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Abstract 

Objectives:  Cone-Beam Computed Tomography (CBCT) was first developed 29 years ago and 

came into commercial use in 1999 and has over the last decade been increasingly applied to 

almost every area of dental practice. This is due to 3D visualization of teeth and supporting 

tissues, high spatial resolution, low radiation, and minimal operating time compared to medical 

computed tomography. The CBCT images are read by an accompanying viewer or a treatment 

planning software. Currently, there is little information on comparing accuracy of commercially 

available implant planning softwares. Therefore, the aim of this study was to assess the accuracy 

of four popular implant planning software (coDiagnostix, DTX, Simplant, and BlueSkyPlan) by 

identifying the mandibular canal using the free hand nerve marking tool. 

 

Methods:  Two De-fleshed human mandibles were acquired for study. Various regions of the 

mandibles were evaluated including canine, premolars, and molars. Gutta-percha was fixated in 

buccal and lingual aspects of the aforementioned regions. Mandibles were scanned in low 

(.30mm voxel size) and high (.18mm voxel size) resolution along with variation of mA values 

including 3.2, 4, and 5. DICOM files were imported into the four implant planning softwares for 

analysis. After image analysis, specimen were sectioned with a reverse-cutting saw in all 

evaluated regions. For gold standard measurements, a digital caliper was used in anatomical 

sections to measure comparable areas. 

 

Results: ANOVA analysis demonstrated that there is no statistical significance between the gold 

standard and different softwares when calculating for accuracy. When calculating for sensitivity, 

it appears that coDiagnostix has the highest value out of the four softwares. 
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Conclusions: Varying mA and voxel size values does not impact the accuracy of four different 

softwares. It appears that coDiagnostix has the highest sensitivity values when using the most 

common settings for CBCT image acquisition.   
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Lay Summary 

CBCT was first developed 29 years ago and came into commercial use in 1999 and has 

over the last decade been increasing applied to almost every area of dental practice. This is due 

to its better spatial resolution(image detail), lower radiation dose and smaller foot print and lesser 

operating requirements than medical computed tomography. Once a CBCT is taken, the data is 

saved or converted into a DICOM file. A software is needed to view these files. We compared 

the accuracy three commercially available implant planning softwares along with freeware 

software that is readily available by using mandibular canal as a landmark along with other 

regions of interest. We also tested whether changing CBCT scanning parameters would affect the 

accuracy of either of these