagnostic information provided by CBCT to predictably affect volume
reduction across a range of anatomical/morphological complexities. Using the mixed
effects modelling, the estimated mean volume removed (Table 4.6) when IOPA and
additional CBCT were available was lower than with IOPA alone (used as reference) by
-6.1 mm3, 95% Cl(-11.1, -1.2). This value is an estimated mean of the Experience Groups
and is affected by the increased removal of tooth volume by the less experienced
operators. However, across all teeth, the ETs removed between 10-13 mm3® (13-15%)
less tooth volume, with additional CBCT imaging. The question remains as to the
generalizability of the results as to whether this reduction would be repeated in a
clinical situation and if this reduction in volume would have any clinical implication. If
the literature supporting the importance of conservation of tooth structure in PCD to
fracture resistance (CLARK & KHADEMI 2010, AL-NUAIMI ET AL. 2017, AL-NUAIMI ET AL. 2020,
BHUVA ET AL. 2021) is valid, then any reduction of tooth removal in a critical area of PCD
or avoidance of perforation could potentially be of clinical relevance.

Significant reduction in the dimensions of the access cavity demonstrated a
similar pattern to volume reductions, being evident more for Tooth X and Y and for ETs
and PGs. ETs recorded the highest number of significant reductions in dimensions in
Teeth X, Y and Z. Notably, bucco-palatal and cavity depth were more regularly
significantly reduced in size compared with mesio-distal width and ETs and PGs showed
more frequent reductions than GPs (Table 4.7). Importantly, ETs recorded a statistically

significant reduction in depth for the less complex teeth X and Y but recorded an
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increase in depth for Tooth Z where the orifice was located below the pulpal floor,
highlighting that the CBCT was useful for directing the ETs in removal of tooth
substance. Similarly, to overall volume, GPs generally did not record significant
reductions in access cavity dimensions, but did record a significantincrease in depth for
Tooth Z. A conclusion from the analysis of the dimensions of the access cavity is that
increasing endodontic expertise extracts increased benefit from CBCT imaging but that
no distinct dimension was particularly aided by additional CBCT.

After adjusting for other factors across all Experience Groups, magnification was
shown to cause a significantincrease in volume removed in comparison to the mean
volume removed using no magnification, by 8.0 mm3, 95% ClI (0.5, 15.2) (Table 4.6).
Magnification was used by all ETs (4 DOM, 2 loupes), 3/6 PGs and 4/6 GPs, resulting in
overall 13/18 using magnification (loupes and DOM) for both sessions and 4/18 using a
DOM.

Use of magnification in endodontics, both by use of DOM and loupes, has
increased greatly in recent years (BOWERS ETAL. 2010) and the associated benefits are
well described (BOWERS ET AL. 2010, LOW ET AL. 2018). Quantitative benefits generally
relate to MB2 canal location (BUHRLEY ET AL. 2002, NATH & SHETTY 2017) and indicate that
while loupes increase MB2 canal identification, using a DOM markedly increases MB2
location, which probably reflects that only endodontists generally use DOMs. There
does not appear to be any literature relating magnification to access cavity volume
removal but it is reported that magnification can increase accuracy with regard to fine
motor skills, particularly in the experienced user (BOWERSETAL. 2010). The finding that
magnification resulted in more tooth removal, may be contrary to what would have
been expected. It could be argued that this was related to the high incidence of
magnification use among the less experienced GPs and PGs (7/12), who removed
significantly more tooth substance in the more challenging Tooth Z, and consequently
skewed this result, however this was adjusted for in the model. The session number
(first or second) did not have a statistically significant effect on volume removed or on
procedural time. This finding is supportive of the study design, including the washout
period of eight weeks, and the randomisation of the study teeth as it highlights that

recall did not appear to influence volume removed or procedural time taken.
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Furthermore, in Q.5 of the questionnaire, only three (3/18) study operators reported
that recall played any role in location of canals in their second session.

After adjusting for other factors in the model, the imaging modality used and
the experience group were shown to have a statistically significant effect on the time
taken to complete the access cavity procedure. Procedural time results mirrored
somewhat that of volume of tooth substance removed, with time taken to complete
endodontic access cavity preparation significantly less both for Tooth X and Y with
additional CBCT imaging for the ETs and for the PGs (Table 4.9). As expected, ETs
demonstrated the shortest procedural time of all the Experience Groups, with or
without CBCT imaging (Table 4.10). With additional CBCT imaging, PGs showed the
greatest percentage decrease in procedural time (X: 142.9%, Y: {/34%, Z: {,20.3%),
which relates to a considerably longer procedural time with IOPA imaging alone than
for the ETs. When accessing the more challenging Tooth Z, no significant reductions in
procedural time were recorded with additional CBCT imaging by the ETs or PGs, and
conversely a significantincrease in procedural time was recorded by the GPs. Overall,
the procedural time and volume results infer that operators who spend less time per
week carrying out molar endodontics will exhibit increased procedural time and an
accompanying increase in tooth volume removed during endodontic access cavity
preparations. Adjusting for other factors, the estimated mean time taken (mins) with
IOPA/CBCT was lower than IOPA: -3.6 mins, 95% ClI (-5.7, -1.4), this being for all
Experience Groups and thus may show greater reduction for more experienced
operators.

In this study, four canals were verified as being present in each 3D printed
M1Ms; however, the MB2 was the only canal not located by the study participants in
every tooth. This would be consistent with the literature, with MB2 location reported
as ranging between 14-94% depending on study type, means of detection and level of
expertise (COEHLO ET AL. 2018). Analysis of all Experience Groups, highlights that the
provision of additional CBCT images increased the number of MB2 canals located in all
teeth, afinding that was significantsofor Tooth Xand Y but not for the more challenging
Tooth Z. The PGs appeared to benefit most from the visual identification of the MB2
canal on the CBCT scan. This group located 10 further MB2 canals with additional CBCT

imaging. ETs, already located 83% (15/18) canals with IOPA imaging alone, and only
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identified 3 more canals with CBCT, an increase of 17%, slightly higher than that 10%
reported in other comparable in vivo studies (HIEBERTET AL. 2017, PARKERET AL. 2017). ltis
evident that as expertise increases the relative benefit gained from additional CBCT
imaging in locating canals reduces, which agrees with previous studies in this area
(sTROPKO 1999). For GPs, no MB2 canals were located with IOPA (0/18) and, with
additional CBCT imaging, only 5/18 MB2 canals were identified. It could be postulated
that visually identifying the canal on the CBCT scan (15/18) encouraged the less
experienced GPs to persist, but with the more challenging Tooth Z, which demanded
more endodontic expertise, this led to more time taken and more volume removed, but
still no location of the MB2 canal (0/6 for IOPA and IOPA/CBCT).

Taken together, all Experience Groups identified a very small number of MB2
canals using parallax IOPA imaging (15%), which supports the previously reported
findings of 8% identification of MB2 canal using conventional imagining (ABUBARA ET AL.
2013). Equally, it was reported by all Experience Groups that IOPA imaging significantly
reduced confidence in location of the MB2 canal compared with additional CBCT
imaging (p= 0.001 [Teeth X, Y], p= 0.002 [Z]). Furthermore, IOPA imaging was of no
practical assistance in actual location of the MB2 canal (Md score of 1: Tooth X, Y, 2Z)
and was significantly less ‘helpful’ than with additional CBCT imaging [p = 0.002 (ET, PG),
0.007 (GP)]. There is no doubt that visual identification of the MB2 canal on CBCT scans
by all Experience Groups (94%) engendered a significant increase in confidence of canal
location across all groups. Torecap, CBCT assisted MB2 identification is reported in the
literature as ranging from 54% - 93.3%. Identification of MB2 canals on the CBCT scans
in this study was at the higher end of this range (94%) and may be attributed to the fact
that imaging was not affected by movement as it would in the clinic, that there were no
coronal or endodontic restorations and the fact that the MB2 canal was verified as
present in all of the teeth. The ETs and PGs reported that CBCT imaging was completely
helpful (Md score of 5: ET, PG) in locating the MB2 canal. Interestingly, although a
significant improvement in helpfulness of CBCT imaging over IOPA imaging alone (p=
.01, r = 0.48 [moderate effect size]) was recorded, GPs rated CBCT only as moderately
helpful (Md score of 3). Despite the fact that this group’s MB2 location increased by
5/18 from 0/18 with IOPA imaging, in 72% of cases they could not use the imaging
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information to locate the canal and this was perhaps translated in their post-operative
assessment of ‘helpfulness’ of CBCT imaging.

It is possible that for operators with less day-to-day endodontic experience that
CBCT does not have arole and can actually cause greater destruction of tooth volume
particularly in more complex anatomy. Overall, the experience/knowledge level of PGs
appeared to extract the greatest advantage from additional CBCT imaging, with their
reported increased confidence and helpfulness of additional CBCT imaging translating
into the greatest percentage increase in MB2 canal location, the greatest percentage
decrease in volume removed and procedural time. Nonetheless, when the anatomy
became more challenging, which is one of the indications for CBCT in endodontics (Patel
et al., 2021), the additional diagnostic information provided by CBCT could not
compensate for their lack of expertise relative to the ETs. The ETs did benefit from CBCT
imaging, showing significant decreases in volume of tooth tissue removed (13-15%),
time (15-19%) and increased number of MB2 canals located (16%); a finding particularly
evident in the case of the most challenging anatomy (Tooth Z). The margins of
improvement for ETs using CBCT imaging, with regards to the outcomes measured,
were of a smaller magnitude than for the PGs, as experience and knowledge appeared
to compensate for the absence of the extra diagnostic information when only
conventional imaging was available. Endodontic expertise including knowledge and
understanding of root-morphology is essential for planning and performing root canal
treatment and to potentially realise the enhanced patient outcome efficacy of CBCT
imaging through reduced procedural time, tooth substance removal and canal location
for all complexities of morphology. Where intraoperative CBCT imaging and vertical
troughing (2-2.7 mm) has been shown (PARKER ET AL. 2017), to achieve a further 10%
increasein MB2 canal location, preoperative CBCT imaging would focus efforts from the
beginning of treatment and most likely maximise the reduction in tooth substance
removal in the PCD region.

Reduction of tooth removal from the PCD region has been shown to increase
fracture resistance and potentially long-term tooth survival, however as stated earlier
fracture resistance is multifactorial and among other factors, the overall restorative
status of the tooth may have a more significant bearing. Additionally, as discussed, in

keeping with other similar studies, the reduced ‘hardness’ of the teeth and lack of
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internal staining in comparison to human teeth, limits extrapolation of these findings.
To that end, these results highlight the need to further translate the findings into a
clinical study analysing the effects of preoperative CBCT in maxillary first molar teeth.
The current study provides simulated and compelling evidence of the potential
advantages of the use of CBCT for the treatment of M1Ms and asks whether, for these
reasons, the increased radiation dose can be justified. In order to move this question
on, a prospective, adequately-powered randomised trial design would be required that
addresses root canal identification, tooth fracture, tooth survival and which includes an

economic evaluation.

4.6 CONCLUSIONS

Within the limitations of this clinically simulated ‘with-without’ study using 3D printed

teeth, it can be concluded that;

e Use of additional preoperative CBCT imaging reduced tooth volume removed,
procedural time and increased the number of MB2 canals located. This was evident
for standard anatomies for ET’s and PGs when the MB2 was at the level of the pulp
chamber floor. However, the benefits were not evident for dentists who were not
routinely carrying out molar root canal treatment.

e When root canal anatomy was more challenging a (an indication for CBCT in
endodontics), operators with less day-to-day endodontic experience used the
evidence of a MB2 canal on CBCT to warrant increased removal of tooth substance
with limited benefits in terms of canals located. As a result, on the basis of this
study, CBCT imaging for location of MB2 canals cannot be justified for the
inexperienced operator.

e Translating these findings, a reduced volume of tooth substance removal in the PCD
region could potentially impact on endodontic outcome such as fracture resistance
and tooth survival and similarly, absence of apical disease through increased
location of canals. Ultimately these positive results would need to be investigated
in clinical longitudinal randomised studies to elucidate if CBCT can be justified or
whether endodontic experience and equipment alone can achieve similar

outcomes.
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Chapter 5

Discussion and future research
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5.1 DISCUSSION

CBCT devices have adapted in design, becoming more accessible to the primary care
dental setting and are being used in a broad range of dental specialties. This expanding
array of devices varies widely in technical specification and consequently in terms of
image quality and dose ranges (GAETA-ARAUJO ET AL. 2020, KAASALAINEN ET AL 2021).
Therefore, provision of optimisation protocols for all diagnostic tasks and guidance on
their practical application is more crucial than ever, so as to minimise dose for the
individual patient type. Optimisation has to be preceded by justification, ensuring that
selection of this higher dose imaging modality will have a higher diagnostic efficacy than
the lower dose existing gold standard for the specific diagnostic task, and that critically
it is likely to change the subsequent treatment outcome for the patient.

Therefore, the overarching focus of this thesis was optimisation of dose and
diagnostic efficacy relating to dental CBCT imaging, using endodontics as a model, a
discipline perceived to necessitate high resolution imaging protocols with consequent
higher doses, to guarantee diagnostic accuracy. Chapter 1 provided an overview and
introduction of the subject matter relevant to the subsequent research studies
presented in the thesis. Chapter 2 investigated optimisation of dose for CBCT imaging
of root canal anatomy using an ex vivo model of extracted teeth and related subjective
to objective image quality so as to identify a threshold dose and the corresponding
objective image quality for this diagnostic task. Following on from this, Chapter 3
examined the relationship of a range of objective IQ metrics and determinants of I1Q,
with the diagnostic task of root canal anatomy identification, to establish the 1Q
metric(s) that have a statistically significant relationship with successfully achieving this
diagnostic task, so as to facilitate optimisation procedures. Chapter 4 explored the
diagnostic efficacy of dental CBCT imaging relating to endodontics, specifically, utilizing
3D printed reproductions of extracted M1Ms with the study analysing if supplemental
CBCT imaging can potentially improve outcome(s) after endodontic access cavity
preparation in M1Ms, compared with the use of conventional (IOPA) and clinical
methods alone.

Chapter 2 investigated the potential to identify a threshold dose for imaging of

root canal anatomy and forms part of a growing body of optimisation studies ina wide
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range of dental disciplines attempting to identify low dose protocols (YEUNG ET AL. 2019).
Low-dose protocols can be established by identifying combinations of exposure factors
that lower the patient dose without an unacceptable loss of image quality for diagnostic
purposes. The current work is novel in that it was the first to highlight that reducing kV
and mA, and selection of standard instead of high resolution modes were still
compatible with successful identification of fine root canal anatomy, which is
representative of the detail required in endodontic imaging. Furthermore, it also
demonstrated that increasing dose as a means of enhancing visualisation of more
complex canal anatomy was ineffective. Specifically, within the limitations of an ex vivo
study, a threshold dose for this diagnostic task was identified as less than 210mGy cm?
for both CBCT systems used. This threshold dose is lower than the recently published
National Diagnostic Reference Level (NDRL) for adult CBCT in the UK and Ireland
(265mGy cm? - based on maxillary molar preoperative implant assessment: PHE 2019,
HIQA 2021) and over 50% lower than the Finnish NDRL (550 mGy cm? - specifically for
CBCT examination aimed at assessment of tooth’s periapical region and root canal
morphology: STuk 2016) and Swiss NDRL (639 mGy cm? - endodontic indication: DELEU ET
AL. 2020).

Low dose protocols are pivotal in facilitating optimisation and from recent
reviews on this subject, are generally achieved in dental CBCT imaging (DA SILVA MOURA
ET AL. 2018, YEUNG ETAL. 2019) by manually reducing, tube voltage (kV), tube current (mA),
exposure time (seconds), resolution, rotation arc, increasing voxel size and additionally
by the selection of low dose modes (e.g. reducing tube current and exposure time with
the aid of noise reduction filters) depending on the CBCT system. Notably, low dose
protocols have not commonly focused on varying tube voltage, this being attributed to
the fact that alteration of tube voltage has a larger impact on image quality than a
change in tube current (PAUWELSET AL 2014b, PAUWELS ET AL. 2017). The reduced focus on
tube potential may perhaps also be related to the fact that there is a significant but
weak correlation between kerma-area product per unit area of FOV area and tube
potential, whereas patient dose is mostly dependent on FOV size and tube current -
exposure time product (PAUWELSET AL. 2017, BEGANOVICET AL. 2020, VAN ACKERMAN ET AL. 2020).
Thus, in terms of protocols, a reduction of tube current -exposure time product appears

more effective than a tube voltage reduction. More recent prescriptive suggestions in
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paediatric imaging have focused on identifying an optimal tube voltage (noise and
artefacts minimised) at a given dose then reducing tube current-exposure time product
to the lowest acceptable level for that specific indication (BRASILET AL. 2018, PANMEKIATE
ET AL 2018).

Therefore logic dictates that reduction of effective dose can be achieved with a
reduced FOV height and diameter (HORNER ET AL. 2013, BORNSTEIN ET AL. 2014) and by
ensuring protocols are specific to the patient type/size/gender and the diagnostic task
(PAUWELS ET AL 2017, OENNING ET AL. 2018). Additionally, the use of thyroid shields,
applying specific criteria (PAUWELS ET AL. 2019, ) and
additional copper filtration (kURAMOTOET AL. 2021) have been demonstrated to play a role
in reducing dose. Furthermore, optimisation of patient dose commences with the
selection of a CBCT system with features that can best facilitate dose reduction and is
applicable to the particular clinical practice. This stepis more pertinent than ever with
the rapidly expanding range of CBCT systems, exhibiting huge ranges in dose levels
(inter - and intra -), with data on effective dose range available in only 40% of available
devices (GAETA-ARAUJO ET AL. 2020). Establishment of a QA programme and collaboration
between the physicist and clinicians, with sufficient training and expertise to uphold
principles of justification and optimisation, while extracting the maximum clinical
benefits from the acquired images, is essential (BROWNETAL. 2014). Indeed, the impact
of clinician CBCT training and competence were highlighted in this thesis, where it was
demonstrated to have a significant impact on the diagnostic efficacy of observers in the
diagnostic task of root canal identification (Chapter 2) and in the actual task of locating
canals subsequent to CBCT interpretation (Chapter 4).

The principal limitation of the Chapter 2 study, as with the majority of low dose
protocols and dose reduction studies included in the current systematic reviews (DA
SILVA MOURAET AL. 2018, YEUNG ET AL. 2019), is that there has been no clinical validation of
these protocols. Ex vivo studies, employing diverse methodologies and
anthropomorphic phantoms, lack the effect of motion and often metal artefact and
undoubtedly overestimate diagnosticaccuracy. Whereas in vivo equivalent studies with
their multiple combinations of variables are, for many reasons including standardisation

and ethics, impossible to complete clinically. Thatsaid, studies comparing a standard
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and low dose CT protocol on the same patient have been completed in a general
medical setting (POLETTI ET AL. 2007, KUBO ET AL. 2016).

The emphasis on low dose protocols and optimisation strategies has been
especially crucial due to the absence of automatic exposure control in the majority of
CBCT systems and/or protocols (GAETA-ARAUJO ET AL. 2020). This finding was also
highlighted by the recent EURADOS and IAEA survey (BEGANOVIC ET AL. 2020, SIISKONEN ET
AL. 2021), which primarily identified the limited number of European countries that have
established DRLs, an essential optimisation tool and requirement of the International
and European Basic Safety Standards Directives. As previously discussed, these
published DRLs vary considerably between countries, reflecting the existence of the
exceedingly wide dose variation in dental and maxillofacial CBCTimaging. Overall, while
presently several national and international organisations have published guidelines
relating to appropriate use of CBCT (e.g. SEDENTEXCT, HPA, AAOMR, EADMFR,
DIMITRA, ESE, EAO, AAP) and a protocol on quality control exists (DE LAS HERAS GALA.
2017), there is a deficiency of specific guidelines emanating from respective dental
disciplines on the use of low-dose protocols (YEUNG ET AL. 2019), paediatric dentistry
(OENNINGET AL. 2018) perhaps being the exception.

While it is apparent that there is still much to achieve in the optimisation of
dental and maxillofacial CBCT imaging, ongoing technological advances in CT and, by
inference in CBCT, could potentially facilitate optimisation further by taking it ‘out of
the hands’ of the operator. Tube current modulation is one such development and is
currently used in CT scanners. It modulates the tube current to compensate for the
changes in average projection-based attenuation of the patient as they are being
imaged, maintaining a relatively constant signal to noise ratio, thereby avoiding
excessive dose while maintaining image quality (KALRAET AL. 2004). Beam shaping filters
serve to pre-filter the peripheral part of the X-ray beam which is less attenuated than
the central part of the beam; it thereby functions to equalis e the signal at the detector
and reduces peripheral radiation exposure and dose to the patient, while improving
image quality through a reduction in scatter from the peripheral anatomy (ZHANG ET AL.
2013). Artificial intelligence (Al) in CT has been shown to have the potential to reduce
image noise, achieved using a convolutional-neural-network-based denoising

algorithm, such that the radiation dose applied to the patient can be reduced during
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data acquisition (MCCULLOUGH & LENG 2020). Additionally, Al methods to reduce metal
artefacts are also anticipated. That said, caution is advised, as there are challenges to
overcome, such as its lack of generalisability to other CT models. Al networks are
trained using specific datasets, representing specific image characteristics particular to
that scanner, and typically are not compatible with acquisition or reconstruction
parameters of a different device. Furthermore, there is the quandary as to how to
evaluate the performance and consistency of an algorithm that is continually learning
from the processed clinical information (MCCULLOUGH & LENG 2020). Photon-counting
detectors are also a promising technology in CT which enables detection of individual x-
ray photons and measurement of their energy. It provides the potential to overcome
the limitations of current CT detectors, by providing CT data at very high spatial
resolution, without electronic noise and with inherent spectral information.
Furthermore, photon-counting CT offers additional advantages, such as perfect
temporal and spatial alignment to avoid motion artefacts (WILLEMINK ETAL. 2018, FLOHRET
AL. 2020).

Although, the merging of the subjective clinical evaluation of image quality with
objective parameters has proved complex, it continues to be a core optimisation
strategy (CHOI ET AL. 2015, PAUWELS ET AL 2015b, BRASIL ET AL. 2019). An additional key
finding in Chapter 2 was that CNR was a relevant IQ metric for the subjective task of
root canal identification. Threshold CNR values were identified, above which the
diagnostic task was consistently achieved. However, while canal identification
improved as CNR increased for both CBCT systems, the markedly different threshold
CNR values identified for the two devices unfortunately suggested thatitis not possible
to determine asinglethreshold level of objective image quality that could be universally
applicable to other CBCT models.

From an optimisation perspective it is valuable to establish the relationship
between 1Q metrics, exposure parameters and other determining factors, with a specific
diagnostic task, in order to prioritise those proven to be significant, at an optimised
dose. In Chapter 3, binary logistic regression identified CNR as the significant predictor
of successfully achieving the diagnostic task of root canal identification when adjusting
for the other evaluated core IQ metrics. Albeit, it may have been expected that a spatial

resolution metric would have proved to have had a significant association with
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endodontic imaging. However, when specifically investigating the relationship of IQ
determinants with this diagnostic task (Table 3.2), native pixel array (compared to 2x2
array) was demonstrated to have a statistically significant effect on successfully
achieving the task. That said, it is difficult to extricate the effects of this setting from
that of the accompanying increased time and basis images that forms part of this
selection. Considering, other IQ determinants; higher tube voltage, tube current and
rotation angle (above study baseline) significantly increased the odds of achieving the
diagnostic task. This finding would not be unexpected as CNR is dictated by noise and
hence dose, whereas spatial resolution metrics are dictated by other factors (e.g. voxel
size, reconstruction kernel) and do not show a consistent relationship with dose.
Logistic regression also confirmed that the odds of successful achievement of the
diagnostic task was greater for experienced senior observers than junior observers.

This Chapter 3 study further supports the strategy in Chapter 2 and the potential
clinically for identifying the exposure protocols that can achieve a threshold CNR level
at the minimum patient dose. It is clearthat there is some inter-dependence between
these different 1Q metrics, with noise being a principal determinant of contrast
resolution and hence CNR, and alsoimpacting to a lesser extent on spatial resolution.
While |Q parameters allow objective measurements, the underlying determinants of IQ
consist of a multiplicity of factors in the imaging chain (Table 3.2). In reality,
identification or quantification of machine specifications cannot provide a complete
insight or understanding into the level of image quality attained by a given CBCT model,
as they are also determined by unspecified manufacturer customizations. While
Chapter 3 provided an insightful exploration of all identifiable factors that influence
image quality for a particular diagnostic task, it could have been more discerning had a
wider range of machines that could facilitate a clearer isolation of imaging variables that
varied exclusively with machine in this study. Additionally, imaging a wider variety of
M1M anatomy would allow a more insightful assessmentof the impact of a broad range
of tooth anatomies on successful completion of the diagnostic task.

The efficacy of CBCT as a diagnostic imaging tool in identification of root canal
anatomy - representing the fine detail required in endodontic imaging as the chosen
model for this thesis - should be the basis on which this imaging modality is selected

and justified for this diagnostic task. In other words, there should be evidence of the

212



benefit of this imaging modality to the patient, which can be described in a hierarchal
fashion (FRYBACK & THORNBURY 1991). The literature reports that CBCT imaging can
produce 3D fine detailed images that may improve diagnostic accuracy, depending on
the diagnostic task (ROSEN ET AL. 2015), but this does not necessarily translate to
improved diagnostic thinking, treatment planning or indeed patient outcome. With
very few exceptions, the conclusions of multiple systematic reviews investigating the
diagnostic efficacy of CBCT relating to a specific clinical context or diagnostic issue, is
that there is insufficient research at the higher levels of diagnostic efficacy (HORNER ETAL
2020) and this is particularly the case regarding patient outcome efficacyfor endodontic
imaging (ROSEN ETAL. 2022). What evidence there is, has to be critically assessed as to
its methodological quality involving a thorough analysis of risk of bias (REITSMA ET AL
2009) and the small number of existing endodontic outcome studies, have been
identified as having high levels of bias (ROSEN ET AL. 2022). The practical and ethical
challenges of carrying out clinical trials to assess patient outcome efficacy to a high
methodological standard has been thoroughly highlighted and discussedin Chapter 4
of this thesis.

The Chapter 4 study assessed the impact of CBCT imaging on quantifiable
outcomes associated with endodontic access cavity preparation in M1Ms using a
human analogue and highlights that a pre-operative CBCT could potentially impact on
patient outcome when compared with conventional and clinical methods alone.
Specifically, the findings included reduced volume of tooth substance removal, which if
contained in the critical PCD region of the tooth (SILVA ET AL. 2021), could potentially
impact on endodontic outcome suchas fracture resistance and tooth survival. Similarly,
the finding of, increased efficacy of canal location, could impact on the outcome of tooth
survival through absence of apical disease as a result of more thorough chemo-
mechanical debridement. Notably, it was the experienced operators that could extract
the clinical diagnostic information from the pre-operative CBCT to maximise the
benefits of reduced tooth substance removal, increased canal location and reduced
procedural time when compared with conventional and clinical methods alone. For all
operators, visualising the MB2 canal in a CBCT dataset, increased confidence in the
potential to locate the canals. However, for inexperienced operators, this increased

confidence, did not result in a significantly increased canal location and for complex
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anatomy actually caused a more destructive pursuit of the canal resulting in increased
removal of tooth substance. Therefore, based on the results of this study, the use of
CBCT imaging for location of MB2 canals cannot be justified for the inexperienced
operator. The study was novel as it specifically investigates if the additional imaging
information provided by a CBCT scan (without guides), can affect the volume removed
during endodontic access in 3D printed M1Ms.

Of course, these findings should not be misconstrued as a means of routinely
advocating a pre-operative CBCT for non-surgical endodontic treatment in upper
M1Ms. In reality this non clinical study with simulated optimal conditions suggests that
a well-planned clinical randomised control trial is warranted and justified to investigate
if the increased radiation dose associated with CBCT can be justified for this diagnostic

task.

5.2 FUTURE RESEARCH

Identification of a threshold dose for root canal imaging in Chapter 2 considered only
non-endodontically treated or de novo teeth. The impact of root canal treatment and
direct/ indirect restorations on diagnostic efficacy for a range of diagnostic tasks has
been has been well reported (SCHULZE ET AL. 2011, HELVACIOGLU-YIGIT ET AL. 2016, MA RH ET
AL. 2016, TALIWARET AL .2016, KRUSE ET AL. 2017, CAMILLO ET AL. 2020). Accepting that the
MB2 canal is the most frequently missed canal during root canal treatment (KARABUCAK
ET AL. 2016, MASHYAKHY ET AL. 2021), it would be clinically relevant to investigate if
artefacts generated from existing root canal filling materials would deteriorate image
quality sufficiently to affect MB2 canal identification and to establish if the threshold
dose identified in Chapter 2 for root canal anatomy identification was still practicable.
Specifically, in an ex vivo set-up it would be logical to investigate if there was a
significantdifference in canal identification in CBCT datasets between the same de novo
teeth, endodontically treated teeth and subsequently (after a washout period) when
the root filling material was removed to a consistent standard, for a range of dose
protocols and voxel sizes and with or without artefact reducing algorithms. It is evident
that for a range of diagnostic tasks, the impact of dose protocol, imaging parameters

and artefact reducing algorithms on diagnostic efficacy in the presence of root canal
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fillings has been reported with conflicting results. Specifically, in the presence of root
canal filling materials and coronal restorations, selection of lower resolution protocols
and artefact reduction during image acquisition resulted in a decrease of identified
image artefacts (HELVACIOGLU-YIGIT ET AL. 2016). Conversely, other studies reported that
selection of artefact reduction algorithms was accompanied by increased patterns of
artefacts (VASCONCELOSETAL. 2014), in addition to a decrease in diagnosticaccuracy when
imaging root filled teeth for the detection of root fracture (BECHARA ET AL. 2013).
Regarding selection of a smaller voxel size and high resolution modes, a decrease in
artefact associated with root canal fillings/sealers was identified (BRITO-JUNIOR ET AL.
2014), whereas it has also been reported that the selection of differing CBCT resolution
modes had no influence of the diagnosis of vertical root fracture (NEVES ETAL. 2014). It
seems apparent that artefact expression in relation to root canal filling materials is
particular to the CBCT system (MAzzI-CHAVES ET AL. 2020). However, a number of studies
have reported consistently reduced beam - hardening artefact generation with an
increased tube voltage (>90 kV), when considering different CBCT systems (ESMAEILI ET
AL. 2012, DRAENERT ET AL 2014, SCHULZE ET AL. 2010, HELVACIOGLU-YIGIT ET AL. 2016).
Ultimately, an increased KV, smaller voxel size and higher resolution settings will all
increase patient dose so it would be worthwhile to clarify the effects of these
parameters on missed root canal anatomy detection, in the presence of root canal
fillings. Furthermore, if the presence of root canal filling materials had a significant
impact on canal location in the endodontically treated tooth, this type of study could
identify if removal of the existing root filling material should be consistently
recommended before CBCT imaging of endodontically treated teeth. One practical
difficulty with such studies is preventing sealer leakage into the MB2 canal ex vivo, a
phenomenon which occurs in extracted teeth rather than clinically where the MB2 canal
is filled with pulpal or necrotic material.

Ultimately, robust well-designed clinical studies are still required to confirm the
findings of low dose protocol ex vivo studies such as in Chapter 2, presenting
considerable challenges of testing different exposure protocols. Following on from the
approach completed in the general medical field for CT optimisation studies on the
same patient (POLETTI ET AL. 2007, KUBOET AL. 2016), a theoretical study design would be

to compare the manufacturer recommended high resolution protocol for endodontic
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imaging with a single pre-determined optimised protocol extracted from the Chapter 2
study results, on the same patient for specific endodontic indications. The aim would
be to identify and compare the sensitivity and specificity of the high resolution and
optimised settings for a particular diagnostic task(s). While encouragingly, CT
optimisation studies have shown comparable sensitivity and specificity between
standard and low dose protocols, such a study is nonetheless ethically dubious and
furthermore would present difficulties in recruitment. An additional issue is the issue
of the reliability of the high resolution CBCT acting as the reference standard, as it was
identified in Chapter 2 that even the highest resolution/doses, did not reveal all root
canal anatomy present for complex cases. Ultimately, all findings of such studies would
be machine specific. Accepting the difficulties of clinical optimisation studies, perhaps
a practical and realistic alternative could be provided by the availability of a unified
index or test object that could be agreed upon by manufacturers, medical physicists and
endodontists and used to classify exposure settings particular to each device for a
representative endodontic patient/scenario/pathology. Specifically, this could entail a
universal 3D printed model of tooth, canal anatomy, surrounding bone using a material
that replicates these anatomical densities while permitting replication of these fine
canal structures. Additionally, such a model could be expanded, including root fracture
and resorption lesions or range of anatomical structures and pathologies.

It was concluded previously that the findings of the Chapter 4 clinical simulation
study justified the execution of an in vivo equivalent. Such a study is fraught with real-
world clinical, practical, ethical and fiscal difficulties, requiring a large sampl e size, strict
sample inclusion criteria and a defined follow-up period. Such a clinical outcome study
would most likely benefit from a multi-centre study with regard to power and allow
inclusion of a range of variables such as differing populations and operators,
interpretive variances and technical differences in CBCT scanner, all of which would
improve generalizability. Strict inclusion criteria involving M1M restorative status
would be essential. The vast majority of M1Ms requiring de novo non-surgical
endodontic treatment would have an extra-coronal restoration and exclusion criteria
would involve teeth where the PCD had been invaded (four mm above and below the
CEJ) either by restoration or indeed caries. In order to verify this any existing restoration

would need to be removed, prior to the pre-operative CBCT scan. Consistent
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identification of the PCD region would necessitate strict calibration for the study
coordinators. Certainly, any preliminary version of this clinical study would exclude root
treated upper M1Ms teeth and those with fixed prosthodontic restorations to avoid
impact of artefact on diagnosis (BRULLMAN & SCHULZE 2015). It is evident even in this
simple ‘walk through’” of the study that a planned trial would involve significant
resources, planning and ethical challenges.

Based on the existing study design, a pre- and post- operative CBCT would be
necessary to accurately assess volume and site of removal of tooth substance. This
would be a particular ethical challenge not least of all due to the fact that the pre-
operative CBCT for one arm of the study is not used for the patient’s potential clinical
benefit. Certainly, the possibility of denying the potential diagnostic information from
CBCT imaging to patients on a randomised basis would be an additional obstacle to
achieving recruitment targets and informed consent. That said, pre - and post -
operative CBCT imaging is used in studies assessing orthognathic surgery (PODCERNINAET
AL. 2020), orthodontics (ALHAMMADI ET AL. 2017), and in indirect pulp capping studies
(HASHEM AT AL. 2015). In addition to an assessment of surrogate outcome measures;
including the volume of tooth substance removed, procedural time and number of
canals located (out of total canals identified as present on CBCT), a record of any
alterations in diagnostic thinking could also be recorded for the arm of the study that
received the pre-operative additional CBCT imaging, subsequent to interpretation and
treatment planning with periapical radiographs. Furthermore, a follow up period of at
least 4 years would be necessary to record outcome measures of success; tooth
retention and resistance to fracture as the traditional one year would not be sufficient
to adequately monitor tooth fracture. These studies are clearly logistically difficult, but
time and costings aside, the repeated calls for more high level studies highlight that,
surely the impetus should be to commit to such studies rather than committing
extensive secondary research time identifying the need for them.

Outcome measures from the proposed randomised controlled trial described
above could be assessed alongside cost to the patient: not only monetary and time, but
alsoradiation dosage when comparing with periapical radiography in order to achieve
an assessment of CBCT imaging at level 6: societal efficacy. Studies assessing efficacy

at level 6 are not common in dentomaxillofacial imaging in general and particularly so
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for CBCT due to the difficulties in correct selection and evaluation of the correct
parameters for assessing outcome and economic factors (ROHLINETAL.2020). The results
generated in Chapter 4 from the outcome efficacy study using a human analogue,
indicate that a reduction in procedural time was evident for molar non-surgical root
canal treatment. The potential clinical implications of a reduction of procedural time
include greater convenience for both the clinician and patient, but also has economic
implications. Time spent on a healthcare procedure is an important determinant of the
economic cost (CHRISTELLET AL 2012, WALTER ET AL. 2012). It could be argued that three to
four minutes in a procedure taking perhaps 120 minutes of chairside time would be
minimal, especially considering that viewing time of the scan was not included in this
measured time and, of course, does not account for time taken for CBCT scan
acquisition in a practice setting. However, it is possible that the availability of CBCT
information might shorten subsequent stages of the endodontic procedure or perhaps
the presence of a pre-operative CBCT may impact on cost effectiveness by changing the
treatment plan completely (WALTER ETAL. 2012). Therefore, it would be of considerable
interest to perform a thorough economic evaluation of the effect of using CBCT imaging
in non-surgical endodontics compared with the use of periapical radiography, thereby
potentially providing evidence at the highest level of Fryback and Thornbury’s
hierarchical model (FRYBACK & THORNBURY 1991). It is evident that an RCT, although the
ideal study design to assess patient outcome, is often not practicable, alternatively, a
‘before-after’ study design could be used to assess outcome (ROHLIN ET AL. 2020), albeit
it is accepted that this is a methodologically weaker study design (GUYATT ET AL. 1986,
ROHLIN ET AL. 2020). For instance, in an institution/discipline which does not yet access
CBCT imaging, a trial could be performed to measure suitable defined outcome
parameters before introduction of CBCT imaging and these same outcomes assessed
after introduction of CBCT imaging, including aspects of economic evaluation.

In summary, this thesis makes a novel contribution to the key areas of
optimisation and diagnostic efficacy relating to CBCT, providing evidence of the
potential to reduce dose in endodontic imaging and the potential for CBCT imaging to
impact on outcome in the field of endodontics. It is evident that developments in
optimisation can be driven by technology, research, DRLs and both provision and

adherence to evidence based guidelines. However, as with establishing the true
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diagnostic efficacy of CBCT related to a range of diagnostic tasks, progress is hampered
by heterogeneous research which is often of low methodological quality, as well as the

practical and ethical difficulty of performing clinical studies which are ultimately specific

only to the machines used in the respective study.
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Appendix |: Raw data (Chapter 2) noting percentage of MB2 canal identified by junior
hospital dentists and senior staff.

Molar in UL6 Position Molar in UL7 Position UL8 Molar in UL8 Position
JHDs Senior staff JHDs Senior Staff JHDs Senior Staff
DAP % SD % SD % | SD % | SD % SD % | SD
PX |90.3 82.8 | 13.9 |90 5 816 9.6 (91 9.4 | 358 | 6.1 41.7 | 1.5
PX | 135.3 92 8.3 95.7 | 1.2 | 88.8 | 11.5 | 97 1.7 42.3 | 8.2 444 | 2.4
PX | 139.4 93.4 | 13.2 | 98.3 19 | 89.4 | 13.2 | 95.3 | 4.5 40.6 | 6.1 50.6 | 2.2
PX | 195 94 8.7 9.4 |65 926|112 [97.7 | 0.6 | 452 | 10.1 |53.3 | 6.5
PX | 244.6 97.4 | 3.7 99.3 1.2 [ 93.3 | 4.3 95.7 | 1.2 49.2 | 6.8 61 3.6
PX | 209.3 99 1.7 99.6 | 09 | 95 5.9 97 1.7 58.6 | 18.1 | 61.7 | 2.9
PX | 294 99.4 | 1.3 100 0 976 | 2.8 |98 0 60 18.9 | 65.6 | 8.5
PX | 373.3 100 0 100 0 97.8 | 1.8 98.7 | 1.2 61.3 | 15.8 | 67.6 | 14.5
AC | 90.5 92.6 | 6.7 973 |59 (8.6 |87 (902 |29 |339 |122 |58 4.5
AC | 118 913 |56 943 |23 (88|78 (8.3 |35 |363 (133 |46.6 | 5.3
AC | 120.9 933 |44 949 |29 | 8.6 | 487 | 915 | 1.5 446 | 8.8 46.3 | 1.5
AC [ 1438 [933 |54 949 |57 (8.6(79 [90.7 |12 |43.6 |6.8 60.5 | 2.8
AC | 147.1 96.3 | 6.1 93 1 85.7 | 5.9 91.1 | 3.2 43.6 | 11.1 | 57.8 | 4.4
AC | 1546 | 92 4.4 949 |35 (903 10.3 | 93 45 | 446 | 10.6 | 59.5 | 1.5
AC [ 163.2 |96 4.8 9.9 | 3.1 |81 94 |865 |36 |49.4 | 14.7 |55.8 | 9.7
AC (1749 94 4.4 96.8 (3.2 [ 87.6 (9.1 89.6 | 8.7 453 | 8.7 58.4 | 4.2
AC | 181.7 | 98 2 986 |11 (8.6|76 [954 |11 |536 |18.2 |59 14.3
AC [ 1875 [97.3 (3.3 981 |05 (9.4 (34 [97.8 |25 |581 |98 62.3 | 8.8
AC | 203.2 96 1 98 1.1 |936 | 44 97.8 | 0.8 543 | 12.6 | 60.2 | 5.1
AC (2079 [96.6 |45 97.7 |08 [9%.6 |15 (974 |14 |533 |17.8 | 59 9.6
AC [ 233.9 96.3 | 3.5 98.7 | 1.1 | 946 | 6.6 96 1.7 53.8 | 8.6 58.9 | 5.3
AC | 240.7 96.6 | 2.2 979 |05 |93 3.5 94.8 | 3 55.1 (7.4 59.4 | 5.7
AC [251.2 [98.1 |28 98.7 | 1.2 | 93 45 |952 (27 |58 23.6 | 63.7 | 25.3
AC [ 257.6 96 1 100 0 946 | 1.8 97.4 | 1.6 62.1 | 10.6 | 63 6.9
AC | 294 96 3.5 100 0 943 (63 (9.8 (25 |593 (179 |63.5 | 7.2
AC ([ 304.6 93.3 | 115 (974 |58 | 9.4 | 4.3 96.4 | 2.9 50.3 | 4.5 57.2 | 3.7
AC | 306.7 9.6 | 7.6 97.6 |21 | 97 1.7 98.8 | 1.1 56.6 | 12.2 | 64.6 | 5.7
AC [316.8 [93.6 5.5 986 | 3.1 |96.6 | 3.13 [ 98 0 56.3 | 12.1 | 61.6 | 6.42
AC (3244 97.7 | 2.2 98.3 |21 |9.7| 22 98.3 | 0.6 58.6 | 14.4 | 73 12.3
AC | 405.1 100 0 100 0 98.3 | 1.5 98.7 | 1.1 63.3 | 12.7 | 69 7.8
AC | 409.5 | 100 0 100 0 978 | 2.88 (98.8 [ 1.1 | 61.6 | 12.1 | 68.9 | 18.3
AC | 410.5 100 0 100 0 96 2.6 88.2 | 1.7 59.7 | 12.7 | 73 13.8
AC (4273 [99.3 (0.9 100 0 98 0 96.4 | 3.1 |57.6 | 89 75.7 | 12.7
AC | 517.5 | 100 0 100 0 98 0 97.6 | 2.4 | 65 14.3 | 72 15.9
AC | 520.2 | 100 0 100 0 986 | 1.5 (989 (11 |68.6 | 19.5 | 76 12.5
AC |[568.9 | 100 0 100 0 99 1.7 [99.1 |08 |685 |223 |743 | 124
AC (7144 100 0 100 0 98.6 | 1.5 99.8 | 0.9 66.0 | 4.8 80.6 | 10.4

JHD: Junior hospital dentist, PX: ProMax Scanner, AC: Accuitomo Scanner, SD: Standard deviation
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Appendix Ill: Volumetric assessment of pilot study endodontic access cavities

I0PA VOLUME (MM?3)

1 88.45 | 83.66 | 95.46 | 88.67 | 82.44 | 103.87
2 88.46 | 83.65 | 95.46 | 88.66 | 82.46 | 103.72
3 88.44 | 83.69 | 95.46 | 88.63 | 82.44 | 103.75
AVERAGE | 88.45 | 83.67 | 95.46 | 88.65 | 82.45 | 103.78
SD t 0.01 | 0.02 0 0.02 | 0.01 | 0.08
CBCT/IOPA VOLUME (MM?3)

1 76.02 | 70.34 | 95.33 | 78.46 | 76.46 | 99.56
2 76.19 | 70.33 | 95.34 | 78.48 | 76.34 | 99.55
3 76.1 | 70.34 | 95.36 | 78.46 | 76.36 | 99.58
AVERAGE | 76.10 | 70.34 | 95.34 | 78.47 | 76.39 | 99.56
SD+ 0.09 | 0.01 | 0.02 0.01 | 0.06 0.02
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Appendix IV: Power calculation from pilot study data (Chapter 4)

VOLUME (mm?3)
IOPA CBCT/IOPA
Operator 1 88.45 76.10
83.67 70.34
95.46 95.34
Operator 2 88.65 78.47
82.45 76.39
103.75 99.56
Mean 90.41 82.7
SD 7.99 11.81

Mean Difference between 10PA and CBCT/IOPA: 7.7 mm?3

Approximate SD: £9.9
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Appendix V: Raw data showing volume, time and access cavity dimesnions for each operator and tooth (Chapter 4)

Tooth X

Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)

ET ET1 2 IOPA X M 1 73.79 14.2 6.85 8.01 498
ET ET2 2 IOPA X M 1 78.45 16.3 6.14 7.49 4.2
ET ET3 2 IOPA X M 1 85.56 224 6.12 8.4 5.15
ET ET4 1 IOPA X M 1 73.79 9.8 5.38 7.95 4.23
ET ETS5 1 IOPA X M 1 90 195 6.36 7.43 3.38
ET ET6 1 IOPA X M 1 115 253 7.11 8.1 6.3
AVERAGE 86.09 17.92 6.33 7.89 471
SD+ 15.57 5.64 0.61 0.37 1.01

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) | (mm) (mm)

PG PG1 2 IOPA X M 0 110.34 26.3 7.21 7.46 5.15
PG PG2 2 IOPA X NM 0 87.21 225 5.78 8.45 4.78
PG PG3 2 IOPA X NM 1 124.29 35.6 7.67 8.98 5.98
PG PG4 1 IOPA X NM 0 102.2 254 6.81 7.42 5.83
PG PG5 1 IOPA X M 1 130 35 7.5 9.01 5.55
PG PG6 1 IOPA X NM 0 80.87 23.2 5.47 7.28 4.05
AVERAGE 105.81 28 6.74 8.1 5.22
SD+ 19.64 5.83 0.92 0.81 0.72
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Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)

GP GP1 2 IOPA X M 0 125 30.2 7.4 9.56 5.45
GP GP2 2 IOPA X NM 0 82.36 234 5.78 6.45 5.21
GP GP3 2 IOPA X NM 0 84.36 25.3 6.15 6.19 4.78
GP GP4 1 IOPA X NM 0 82.36 234 7.24 8.52 5.34
GP GP5 1 IOPA X M 0 95.87 30.2 7.9 8.99 5.67
GP GP6 1 IOPA X NM 0 112.56 30.6 6.9 7.37 5.13
AVERAGE 97.085 27.18 6.89 7.85 5.26
SD+* 17.97 3.52 0.79 1.39 0.30

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

ET ET1 1 CBCT X M 1 71.45 12.1 5.4 7.36 4.32
ET ET2 1 CBCT X M 1 72.39 134 5.45 7.1 4.01
ET ET3 1 CBCT X M 1 70.14 20.1 5.32 7.39 4.98
ET ET4 2 CBCT X M 1 72.26 8 5.4 7.45 5.01
ET ETS5 2 CBCT X M 1 76.3 10.5 6.32 7.48 4.2
ET ET6 2 CBCT X M 1 74.01 23.2 6.29 7.55 4.57
AVERAGE 72.75 14.55 5.69 7.39 4.51
SD+* 2.15 5.87 0.47 0.16 0.41
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Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)

PG PG1 1 CBCT X M 1 90.67 17.8 4.56 6.92 4.98
PG PG2 1 CBCT X NM 1 63.89 143 4.89 6.78 4.36
PG PG3 2 CBCT X NM 1 85.21 164 6.31 6.34 4.51
PG PG4 2 CBCT X NM 1 87.57 17.2 5.78 6.92 5.09
PG PG5 2 CBCT X M 1 90.35 17.6 6.08 7.27 4.8
PG PG6 2 CBCT X NM 1 67.52 12.6 448 6.09 4.49
AVERAGE 80.87 15.98 5.35 6.72 4.71
SD+* 11.96 2.09 0.80 043 0.29

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

GP GP1 1 CBCT X M 1 89.45 24.78 6.01 7.89 5.12
GP GP2 1 CBCT X NM 0 90.01 30.1 7.01 9.67 5.98
GP GP3 1 CBCT X NM 0 93.35 29.87 7.23 8.99 5.19
GP GP4 2 CBCT X NM 0 72.09 30.1 6.67 7.7 5.23
GP GP5 2 CBCT X M 0 82.6 25.6 6.34 7.67 4.98
GP GP6 2 CBCT X NM 1 89.29 233 7 8.89 5.3
AVERAGE 86.13 27.29 6.71 8.47 5.30
SD+ 7.72 3.08 0.46 0.83 0.35
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Tooth Y

Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)

ET ET1 2 IOPA Y M 0 89.34 279 6.17 8.26 5.23
ET ET2 2 IOPA Y M 1 75.78 11.2 5.56 8.73 6.14
ET ET3 2 IOPA Y M 1 56.56 14.2 5.78 8.98 4.95
ET ET4 1 IOPA Y M 1 78.77 10 5.77 8.51 6.23
ET ET5 1 IOPA Y M 1 52.49 133 6.45 8.85 4.95
ET ET6 1 IOPA Y M 1 96.45 28.5 6.17 8.6 5.18
AVERAGE 74.89 17.52 5.98 8.66 5.45
SD+* 17.48 8.41 0.33 0.26 0.58

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

PG PG1 2 IOPA Y M 0 80.56 26.2 5.43 9.71 5.6
PG PG2 2 IOPA Y NM 0 78.23 39.5 5.7 9.3 6.48
PG PG3 2 IOPA Y NM 1 86.3 203 5.79 9.98 5.59
PG PG4 1 IOPA Y NM 0 75.17 43.2 5.1 9.01 6.03
PG PG5 1 IOPA Y M 1 89.5 203 5.48 8.93 4.72
PG PG6 1 IOPA Y NM 0 79.37 253 5.36 8.98 53
AVERAGE 81.52 29.13 5.48 9.32 5.62
SD+ 5.35 9.85 0.25 0.44 0.60
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Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH
(mm) | (mm) (mm)

GP GP1 2 IOPA Y M 0 83.67 32.7 6.62 9.24 5.67
GP GP2 2 IOPA Y NM 0 54.02 21.7 6.27 6.78 435
GP GP3 2 IOPA Y NM 0 85.47 27.2 6.37 9.12 6.37
GP GP4 1 IOPA Y NM 0 58.36 22.2 6.45 7.45 435
GP GP5 1 IOPA Y M 0 62.75 25.7 5.67 7.89 4.56
GP GP6 1 IOPA Y NM 0 75.87 26.4 6.54 9.95 6.45
AVERAGE 70.02 25.98 6.32 8.405 5.29
SD+ 13.45 3.99 0.34 1.22 0.99

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

ET ET1 1 CBCT Y M 1 78.34 20.1 5.32 7.55 413
ET ET2 1 CBCT Y M 1 66.47 103 5.21 7.37 417
ET ET3 1 CBCT Y M 1 50.14 12.7 5.02 7.24 43
ET ET4 2 CBCT Y M 1 67.75 7.9 5.29 7.05 3.98
ET ET5 2 CBCT Y M 1 48 124 5.55 7.65 4.3
ET ET6 2 CBCT Y M 1 76.3 21.9 4.88 8.15 3.99
AVERAGE 64.5 14.22 5.21 7.50 4.15
SD+ 12.84 5.56 0.24 0.38 0.14
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Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH
(mm) (mm) (mm)

PG PG1 1 CBCT Y M 1 70.23 171 5.01 8.03 4.01
PG PG2 1 CBCT Y NM 1 69.56 29.2 5.45 7.98 6.46
PG PG3 2 CBCT Y NM 1 76.35 123 5.58 8.12 433
PG PG4 2 CBCT Y NM 1 68 29.2 7.35 7.98 7.2
PG PG5 2 CBCT Y M 1 87.58 113 5.4 7.95 4.6
PG PG6 2 CBCT Y NM 1 69.75 16.1 5.1 8.35 3.9
AVERAGE 73.58 19.2 5.65 8.07 5.08
SD+ 7.44 8.05 0.86 0.15 1.39

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

GP GP1 1 CBCT Y M 1 68.95 26.45 5.78 7.88 5.2
GP GP2 1 CBCT Y NM 0 63.78 28.4 7.21 8.23 6.12
GP GP3 1 CBCT Y NM 1 65.02 18.2 5.12 7.98 498
GP GP4 2 CBCT Y NM 0 67.75 27.4 5.34 8.9 3.98
GP GP5 2 CBCT Y M 0 75.89 30.12 6.65 9.85 5.98
GP GP6 2 CBCT Y NM 1 66.76 18.2 5.32 8.55 495
AVERAGE 68.03 24.9 5.90 8.57 5.20
SD+ 4.28 5.25 0.84 0.73 0.78
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Tooth Z

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)
ET ET1 2 IOPA Z M 0 88.45 24.2 6.23 8.27 4.54
ET ET2 2 IOPA z M 1 65.34 13.24 5.65 7.89 4.38
ET ET3 2 IOPA z M 1 73.25 26.3 6.57 8.85 3.98
ET ET4 1 IOPA z M 0 60.24 11.9 5.23 7.33 413
ET ET5 1 IOPA z M 1 8491 26.3 7.65 8.85 3.91
ET ET6 1 IOPA z M 1 96.2 27.35 6.75 8.5 4.13
AVERAGE 78.06 21.54 6.35 8.28 4.18
SD+* 12.16 7.20 0.93 0.65 0.27
Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH
(mm) (mm) (mm)
PG PG1 2 IOPA z M 1 87.25 38.35 5.65 9.98 4.99
PG PG2 2 IOPA z NM 0 78.65 20.67 5.99 8.01 5.45
PG PG3 2 IOPA z NM 0 73.87 235 5.89 7.78 434
PG PG4 1 IOPA z M 0 75.15 22.7 435 8.84 441
PG PG5 1 IOPA z M 0 109.83 453 5.55 10.57 4.89
PG PG6 1 IOPA z NM 0 7142 27.2 5.7 8.91 4.35
AVERAGE 82.69 29.62 5.52 9.02 4.73
SD+ 14.85 11.02 0.65 1.21 0.45
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Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)

GP GP1 2 IOPA Z M 0 85.36 23.8 4.56 7.31 5.74
GP GP2 2 IOPA z NM 0 78.47 22.1 5.28 7.13 5.35
GP GP3 2 IOPA z NM 0 93.29 24.7 5.89 8.03 4.55
GP GP4 1 IOPA z NM 0 80.3 20.2 5.56 7.95 4.9
GP GP5 1 IOPA z M 0 96.34 235 5.8 8.95 4.36
GP GP6 1 IOPA z NM 0 89.34 242 4.89 7.88 5.35
AVERAGE 87.18 23.08 5.33 7.87 5.04
SD+* 7.85 1.75 0.53 0.71 0.56

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

ET ET1 1 CBCT z M 1 92.28 19.13 5.24 9.29 4.12
ET ET2 1 CBCT z M 1 62.45 13.2 5.35 8.99 3.57
ET ET3 1 CBCT z M 1 50.02 19.5 448 8.25 3.25
ET ET4 2 CBCT z M 1 57.34 13.2 5.54 8.1 3.6
ET ET5 2 CBCT z M 1 50.35 19.5 443 7.94 3.54
ET ET6 2 CBCT Z M 1 93.22 25.34 5.31 9.96 4.23
AVERAGE 67.61 18.31 5.05 8.75 3.71
SD+ 17.44 3.38 0.51 0.591 0.31
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Volume removed Time taken MB DEPTH MD

GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm? (mins) WIDTH WIDTH
(mm) (mm) (mm)

PG PG1 1 CBCT Z M 1 71.26 23.34 4.76 8.18 4.58
PG PG2 1 CBCT z NM 0 112.93 27.67 53 10.03 4.73
PG PG3 1 CBCT z NM 0 99.87 29.7 5.79 9.98 5.36
PG PG4 2 CBCT z M 1 118.73 20.2 6.23 10.24 5.54
PG PG5 2 CBCT z M 1 71.26 18.1 442 8.18 4.58
PG PG6 2 CBCT z NM 0 81.13 225 5.32 7.33 5.63
AVERAGE 92.53 235 5.30 8.99 5.07
SD+* 22.55 4.88 0.73 1.04 0.45

Volume removed Time taken MB DEPTH MD
GROUP | Operator ID Session | Image Tooth Type MAG CANALS mm?3 (mins) WIDTH WIDTH

(mm) (mm) (mm)

GP GP1 1 CBCT z M 0 99.37 29.7 435 8.99 5.46
GP GP2 1 CBCT z NM 0 93.29 30.6 5.14 9.15 5.75
GP GP3 1 CBCT z NM 0 110.47 29.9 4.98 9.29 4.87
GP GP4 2 CBCT z NM 0 90.5 34 5.34 9.95 5.34
GP GP5 2 CBCT z M 0 112.67 283 55 9.35 4.95
GP GP6 2 CBCT z NM 0 98.75 294 45 8.95 5.75
AVERAGE 100.84 30.31 4.96 9.28 5.35
SD+ 9.97 2.12 0.44 0.36 0.36
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Appendix VI Non-thesis learning activities, publication, presentations and positions
of responsibility

Non-thesis learning activities completed:

Postgraduate certificate (PG Cert) in Dental Cone Beam CT Radiological
Interpretation (Kings College London): Part-time distance learning
qualification over 1 year. Physics, anatomy and interpretation delivered by
lecture, self-study, face to face, summative and formative assessment. (60
Credits = 30 ECTS Credits) (January-September 2018)

DDUH Postgraduate research seminars (2 day events): 2017, 2018, 2019,
2021, 2022

British Society of Maxillofacial Dental Radiology (BSMFDR): Annual
Scientific Meeting (2017, 2018, 2019, 2021)

International Congress of Dento-Maxillo-Facial Radiology: 22nd
International Congress of Dento-Maxillo-Facial Radiology and the 70th
Annual Session of the American Academy of Oral and Maxillofacial
Radiology, Philadelphia USA (August 2019)

International Association of Dental Research (IADR): Irish Division Annual
Scientific Meeting, Cork, Ireland, October 2019

Publications and Presentations

International peer reviewed publications from this doctorate:

MCGUIGAN MB, DUNCAN HF, HORNERK: An analysis of effective dose optimisation
and its impact on image quality and diagnostic efficacy relating to dental
cone beam computed tomography (CBCT). Swiss Dent J 128(4): 297-316
(2018).

PMID: 29589667

MCGUIGAN MB, THEODORAKOU C, DUNCAN HF, DAVIES J, SENGUPTA A, HORNERK: An
investigation into dose optimisation for imaging root canal anatomy using
cone beam CT. Dentomaxillofac Radiol 49(7): 20200072 (2020).

PMID: 32464075

Oral research presentations from this doctorate:

MCGUIGAN MB (2018) Dose optimization, image quality and operator decision-
making relating to dental cone beam computed tomography (CBCT). DDUH
Research Seminar Series: May 2018

MCGUIGAN MB (2018) Dose optimization and diagnostic efficacy relating to
dental cone beam computed tomography (CBCT). Postgrdauate Hatton prize
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competition. Irish Division of the IADR Annual Scientific Meeting, Cork,
Ireland October 2019.

MCGUIGAN MB (2019) Establishment of a threshold dose for root canal
anatomy imaging using cone beam: 22nd International Congress of Dento
Maxillo-Facial and the 70th Annual Session of the American Academy of Oral
and Maxillofacial Radiology, Philadelphia USA: August 2019

Invited external oral presentations related to this doctorate:

MCGUIGAN MB (2022) Does the enhanced diagnostic accuracy of CBCT
translate into a positive impact on patient outcome: Irish Endodontic Society
Annual Scientific Meeting, Dublin, Ireland: May 2021

MCGUIGAN MB (2022) HIQA Compliance for Installations Providing Medical
Exposures to lonising radiation: Irish Endodontic Society annual scientific
meeting: Dublin, Ireland: May 2021

Invited internal oral presentations related to this doctorate:

MCGUIGAN MB (2020) HIQA and EPA Compliance in DDUH: Staff training week,
DDUH Dublin Ireland: December 2020

MCGUIGAN MB (2021) Clinicains role in optimisation in DDUH: Staff Training
week, DDUH, Dublin, Ireland, April 2021

MCGUIGAN MB (2022) Video: Compliance in DDUH: Referral through to
reporting. Training week, DDUH Dublin Ireland: September 2022

Positions of responsibility related toradiology and this doctorate:

Clinical Teacherin Radiology, DDUH (3", 4t" year undergraduate Dental
Science, 2017-present).

Member Irish Dental Council subcommittee on ‘Radiation Protection and
Education’ (2020-present).

HIQA inspection working group, DDUH (2020-present)
Radiation Protection Liaison Practitioner, DDUH (2020-present)
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Appendix VIl Publications
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ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/324089479

An analysis of effective dose optimization and its impact on image quality and
diagnostic efficacy relating to dental cone beam computed tomography
(CBCT)

Article in Swiss Dental Journal - March 2018

CITATIONS READS
26 488

3 authors, including:

a Margarete McGuigan ‘]g\ Henry Fergus Duncan
- . = “F . .
Trinity College Dublin o,y Trinity College Dublin

5 PUBLICATIONS 234 CITATIONS 113 PUBLICATIONS 1,958 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

rect  Vital pulp therapy View project

roject  PRILE guidelines View project

All content following this page was uploaded by Henry Fergus Duncan on 19 July 2018.

The user has requested enhancement of the downloaded file.
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An analysis of effective dose opti-
mization and its impact on image
quality and diagnostic efficacy
relating to dental cone beam
computed tomography (CBCT)
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SUMMARY

The potential of high resolution, three-dimen-
sional (3D) images which overcome limitations
such as superimposition and anatomical noise of
two-dimensional (2D) conventional imaging, has
made cone beam computed tomography (CBCT)
an increasingly popular imaging modality in many
dental applications. It is in light of the increasingly
prevalent use of CBCT, particularly in a primary
dental care setting, that the goal of this review is
to investigate what evidence-based guidance is
available to the clinician to justify and reduce ra-
diation risk of this higher dose imaging modality
while maintaining diagnostically acceptable im-
ages. To this end, the literature on radiation dose
and related patient risk was comprehensively
investigated, before an analysis of the ways in
which dose can be optimized and the implications
that optimization has on image quality was dis-
cussed. Finally, although it is accepted that CBCT

has the potential to improve diagnosis, it is un-
certain if its use has positive ramifications on
issues of diagnostic efficacy, including clinical
decision-making and patient outcome. In order
to investigate these issues, the levels of evidence
of the existing studies and their validity were
assessed. On review of the available literature,

it is evident that there is limited practical advice
available to dentists regarding dose optimization
and any existing protocols may not be readily
transferable to every CBCT machine, the manu-
facturers’ role is not often conducive to dose lim-
itation and that the bulk of evidence is at lower
levels of evidence. Furthermore, there is minimal
supporting evidence to suggest an impact of CBCT
on diagnostic thinking and consequent choice of
treatment and no evidence of a positive effect of

CBCT on patient outcome.
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Introduction

Since its introduction in the 19th century, dentomaxillofacial
radiology (DMFR) has relied on two-dimensional (2D) imaging,
with more recent advancements in radiographic film and digital
radiography offering lower doses and faster image production.
Conventional 2D radiographs, however, are limited by super-
imposition, distortion, magnification and misrepresentation of
structures (SCARFE & FARMAN 2008) with planar 2D interpretation
of the three-dimensional (3D) maxillofacial anatomy creating a
superimposed image, which prevents optimal visualization due
to overlaying structures (KILJUNEN ET AL. 2015). The introduction
in medicine of computed tomography, later followed by cone
beam computed tomography (CBCT) (Ross 1982), heralded the
clinical progression from 2D to 3D images generated by com-
puter-enabled reconstruction of the acquired data.

Dental CBCT was introduced commercially in Europe in 1999
(Mozz0 ET AL. 1998; ARAI ET AL. 1999) and has since its inception
become an increasingly popular imaging modality with a recent
report indicating that there are at least 47 different devices
(from 20 companies) commercially available in Europe (NEMTOI
ET AL. 2013). Rapid advances in detector technology and com-
puter software systems able to handle large volumes of data has
propelled the evolution from initial basic prototypes into faster,
more sophisticated imaging tools targeted at specific clinical
applications (e.g. small volume scanners used in endodontics:
Accuitomo 3D; J. Morita Corporation, Kyoto, Japan). CBCT cer-
tainly offers a significant benefit over conventional CT imaging
by allowing high resolution 3D visualization of the maxillofacial
skeleton with adjustable field of views (FOV) sizes and concom-
itant reduction in patient dose (SCHULZE ET AL. 2004). This 3D vi-
sualization offers a wide range of potential applications within
dentistry, primarily aimed at examination of the hard tissues as
well as the various sinuses and air cavities of the maxillofacial
region (DE VoS ET AL. 2008); however, CBCT appears to be of lim-
ited value for soft tissue evaluation due to limited low-contrast
resolution (SCARFE & FARMAN 2008). Common dental applications
include implant planning, maxillofacial surgery, endodontics
and orthodontics (ALAMRI ET AL. 2012); but use must be tempered
by the understanding that the effective dose of CBCT is signifi-
cantly higher than traditional intraoral periapical radiography
(IOPA) and panoramic radiography (ROBERTS ET AL. 2009). CBCT
is also limited by a relatively large degree of noise and artefacts
on imaging of high density tissues and metal objects due to
scatter, beam hardening and photon starvation (SCHULZE ET AL.
2011). Given the explosion of higher-dose CBCT imaging in den-
tistry there is certainly an evolving need for robust, evidence-
based directives and guidelines on selection criteria and specific
dose optimization protocols in key procedures (HORNER ET AL.
2013, 2015). The widespread and increasing use of CBCT in dental
practice (BERG ET AL. 2014; DOLEKOGLU ET AL. 2011; HOL ET AL. 2015)
has raised other concerns, with a shift in reporting responsibili-
ties from radiologists to dentists who may not be appropriately
trained to interpret all the structures visible on the CBCT scan
(PARASHAR ET AL. 2012). As a result, the European Academy of
DMFR (EADMFR) has highlighted the lack of dental undergrad-
uate (and perhaps postgraduate) training in this novel evolving
technology and has recommended appropriate training in justi-
fication, acquisition and interpretation of CBCT imaging (BROWN
ET AL. 2014).

CBCT offers clear advantages in 3D visualization and diagnos-
tic accuracy (PATEL ET AL. 2009; MATZEN ET AL. 2013), which are
reflected in guidelines advocating its use in specific clinical ap-
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plications (EUROPEAN COMMISSION 2012; ESE 2014). Notably, ques-
tions remain as to what quantifiable impact 3D imaging has in
modifying diagnosis, treatment planning and outcome when
compared with conventional radiography. As health care pro-
fessionals, we must consider if the benefit of CBCT imaging out-
weighs the associated radiation risks for each individual patient.

Consequently, the aim of this review is to understand radia-
tion risk which involves quantification of dose and an apprecia-
tion of dosimetry techniques and their limitations. Reduction of
this risk through processes of justification and optimization will
be addressed. Specifically, the parameters that can influence
CBCT dose will be explored in conjunction with measures and
protocols to aid the operator in achieving dose optimization
while investigating what impact this has on image quality for
arange of diagnostic tasks. Finally, the impact of CBCT on deci-
sion-making and treatment outcome will be accessed and gaps
in our knowledge highlighted.

Materials and Methods

A comprehensive MEDLINE search up to May 2017 was con-
ducted using various medical subject headings (MeSH) in com-
bination with “and” or “or”. The major MeSH terms searched
were “Radiography, Dental”, “Tomography, X-Ray”, “Diag-
nostic Imaging” and “Radiographic Image Enhancement” in
combination with a series of related subheadings. In addition,
the following terms were added “optimization” and “CBCT”.
Bibliographies of all relevant papers and previous review articles
were hand-searched. Any relevant work published in the En-
glish language and presenting pertinent information related to
this review was considered for inclusion. Titles were generally
excluded if they were conference reports or if aspects of CBCT
were discussed that were not the subject of the current review.

Review

Optimization in CBCT involves quantification of the radiation
dose and risk for patients, while assessing the impact on image
quality for specific diagnostic tasks. In order to fully consider
CBCT optimization, this review will analyse the literature on
dose and risk as well as the impact of optimization on image
quality and diagnostic efficacy of CBCT.

Radiation Damage and Protection

Each radiological exposure involves interaction of body tissues
with ionizing radiation and therefore carries the potential of
permanent alteration in cellular DNA with the ultimate risk of
latent tumour formation and hereditable effects. This chance
happening is described as a stochastic effect, where the magni-
tude of risk is believed to be proportional to the radiation dose;
notably there is no threshold dose below which these effects
will not occur (IRCP 2007). Furthermore, risk is sex and age de-
pendent, being greatest for children (10-year-old 3= higher risk
than 30-year-old) and up to 40% more for females than males
(IRCP 1990; EUROPEAN COMMISSION 2012).

Practitioners should be aware of the potential effects of ioniz-
ing radiation and understand the increased doses attributable to
CBCT imaging, this reinforcing the importance of strict adher-
ence to the IRCP principles of justification and optimization (IRCP
2007). Indeed, the preliminary process of justification can be the
most effective means of dose reduction particularly for young
children and adolescents. Guidance documents and position
statements provide a framework for selection criteria to ensure
CBCT scans are prescribed appropriately, ensuring a net poten-



tial benefit to the patient. Therefore, in general, guidelines do
not advocate CBCT as a routine imaging tool but only when an
alternative reduced-dose imaging technique is diagnostically in-
sufficient (HORNER ET AL. 2009; EUROPEAN COMMISSION 2012; FGDP
[UK] 2013; ESE 2014; SADMFR 2015 [DULA ET AL. 2015]); however,
routine use of CBCT has been recommended by some (DRAGO

& CARPENTIERI 2011; NOFFKE ET AL. 2011) but not all groups in im-
plant dentistry. Valid guideline documents should be extracted
from the evidence base rather than relying solely on expert opin-
ion and general consensus; however, a recent review (HORNER

ET AL. 2015) identified only two evidence-based guidance docu-
ments at the time of publication (EUROPEAN COMMISSION 2012;
AWMF 2013). This review (HORNER ET AL. 2015) highlights the need
for more rigorous and consistent reporting of guidelines, free of
potential bias, facilitated by the use of the AGREE 11 (Appraisal
of Guidelines for Research & Evaluation 11) instrument. That said,
it is recognized that evidence-based guidelines can only reflect
the validity of the research that exists. The inherent difficulties of
achieving studies at higher hierarchical levels of diagnostic effi-
cacy are discussed subsequently.

Optimization is defined as maintaining doses at levels which
are “as low as reasonably achievable” (ALARA), while ensuring
that images are still of diagnostic quality (IRCP 2007). Broad
guideline documents serve to direct the practitioner in achiev-
ing this goal of minimizing patient exposure while achieving
the diagnostic information required. Optimization involves a
range of factors, from maintenance and selection of equipment
most suited to clinical/imaging needs of patient base, selection
of the appropriate exposure parameters (Tab.I), limitation of
the exposed volume to use of shielding devices and establishing
a dose reference level (DRL) (EUROPEAN COMMISSION 2012; HPA
2010). The inherent difficulty of creating a standardized optimi-
zation protocol in CBCT imaging relates to the range of clinical
protocols and diversity of available CBCT systems. The clini-
cian’s expectation of high resolution and “visually pleasing”
CBCT images, perhaps without due consideration of dose impli-
cations, has prompted the adoption of a modification of the
ALARA principle. The concept of “as low as diagnostically ac-
ceptable” (ALADA) acknowledges the link between dose and
image quality and encourages the minimum exposure possible
for the specific diagnostic task (WHITE ET AL. 2014). The ALADA
principle evolved from the drive to increase radiation protection
in paediatric populations associated with the increased aware-
ness of their sensitivity to diagnostic radiation (THEODORAKOU ET
AL. 2012; PAUWELS ET AL. 2014A; WHITE ET AL. 2014; HIDALGO RIVAS ET
AL. 2015; HALL & BRENNER 2008).

RESEARCH AND SCIENCE

What Do We Understand by Patient Dose?

Patient dose monitoring is an essential part of quality assurance
(QA) to ensure doses are kept as low as reasonably achievable
and allow comparison to DRLs (EUROPEAN COMMISSION 2004).
DRLS do not indicate the desired dose level for a specific diag-
nostic task but instead define a reference dose or threshold
above which operators should investigate the potential for dose
reduction measures (YU ET AL. 2009). Dosimetry is also essential
to study the radiation-induced risk of different types of diag-
nostic imaging examinations enabling comparison of imaging
modalities/devices which can influence directives on justifica-
tion and dose reduction strategies.

Absorbed dose (Dr) describes the amount of energy absorbed
from the radiation beam per unit mass at a site of interest. The
SI unit for this is the gray (Gy) representing one joule per kilo-
gramme but the milligray (mGy) is more appropriate in the
context of diagnostic imaging (WHITE & PHAROAH 2013). Although
useful for quality control purposes (IRCP 2007), radiation ab-
sorbed dose gives no indication of stochastic risk. A complicat-
ing factor when considering “dose” of radiation is that different
types of radiation have different biological effectiveness, in
terms of their potential to cause damage. Particulate radiation
(high-energy protons, neutrons, alpha particles) cause greater
damage than X-rays. Thus, an absorbed dose of 1 mGy from
X-rays would give less damage to tissues than 1 mGy from
high-energy proton radiation. The differing radiobiological ef-
fectiveness of different types of radiation is taken into account
by attributing a radiation weighting factor (W) to the absorbed
dose, resulting in the concept of equivalent dose (Hy), which
can be calculated as: Dy x Wy. Fortunately, the Wy of X-raysis1,
but the SI unit of equivalent dose is changed from the gray to
the sievert (Sv).

Effective dose (E) (recommended by The International Com-
mission on Radiological Protection [IRCP]) is a more relevant
index when considering patient dose. It enables a measure of
radiation risk from different exposures of ionizing radiation to
various body tissues/organs which exhibit a range of radiosen-
sitivities. Specifically, it is calculated as a product of the equiva-
lent doses to the irradiated tissues and the tissue weighting fac-
tor (Wr) (which reflects the degree of sensitivity of each of the
tissues to radiation and relative contribution to overall risk).
These weighted doses are then summed to deliver the effective
dose, which is typically expressed in millisieverts (mSv) or mi-
crosieverts (nSv). E = ¥ Wrx Hy. Importantly, effective dose
allows an approximate comparison of radiation-induced risk
among different types of examinations. Thus, it becomes possi-

Tab.l The effects of exposure and image quality parameters on dose and image quality
Exposure and image parameters
N kv N mAs v FOV ¥ Voxel size A No of projections
Dose 4) A N A is device dependent 1)
Spatial resolution X X X N N
Contrast v X ay X X
Noise v \Z v ) v
Artefacts Vv Beam hardening X A Truncation artefact X X
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ble to compare the radiation-associated risk of, for example, an
intraoral radiograph with a chest radiograph or a CT scan of the
abdomen.

The most recent tissue weighting factors are provided by the
IRCP (IRCP 2007) which revised the existing figures from 1990
(IRCP 1990). Particularly relevant to dental imaging, new tissue
weighting factors for salivary glands, oral mucosa, lymph nodes
and brain have been included (EUROPEAN COMMISSION 2012). This
updating of tissue weighting factors results in a 10% increase in
the weighting ascribed to tissues located in the maxillofacial re-
gion. Being a relatively recent imaging modality, most CBCT do-
simetry research studies have used the updated tissue weighting
factors but along with the variation in CBCT device parameters
it is worth considering these issues when comparing dose esti-
mations from different studies.

How is Dose Quantified?

In order to compare radiation risk between different types of
examination, effective dose is considered the most appropriate
metric. Since effective dose cannot be measured directly in
vivo, it is only possible to quantify it in laboratory studies or by
computer modelling. Traditionally, ascertaining the dosimetry
necessary for the calculation of effective dose involved the use
of anthropomorphic phantoms constructed from materials that
have comparable X-ray attenuation characteristics to human
tissue. Multiple thermoluminescent dosimeters (TLDs) are dis-
tributed throughout the phantom (position dependent on tis-
sues to be evaluated) to allow for accurate measurement of
absorbed dose. Notably, no standards have been set as to the
number or locations of the TLDs, often leading to low repro-
ducibility of this technique (LubLow ET AL. 2006, 2015; PAUWELS
ET AL. 2012A). This fact, compounded by the use of a range of
phantoms have resulted in studies that are not readily compara-
ble and highlights the need for a standardized method of dose
measurements to enable comparison between studies (PAUWELS
ET AL. 2012A).

Computed dose simulations using virtual phantoms have
been developed. These virtual phantoms potentially negate the
need for the laborious task of repeated dosimetry on standard
adult or paediatric phantoms, which do not allow for consider-
ation of population variation in size (KoIvisTo ET AL. 2012; Mo~
RANT ET AL. 2012). This technique allows simulation of the inter-
action of radiation with matter and provides a quick way of
modelling the multitude of potential variations within imaging
systems and patients. It has been widely used in radiotherapy
dosimetry but has also been used in a small number of dental
CBCT studies (STRATIS ET AL. 2016; EZELDEEN ET AL. 2017). Apprais-
al of the use of virtual phantoms with Monte Carlo simulation
of exposure as a dependable replacement for anthropomorphic
phantoms suggests that further development of virtual phan-
toms is necessary (ZHANG ET AL. 2013).

Neither laboratory studies using phantoms nor complex com-
puter modelling has direct use in clinical situations. For mea-
suring dose in clinical facilities, particularly for dose audits,
alternative measures are needed from which effective dose can
be estimated. In the context of dental CBCT, examples of these
include dose area product (DAP), also known as kerma area
product (KAP). This is a simple, less laborious technique for in-
directly estimating effective dose. DAP is defined as the air col-
lision kerma integrated over the beam area. It can be measured
using a DAP meter (calibrated ionization chamber that mea-
sures dose and beam size at a fixed point). Additionally, DAP
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can be available via machine output data (determined compu-
tationally, based on the X-ray tube output and field size set-
tings), however, these data can be unreliable and calibration is
required (AL-OKSHI ET AL. 2017). Measured DAP values can then
be converted to effective dose using conversion factors (Kim T
AL. 2014). There are conflicting opinions as to the accuracy of
this dose index in the calculation of effective dose. DAP has
been recommended for establishing achievable doses and, pos-
sibly, diagnostic reference levels and is described as relating
“reasonably well” with effective dose (HoLROYD & WALKER 2010;
EUROPEAN COMMISSION 2012). However, the central point of the
scan is not always in the centre of the clinical area of interest
and patient dose measurements could be either underestimated
or overestimated. It has been demonstrated that within a small
field of view (FOV), although effective doses exhibited a three-
fold change over three separate locations, DAP remained un-
changed (LubLow 2009). Additionally, an average of 35% abso-
lute error in calculation of the effective dose resulted when
using DAP, even when using conversion factors specific for FOV
size, arch location and patient type (Kim ET AL. 2014). Further-
more, it was concluded that since imaging factors (FOV size and
positioning) govern the actual distribution of dose throughout
the patient, generally it would not be possible to link DAP val-
ues to patient effective doses (PAUWELS ET AL. 2012A). Accepting
its limitations (LARSSON ET AL. 1996; LubLOW & IVANOVIC 2008) and
being aware that its precision as a measure of risk is question-
able (LubLow ET AL. 2015), it was reported that DAP could be
used to assess dose reduction strategies and compare the results
from different CBCT units (LOFTHAG-HANSEN 2010; GOULSTON ET
AL. 2016).

Interestingly, use of dose height product (DHP) in place of
area resulted in statistically improved accuracy in the estima-
tion of effective dose, with a reduction in absolute error to 19%
from 35% evidenced with DAP (LubLow ET AL. 2015). Ludlow
theorized that DHP may correlate more with effective dose than
DAP due to the nature of the vertical distribution of radiosensi-
tive organs. Therefore, an increase in height of the FOV results
in new and potentially radiosensitive tissues being brought into
the area of direct exposure, while an increase in beam width
merely results in an increased dose to tissues that are already
being exposed. It was concluded that the use of DHP as a means
of estimating effective dose merits further investigation (LubLow
ET AL. 2015). CT dose index volume (CDTI) is the international
assessment metric used to measure the radiation output of CT
scanners. Studies have revealed that CDTI measurement meth-
odology does not accommodate the cone shaped beam of CBCT
and the larger FOVs (MORI ET AL. 2005).

It has been established that owing to its unique exposure ge-
ometry (eliciting a dose distribution which can be asymmetrical
and exhibits a strong dose gradient outside the primary beam),
CBCT requires a specific dose index that copes with differences
in FOV, diameter, positioning and varying degrees of rotation
arc (PAUWELS ET AL. 2012¢). Alternative dose indices have been
explored by the SEDENTEXCT team but further work is neces-
sary to establish if such indices are appropriate for establishing
DRLs (EUROPEAN COMMISSION 2012).

What Are the Reported CBCT Doses and How Does
CBCT Compare to Conventional Radiography?

The effective dose ranges quoted for CBCT reflect the range of
devices and imaging protocols (collimation of the cone beam,
exposure factors, image quality parameters), in addition to the



location of the radiation field with respect to the radiosensitive
organs, which leads to a considerable difference in absorbed
dose for all organs in the head and neck region (PAUWELS ET AL.
2012A; THEODORAKOU ET AL. 2012; BORNSTEIN ET AL. 2014; PAUWELS
ET AL. 2014A; LUDLOW ET AL. 2015). As a result of this diversity be-
tween devices, it is not possible in the field of CBCT to establish
a single average effective dose when making comparisons to
conventional 2D radiography and multi-slice CT (MSCT) (PAu-
WELS ET AL. 2012A). Effective dose for CBCT has been quoted in
tens to several hundred pSv, demonstrating a twenty-fold
range (PAUWELS ET AL. 2012A; EUROPEAN COMMISSION 2012; PAUWELS
ET AL. 2014A; LuDLOW ET AL. 2015). If effective dose calculations
are categorised by FOV size (see optimization section), dose
ranges have been demonstrated using a broad selection of de-
vices such as: small FOV: 19-44 pSv, medium FOV: 28-265nSv
and large FOV: 68-368 uSv (PAUWELS ET AL. 2012). These figures
clearly demonstrate the impact of FOV size of which FOV height
is believed to be the key determinant of effective dose (PAUWELS
ET AL. 2014A). An intraoral periapical radiograph (IOPA) effective
dose is quoted as less than 1.5 pSv when all parameters are fully
optimized (LubLow ET AL. 2008). Reported effective dose ranges
for panoramic radiography are 2.7-24.3 pSv and less than 6 pSv
for cephalometric radiography (EUROPEAN COMMISSION 2012), this
confirming the fact that radiation dose and risk is considerably
greater for CBCT than conventional radiography. It is generally
accepted that effective doses for CBCT are well below those

for common MSCT protocols, with a range of dose being report-
ed as 280-1,410 uSv (EUROPEAN COMMISSION 2012). However,
CBCT images with a large FOV and high exposure factors can
have comparable dose ranges with low-dose MSCT protocols
(LOUBELE ET AL. 2009; SUOMALAINEN ET AL. 2009; KYRIACAOU ET AL.
2011).

The effective dose from a dental CBCT exposure is mainly de-
fined by the absorbed dose of the remainder organs (38%), sali-
vary glands (25%), thyroid gland (19%) and red bone marrow
(14%). If the effective dose of a small FOV upper anterior scan
(19 pSv) is compared with a lower molar scan (40 pSv), the ob-
served difference in effective dose can be attributed to the in-
creased absorbed dose, particularly of the salivary glands and
thyroid gland associated with a mandibular scan (PAUWELS ET
AL. 2012A). This variation clearly demonstrates the impact of
FOV position relative to the radiosensitive organs on patient
dose.

When appropriate child settings are selected, effective doses
for children and adolescents (measured in paediatric and ado-
lescent phantoms) have been reported as similar to effective
doses measured in adult phantoms; the lowest effective doses
reported resulted from small FOV and “small-patient” settings
(THEODORAKOU ET AL. 2012). In the paediatric phantom, equal
contributions to effective dose come from the remainder or-
gans, salivary and thyroid glands. Other studies have reported
that, where imaging protocols remained constant (adult set-
ting), the highest absorbed dose was measured in all locations
in the small-child phantom and the lowest in the adult phan-
tom which attenuated more radiation due to its increased di-
ameter (AL NAJJAR ET AL. 2013; CHOI & FORD 2015). An increasing
number of paediatric CBCT scans are being performed with in-
dications including impacted teeth, orthodontics and dento-
maxillofacial development, highlighting the need for appropri-
ate justification and dedicated paediatric protocols optimized
for the imaging task (CHol & FORD 2015; HIDALGO RIVAS ET AL.
2015).
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Risk Considerations Related to CBCT

Effective dose was developed for use in radiation protection to
provide a measure of overall risk of stochastic effects from diag-
nostic radiation exposure. However, with regards to CBCT im-
aging, it is generally measured in a standard phantom, estimat-
ing risk for an average-sized adult reference patient. This does
not reflect the risk of the individual patient who varies in size
and mass with a concomitant variation in dose (MARINE ET AL.
2010; CASSOLA ET AL. 2011). This has implications particularly for
children, being physically smaller, with more tissue (e.g. brain
and thyroid now closer to dental area) in the primary beam and
subject to scatter radiation; therefore, absorbed dose to the
head and neck regions will be higher if appropriate “child set-
tings” are not used (BORISIVA ET AL. 2008; THEODORAKU ET AL. 2012;
AL NAJJAR ET AL. 2013). Furthermore, this increased risk is com-
pounded by age (owing to their larger proportion of dividing
cells and a longer remaining lifespan to express stochastic ef-
fects) and gender sensitivity (female risk > male risk) to poten-
tial stochastic effects from radiation (IRCP 1990). It was conclud-
ed that, since effective dose is not individual-specific, it is not
a suitable quantity for individual patient risk estimation but is
considered a useful indicator of relative risk when comparing a
range of examination protocols or differing imaging modalities
(LubLow ET AL. 2015). Interestingly, a method to estimate pa-
tient-specific dose and cancer risk from CT examinations has
been developed by combining a validated Monte Carlo pro-
gramme with patient-specific anatomical models (LI ET AL.
2011).

There is continuing debate about the level of risk associated
with diagnostic imaging and the validity of the linear-no-
threshold model (LNT) of extrapolating cancer risk from higher
doses to lower levels of exposure (IRCP 2007; TUBIANA ET AL. 2009).
The uncertainty lies with the inherent limitations associated
with the studies available for risk analysis of low doses (PAUWELS
ET AL. 2014A). Such data includes the life-span study of atomic
bomb survivors, which serves as a model for determining can-
cer risk for low doses (PRESTON ET AL. 2007). Additionally, epide-
miological studies on the cancer risk of CT scan exposures to
the maxillofacial region suggest that increased risks associated
with doses applicable to CT are not hypothetical and are inde-
pendent of extrapolations and modelling. These studies have
demonstrated a significant increase in brain cancer and leukae-
mia among the scanned subjects, the increased incidence being
associated with increasing dose and young age at the time of
exposure (PEARCE ET AL. 2012; MATTHEWS ET AL. 2013). These stud-
ies support the LNT hypothesis of a proportional increase in
cancer risk and heritable defects concomitant with any expo-
sure of radiation above zero. Of note, other dose risk models
exist which are diverse from the LNT hypothesis (e.g. radiation
hormesis and supralinear models) while others adhere to the
principles of the LNT hypotheses while involving a dose and
dose-rate effectiveness factor (DDREF) to compensate for the
potentially lower biological effectiveness of low doses. How-
ever, current literature appears to support the LNT hypothesis
(IRCP 2007; BARRET ET AL. 2015).

When considering risk specifically associated with CBCT, it
has been estimated that the lifetime attributable risk (LAR) for
cancer induction is between 2.7 and 9.8 per million examina-
tions (PAUWELS ET AL. 2014A). Children exhibit the highest cancer
risk in this spectrum due to their increased radiosensitivity,
which highlights the importance of an understanding of this
increased risk by operators and referrers and implementation
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of a more rigorous application of the ALARA principle (HORNER
ET AL. 2009). These LAR figures were calculated by applying es-
tablished correlation factors (PAUWELS 20124, 20128) to measured
skin doses on patients receiving CBCT scans to estimate patient
organ dose. Individual effective dose was then calculated using
tissue weighting factors (IRCP 2007). Finally, lifetime attributable
cancer risk was calculated from gender- and age-specific risk
factors reported in the Biological Effects of Ionizing Radiation
(BEIR) V11 report (NATIONAL RESEARCH COUNCIL OF THE NATIONAL
ACADEMIES 2006).

Technical and Imaging Parameters that Influence
Dose Optimization

The technical principles and details of CBCT design have been
reviewed in detail (SCARFE & FARMAN 2008; NEMTO!I ET AL. 2013;
KILJUNEN ET AL. 2015; PAUWELS ET AL. 2015A). The aim of the cur-
rent review is to analyse the manner in which technical specifi-
cations, optimum selection of exposure and image quality pa-
rameters can minimize radiation and risk to the patient, while
maintaining image quality and diagnostic accuracy. This aim
adheres to the principle of optimization stipulated by the IRCP
(IRCP 2007).

CBCT imaging is accomplished using a rotating gantry (simi-
lar to a panoramic system) to which an X-ray source and op-
posing detector are fixed in a C-shaped arm arrangement (PAu-
WELS ET AL. 2015A). Scanning can be performed in a standing
(most common but susceptible to patient movement), sitting or
supine position (space-demanding) according to device design
or patient requirements. Each unit has a device specific stabili-
zation method to minimise patient motion which can degrade
image quality (SPIN-NETO ET AL. 2016; DONALDSON ET AL. 2015).
The fundamental principle of X-ray production is similar for
two- and three-dimensional imaging modalities, the X-ray
tubes differing mainly in the size of the exit window (i.e. colli-
mation), the range of exposure factors and the amount of beam
filtration (PAUWELS ET AL. 2015A). Dental CBCT utilizes a cone- or
pyramid-shaped X-ray beam, which is directed at the required
FOV, the X-ray source and detector rotating around a rotation
fulerum fixed within the centre of the region of interest. Rota-
tion times vary most commonly between 10 and 40 seconds
during which the X-ray exposures (at certain degree intervals)
result in several hundred 2D projections (raw data) being ac-
quired by the detector. These images have been described as
similar to lateral and posterior-anterior cephalometric images,
each slightly offset from the other (SCARFE & FARMAN 2008). Only
one rotation sequence is required to acquire sufficient data for
image reconstruction as the beam incorporates the entire FOV.
This differs from medical CT which uses a fan shaped beam in a
helical movement and acquires only individual slices of the FOV
at a time.

Exposure Settings

The dose associated with each CBCT scan is affected by expo-
sure parameters; tube operating potential (“voltage”), mea-
sured in kilovolt (kV), and tube current exposure time product,
measured in milliampere (mA). These parameters are initially
determined by the manufacturer, perhaps with an emphasis on
delivering images of high quality rather than dose optimization.
Some CBCT models have preset exposure settings for differing
clinical applications (e.g. endodontic mode) and for patients of
different sizes thus enabling a degree of dose and image optimi-
zation. Other devices enable the operator to select the kV, mA
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and exposure time within a specified range allowing the user
the possibility of reducing dose for a smaller patient/child or for
a particular diagnostic task. This necessitates operator knowl-
edge and experience and demands evidence-based guidance
regarding the impact of exposure parameters on image quality
for specific diagnostic tasks. Collaboration of the clinician with
amedical physicist and engineer can facilitate further optimiza-
tion. The use of automatic exposure control (AEC - used in CT
imaging) has been introduced in CBCT imaging. The aim of AEC
is to automatically modify the tube current to accommodate
attenuation differences due to patient size, shape and anatomy,
for example when the mA values are varied depending on the
density distribution of a scout image (KALENDER ET AL. 1999). In
CT, AEC has been found to lead to a significant dose reduction
and could negate the need to manually adapt the kV and mA
according to patient size (PAPADAKIS ET AL. 2008).

Current Exposure Time Product (mA)

For the CBCT devices available, tube current ranges from

1to 32mA (KILJUNEN ET AL. 2015). Both the tube current and
exposure time (seconds) determines the quantity of X-ray pho-
tons produced which reach the detector. When other exposure
factors are kept constant, a linear relationship exists between
current exposure time product (mA) and patient dose i.e. in-
creasing mA values cause a proportional increase in dose. With
regards to image quality, an increased mA value decreases im-
age noise by increasing signal at the detector but since the beam
penetration remains the same, contrast is unaffected.

Tube Voltage

Typical tube voltages in existing CBCT scanners vary most
commonly between 60 and 90 kV (full range 40-120 kV) (KiL-
JUNEN ET AL. 2015). As tube voltage increases, the mean energy/
penetrating power but also the quantity of the photons in an
X-ray beam increases and, overall, radiation dose is increased
(other factors being constant). However, unlike current expo-
sure time product the relationship between tube voltage and
dose is not linear. Higher kV values increase the detector signal
due to the increased photon count and a decreased absorption
ratio. In respect to image quality, at a higher kV value the dif-
ference in X-ray attenuation between tissues of differing densi-
ty is decreased, which can result in a decreased image contrast
(Tab.1I). Conversely, a lower kV value can lead to increased
image contrast with regards to the hard tissue of the maxillo-
facial region (DRAGE ET AL. 2010). However, this dynamic of in-
creased contrast at lower beam energies is not fully translatable
to CBCT due to the complementary information of projectional
data from many angles (PAUWELS ET AL. 2014B). Nevertheless,
there is the potential to decrease the voltage and thus dose
while maintaining image contrast, which is especially pertinent
for smaller patients/children where less penetrating X-rays
(80kV or less) are required (YU ET AL. 2009). A reduced kV value
is associated with increased noise; however, the compensating
effect of better contrast maintains the contrast-to-noise ratio
(CNR) (KARMAZYN ET AL. 2013). With the greater attenuation as-
sociated with larger patients and accompanying increase in
noise, a greater tube voltage has been recommended (SEIGEL

ET AL. 2004).

Certainly, optimization by kV and mA reduction below the
manufacturer’s recommendations has been investigated with
maintenance of image quality (objective and subjective), facil-
itating diagnostic accuracy and significant dose reductions
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Tab. I

Image quality characteristics

Image quality
characteristic

Spatial resolution

Contrast

Noise

Artefacts

Definition

Ability to discriminate small structures
in an image. Especially relevant where
depiction of fine detail is critical for
diagnosis. Spatial resolution is approx.
one order of magnitude lower than
that of PR (periapical radiography).

Ability to distinguish tissues or mate-
rials of differing densities.

Contrast resolution of CBCT is limited
by scattered radiation and FPD-relat-
ed artefacts (saturation, dark current
and bad pixels). CBCT soft tissue con-
trast is lower than MDCT.

Scattered radiation that is recorded by
pixels on the detector contributes to
image degradation. Scatter o total
mass of tissue contained within the
primary X-ray beam, increasing with
object thickness and field size.
Additional sources:

Quantum noise: statistical variations
in the homogeneity of the incident
X-ray beam.

Electronic noise: caused by the con-
version and transmission of the
detector signal.

Inherent artefacts:

- Scatter

- Partial volume averaging
- Cone-beam effect

Procedure-related artefacts:
- Undersampling

Scanner related artefacts:
— Circular artefact

Introduced artefacts:
- Cupping and extinction artefact
- Patient motion artefact

Determining factors

Nominal detector pixel size, fill factor,
detector motion blur, grey-level reso-
lution, reconstruction technique ap-
plied, patient movement, scatter,
imaging parameters (see Tab. )

Dynamic range of detector, bit depth
of reconstructed images, exposure
factors (see Tab.l)

Exhibits an interdependent relation-
ship with spatial resolution i.e. factors
that improve one (e.g. voxel size)
degrades the other.

- Capture of scattered photons.

- Selected voxel size is larger than
size of object being imaged.

- Divergence of the X-ray beam
means that structues at the top or
bottom of the image field or only
exposed when X-ray source is on
the opposite side of the patient.

- Too few basis projections or incom-
plete scanning trajectory.

- Imperfections in scanner detection
or poor calibration.

- Both of these artefacts are a result
of beam hardening (absorption of
lower-energy photons in prefer-
ence to higher-energy photons as
the beam passes through a given
material and is more pronounced
for denser materials i.e. metal)

- Patient motion causes misregistra-
tion of data, the smaller the voxel
size the more marked the effect of
patient movement.

FPD - flat panel detector; MDCT — multi-detector computed tomography

Characterized by:

Traditionally, assessed visually in
line-pairs per millimeter (Ip mm™).
Considering movement and scatter
effects, a realistic spatial resolution
of >1lpmm™" has been suggested
(HORNER ET AL. 2015)

Automated assessment: modulation
transfer function (MTF) - the ability
of the system to transfer a signal of a
given spatial frequency. It is a metric
for the objective measurement of
spatial resolution in X-ray-based
tomographic modalities

Contrast to noise ratio (CNR) - com-
bines contrast and noise and is a met-
ric of imaging performance with re-
spect to large structures of varying
attenuation.

CNR: can be enhanced by changing
some parameters during scanning
procedure such as the FOV, mA, kV
and projection number. However,
high-density materials such as metals
can cause beam hardening and streak
artefact which leads to a decrease in
the CNR.

- Increased noise, streak artefacts.

- “Step appearance” in image or
homogeneity of pixel intensity.

- Streaking artifacts and greater
peripheral noise.

- Misregistration of data by recon-
struction software (aliasing) result-
ing in increased image noise and
appearance of fine striations radi-
ating from the edge of image moiré
pattern.

- Circular or ring streaks.

- Distortion of metallic structures
due to differential absorption.

- Streaks and dark bands between
two dense objects.

- Double contours in the recon-
structed image.
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Tab. Il
of diagnostic tasks

Studies demonstrating exposure factor reductions that maintained images of diagnostic quality in a range

Study Diagnostic task

KwonG Diagnostic quali-

ETAL. 2008  ty of images
assessed via
questionnaire

BROWN Orthodontic

ET AL. 2009  linear accuracy
(LA) study

SUR ET AL. Implant planning,

2010 identification of
relevant ana-
tomic landmarks

DURACK Detection of
ETAL. 2011  simulated exter-
nal inflammatory
resorption (EIR)
LENNON Detection of
ETAL. 2011  simulated peri-
apical bone loss
AL-EKRISH  Implant plan-
2012 ning/dimensional
accuracy
HASHEM LA of simulated
ETAL. 2013 external inflam-
matory resorp-
tion
WALTRICK Implant plan-
ETAL. 2013 ning/LA and visi-

bility of mandib-
ular canal

Exposure
factors altered

- kv
- mA

Exposure time

- mA

- Exposure
time by using
180" and
360° rota-
tions

Exposure time
by using 180°
and 360" rota-
tions

Exposure time
by using 180°
and 360° rota-
tions

Exposure time
(three different
times)

Exposure time
by using 180°
and 360° rota-
tions

Exposure time
by using 3 dif-
ferent resolu-
tion settings

Reference
standard

No standard

Dry human
skull measure-
ments

Reference ex-
posure 80 kVp,
8 mA, 360° ro-
tation

Reference ex-
posure 90 kVp/
3mA/17.5s,
360° rotation

No standard

Dry human
skull measure-
ments

Dry porcine
hemimandible
measurements

Dry human
skull measure-
ments

Dosimetry

Not recorded

Not recorded

Not recorded

Not recorded

Not recorded

Not recorded

Not recorded

Not recorded

Recommenda-
tion of low-
dose protocol

Not described

Not described

Not described

Not described

Not described

Not described

Not described

Not described

MBC - marginal bone crest; CEJ - cementoenamel junction; ED - effective dose; TAT - tooth autotransplantation

Principle conclusions

- Images at reduced kV and
mA generally maintained DA

- High observer variation in
quantifying image quality

Reduced exposure time (pro-
jections) did not reduce DA

Reducing rotation at 4 mA
provided acceptable image
quality, image quality at 2 mA
provided acceptable image
quality only with 360° scans.

Reducing rotation from 360°
t0 180" with small FOV re-
duced exposure time but
not DA

- Reducing rotation from
360° to 180" reduced expo-
sure time but not DA

- Wide range of interobserver
variation

Reliability and dimensional
accuracy remain the same
with the chosen reductions
in exposure time.

Reducing rotation from 360°
t0180° produced equally
accurate measurements.

All protocols produced an im-
age adequate for measure-
ments and mandibular canal
visualization.

Exposure A. Exposure C. A

K-

=
o=

Exposure B. A

@

‘P_

<

Fig.1 The effect of exposure factors (kV, mA) and choice of exposure parameter (voxel size) on image quality is demonstrated by exposing the 16 region of
a dry skull using a ProMax 3D Classic (Planmeca Oy, Finland) CBCT scanner. From exposure A to C, kV, mA values are reduced and voxel size is increased by

selecting smaller-patient settings and moving from high-resolution to ultra-low-dose (ULD) settings. Although the image sharpness is reduced, it remains
diagnostically acceptable with the identification of the MB2 still possible (exposure C.), illustrating the principle of optimization.
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Tab.lll Studies demonstrating exposure factor reductions that maintained images of diagnostic quality in a range
of diagnostic tasks continued
Study Diagnostic task Exposure Reference Dosimetry Recommenda-  Principle conclusions
factors altered standard tion of low-
dose protocol
YADAV Detecting ar- Exposure time Dry human Not recorded Not described Images were equally diagnos-
ETAL. 2015 thritic change with 180° and skulls with ticat 180" and 360° rotations
in the TMJ 360° rotations simulated soft (other exposure factors re-
tissue and mained identical).
artificial joint
lesions
HIDALGO Evaluation of im- - kV Reference im- DAP metre 80 kV,3mA Implementation of a low-
RIVAS pacted maxillary - mA age data sets dose protocol (particular
ETAL. 2015  canines and pos- using highest to the single device used in
sible adjacent and lowest study) could achieve up to
resorption in exposures a 50% dose reduction while
paediatric skull possible with maintaining image quality
phantom. Objec- device being sufficient for evaluation of
tive measure of used impacted maxillary canines.
image quality Optimum CNR was achieved
at a lower tube voltage than
maximum.
AL-OKSHI Assessment - kv No standard DAP metre 80 kV/5 mA/ CNR and visualization of peri-
ETAL. 2017  of periodontal - mA 360° or17.5s odontal structures were not
space at apical - Trajectory compromised at this lower-
third of root, MBC arc - 180°, dose protocol. 180° rotation
and CEJ. 360° degraded image quality.
Objective mea-
sure of image
quality
EZELDEEN Planning and kV, mA and Reference CBCT ~ Monte Carlo Predefined Use of device-specific pre-
ETAL. 2017  tooth replica time scanning pro- dose simula- low-dose pro- defined low-dose protocols
fabrication (TAT) Altered viase-  tocol validated tions for three tocols specific can achieve considerable ED
and follow-upon  lectingarange  for accurate paediatric to device reductions while maintaining
three different of predefined tooth and bone  models image quality for TAT.
CBCT devices protocols (18) segmentation
on three CBCT
machines
(FOV alteration
necessary
pre-/postop)
MBC - marginal bone crest; CEJ - cementoenamel junction; ED - effective dose; TAT - tooth autotransplantation

(Tab. 111, Fig.1). Unfortunately, the effect of changing one or
both of the exposure factors is not straightforward. An objec-
tive image quality study recommended that a low-dose proto-
col should constitute reduction of the tube current exposure
time product (depending on the clinical application), while
keeping the tube voltage constant at 90 kV (highest kV value
in device studied) as this achieved the highest CNR at low-
dose levels (PAUWELS ET AL. 20158). The inference of Pauwel’s
study (2015b) being that the increase in noise for a given mA
reduction would be less than that seen with a kV reduction.
However, another study (same CBCT scanner used), assessing
image quality relating to the anterior maxilla in a paediatric
skull phantom, found that dose reductions (50% less than
manufacturer’s recommendations) could be achieved with a
reduction in X-ray tube voltage (80 kV) and indeed for a range
of combinations of kV and mA (HIDALGO RIVAS ET AL. 2015). Op-
timizing kV and mA settings is difficult and involves appropri-
ate balancing, where sufficient image quality is achieved de-

pendent on imaging task at the lowest dose possible and the
need for more studies in this area has been highlighted (Euro-
PEAN COMMISSION 2012).

Field of View

The dimensions of the field of view (FOV) are dependent largely
on the size and shape of the detector, the beam projection ge-
ometry and the ability to collimate the beam (SCARFE ET AL.
2008). The FOV is either cylindrical or spherical and collimation
of the primary X-ray beam using adjustable lead shields limits
exposure to the anatomical area of interest, thus avoiding un-
necessary exposure. CBCT devices can be categorized according
to the dimensions of the FOV. Some devices offer a single fixed
FOV, with the majority offering a few pre-set options of FOV,
particular to a specific indication. Other devices allow freely
adjustable FOVs within certain limitations with another option
being the stitching together of adjacent 3D volumes to achieve
a larger FOV. The drawback of stitching being that the over-
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lapped area is imaged twice, doubling the exposure to such
areas. FOVs (described as diameter [D] x height [H] in cm?) can
range from small (<10 cm in field height, e.g. D x H: 4 x4 cm?,
suitable for imaging a localized dentoalveolar area [1-3 teeth]
and 8 cm x 8 cm?, suitable for imaging the dentate areas of the
maxilla and mandible) to medium (10-15 cm in field height).
Large FOVs (>15 c¢m in field height) are required for full cranio-
facial imaging (up to dimensions of 26 x 26 cm®).

Reducing the FOV size (specifically in field height) is the
most straightforward method of reducing patient radiation
dose and is a key factor in CBCT optimization (DAVIES ET AL.
2012; PAUWELS ET AL. 2012A; THEODORAKOU ET AL. 2012; BORNSTEIN
ET AL. 2014; PAUWELS ET AL. 2014A; LUDLOW ET AL. 2015). Neverthe-
less, with the diversity of devices and scan options, an approx-
imate ten-fold variation in dose for an equivalent FOV was re-
ported between the units studied (BORNSTEIN ET AL. 2014). FOV
size and collimation in addition to diagnostic image quality are
key determinants in the diagnostic application of a CBCT de-
vice (HIRSCH ET AL. 2008; LOUBELE ET AL. 2009). In relation to im-
age quality, an increase in FOV results in a relatively greater
amount of scatter reaching the detector and thus is accompa-
nied by a relative increase in noise/artefacts and a reduction in
contrast.

Larger FOVs have implications for the thyroid gland, espe-
cially for children. This radiosensitive organ has a significant
contribution to effective dose (17-20% in adults, 30-37% in
children) (IRCP 2007) and can be exposed to scatter (contribu-
tion of internal scatter is uncertain) and possibly to the pri-
mary beam in dental CBCT. Use of thyroid shields has demon-
strated a thyroid dose reduction in children (17-42%) and
adults (20-49%) (TSIKLAKIS ET AL. 2005; QU ET AL. 2012; HIDALGO-
RIVAS ET AL. 2015). Thyroid shielding is not mandatory in the EU
as it was concluded that the thyroid gland is not normally in
the primary beam during dental CBCT scans (HPA 2010; EUrRO-
PEAN COMMISSION 2012). However, it is advised that a decision
should be made locally with the aid of a medical physics expert
concerning large FOV scans, if it is likely the thyroid lies in or
close to the primary beam. Notably, in the USA, dentists are
advised to use thyroid shielding routinely for all dental radi-
ography and for CBCT as long as this does not interfere with
the examination (www.thyroid.org, www.imagegently.org).
However, if the thyroid shield lies within the X-ray beam,
even if outside the displayed FOV; it will attenuate the beam
and produce artefacts on CBCT scans. Furthermore, if an AEC
is used, at least in theory, a thyroid shield may reduce the dose
to the receptor sufficiently to increase automatically the expo-
sure.

Filtration

Filtration serves to limit patient exposure to lower energy pho-
tons, which will contribute to skin dose but not to image for-
mation. Therefore, highly filtered X-ray beams have an in-
creased mean energy, reduced entrance exposure and suffer
less from beam hardening, but can be associated with loss of
contrast (LOFTHAG— HANSEN ET AL. 2008; ROBERTS ET AL. 2009; LuD-
Low 2011). CBCT scanners typically utilize aluminium filtration
(2.5-12mm) with some devices using additional copper filtra-
tion. Dose reductions associated with additional copper filtra-
tion in selected CBCT devices have been reported (LubLow

& IVANOVIC 2008; QU ET AL. 2010; LubLOW 2011; KOIVISTO ET AL.
2012). In reality, clinicians using CBCT have no easy means of
changing filtration, which would require the input of a medi-
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cal physics expert and an equipment engineer. Even then, this
would be challenging without cooperation from equipment
manufacturers.

Detector

The X-ray detector samples the attenuated beam in its trajecto-
ry. The incoming X-ray photons are converted by X-ray detec-
tors to an electrical signal. The majority of modern CBCT scan-
ners utilize indirect flat panel detectors (FPD) consisting of a
pixel array of hydrogenated amorphous silicon thin-film tran-
sistors (TFT) or complementary metal oxide semiconductors
(CMOS). In both cases a layer of scintillator material (gadolin-
ium oxysulfide or caesium oxide) converts X-ray photons to
light photons. Subsequently, the light is detected on the photo-
diodes and read from the entire detector array to compile a
raw-data digital image (KILJUNEN ET AL. 2015). FPDs offer higher
spatial and contrast resolution, greater dynamic range and re-
duced peripheral distortion compared with the earlier gen-
eration image intensifiers and charged coupled devices (CCD)
technology, which have gradually been superseded (BABA ET AL.
2004; NEMTOI ET AL. 2013; PAUWELS ET AL. 2015A). Involvement of a
medical physics expert at installation is deemed essential to op-
timize the detectors parameters with regards to dose and image
quality (EUROPEAN COMMISSION 2012).

Image Quality Parameters: Exposure Frequency,
Rotation Arc, Number of Projections, Voxel Size
Exposure Frequency: Continuous v Pulsed Exposure

Certain CBCT units utilize continued X-ray exposure; i.e. expo-
sure time equals scan time. However, constant exposure during
signal integration contributes to patient dose but not to image
formation as most detectors are unable to record X-ray expo-
sure during the acquisition process. To avoid this unnecessary
exposure, many CBCT units have a pulsed/intermittent X-ray
emission to coincide with detector activation, ensuring that
there is no exposure being made between projections. Pulsed-
emission systems not only result in a reduced dose but also may
exhibit improved spatial resolution owing to a reduced-motion
effect (PAUWELS ET AL. 2015A).

Rotation Arc

The rotation angle generally varies between 180" and 360°
(CBCT device dependent), the majority of scanners having a
single fixed rotation angle with some devices enabling selection
of a variable rotation arc according to scan protocol (HORNER ET
AL. 2013; NEMTOI ET AL. 2013). A shorter scan arc results in a re-
duced scan time and hence dose (lower total mA value) with
2180 arc resulting in an approximately 50% dose reduction
compared to a 360" arc. Images produced by partial rotation
have been associated with increased reconstruction artefacts
(SCARFE & FARMAN 2008; BECHARA ET AL. 2013). Additionally, while
it would be expected that this reduced mA value would be
accompanied by increased noise and reduced image quality,
studies demonstrate that for particular diagnostic tasks image
quality and diagnostic accuracy can be maintained (LOFTHAG-
HANSEN ET AL. 2011; DURACK ET AL. 2011; LENNON ET AL. 2012). This
finding implies that manufacturers’ recommendations for ex-
posure factors are too high for these tasks.

Number of Projections
The number of acquired projection images (“basis images™)
during the scan arc movement is determined by the rotation



time, frame rate (number of projection images per second), the
completeness of the trajectory arc and the speed of the rota-
tional movement (SCARFE & FARMAN 2008). A greater amount of
projection data generally necessitates a longer scan time, with
greater potential for patient movement and consequently a
higher patient dose. However, enhanced image quality accom-
panies increased projection data; providing more information to
reconstruct the image, allowing for greater spatial and contrast
resolution and an increased signal-to-noise ratio and decreased
metallic artefacts (PAUWELS ET AL. 2013). Moreover, minimizing
the “raw” images (at a level compatible with sufficient image
quality) can result in reduced patient dose (via ¥ mA). It has
been demonstrated that an increased number of projections
does not influence linear accuracy (BROWN ET AL. 2009). Notably,
it is reported that increasing exposure does not improve the ap-
pearance of metal artefacts sufficiently to justify the increased
radiation exposure (PAUWELS ET AL. 2013). Additionally, there
are metal artefact reduction techniques that can be employed
during reconstruction (VAN GOMPEL ET AL. 2011). Other artefact
reducing techniques involve the iterative reconstruction pro-
cess or using more sophisticated projection and back-projec-
tion techniques (WANG ET AL. 1999; DE MAN ET AL. 2004). All these
methods, however, require extensive computational power and
further work is necessary before they are available in commer-
cial CBCT units (SCHULZE ET AL. 2011).

Voxel Size
Voxels (the individual volume elements) produced in formatting
the volumetric data set, dictates the spatial resolution of a CBCT
image (SCARFE & FARMAN 2008). Voxel size can be selected on
most dental CBCT systems according to the particular diagnos-
tic task. Overall, voxel sizes of CBCT equipment range from
0.075 to 0.6 mm, although individual machines will not nor-
mally provide the full range. The smaller the voxel size, the
higher the spatial resolution (Fig.1) and therefore smaller voxel
sizes are selected when a high level of detail is required e.g. for
endodontic purposes (LIEDKE ET AL. 2009; KAMBOROGLU & KURSUN
2010; MELO ET AL. 2010; MARET ET AL. 2012). However, voxel di-
mensions primarily depend on the pixel size on the area detec-
tor and smaller pixels capture fewer X-ray photons which result
in more image noise. This may require a compensatory increase
in radiation dose to achieve a sufficient signal-to-noise ratio to
achieve this improved diagnostic image quality (via N mA or
basic images). Some devices allow the operator to control expo-
sure factors used with different resolutions, while others auto-
matically dictate exposure factors accompanying particular
voxel sizes in order to keep noise relatively constant. Notably,
a study reported that the patient dose was doubled on selection
of the high resolution from standard on a particular CBCT unit
(LubLOW & WALKER 2013). In the pursuit of dose optimization, the
lowest resolution (larger voxel size) option should be selected
where the nature of the diagnostic task permits (EUROPEAN COM-
MISSION 2012). Indeed, the effect of voxel size on diagnostic out-
come has not yet been systematically demonstrated (SPIN-NETO
ET AL. 2013). From the small numbers of studies systematically
reviewed, a trend of increased diagnostic accuracy relating to
higher voxel resolutions was evidenced, however, it is not yet
possible to suggest general protocols for the different diagnostic
tasks and further studies are needed to establish accurate guide-
lines.

It is apparent from the aforementioned that the image quality
(ability of CBCT images to display the required anatomical fea-
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tures and/or pathologies) and consequent dose of CBCT imaging
is influenced by a number of variables (Tab.I). Such variables
include: the individual device (e.g. detector, filtration, FOV
capabilities etc.), the exposure parameters (kV, mA) and image
quality parameters (voxel size/resolution, basis images [depen-
dent on rotation arc, exposure frequency]). Selection of the op-
timal combination of scanning parameters to reduce dose can
prove a challenge to the operator with very little in the way of
practical guidance. While general recommendations on dose
optimization exist (HPA 2010; EUROPEAN COMMISSION 2012; AMERI-
CAN DENTAL ASSOCIATION COUNCIL ON SCIENTIFIC AFFAIRS 2012), are-
cent review highlighted the need for more specific guidance on
how optimization can be achieved in practice (GOULSTON ET AL.
2016). Nevertheless, it is accepted that establishment of diag-
nostic task-specific protocols may prove difficult due to wide
range of CBCT devices and capabilities. The development of
low-dose protocols in a range of diagnostic applications has
gone some way in beginning to achieve optimization (HIDALGO
RIVAS ET AL. 2015; AL-OKSHI ET AL. 2017) as could device-specific
low-dose preset options (EzZELDEEN ET AL. 2017).

Image Quality

In keeping with the ALADA principle, the image quality at-
tained should be sufficient to achieve the specific diagnostic
task, but at the minimum exposure possible. The operator must
be aware that the acceptable level of image quality and the ra-
diation dose may vary according to the particular diagnostic
task and, indeed, the anatomical region investigated/position
of the pathology (LOFTHAG-HANSEN ET AL. 2011; NEVES ET AL.
2012). Image quality is described in terms of spatial resolution,
contrast, noise and presence of artefacts (Tab.II) but on a sim-
ple level can be assessed relative to achieving the diagnostic
task e.g. visualization of a periapical radiolucency, identifica-
tion of the second mesiobuccal canal (MB2). A number of pa-
rameters impact on image quality: tube current, tube voltage,
FOV, voxel size, number of projections and type of detector
(MARET ET AL. 2012; SPIN-NETO ET AL. 2013; PAUWELS ET AL. 2015A).
As previously established, there is a great array of CBCT devices
available commercially, exhibiting a range of technical speci-
fications, doses and image quality capabilities (HATCHER 2010;
NEMTOI 2013). In order to achieve optimization of these devices,
it is essential to use a standardized approach to assessing image
quality (PAUWELS ET AL. 2011). Image quality can be assessed us-
ing subjective and objective methods.

Subjective Evaluation

This is considered as the benchmark when assessing image qual-
ity in relation to achieving a specific diagnostic task. It involves
the standardized presentation of images (anthropomorphic
phantoms, human skulls or jaws) to a specified number of ob-
servers who are provided with a scale to grade their ability to
identify the presence of anatomical structures and/or grade the
sufficiency of the image quality for a particular task e.g. root re-
sorption, implant planning and periapical diagnosis (ALQERBAN ET
AL. 2011; DURACK ET AL. 2011; ESPOSITO ET AL. 2011; LOFTHAG-HAN-
SEN ET AL. 2011; SHELLEY ET AL. 2011). This technique is limited by
its inherent subjectivity (inter-observer, intra-observer, case-
sample variability, and the use of non-standardised skull and
jaw models, which limits comparison) (TAPIOVAARA 2006; LOFT-
HAG-HANSEN ET AL. 2011). Furthermore, findings are often limited
to the CBCT device investigated due to the large diversity in im-
age quality between scanners (PAUWELS ET AL. 2012D).
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Objective Evaluation

This involves quantitative measurement (on physical test ob-
jects) of physical factors such as: spatial resolution, contrast
resolution, image density/pixel intensity, image noise, arte-
facts, on the basis that they equate to clinical image quality,
using test phantoms (WATANABE ET AL. 2011). Identifying the
need for a standardized phantom appropriate for dental CBCT,
the SEDENTEXCT project developed a quality control phan-
tom (SEDENTEXCT IQ phantom) which enables reproducible
measurement of these technical image quality parameters on
any CBCT device and thus is utilized for assessing device per-
formance and quality control (PAUWELS ET AL. 2011; BAMBA ET
AL. 2013; LubLow & WALKER 2013). While objective evaluation is
essential for quality assurance (QA) of CBCT devices and these
physical indices are germane, there is no direct means by
which to relate them to clinical diagnostic accuracy (MARTIN
ET AL. 1999; MANSSON 2000; WATANABE ET AL. 2011). Studies have
shown a significant association of physical factors (modula-
tion transfer function [MTF] and/or contrast-to-noise ratio
[CNR]) with subjective image quality and related this to the
ability to achieve a specific diagnostic task (CHol ET AL. 2015;
HIDALGO RIVAS ET AL. 2015; AL-OKSHI ET AL. 2017). Choi and
co-workers (2015) demonstrated that a better physical image
quality (higher MTF and CNR value) was required to achieve
the clinical task of periapical diagnosis compared with im-
plant planning in the mandible, the findings corresponding
in part to a study on subjective image quality in relation to
diagnostic task (LOFTHAG-HANSEN ET AL. 2011). However, both
of these studies’ findings were not related to dose measure-
ments.

Is There Evidence That ALADA Is Practicable

in a Range of Dental Diagnostic Tasks?

Reduced exposure protocols can be achieved while maintain-
ing adequate image quality and thus diagnostic accuracy for a
range of clinical tasks (FUROPEAN COMMISSION 2012; GOULSTON
ET AL. 2015). These results relate to the diagnostic task investi-
gated using specified CBCT scanner(s) and that technical
specifications limit translation to all CBCT scanners. As previ-
ously discussed it has been established that size and position
of FOV relative to the radiosensitive organs and the scanned
individual have a substantial impact on dose optimization
(DAVIES ET AL. 2012; PAUWELS ET AL. 2012A; THEODORAKOQU ET AL.
2012; PAUWELS ET AL. 2013). Nonetheless, several in vitro studies
specifically demonstrate that a reduction in exposure factors
(kV, mA, exposure time - also altered through rotation time or
voxel size/resolution) can be consistent with sufficient image
quality to enable diagnosis in a range of clinical applications
(Tab.IIT). Furthermore, two of these studies included dose
measurements, recommending low-dose protocols for their
respective diagnostic tasks (HIDALGO RIVAS ET AL. 2015; AL-OKSHI
ET AL. 2017). One low dose protocol established a 50% dose
reduction from the manufacturer’s recommended protocol
(HIDALGO RIvAS ET AL. 2015), which highlights the difficulty for
practitioners in optimizing exposures. Other studies demon-
strated the limitations of lower exposures relating to specific
sites or pathology location (LOFTHAG-HANSEN ET AL. 2011; NEVES
ET AL. 2012), reporting that although 180° rotations produced
diagnostic images for maxillary implant planning, this was not
the case for mandibular implant planning or periapical diag-
nosis (LOFTHAG-HANSEN ET AL. 2011). In the same way, Neves

et al. (2012) suggested a reduced-dose scanning protocol pro-
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duced images of diagnostic quality for detection of external
root resorption (ERR) with the caveat that the position of root
resorption may affect the ability to diagnose at lower expo-
sures.

Generally, studies have reported that image quality is consis-
tently degraded with reduced exposure factors (SUOMALAINEN ET
AL. 2009; LUCKOW ET AL. 2011; PARSA ET AL. 2013). The most com-
monly investigated diagnostic task with regard to optimization
of exposure factors was that of implant planning, perhaps re-
flecting the almost ubiquitous use of CBCT in this dental appli-
cation. Oddly, considering that children have a significantly
increased radiation risk, there is a limited literature regarding
optimization of exposure factors in orthodontic diagnostic
tasks, while in the available studies it has been highlighted that
orthodontic scanning in a child phantom resulted in on average
an effective dose 36% greater than in the adult phantom (Lub-
LOW & WALKER. 2013). One orthodontic study found that reduced
exposure time was consistent with maintenance of diagnostic
accuracy (BROWN ET AL. 2009).

In conclusion, it is evident that radiation doses, significant-
ly reduced from the manufacturer’s recommendations can be
achieved (via reduced kV, mA or time), while maintaining
acceptable image quality and applied for certain diagnostic
tasks and particular devices (Tab.III). Nonetheless, it has been
emphasized that radical reductions in dose are futile if image
quality degrades to the point of being non-diagnostic, there-
by necessitating a repeat scan (LubLOW & WALKER. 2013). Evi-
dentially more research is needed, perhaps in collaboration
with industry, to further assist practitioners in this important
area.

How Valid Is the Research on Dose Optimization

and Image Quality?

The majority of studies relating optimization to image quality
are in vitro and thus of low hierarchal evidence-based standing
(MARSHALL & SYKES 2011). Variations in CBCT device setting and
properties make it impossible to reliably compare dose estima-
tions from different studies. A systematic review of the litera-
ture on CBCT imaging in the oral and maxillofacial region high-
lighted inconsistent reporting on device settings and properties
concluding, that a specific list of CBCT device parameters (e.g.
exposure time, FOV, detector type, rotation arc etc.) should be
documented to enable comparison (Dt Vos ET AL. 2009). Unfor-
tunately, this policy has not been universally adopted, but is re-
iterated in a more recent literature on optimization (EUROPEAN
COMMISSION 2012; GOULSTON ET AL. 2016). These reviews highlight
among other issues, the need for international compliance on

a standardized method of accurately measuring patient dose
using a standard commercially available phantom and the use
of consistent reference standards were diagnostic accuracy is
measured.

Diagnostic Efficacy of CBCT

Does CBCT Have a Greater Diagnostic Efficacy than
Conventional Techniques?

The final section of this review analyses the evidence comparing
the diagnostic efficacy of CBCT and conventional techniques for
specific clinical tasks. If it is accepted that the diagnostic accu-
racy of CBCT is superior to conventional techniques, albeit at a
higher dose to the patient, can this enhanced accuracy deliver a
net benefit to the patient as evidenced by an impact on diagno-
sis, clinical decision-making and treatment outcome?
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Tab.IV Hierarchal model of classification of diagnostic accuracy (FRYBACK & THORNBURY 1991)

Level of diagnostic efficacy

1. Technical Efficacy

2. Diagnostic Accuracy (DA)
Efficacy

3. Diagnostic Thinking Efficacy

4. Therapeutic Efficacy

5. Patient Outcome Efficacy

Definition and parameters measured

Evaluates technical quality of imaging modality: i.e. noise, contrast, resolution, presence of artefacts and
includes dose and dimensional accuracy.

Evaluates accuracy of imaging modality in establishing a correct diagnosis when compared with the refer-
ence or “gold standard” technique: sensitivity, specificity, predictive values, ROC curves.

Evaluates the ability of the imaging modality to improve diagnostic decisions. Evidenced in before-and-af-
ter studies where an alternative diagnostic conclusion is made with new imaging modality when compared
with diagnosis made using the existing conventional imaging modality.

Evaluates the impact that the imaging modality has on the choice of treatment. Evidenced in clinical studies
(before-and-after) by observing the changes in treatment strategies where the new imaging modality scan
is or is not supplied.

Evaluates the impact of the imaging modality on patient outcome. Has this new diagnostic technique lead
to an improved treatment strategy with a concomitant improved outcome for the patient, e.g. reduction in
postoperative complications? This is assessed via randomized controlled trials (RCT) comparing patient out-

come using new technique compared with existing “gold standard”.

6. Societal Efficacy

Assesses the cost-benefit ratio of the imaging modality to society as a whole.

Critical appraisal of the literature on CBCT imaging efficacy
is best facilitated by a hierarchal classification model, which
categorizes six ascending levels of diagnostic efficacy (FRYBACK
& THORNBURY 1991). The levels start with the simple goal of
procuring the most accurate image and ascends to the com-
plex target of improving patient outcome and societal impact
with the aim of effecting evidence-based changes in patient
care and health policy (Tab.1V). The lower tiers (levels 1and 2)
focus on image quality (NATIONAL COUNCIL ON RADIATION PRO-
TECTION AND MEASUREMENTS 2005; KRUPINSKI ET AL. 2007) and di-
agnostic accuracy of CBCT (GHAEMINIA ET AL. 2009; MATZEN ET AL.
2013; PATEL ET AL. 2016). Such technical and diagnostic efficacy
studies constitute the bulk of evidence in the literature and
are less time consuming and expensive than study designs
required at higher levels of efficacy, however, even these re-
search domains are considered incomplete (EUROPEAN COMMIS-
SION 2012; KiM ET AL. 2011; ROSEN ET AL. 2015; PETERSSON ET AL.
2012). While these principally lab-based studies are essential
in establishing accuracy and report that CBCT exhibits higher
sensitivity and specificity than intra-oral radiography for sev-
eral diagnostic tasks (PETERSSON ET AL. 2012), albeit often in the
absence of a relevant reference method, they do not provide
any evidence of impact on patient care. Critically, accuracy
studies should use a non-radiographic reference standard,
which is an exact reflection of the true situation (MILEMAN
& VAN DEN HouT 2009) and could include histology (DE PAULA-
SILVA ET AL. 2009) or intrasurgical visualization (QIA0 ET AL. 2014;
GHAEMINIA ET AL. 2009). Ex vivo simulation studies on dry skulls
(DURACK ET AL. 2009; BRAUN ET AL. 2014) utilize direct visualiza-
tion/measurement as a reference, however, it is questionable
whether artificially created lesions represent either the true
topography or borders of resorption or periodontal lesions
(PETERSSON ET AL. 2012). Furthermore, considering the effect
of patient movement on image quality, these studies are even
further removed from the in vivo reality (NIKOLIC-JAKOBA ET AL.
2016).

Levels 3 and 4 evaluate whether an imaging modality can give
rise to a change in diagnostic thinking or patient management

and therefore begin to consider impact on patient’s health. Be-
fore-and-after studies are frequently used to investigate the
impact of diagnostic and therapeutic choices at levels 3 and 4
(GUYATT ET AL. 1986; FRYBACK & THORNBURY 1991; MEADS & DAVEN-
PORT 2009). The number of studies published at this level are
much reduced compared to technical and diagnostic efficacy
studies and the need for more research in these higher levels has
been repeatedly highlighted (EUROPEAN COMMISSION 2012; BORN-
STEIN ET AL. 2014; ROSEN ET AL. 2015; NIKOLIC-JAKOBA ET AL. 2016).
Level 3 evidence suggests that CBCT does have an impact on
diagnostic thinking efficacy in more complex and challenging
cases with regards to implant placement and endodontics but
cannot be justified for routine use (SHELLEY ET AL. 2015; EE J ET
AL.2014; MOTA DE ALMEIDA ET AL. 2015; AL-SALEHI & HORNER 2016).
Additionally, in an orthodontic study on impacted canines,
CBCT did increase confidence in diagnosis, especially for more
critical information such as the labiopalatal position of the ca-
nine cusp tip (HANEY ET AL. 2010). Albeit, it was accepted that
most impacted teeth can be accurately diagnosed/localized
with conventional radiographs, nonetheless, there are un-
doubtedly cases which benefit from CBCT imaging (BJERKLIN

& ERICSON 2006).

Therapeutic efficacy studies (level 4) revealed a range of CBCT
impact on therapeutic decisions, perhaps influenced by study
design (e.g. case selection method, teeth numbers, observer
numbers/experience) and/or diagnostic task investigated. An
endodontic study (24 teeth) revealed there was no significant
difference in lesion size recorded or treatment strategy for peri-
apical lesions in non-complex cases between periapical radiog-
raphy (PR) and CBCT imaging (BALASUNDARUM ET AL. 2012). Al-
though the numbers of subjects enrolled in the study are small,
it does highlight that if CBCT does not actually alter the treat-
ment plan, then the increased diagnostic accuracy of CBCT in
recognizing apical periodontitis is of no real benefit (DE PAULA-
SILVA ET AL. 2009; PATEL ET AL. 2009; VENSKUTONIS ET AL. 2014). It
could be argued that the increased sensitivity of CBCT does
diagnose AP lesions of smaller dimensions that would other-
wise go undiagnosed and untreated by PR, this constituting an

SWISS DENTAL JOURNAL SSO  VOL128 4-2018




310

RESEARCH AND SCIENCE

increased therapeutic efficacy; however, this is not clear as the
possibility of reduced specificity of CBCT in diagnosing AP has
been reported in vivo (POPE ET AL. 2014). Pope’s (2014) study re-
ports on error in interpretation of the healthy periapex on CBCT
scans and the inherent flaw of applying PR interpretation of
health and disease to CBCT, thereby risking overdiagnosis
(MOYNIHAN ET AL. 2012).

Other endodontic studies have demonstrated a significant
impact of CBCT imaging on treatment planning choices in
complex cases (EE ET AL. 2014; MOTA DE ALMEIDA ET AL. 2014; PATEL
ET AL. 2016; RODRIGUEZ ET AL. 2017; VENSKUTONIS ET AL. 2014) with
the general consensus being that the increased diagnostic in-
formation from a CBCT scan compared with conventional radi-
ography had a substantial impact on treatment planning of
high-difficulty cases (e.g. resorption, surgical cases). An or-
thodontic study showed that CBCT imaging evoked a change
in treatment plan from conventional imaging but only in a mi-
nority of cases (27%), concluding that the additional diagnostic
information did not translate to a significant change in treat-
ment plan (HANEY ET AL. 2010). Implant studies reported a sig-
nificant change in treatment plan with CBCT imaging for more
challenging cases (narrower implants selected in the anterior
mandible with CBCT) and high-risk anatomical regions (poste-
rior jaw-longer implants selected using panoramic images)
(SHELLEY ET AL. 2015; GUERRERO ET AL. 20148); however, when all
cases were considered a significant change in treatment plan
between the two imaging modalities was not demonstrated.

In general, these studies reflect the majority of current guide-
lines/position statements across the dental disciplines, which
highlight that use of CBCT is not recommended routinely, but
is only advisable in more complex cases where conventional
radiography does not elucidate the diagnostic information re-
quired (AAE AND AAOMR 2011; FAQ 2012 [HARRIS ET AL. 2012]; Fu-
ROPEAN COMMISSION 2012; FGDP [UK] 2013; ESE 2014). Notable ex-
ceptions to this conservative approach to CBCT prescription do
exist (DRAGO & CARPENTIERI 2011; NOFFKE ET AL. 2011; AAOMR 2012
[TYNDALL ET AL. 2012]), with routine use of cross-sectional im-
aging in dental implant planning and treatment advocated,
based on a reduced risk of neurosensory and neurovascular
injury (ZIJDERVELD ET AL. 2008; RENTON ET AL. 2012; ROEDER ET AL.
2102; JACOBS ET AL. 2013). This routine CBCT use has been ques-
tioned by other groups who elicited opposing conclusions from
the literature, highlighting the lack of evidence-based guid-
ance in most national and international guidelines on implant
dentistry and described their recommendations as largely
expert opinion and consensus driven (BORNSTEIN ET AL. 2014;
HORNER ET AL. 2015).

Ultimately, if clinicians are exposing patients to diagnostic
ionizing radiation which is of significantly higher dose than
that of the existing diagnostic imaging modality of choice, the
new imaging modality should demonstrate a positive impact
on patient outcome (level 5 - Patient outcome efficacy), pref-
erably in a cost-effective manner (level 6 - Societal efficacy).
Randomized controlled trials (RCTs) are the optimal study de-
sign to assess these levels of accuracy (FRYBACK & THORNBURY
1991). Generally, RCTs are expensive and time consuming, often
resulting in low subject numbers and underpowered studies
(ROEDER ET AL. 2012). Furthermore, they can be ethically difficult
or impossible to perform with regards to diagnostic imaging
modalities (MILEMAN & VAN DEN HouT 2009) and it has been ar-
gued that due to their longitudinal nature and the fast pace of
CBCT technology development, their results can be redundant
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even before publication (KiM ET AL. 2011). Perhaps not surpris-
ingly there are very few studies published which assess patient
outcome efficacy (Level 5). Three studies investigating surgical
extraction of impacted mandibular third molars (GUERRERO ET
AL. 2014A; GHAEMINIA ET AL. 2015; PETERSEN ET AL. 2016) failed to
demonstrate any beneficial impact of CBCT over panoramic
imaging on patient related outcomes (i.e. neurosensory distur-
bances and other postoperative complications). Although, it
should be recognized that the studies were small, with an inad-
equate sample size for a comparative prospective study (ROEDER
ET AL. 2012). A recent systematic review (MATZEN & WENZEL 2015)
concluded that for most cases, periapical or panoramic imaging
may be sufficient for removal of mandibular third molars; how-
ever, CBCT may be indicated where conventional imaging re-
veals one or more signs of close contact between the tooth and
the mandibular canal (Roob & SHEBAB 1990), but only if it is be-
lieved that CBCT imaging will subsequently elicit a change in
treatment plan or patient outcome. This conclusion is open to
subjective interpretation and probably encourages a pattern of
CBCT prescription for impacted mandibular third molars that
correlates with the clinician’s experience. A further RCT, com-
paring the impact of panoramic and CBCT imaging on perira-
dicular surgery, elicited a significant difference in operator-
related outcome (operating time), but this did not appear to
have any positive ramifications on patient outcome (KURT ET

AL. 2014).

Societal efficacy studies (level 6) aim to prove that imple-
mentation of this diagnostic imaging modality is an efficient
use of societal resources and can provide medical benefits to
society. There is a paucity of RCTs investigating societal effi-
cacy. One prospective RCT reported on the absolute and rela-
tive costs of a CBCT scan compared with that of a panoramic
examination undertaken for third molar surgery, identifying
a 3-4 times greater cost associated with CBCT than panoramic
imaging but there was no significant difference in resources
consumed between the imaging groups, either surgically or
postsurgery (PETERSEN ET AL. 2014). The same group also pub-
lished an epidemiological study in Denmark (PETERSEN ET AL.
2015), which highlighted the higher economic implications
of potential routine use of CBCT in extraction of mandibular
third molar teeth. Importantly, this study actually considers
the radiation risk implications associated with this potential
policy change (calculation of cancer incidence - 0.46 per year)
which is necessary when contemplating societal efficacy. Other
level 6 studies are descriptive; a cost analysis study noted that
a demonstrated cost-effectiveness of CBCT imaging in one
healthcare system cannot necessarily be translated to another
(CHRISTELL ET AL. 2012). A periodontal case series reported that
CBCT-based treatment decisions for maxillary molars with
furcation defects can lead to time and cost benefits when com-
pared with conventional radiography in a Swiss dental health
setting (WALTER ET AL. 2012). Based on the cost analyses per-
formed, it was concluded that CBCT as an additional diagnostic
measure is only justified when more invasive therapies are
planned and, considering the potential increased radiation risk
associated with additional imaging, cases should be judged on
an individual basis. Again, this conclusion is open to subjective
interpretation.

In conclusion there is a lack of studies exhibiting the impact
of CBCT at higher levels of efficacy (EUROPEAN COMMISSION 2012;
MATZEN & WENZEL 2015; ROSEN 2015; NIKOLIC-JAKOBA ET AL. 2016),
with one recent review concluding that the effectiveness of



CBCT in a range of dental disciplines has barely been evaluated
(MATZEN & WENZEL 2015). Unfortunately, regardless how compel-
ling the results of the technical and diagnostic accuracy efficacy
studies, this literature is not indicative of any translational ben-
efit of CBCT to patient’s treatment and outcome or indeed to
society.

Conclusions

- Conventional radiography is limited by the inability to de-
scribe the 3D anatomy of teeth and their related structure. It
has therefore been recommended that CBCT be used in select
cases in which conventional radiography cannot supply satis-
factory diagnostic information.

- CBCT is a more sensitive diagnostic tool than conventional
radiography but delivers a significantly greater patient dose.
Therefore, unless the benefit to the patient can be justified
there is a risk of overexposure. Furthermore, there is concern
that with increased diagnostic sensitivity there is a loss of
specificity which may result in over-representation of dis-
ease, which highlights a need for establishing an “atlas of
normal” particular to CBCT, in order to correctly diagnose
pathology.

- The clinician in practice prescribes, exposes, analyses and re-
ports on the CBCT image. Therefore, appropriate training in
justification, acquisition and interpretation is paramount.

- There is a lack of evidence that CBCT imaging has a significant
impact on decision-making and treatment outcome. There-
fore, at present, the clinician remains unsupported in their
justification of CBCT imaging.

- With an awareness of the potential stochastic radiation risks

of CBCT, being particularly pertinent to the young, judicious

case selection is essential to ensure that the benefits-risk ra-
tio remains in favour of the individual patient. Guidelines
constructed from the best available evidence serve to aid the
clinician’s justification. Unfortunately, these available guide-
lines are of varying quality with the majority being based on
expert opinion. It is important that a more critical systematic
approach is adopted in the formulation of new guidelines.

It is accepted in CBCT that FOV height and relation of the

FOV to the radiosensitive organs are the main determinants

of effective dose. Additionally, optimization of exposure and

imaging parameter factors, can achieve significant dose re-

ductions, while maintaining image quality for a range of di-

agnostic tasks, but this is not necessarily translatable to all

devices. Further development of low dose protocols in key
diagnostic areas would greatly aid the clinician.

- Despite the lack of evidence on the efficacy of CBCT, its use is
expanding rapidly in dental practice. It is a lucrative, indus-
try-driven business, sold on the basis of improved, attractive
and high-quality imaging. Critical evaluation of manufactur-
er’s advice and default protocols necessitates appropriate un-
dergraduate and postgraduate training and knowledge of the
evidence base regarding CBCT imaging.

- The current literature on CBCT imaging reveals the need for
consistent and standardized testing and reporting to allow
effective comparisons of dose calculations and optimization
techniques on image quality. Diagnostic accuracy studies do
not always reflect the clinical situation and inconsistent ref-
erence standards make ready comparison between results
impossible. Notably, higher hierarchal level studies are rare,
with only four RCTs assessing clinical outcome efficacy. Nev-
ertheless, for the purpose of establishing robust guidelines for
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appropriate use of CBCT, research in the future should be
directed at higher level clinical studies.

Zusammenfassung

Einleitung

Die Moglichkeit, hochauflssende dreidimensionale (3D) Ront-
genbilder zu erstellen, hat die digitale Volumentomografie (DVT)
in der zahnirztlichen Praxis immer populirer gemacht. Einige
inhirente Probleme der konventionellen zweidimensionalen
(2D) Radiografie wie beispielsweise Uberlagerungen oder andere
anatomisch bedingte Einschrinkungen in der Interpretierbar-
keit («anatomical noise») kinnen dabei iiberwunden werden.
In Anbetracht der stetig steigenden Nutzung der DVT, gerade
auch bei zahnirztlichen Erstbehandlungen, haben es sich die
Autoren dieser Ubersichtsarbeit zum Ziel gemacht, herauszu-
finden, welche evidenzbasierte Information dem Kliniker zur
Verftigung steht, um das mit der DVT einhergehende erhohte
Bestrahlungsrisiko zu rechtfertigen, und dieses allenfalls zu
reduzieren, um noch immer eine diagnostisch akzeptable Bild-
qualitit zu erhalten.

Material und Methoden

Die Literatur tiber Strahlendosis und das damit einhergehende
Patientenrisiko wurde eingehend untersucht. Anschliessend
wurde geschaut, wie sich die Strahlendosis optimieren lisst und
wie sich eine solche Optimierung auf die Bildqualitit auswirkt.
Obwohl es als anerkannt gilt, dass DVT die Diagnostik in vielen
Gebieten der Zahnmedizin verbessern kann, ist nicht unbedingt
klar, inwieweit dadurch Behandlungsentscheide und Behand-
lungserfolge tatsichlich verbessert werden kénnen. Um diese
Punkte genauer anzuschauen, wurden die Evidenz und die Va-
liditidt der zum Thema vorhandenen Studien gepriift.

Resultate

Die DVT-basierte 3D-Visualisierung des maxillofazialen Skeletts
kann im Vergleich zur konventionellen (2D) Radiografie mehr
diagnostische Informationen liefern. Die DVT ist dabei aller-
dings mit einer erhohten Strahlenbelastung verbunden, was die
Wichtigkeit einer strikten Befolgung von Indikationsstellung,
Rechtfertigung und Bildoptimierung unterstreicht. Bei der
Durchsicht der zum Thema vorhandenen Literatur wurde klar,
dass die Optimierung bzw. Reduktion der Strahlendosis fiir eine
gegebene diagnostische Fragestellung eine gentigende Bildqua-
litit liefern kann. Es ist allerdings so, dass die meisten dieser
Studien ein niedriges Evidenzniveau aufweisen und dass ein
standardisiertes Vorgehen weitestgehend fehlt. Zur Optimie-
rung der Strahlendosis gibt es wenig praktische Hilfe fiir Zahn-
irzte, und existierende Protokolle lassen sich nicht auf jedes
Gerit iibertragen. Hinzu kommt, dass die Bedienungsanleitun-
gen der Gerite normalerweise keine Aussagen zur Dosisreduk-
tion machen. Es gibt wenig Daten, die eine Verbesserung der
Diagnostik und des entsprechenden Behandlungsentscheids
dank DVT aufgezeigt haben. Weiterhin gibt keine Evidenz fiir
einen Effekt der DVT auf den Behandlungserfolg.

Diskussion

Die bestehende Literatur unterstreicht die Notwendigkeit, spe-
zifische Richtlinien zur Dosisoptimierung bei gegebenen dia-
gnostischen Fragestellungen zu erarbeiten. Zudem miissen kli-
nische Studien durchgefiithrt werden, um den Einfluss der DVT
auf hohere Ebenen der diagnostischen Wirksamkeit zu unter-
suchen.
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Résumé

Introduction

La tomographie volumique numérique (TVN) (ou Cone Beam
CT, CBCT) est de plus en plus populaire en pratique médico-
dentaire, car elle permet d’obtenir des images radiographiques
tridimensionnelles (3D) en haute résolution. Certaines difficul-
tés inhérentes a la radiographie conventionnelle bidimension-
nelle (2D), telles que les superpositions ou autres limitations
d’interprétation liées au «bruit anatomiques», peuvent étre
surmontées de cette maniére. En raison de I'utilisation crois-
sante de la TVN, notamment lors du traitement médico-den-
taire initial, les auteurs de ce travail de revue ont cherché a
identifier les informations factuelles obtenues ainsi par le clini-
cien et justifiant le risque inhérent a I’augmentation de I’expo-
sition aux rayons X associée a cette méthode; en outre, les au-
teurs se sont demandés comment réduire au mieux ce risque
tout en préservant une qualité d’image acceptable du point de
vue du diagnostic.

Matériel et méthodes

La littérature sur la dose de rayonnement et le risque associé
pour la santé du patient a été étudiée de facon approfondie. Puis
les auteurs ont cherché a savoir comment optimiser la dose de
rayonnement, et dans quelle mesure une telle optimisation af-
fecte la qualité d’image. Méme s’il est généralement admis que
la TVN permet d’améliorer le diagnostic dans de nombreux do-
maines de la médecine dentaire, on ne sait pas tres clairement
dans quelle mesure cette technique d’imagerie permet réelle-
ment d’améliorer les décisions thérapeutiques, et donc les ré-
sultats des traitements. Afin d’examiner de plus pres ces dif-
férents aspects, le degré d’évidence et la validité des études
existantes sur ce sujet ont été évalués.
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Objectives: To identify a dose as low as diagnostically acceptable and a threshold level of
image quality for cone beam CT (CBCT) imaging root canals, using maxillary first molar
(M1M) second mesiobuccal (MB2) canals of varying complexity for two CBCT scanners.
Methods: Dose—area product (DAP) and contrast-to-noise ratio (CNR) were measured for
two scanners at a range of exposure parameters. Subjective-image-quality assessment at the
same exposures was performed for three M1Ms of varying MB2 complexity, positioned in
an anthropomorphic phantom. Nine raters (three endodontists, three dental radiologists and
three junior staff) assessed canal visibility, using a 5-point confidence scale rating.

Results: Identification of simple-moderate MB2 canal complexity was achieved at a range
of protocols, with DAP values of 2209.3 and >203.2 mGy cm? and CNRs of 3 and 7.6 for
Promax®3D and Accuitomo-F170® respectively. For complex canal anatomy, target subjective
image quality was not achieved, even at the highest DAP values for both scanners. Junior staff
classified significantly more images as undiagnostic compared with senior staff (p = 0.043).
Conclusions: In this first study to address optimisation of CBCT imaging of root canal
anatomy, a similar threshold dose for both scanners was identified for M1Ms with simple-
moderate MB2 canal complexity. Increasing dose to enhance visualisation of more complex
canal anatomy was ineffective. Selection of standard protocols (while avoiding lower kV/mA
protocols) instead of high-resolution scans was a practical means of reducing patient dose.
CNR is not a transferable measure of image quality.
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Introduction

The use of cone beam CT (CBCT) in dentistry is not
routinely indicated, but can be justified when conven-
tional radiography is insufficient for the specific diag-
nostic task.'” Nevertheless, CBCT use is becoming
increasingly prevalent in primary care, where there is
potentially less supervision and a range of training and
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experience among its users.® CBCT can provide accept-
able image quality over a wide range of exposures; there-
fore, a risk exists of over exposing the patients, without
any diagnostically useful gain in image quality.’

An awareness of the need to “tailor” dose according
to the specific diagnostic indication, while also consid-
ering patient type, has prompted the evolution from the
dose optimisation strategy ALADA (As low as diag-
nostically acceptable) toward ALADAIP (As Low as
Diagnostically Acceptable being Indication-oriented
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and Patient-specific).® Selection criteria guidelines and
general dose optimisation guidance serve to aid the
practitioner in the appropriateness of CBCT expo-
sure.*® The pertinence of employing low dose protocols
has recently been highlighted,'® with protocols achieving
significant dose reductions suggested in the dental disci-
plines of paediatric dentistry,!" orthodontics,'? tooth
autotransplantation (TAT),"* periodontology and
implant dentistry.'”® In the process of optimisation, both
the acceptable clinical level of the image quality and
the radiation dose may differ according to diagnostic
tasks.'® Although such studies have provided evidence
to assist in optimisation efforts for particular scanner
models used, there is no evidence that the objective
image quality measurements can be transferred to a
different manufacturer’s CBCT equipment or even to
different models from the same manufacturer. Thus,
there is a need to identify if a threshold level of objec-
tive image quality exists for a specific diagnostic task
that might be readily transferable to a different scanner,
avoiding the time-consuming assessments used in this
kind of research study.

Within endodontics, limited volume, high-resolution
CBCT is indicated where the diagnostic yield from
conventional radiography is inadequate, such as in cases
of complex/atypical anatomy, resorption, perforation
and complicated endodontic surgery.!*> Complex and
atypical anatomy is of particular relevance as evalua-
tion of tooth complexity is subjective and because the
success of treatment depends on location, negotiation
and chemomechanical debridement of the entire root
canal system prior to filling.!™'® Recognised differences
in maxillary first molar root canal morphology exist due
to the anatomic variations of the second mesiobuccal
(MB2) canal,'*?° within which there is an inherent range
of complexity.?!>> Of all dental applications of CBCT,
endodontics is the one for which a high level of image
quality is invariably recommended.? Imaging the MB2
root canal anatomy of upper first molars represents a
good clinical test of image quality needs of an endodon-
tist. High-resolution settings are often selected in such
situations, although it is essential to recognise that this is
only achieved by changing exposure parameters in ways
that increase patient dose, so optimisation of exposures
is especially relevant to endodontic practice.

Clinically, image quality is ultimately subjective,
being based on whether the diagnostic task can be
achieved in the opinion of the reporting clinician.
Because of inter- and intraclinician variability in assess-
ment of radiological images, it is important to relate
such subjective assessments to objective measurements
of image quality, in this case CNR, with the purpose
of identifying if minimally acceptable values exist for
specific diagnostic tasks that could potentially aid in the
process of dose optimisation.? Validated methods of
assessing objective and subjective image quality using a
SedentexCT phantom and anthropomorphic phantoms
respectively have been used in the pursuit of optimizing
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doses for specific diagnostic tasks'>!'*!* but not for iden-
tification of root canal anatomy/imaging for endodontic
purposes. As high-resolution protocols are currently
recommended for CBCT imaging to assess root canal
anatomy,’ in addition to studying the impact of altering
tube voltage and tube current-exposure time product,
this study planned to investigate the effect of available
scanning protocols including high resolution and 180°
scans on achieving this clinical task.

Therefore, the overall aim of this study was to identify
a threshold level of dose for CBCT which is ALADA for
adequate imaging of MB2 root canal anatomy of maxil-
lary first molars and, additionally, to quantify the objec-
tive image quality at this threshold dose. By performing
this for two scanner types, some insight into the trans-
ferability of the results would be obtained. Additional
objectives included investigating the impact of anatomy
complexity on establishing this threshold dose and
examining the impact of operator experience on diag-
nostic efficacy.

Methods and materials

Sample selection and preparation

The use of extracted teeth for this study was approved
by St James Hospital/Tallaght University Hospital
Dublin (2019-02). Maxillary left permanent first molars
were selected from a bank of extracted teeth. After
extraction, the teeth were washed with water and the
adherent tissue removed gently by scraping before being
immersed in a 2% sodium hypochlorite solution (Milton
solution, Proctor & Gamble Ireland, Dublin, Ireland)
for 24 h, prior to storage in a sterile saline solution until
ready to use. Included teeth were limited to maxillary
permanent first molars (as identified by coronal and
root anatomic—morphological appearance and dimen-
sion) of normal external anatomy, a mesiodistal crown
diameter of 10 mm * 0.2, three mature distinct roots
with closed apices, absence of root fracture, caries or
resorption, a complete pulpal floor and no evidence of
previous root canal treatment. 12 left maxillary molars
which visually adhered to the inclusion criteria, were
imaged using the ProMax® 3D Classic CBCT scanner
(Planmeca, Helsinki, Finland) to confirm the inclusion
characteristics and root canal morphology. From the 12
scanned teeth, 3 representative left maxillary molars of
varying MB complexity were provisionally selected for
microCT analysis.

MicroCT analysis

In order to analyse comprehensively the MB root canal
system complexity, the three left maxillary molars were
subjected to detailed analysis using microCT (uCT 40
SCANCO Medical AG, Briittisellen, Switzerland).
MicroCT analysis was completed at 70 kVp, 114 mA, 8
W with a spatial resolution of 20 um. For each tooth, a
microCT three-dimensional (3D) model of the root canal
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Figure 1 MicroCT 3D models of the root canal systems of the three maxillary molars: (a) T6 (b) T7 (simple-moderate anatomy) and (c)
T8 (complex anatomy) constructed with 3D IPO image processing language (v. 5.15, Scanco Medical, Briittisellen, IPSwitzerland). 3D, three-

dimensional.

system was constructed with 3D PO image processing
language (v. 5.15, Scanco Medical, Briittisellen, Swit-
zerland). The reconstructed microCT 3D models of the
root canal systems and two-dimensional (2D) slices (n =
502 per tooth) were viewed independently by two endo-
dontists (defined as an individual who has completed
a 3-year full time training programme in endodontics)
who by consensus, confirmed the teeth as maxillary
first molars. In order to facilitate comparison between
the three teeth, the diameter of the main trunk of the
MB2 canal was measured. The maximum width of the
MB2 canal in the coronal third was; T6 - 760 um; T7 -
710 um; T8 - 735 um and the minimum diameter, which
was either in the middle or apical third of the root was;
T6 - 200 um; T7 - 145 pm; T8 - 163 um. Subsequently,
the canal number, configuration and complexity of the
MB2 canals of each of the three maxillary molars were
determined and classified accordingly. Specifically, the
root canal systems of three representative maxillary
first molars were classified into simple, moderate and
complex morphology as seen in Figure la—c. The “root
canal system” was defined as arising from an orifice(s)
in the pulp floor, continuing through the canal(s) to the
apically positioned foramen (or foramina).® The maxil-
lary molar positioned in the skull in the first molar posi-
tion was named T6, (Figure 1a). The MB2 root canal
system of T6 originated from one orifice in the pulpal
floor, before the MB1 and MB2 canal splits 1-2 mm
apical to the pulp floor in the coronal third of the root.
The MB2 canal rejoined the MBI canal in the coronal
aspect of the mid-third of the root before terminating
in one foramen. This is a common anatomical varia-
tion that is relatively easy to manage and was therefore
classified to be of simple complexity. The maxillary
first molar in the second molar position in the skull
was named T7 (Figure 1b). The MB2 root canal system

of T7 originated from two orifices in the floor of the
pulp chamber and terminated just short of the MBI
in the apical third of the root. T7 exhibited an added
anatomical feature of an anastomosis between the MB1
and MB2 in the mid-root area and, as a result T7, was
considered to be of simple to moderate complexity. The
maxillary first molar occupying the third molar position
in the skull was called T8 (Figure 1¢). The MB root canal
system of T8 exhibited three separate MB canals (MB2
and MB3 [within the MB2 complex]), with multiple
connections between the MB2, MB3 canals and MBI
canal in the middle third of the root. Consequently, T8
was classified as having complex anatomy, being cate-
gorised as high difficulty with respect to diagnosis and
treatment.?

CBCT scanners and selected exposure parameters

Two scanners were selected to perform CBCT imaging:
Accuitomo F170® (J. Morita, Kyoto, Japan) and
ProMax® 3D Classic. The smallest available voxel size
and field-of-view (FOV) option applicable to each
scanner were selected according to the manufacturers’
guidelines for endodontic imaging. For the Accuitomo
F170%; the FOV was 4 cm (diameter: D) x 4 cm (height:
H) and 80 um voxel size, the FOV for the ProMax® 3D
was 5 cm (D) x 5 cm (H) with a 100 um voxel size. There
were 33 different scanning protocols for the Accuitomo
F170®: X-ray tube operating potentials of 70, 80, 90 kV
and X-ray tube current selections of 3, 5, 7 and 9 mA.
These combinations were completed using a full rota-
tion 360° at normal (17.5 s) and high resolution (30 s)
settings (excluding at 9 mA, for which high resolution
settings are not possible) and then again at half rotation:
180° (9 s). For the ProMax® 3D scanner the same X-ray
tube voltages 70, 80, 90 kV were used, with X-ray tube
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currents of 3.2, 5, 7.1 and 9 mA, which were the closest
possible corresponding options to the Accuitomo F170%®
that could be selected. This resulted in 12 exposure
combinations for the ProMax® 3D. Rotations of 180°
and high resolution options altering time alone were
not features of the ProMax® 3D scanner. These combi-
nations represent a wide range of exposures, including
those employed in clinical practice and recommended in
manufacturer protocols for endodontic imaging.

Dose measurements

Dose measurements were performed on each CBCT
scanner for the chosen exposure settings. Dose-area
product (DAP) values (mGy c¢cm?) were obtained using
a calibrated DAP meter sensor with an active area of 7
cm (VacuDap; VacuTech Messtechnik GmbH, Dresden,
Germany) positioned at the centre of the X-ray tube
window; this completely intercepted the radiation field
(4 x4 cm: Accuitomo® F170 and 5 x 5 cm: ProMax® 3D)
for all combinations of kV and mAs. For the Accuitomo
F170%, this resulted in 33 DAP values (as exposures at 9
mA were not possible at high resolution setting) and 12
DAP values for the ProMax® 3D. To assess consistency
of the units, the DAP values were repeated and recorded
four times for 80 kV, 5 mA at normal and high reso-
lution where applicable and the coefficient of variation
calculated.

Image quality: objective measurement

To assess objective image quality, contrast resolution
was measured using the SedentexCT IQ phantom
(Leeds Test Objects, Boroughbridge, UK): 162 mm (H)
x 160 mm (D) along with the corresponding polytet-
rafluoroethylene (PTFE) insert, consisting of five rods
of PTFE of differing diameters (1, 2, 3, 4 and 5 mm)
embedded in polymethylmethacrylate (PMMA). The
PTFE insert was selected as being representative of
dental hard tissue.'>'

The insert was positioned in the upper left molar
region in the phantom (as per position of experimental
teeth in skull) and the remaining phantom columns in
the SedentexCT IQ were filled with PMMA inserts.
The dedicated dental CBCT phantom was mounted on
a rigid tripod and positioned as per standard patient
set-up. In total, all inserts were scanned individually at
all exposure protocols for Accuitomo F170® (x33) and
ProMax® 3D (x12).

Calculating CNR

The resulting 45 data sets from the PTFE insert scans
were individually exported as DICOM files into Image J
software v. 145 s (National Institute of Health, Bethseda,
MD). Axial images were analysed at a 16-bit scale. On
these images, a circular region of interest (12 mm?) was
drawn on the 5 mm diameter rod of the PTFE insert and
another in the background PMMA thereby enabling
pixel value calculation of each material. Beginning at
the centre of the 5 mm rod and moving upwards (to
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avoid possible interference in pixel values created by the
air gap between the test insert and the blank PMMA)
measurements were performed on five consecutive axial
images. For each scanning protocol, the mean and stan-
dard deviation of the pixel values from the five slices
were recorded for the PTFE rod and background mate-
rial and CNR calculated using the formula:
CNR = (MPVinsert_Mpvbackground)

\/(standard deviationyser+standard deviationy, ckeround)/2

Image quality: subjective measurement

The three selected left maxillary molars were mounted in
a dried adult skull (obtained from the Anatomy Depart-
ment of Trinity College Dublin) from which the existing
molars had been carefully extracted by sectioning the
roots to avoid damage to surrounding bone. Mounting
of the three teeth selected for the study involved careful
osteoplasty of the alveolar bone using a stainless steel
rosehead bur in a slow-speed handpiece to acquire a
best possible fit, prioritising an optimal position of the
buccal roots. The three study teeth were maintained in
place with a radiolucent modelling wax. The skull and
implanted teeth were positioned in a head-shaped poly-
styrene container, specifically designed to house the
skull along with upper cervical spine vertebrae (C1-C4)
and immersed in water to simulate soft tissue density.
This anthropomorphic phantom was the same as that
used in previous studies,'>?’ designed to replicate the
clinical scenario as closely as possible, with the skull
and cervical vertebrae being soaked in water for 48 h
before imaging to ensure water had displaced air from
all trabecular spaces.

The container design facilitated fixation to a tripod
stand and allowed positioning as for a patient set-up
with initial scout images confirming centering of the
FOV on the upper left molar region. The phantom was
then exposed to all 33 scanning protocols as described
for the Accuitomo F170® scanner, this being completed
in one session ensuring imaging consistency. This same
protocol was repeated for all 12 scanning combinations
described for the Promax® 3D scanner.

Image evaluation

Including both scanners, there were 45 CBCT data sets
available for observation. An additional nine datasets
(20%) were randomly selected and duplicated within
the study sample to assess intraobserver variability, the
observer being blinded to the duplicates. The resulting
54 data sets were randomised (via a downloaded internet
programme https://app.studyrandomizer.com/); volume
acquisition parameters anonymised and each allocated
a number 1-54.

Images were viewed with the viewing software
provided by the manufacturer; Accuitomo datasets
using i-Dixel One Volume Viewer software (Morita,
Japan) and the ProMax data sets viewed using Planmeca
Romexis software (Helsinki, Finland). Evaluation of all
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Figure 2 ProMax® 3D dataset (viewed with Romexis software) of the three implanted maxillary molars which were evaluated in all three
orthogonal planes to identify the presence and extent of the MB2 canal at the exposure parameters of that image set (80 kV, 5 mA). 3D, three-

dimensional. MB2, second mesiobuccal.

the images was facilitated using a new Acer V176LBMD
177 HD Ready Monitor (Acer UK, London), with
lumininance of 250 cd/m? dynamic contrast ratio of
100,000,000:1 and resolution of 1280 x 1024 pixels.
The technical specifications of the monitor are within
the range indicated by the Health Protection Agency
as required for diagnostic purposes of dental CBCT
images (Health Protection Agency, 2010). Evaluation
of the monitor using a test pattern [Society of Motion
Picture and Television Engineers test pattern (SMPTE)]
was carried out to determine that each distinct greyscale
levels and all of the bars on each of the resolution test
patterns could be individually resolved.

Subjective evaluation of image quality was performed
by nine observers, consisting of six senior hospital
dentists (three dental and maxillofacial radiologists and
three endodontists) and three junior hospital dentists
(dentist with <2 years post qualification). The observers
were informed that the purpose of the study was to
evaluate the effect of differing acquisition parameters
on identification of MB2 canal anatomy in maxillary
first molars. All observers had exposure to CBCT image

Table 1

interpretation and software. Nonetheless, due to their
differing skill sets, range of CBCT interpretation expe-
rience and familiarity with the two viewing software
systems utilised in the study, a standardised interac-
tive tutorial was given by one of the researchers (MM)
prior to the observation and reinforced with a printed
document. Viewing conditions for all observers were
consistent. Ambient room lighting was recorded using
an illuminance meter and ensured that this was less
than 50 lux. Observers were able to adjust contrast and
brightness as required and to rotate and tilt the volu-
metric data using the three orthogonal reconstructions,
a screenshot from one of the data sets can be seen in
Figure 2. No time restriction was placed on the period
of observation.

Each observer completed a 7-part questionnaire,
which they answered using a 5-point rating scale of
agreement for each of the 3 maxillary first molars for
all 54 scans, circling the number which corresponded
to their answer (Table 1). Questions (Qs) 1-4 related
to the presence of the MB2 canal at the pulp floor, in
the coronal third, middle third and apical third of the

Summary form of questionnaire, with a rating scale to reflect the confidence the observers had in their response

Can you identify a separate second mesiobuccal canal (MB2) in the 0 = No - Complete Confidence

root anatomy for each maxillary first molar:
Q1- At level of pulp floor?

1 = No - Partial Confidence
2 = Unsure

3 = Yes - Partial Confidence

Q2- Within coronal third?

Q3- Within mid-third?

Q4- Within apical-third?

Q5- If identified, is the MB2 canal continuously visible from its
perceived origins coronally to its termination?

Q6- Are you confident that this volume is diagnostically acceptable?

4 = Yes - Complete Confidence

Q7- For each volume 1-54, can you trace over the microCT depiction of the MB2 canal anatomy that you can definitively identify from the
image set for the first molar teeth in positions UL6, UL7, ULS8 with the provided red pen.

MB2, second mesiobuccal.
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tooth, but did not address continuity of the canal, which
was considered in Q5. Q6 related to the confidence the
observer had in the acceptability of the image quality
of the scan. While Q5 dealt with canal continuity using
a confidence scale, a final required task (Q7) involved a
quantitative assessment of canal visibility. This involved
tracing the extent of the MB2 canal that they could
definitively identify for each of the three teeth, using the
microCT images of the molar anatomy as a template.
These tracings of the anatomy were then measured
using a calibrated acetate overlay and the percentage of
the MB2 anatomy identified (recorded as a percentage
of the total length identified on microCT) and assigned
to each of the three maxillary molars per volume. To
assess repeatability of this measurement technique, five
randomly chosen data sets were selected to repeat the
measurements.

The observers had been familiarised with the ques-
tionnaire as part of the instruction tutorial. The ques-
tionnaire was piloted by 2 endodontists and 2 junior
hospital dentists who evaluated 10 randomly chosen
data sets and their feedback on the instructions and
questionnaire was used to refine the final documents.

Data analysis

Diagnostic acceptability (Q6) responses for each of the
45 data sets (excluding repeats) were examined and if
the percentage of observers recording a scan as diagnos-
tically acceptable (i.e. agreed or strongly agreed options)
fell below 67% (i.e. 6 out of 9 observers), it was consid-
ered a negative result and was excluded from further
analysis.

Assessment of pilot study results identified target
levels for specific subjective imaging tasks: identifica-
tion of the percentage of MB2 root canal identifiable
and secondly for both confidence in the presence of the
canal at the different levels of the root (Qs 1-4, Table 1)
and identification of canal continuity (Q5, Table 1).

On analysis of percentage of MB2 root canal anatomy
identified by each observer for each of the three maxil-
lary first molars at every diagnostic exposure protocol
in the pilot study, a target subjective image task was
provisionally set as identifying 95% of the MB2 canal
anatomy. This task included identification of the canal
at the level of the pulp chamber floor and the coronal
third of the MB root, which by consensus was deemed
most relevant from an endodontist’s perspective.

Employing the confidence scale ratings from ques-
tionnaires for diagnostic exposure protocols from the
pilot study, the median of the observers’ confidence
scale rating (CSR) responses for the identification of the
MB2 canal for Q’s 1-4 at the level of the pulpal floor
and in the coronal, middle and apical thirds of the root
were identified for each of T6, T7 and T8. Similarly, the
median CSR responses related to Q5: identification of a
continuous MB2 canal from perceived origin to termi-
nation, were established. Using these data, a second
target subjective image task of achieving median CSRs
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of 3.5 was set from the pilot study. This corresponded to
95% MB2 canal anatomy identification, achieving close
to complete confidence in identifying the MB2 canal
in all thirds of the root canal and identifying the MB2
canal continuously from origin to its termination.

These combined subjective image tasks were used to
indicate the CNR values necessary to achieve the diag-
nostic task of root canal identification and from which
the corresponding threshold exposure factors and DAP
values could be identified.

Statistical analysis

Statistical analysis was performed using IBM SPSS
Statistics (v. 24.0; IBM Corporation, NY). Intra and
interobserver agreement for subjective image quality
assessment was calculated using Cohen’s ¥ test (K)
using the scale for strength of agreement described by
Altman; K < 0.20: poor, K = 0.21-0.40: fair, K = 0.41-
0.60: moderate, K = 0.61-0.80: good, K = 0.81-1.00:
very good.” Intraobserver agreement was calculated
for each of the observers by considering their responses
for Q’s 1-5 (identification of root canal anatomy) in the
questionnaire and also separately for Q6 (diagnostic
acceptability of the data sets). To facilitate the analysis,
the responses to the six questions were dichotomised,
with values 4 and 5 considered as a positive result while
1, 2 and 3 were considered as negative result.'>? Interob-
server agreement was evaluated for Q’s 1-6 separately.
The proportion of acceptable/unacceptable images iden-
tified by the junior hospital dentists and senior hospital
dentists (endodontists and radiologists) was calculated.
Contingency tables and a ¥ test was used to determine
statistical significance of the difference in proportions
of these two groups with statistical significance set at
<0.05.

Results

Dose measurements

DAP values for the ProMax® 3D Classic (Table 2a) and
Accuitomo F170® (Table 2b), demonstrate expected
variations according to exposure settings. DAP value
reproducibility for the ProMax® 3D scanner, based
on four measurements at 80 kV and 5 mA resulted in
a standard deviation (SD) of £0.96 mGy cm?. For the
Accuitomo F170%, reproducibility at 80kV and 5 mA

Table 2a For ProMax® 3D:

DAP, Dose-area product.
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Accuitomo F170%: DAP values and associated exposure protocols of datasets that observer assessment identified as being:

251.2 90.5 181.7

118.0 233.9 409.5 147.1 294 517.5
163.2 3244 568.9 203.2 405.1 714.4
207.9 410.5 N/A 257.6 520.2 N/A

Undiagnostic:

Diagnostic:

Diagnostic and achieving‘combined target subjective image tasks™
DAP, dose—area product.

for both standard and high resolution settings had a
resulting SD +1.07 and £1.39 mGy cm? respectively.

Image quality: Objective measurement

Figure 3a and b relate CNR values to DAP values for
the ProMax® 3D and Accuitomo F170® respectively.
This approximates to a second-order polynomial rela-
tionship. Figure 3b demonstrates that high resolution
settings achieve comparatively lower CNR values than
the standard and 180° scans for the Accuitomo F170®

ProMax® 3D
4
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Figure 3 CNR values plotted against DAP values for (a) ProMax®
3D and (b) Accuitomo F170®. Additionally, the DAP values corre-
sponding to the CNR value necessary to achieve the combined subjec-
tive image tasks for root canal identification are highlighted. CNR,
contrast-to-noise ratio; DAP, dose—area product.

at equivalent DAP. CNR values are notably lower for
the Promax® 3D compared with the Accuitomo F170®
at equivalent kV and mA protocols (Figure 3a and b).

Image quality: subjective measurement

k values for intraobserver agreement are detailed in
Table 3. Junior hospital dentists demonstrated fair—
moderate strength of agreement (x« = 0.31-0.56), while
senior hospital dentists (radiologists and endodontists)
exhibited good-very good strength of agreement (x =
0.65-1) for questions relating to identification of root
canal anatomy and continuity of the canal (Q1-5) as
well as the diagnostic acceptability of the data sets (QO6).
Interobserver agreement for questions relating to root
canal anatomy identification (Q2-5) and diagnostic
acceptability (Q6) ranged from moderate to good (x =
0.45-0.58). Levels of agreement were only fair for Q1:
identification of the MB2 canal at the level of the pulp
chamber floor (x = 0.27).

The proportion of data sets judged as being of accept-
able/unacceptable image quality (Q6) by the radiologist
and endodontists were similar, being 84%/16% and
81%/19% respectively, but differed from the judgments
of junior hospital dentists; 67%/33%. Using the y? test,
a significant difference was identified (p = 0.043) with
junior staff classifying significantly more images as
undiagnostic compared with senior staff.

Tables 2a and 2b shows the results of the subjective
image quality assessments for ProMax® 3D and Accu-
itomo F170® respectively at each exposure protocol and
corresponding DAP value. Four scans taken using the
ProMax® 3D and four using Accuitomo F170® were
categorised as undiagnostic and excluded from further
analysis.

On analysing the percentage of MB2 root canal
anatomy identified by each observer for the 37 diag-
nostic data sets, for simple-moderately complex
anatomy, senior staff consistently identified a margin-
ally increased percentage (0-7.2%) of MB2 root canal
anatomy than junior staff; the difference was not
evident at the highest DAP values for both scanners
(Supplementary Table 1). This trend between junior and
senior staff was repeated for complex anatomy, but with

birpublications.org/dmfr
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Table 3 Intraobserver agreement of the nine observers (END = Endodontist, RAD = Radiologist, JHD = Junior hospital dentist) for Q’s 1-5

(root canal anatomy identification and continuity) and Q6 (diagnostic acceptability), measured using K.

Observer code ENDI END2 END3 RADI RAD2 RAD3 JHDI1 JHD2 JHD3
K Values: Q’s 1-5 0.65 0.69 0.71 0.67 0.73 0.69 0.50 0.51 0.56
K Values: Q6 0.73 1 0.76 1 0.76 0.31 0.55 0.53

END, Endodontist; JHD, Junior hospital dentis; RAD, Radiologist.

margin of difference increasing (1.9-18.1%); however,
for complex anatomy, increasing the DAP values did not
reduce the differences between junior and senior staff
in the percentage of canal identified. Agreement within
both groups was greatly reduced for complex anatomy,
as reflected by their greatly increased standard deviation
values.

Repeatability assessment of the recording of the
percentage of canal identified using the 5 repeat volumes
(15 teeth) demonstrated that while 10 teeth showed no
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Figure 4 Mean percentage of MB2 canal anatomy identified by
all observers related to CNR values, calculated for each exposure
protocol judged as diagnostically acceptable for (a) ProMax® 3D and
(b) Accuitomo F170%. Regarding simple-moderate anatomy, a CNR
of 23 and 27.6 were necessary to achieve the subjective task (i.e. iden-
tifying 295% MB2 canal anatomy) for the ProMax® 3D and Accui-
tomo F170® respectively. CNR, contrast-to-noise ratio; MB2, second
mesiobuccal.

Dentomaxillofac Radiol, 49, 20200072

birpublications.org/dmfr

difference from the original recording, 5 teeth exhibited
a small variation ranging from 1 to 1.7%.

CNR values necessary to achieve diagnostic task of root
canal identification

Figure 4a and b highlights that the percentage of MB2
canal anatomy identified increased along with CNR
values. The target subjective image task of identifying
>95% of the MB2 canal anatomy corresponded to a
CNR of 3 for simple to moderate anatomy (T6, T7) for
the ProMax® 3D and a markedly different CNR of 7.6
for the Accuitomo F170® scanner. The target subjec-
tive image task was not achieved at any DAP value for
complex anatomy (T8).

The second subjective task of achieving median
CSR’s > 3.5 for Qs 1-4 and Q5 were related to CNR
for both scanners and are depicted in Figure 5a—d. With
the ProMax® 3D scanner; for simple-moderate anatomy,
achieving median CSR responses of >3.5 occurred at a
CNR of 3 for both identifying the MB2 canal in all thirds
of root canal anatomy (Q’s 1-4) and for identifying it as
continuous from perceived origin to termination (QS5)
and at 3.6 and 3.7 respectively for complex anatomy
(Figure 5a and b). For the Accuitomo F170® scanner,
median CSR responses of >3.5 for both tasks Q1-4 and
Q5 for simple-moderate anatomy corresponded to a
CNR value of 7.5 and 7.3 respectively and at 8.5 and
11.3 values for complex anatomy (Figure 5c and d).

Identifying DAP and exposure protocols that correspond
to threshold CNR values

As shown in Figure 3a and b, the DAP values neces-
sary to achieve the combined subjective image tasks
for simple-moderate MB root canal complexity (T6,
T7), were 209.3 and 203.2 mGy cm? for Promax® 3D
and Accuitomo F170® scanners respectively. For
complex anatomy (T8), this subjective image task was
not achieved, even at the highest DAP values for both
scanners.

For maxillary first molars exhibiting simple-moderate
root canal complexity, Table 2a, b summarise the expo-
sure protocols and resultant DAP values that were
considered undiagnostic, diagnostic and those which
were at or above the “threshold dose” to achieve the
combined “target subjective image quality tasks.” For
the ProMax® 3D the threshold dose (2209.3 mGy cm?),
included 90 kV protocols of 5 mA and above and one 80
kV/9 mA protocol (Table 2a). For the Accuitomo F170%,
the threshold dose (>203.2 mGy cm?) was achieved for
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Figure 5 Median of the observer CSRs related to CNR for Qs 1-4 (a) and Q5 (b) for ProMax® 3D and QI-4 (c) and Q5 (d) for Accuitomo
F170®. Regarding simple-moderate anatomy, achievement of the second subjective task (median CSRs of >3.5) was possible at a CNR of 3 for
the ProMax® 3D for both Qs 1-4 and Q5 and 7.5 and 7.3 respectively for the Accuitomo F170®. Shaded areas outlined in (c, d) highlight the
trend of markedly lower median CSRs scored with complex anatomy compared to simple-moderate anatomy. CNR, contrast-to-noise ratio; CSR,

confidence scale rating.

a range of protocols (Table 2b). Only three 180° scan
protocol at the higher range of the kV and mA proto-
cols were identified as achieving these combined “target
subjective image quality tasks.” Conversely, all high
resolution Accuitomo F170® scans reached this level
of subjective image quality, except at the lowest kV and
mA experimental selection. These tables do not include
complex anatomy (T8) as the combined subjective task
was not achieved at any experimental DAP value.

Discussion

This purpose of this study was to ascertain whether a
threshold level of image quality, and hence an optimised
dose level, could be established for the accurate iden-
tification of root canal anatomy using CBCT imaging,
a diagnostic task which is believed to necessitate high
image detail and an associated increase in patient dose
compared with less demanding diagnostic tasks.*3! By
measuring DAP values at a range of exposure protocols
and carrying out parallel subjective and objective image
quality assessments, it was anticipated that the impact
of varying exposure settings could lead to the identifi-
cation of a threshold dose and CNR value as well as
identification of a practical strategy for the reduction
and optimisation of radiographic exposures within
endodontics. Furthermore, by carrying out the investiga-
tions using two commercial CBCT scanners, an analysis

of whether the threshold level of objective image quality
for this specific diagnostic task could be transferred to
a different scanner was carried out. Protocols achieving
significant dose reductions for specific dental diagnostic
tasks have been established,!'™ involving dose measure-
ment, objective and subjective assessment, but not in an
endodontic context and none of these has investigated
the transferability of objective image quality measure-
ments between scanners. Additionally, this study also
examined the impact of anatomy complexity on estab-
lishing a threshold dose for this diagnostic task and the
effect of operator experience on diagnostic efficacy. One
previous study has investigated the relationship between
objective and subjective image quality and the poten-
tial for transferability of findings between different
CBCT scanners, recording observer findings of various
anatomical features in a human skull phantom. These
included “pulp canal” assessments, but were in the form
of a general overview of all teeth in a skull phantom
rather than a detailed endodontic assessment. They
did not find evidence that minimally acceptable image
quality values were applicable to multiple CBCT models,
but did not specifically consider the root canal visualisa-
tion, focusing on implant planning, root pathology and
sinus pathology.

CBCT imaging of root canal systems prior to
endodontic management is indicated in cases in which
anatomically challenging morphology is predicted and
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for which a combination of conventional radiography
and potential clinical investigation with a dental oper-
ating microscope cannot indicate the orifice, portals of
exit or extent/continuity of the canal.’ Identification and
negotiation of more complex anatomy is important, as
failure to locate anatomy reduces chemomechanical
debridement and results in excessive dentine removal,
which can lead to potential clinical complications
including root fracture and perforation,” as well as
an increased risk of root canal treatment failure and
possible tooth loss.>* The mesiobuccal root of a maxil-
lary first molar is recognised as having the most predict-
ably complex root canal anatomy in adult teeth!”!® and
therefore was used within the current study as a “model”
to investigate the effect of reducing dose on the diag-
nostic task of root canal identification in teeth with a
range of root complexities.

The need for dose reduction strategies within the
discipline of endodontics and specifically canal anatomy
identification is particularly pertinent. While it is diffi-
cult to currently ascertain the incidence of CBCT use
for this indication, it appears that routine endodontic
preoperative CBCT scans of teeth are being suggested
for a more accurate assessment of root canal anatomy?*
which is not in keeping with current guidelines on dental
CBCT imaging.’

This diagnostic task-based study ultimately relied
on subjective analysis of the CBCT images. In order to
reproduce the clinical situation as accurately as possible,
the skull and cervical spine set up was used to repli-
cate the normal attenuation and scatter by a human
head.?” However, like other optimisation studies in the
literature,''"" it does not replicate the impact of patient
movement on image quality, which can be particularly
pertinent for high resolution settings with extended scan
times.* Similarly, in this study the first molar and adja-
cent teeth had not been restored with metal restorations
and were not previously root canal treated, which can
both produce artefacts throughout the FOV that can
negatively impact on image quality and thus on canal
visualisation.%

Assessing the impact of differing exposure protocols
on root canal anatomy identification necessitated selec-
tion of maxillary first molars with differing root canal
anatomies, reflecting a spectrum of both complexity and
difficulty with respect to diagnosis and treatment. To
exclude the impact of MB2 canal width, it was ensured
that all MB2 canals exceeded 100 um at their narrowest
point, this figure was extrapolated from the literature
on CBCT detection of vertical fractures,’* which has
shown that defects above a minimum width of 2100 pm
could be predictably appreciated and diagnosed with
CBCT imaging.

Anatomical variations in the MB root canal system
vary in both incidence and complexity,®?* with
recognised variations considered in this study encom-
passing additional, accessory and connecting canals,
anastomoses and canal divisions. The three selected
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molars in this study all displayed a MB2 canal, but
with variations in origin, length, anastomoses, divi-
sions and as a result, complexity of the MB2 canal.
T6 was classed as having simple anatomy as this canal
variation (Type II Vertucci) is the most common in the
MB root.* T7 was classed as representing a simple-
moderate complexity, being Type II Vertucci, with an
incidence of 25-45%,>*'but with an added anastomosis
between MB1 and MB2, which is reported to occur in
2.9% of cases.”? Although these anastomoses cannot
be instrumented, their visualisation is relevant to alert
the clinician regarding potential reservoirs of bacteria
and need for enhanced irrigation. T8, possessing several
variations and classified as complex (a variation of Type
VIII Vertucci), has a reported incidence of 1.3% and
0.2-12%.%* Obviously the selected sample of MB2 root
anatomical configurations is not exhaustive; however,
in combination with two CBCT scanners and range
of exposure protocols it was not considered feasible to
include a greater selection of teeth, not least because of
observer time commitment requirements.

No validated tool for subjective assessment of root
canal identification at a range of exposure protocols
exists; the development of the 7-part questionnaire and
subsequent assessment of the results took into account
methodology from other previously published studies
reporting on the measurement of image quality in diag-
nostic radiology.'>!4# This design approach was used in
conjunction with a discussion amongst the researchers
and the pilot study results. Use of a 5-point rating scale
for observer assessments is a validated tool for assessing
image quality in diagnostic radiology. This scale
permits the observers to have a wider scope in which
to record their answer, rather than being limited only
to a positive/negative response, an approach utilised/
validated in other subjective image quality studies.'>?
This facilitates assessment of the degree of certainty
and uncertainty and the option of being unsure to
be reflected in elements of the analysis (median CSR
responses). Additionally, dichotomisation of the data
was necessary for other aspects (identification of diag-
nostic/undiagnostic data) with 0, 1, 2 responses being
classified as a negative response and 3, 4 as a positive
response. Unsure (=2) was noted as a negative response
leaving just two positive options (=3, 4) ensuring that
a positive response was documented only when the
observer recorded as such.

Nine observers (three radiologists, three endodon-
tists and three junior hospital dentists) were enlisted
to perform subjective image quality assessments under
standardised conditions in order to reflect the varying
experience and skill set of a range of operators, who
would realistically be carrying out this diagnostic task in
primary/tertiary clinical/referral practice. Although, the
number of observers was in keeping with other image
quality assessment studies, there is no clear guidance
on how many observers are needed in imaging studies.*
Larger numbers of observers would reduce the impact


http://birpublications.org/dmfr

of subjectivity; however, recruiting greater number of
observers was not possible.

Identifying a “target subjective image task” involved
analysing the endodontists opinion of the volume of
root canal identification necessary to fulfil the diagnostic
task, balanced with clinical relevance. A consensus of
opinion between the three endodontists established that
the position of the MB2 orifice relative to the floor of
the pulp chamber was particularly important, as this
would dictate the volume of dentine required to be
removed prior to potential canal location. Addition-
ally, whether the canal was readily visible in the coronal
third of the root was also clinically relevant, as it would
be unlikely that the operator would search for a canal
beyond the coronal third of the root, due to the poten-
tial complication of perforation and weakening of the
root structure.’ Percentage of root canal identified was
assessed from tracing over the microCT “truth” and not
from being asked to simply draw that part of the MB2
canal that they could definitively identify. It is of course
possible that the availability of the “diagnostic truth”
might have led to higher proportions of root canal
length by observers than were genuinely seen by them,
but the strategy was considered to be the only practi-
cable way forward.

After analysis of the pilot study results and discussion
with three “study” endodontists, a provisional figure of
95% of the MB2 canal identified was chosen as a “target
subjective image task.” It was observed from the pilot
study data that that when the observers identified >95%
canal anatomy, that the MB2 canal was also always
successfully identifed at the level of the pulp floor and
in the coronal third of the MB root, these two objectives
being deemed by endodontists to be particularly clini-
cally relevant to this diagnostic task. The target subjec-
tive image task of 95% was reassessed after analysis of
the completed study results and it was identified that
this same pattern was evident. Similarly, analysis of the
pilot study results also elicited a further subjective image
target of achieving median CSRs > 3.5 (questionnaire
scale 0—4), which reflected the observer’s confidence in
continuously identifying the canal in all thirds of the
tooth and was established with 95% canal identification
as the combined “target subjective image tasks.”

Randomly selecting and randomly repeating 20%
of data sets within the study sample was used as the
method to assess intraobserver reliability, resulting
in 54 of data sets (including duplicates). It could be
argued that a means of reducing recall bias further
would be to include a greater number of teeth but this
would have increased the number of datasets and time
required from observers to an impractical level. For
the three junior hospital dentists, although statistically
significantly lower than those of the specialists, intraob-
server reliability was still classifiable as “moderate” for
all questions except for one observer for the question
(relating to overall image quality, not specific to root
canal visualisation), which was only “fair.” It might be
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argued that the lower intra observer reliability of the
junior clinicians was not sufficient for a research study.
Their inclusion was, however, considered worthwhile in
being representative of the real world, in which use of
CBCT is not limited to specialists.

Although pairwise comparison of observer results for
questions relating to root canal identification and diag-
nostic acceptability (Q’s 2-5 and 6) revealed moderate to
good interobserver agreement, agreement was only “fair’
for identification of the MB2 canal at the level of the
pulp chamber floor (Q1) . Differing perceptions as to
whether this referred to a common orifice for MB and
MB2 or a separate orifice for MB2 could potentially
explain this as would observer perception of the pulpal
floor.

Undiagnostic scans were removed prior to analysis,
being identified as those scans which at least six out of
the nine observers did not record as diagnostic (67%).
This was keeping with majority based image quality
acceptance that been utilised in optimisation studies.'
The percentage of scans identified as undiagnostic by
junior hospital dentists was significantly greater than
that by the senior hospital staff (p = 0.043). This is likely
to be due to the influence of experience and training that
radiologists and endodontists possess with regard to
diagnostic skills compared with recently qualified grad-
uates. Notably, it has been suggested that the inexperi-
enced operator is also more likely to request a CBCT
scan,* highlighting less confidence with diagnostic skills
in general and perhaps a familiarity and reliance on new
technologies.

DAP was used to establish dose of each of the scan-
ning protocols for both scanners; it is practically easy
to achieve, relates relatively well to effective dose and
has been recommended for establishing diagnostic refer-
ence levels (DRL’s).? It is understood that DAP has the
potential limitation of being over or underestimated®’;
nonetheless, DAP is still advocated and utilised for
comparing dose between machines and assessing dose
reduction strategies. #1347

A range of physical phantoms has been employed to
facilitate dental CBCT objective image quality assess-
ment.®3% The SedentexCT phantom was used in the
current study, as it was designed specifically for dental
CBCT and is successful in assessing basic image quality
parameters.’>> The SedentexCT phantom is the size of
an adult human head and is constructed from PMMA on
the basis that this material simulates the average attenu-
ation of the soft tissues of the human head, taking into
account that there are also high attenuation structures
(e.g¢ mandibular cortical bone and tooth enamel) in
addition to the low attenuating contribution of air cavi-
ties (sinuses and oral cavity); this is reported to result in
detector photon fluences similar to the human head.’!*
Therefore, the objective image parameters measured
using the selected inserts can be related to the scanners’
clinical performance.
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CNR is an objective measure of technical image
quality and an effective means of assessing perfor-
mance and constancy of a CBCT device.”! CNR can be
easily interpreted and has been widely used to assess the
impact of tube voltage and tube current-exposure time
product on image quality and therefore is considered an
appropriate tool in optimisation strategies.'>**¢ CNR
was assessed using a PTFE insert (this particular insert
approximating bone density), with previous related clin-
ical diagnostic studies confirming that the PTFE insert
generated CNR values which had a significant relation-
ship with bone tissue.'>!* While other software exists for
evaluation of physical parameters on IQ phantoms for
dental CBCT, Image J was employed in this study as it is
readily accessible and its effectiveness has been validated
in several similar studies.'>!+3!-53

The results demonstrated that CNR increased with
increasing DAP and hence with tube voltage and tube
current (Figure 3b). Differences in CNR have been iden-
tified as largely influenced by the noise element of the
equation.? *® Increasing mAs decreases the image noise
by increasing signal at the detector but, since the beam
penetration remains the same, contrast is unaffected.
Higher kV values increase the detector signal due to
the increased photon count and energy, resulting in a
proportional fall in photoelectric effects and an increase
in Compton scatter. In 2D radiography, reducing tube
voltage within diagnostic range leads to an increased
difference in attenuation between tissues of varying
density and therefore increased image contrast, the
opposite being the case when tube voltage is increased.
In contrast, with CBCT imaging, the pure signal that
reaches the detector does not solely determine contrast
due to the additional information from the projectional
data at many angles. Therefore, for CBCT imaging in
this otherwise fixed scanning set up, contrast over the
range of exposures exhibited relatively little variation
(as could be identified from the pixel/grey value data)
whereas noise varied with exposure protocol (as identi-
fied from the SD of grey values consistently decreasing
with increased tube voltage and tube current) causing
noise to be the major contributor to CNR.

When compared to standard protocols, 180° scans
resulted in CNR values at the lower end of the range
(Figure 3b), this being related to decreased basis images
and a concomitant increase in noise. For each kV and
mA protocol, high resolution setting selection delivered
CNR values only marginally greater than 180° scans
and markedly lower than standard protocols. Moreover,
when considering equivalent DAP, CNR values of high
resolution settings were distinctly lower than both stan-
dard and 180° protocols. This can be attributed to the
fact at high resolution setting the pixel array changes
from a 2 X 2 array (i.e. four for standard setting) to an
individual pixel (i.e. one for high resolution setting),
thereby reducing the signal by one quarter, increasing
noise and resulting in a decreased CNR values. Addi-
tionally, the small FOV (4 X 4 cm) reduces photon
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fluence further, allowing noise to dominate. Accuitomo
F170® CNR values for standard protocols were consid-
erably higher than for the equivalent protocols using
the ProMax® 3D scanner. This may be related to the
differing voxel size and/or differing technologies, e.g
detector efficiency

The evaluation of clinical image quality by observers
is unavoidably subjective, as can be seen from interob-
server agreement levels, whereas physical parameters
can largely be measured in a reliable and repeatable
manner; however, there is no direct way of translating
these physical parameters to clinical image quality. This
study defined a combination of subjective image tasks
for the diagnostic task of root canal identification and
identified the objective image quality, in this case CNR,
that achieved these tasks for two different scanners.
Regarding the ProMax® 3D, achieving all components
of the combined “target subjective image task”™ elic-
ited identical CNR values (3) and similar CNR values
for the Accuitomo F170® (7.3, 7.5, 7.6), this being for
maxillary first molars exhibiting simple-moderate
root canal complexity. This indicates that for the same
scanner, these clinically relevant and necessary tasks to
achieve root canal identification all demanded the same
or similar CNR level, indicating that CNR is a rele-
vant measure of objective image quality in the task of
canal identification. For both CBCT models, on relating
CNR to the subjective measurements of image quality,
similar patterns of improved subjective image quality
with increased CNR were evidenced in the scatter
plots (Figures 4a, b and 5a-d), albeit the relationship
between CSRs and CNR for the Accuitomo F170 was
less clear cut/evident (Figure Sc—d). However, it has to
be concluded that in this study the CNR values iden-
tified to achieve the diagnostic task were not the same,
or even similar, for the two CBCT models and there-
fore indicates that a reference CNR value for this diag-
nostic task cannot be applied between CBCT models.
This can likely be attributed to differing technologies
such as tube filtration, detector efficiency, FOV, filtering
or voxel size of both scanners. Relating CNR alone to
subjective image quality has some limitations in that it
does not account for spatial resolution and, as can be
seen from Figure 4b, focusing on the complex anatomy,
there is a pattern of lower CNR high resolution scans
achieving similar levels of canal identification to CNR
standard protocols, which perhaps may be attributable
to enhanced spatial resolution of these high resolution
protocols. Therefore, in agreement with other studies,
the relationship between objective measurements of
image quality (in this case CNR) and subjective image
quality is complex, with it being difficult to definitively
relate one to the other in order to devise optimisation
Strategies.”’12’14’57’58

For maxillary first molars exhibiting simple-moderate
root canal complexity, the threshold DAP values neces-
sary to achieve the combined subjective image tasks
were similar for both scanners (209.3 and 203.2 mGy
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cm? for Promax® 3D and Accuitomo F170® scanners
respectively) and lower than the recently published
National Diagnostic Reference Level (NDRL) for adult
CBCT (based on maxillary molar preoperative implant
assessment) in the UK of 265mGy c¢m?® and much
lower than the Finnish NDRL (specifically for CBCT
examination aimed at assessment of tooth’s periapical
region and root canal morphology) of 550 mGy.cm?.%
This study suggests that there is scope for optimisation
of patient dose in CBCT used in endodontic practice.
Nonetheless, it is recognised that these study data are
not clinical data and exclude the impact of movement
and restoration artefact and that clinical studies would
still be required. Furthermore, Table 2b highlights that
standard protocols, except at the lower mA settings,
achieved the diagnostic task while avoiding large DAP
values that can be associated with high resolution scans.

The tables do not include complex anatomy (T8), as
the target of 95% canal identification was not achieved
at any experimental DAP value. This study suggests that
factors other than diameter of a structure can impact
on its visibility on CBCT scans. Rotating the 3D recon-
structions of the MB2 canals of the selected molars,
identified T8 as exhibiting the most curved MB2 canal
structure, resulting in the canal “weaving in and out”
of a coronal and sagittal slices and altering position in
axial slices. These features were complicated further by
the presence of isthmuses and reduced observer ability
to confidently identify its path. It could be concluded
that in perceived complex cases, as judged from clinical
perception or preoperative 2D radiography, increasing
kV and mAs and resultant patient dose [maximum
experimental DAP values achieving canal identification
of 65% (ProMax® 3D) and 77% (Accuitomo F170%)]
could not be justified on the basis that it seemed
probable that there was no likelihood of potentially
improving diagnostic or clinical outcome.
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Conclusions

This study found that for the diagnostic task of root
canal anatomy identification as “modelled” by the
maxillary first molar MB2 canal, a representative
threshold dose of just over 200mGy c¢cm? was iden-
tified for the ProMax® 3D and Accuitomo F170%,
lower than published NDRLs. While achieving the
individual subjective image tasks for root canal iden-
tification required a consistent CNR value within
each scanner, the markedly different CNR values
identified for the two CBCT models suggest that it
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of objective image quality that could be universally
applicable to other CBCT models. Experience and
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the diagnostic efficacy of observers in the diagnostic
task of root canal identification. Ultimately all dose
reduction strategies are scanner specific and in prac-
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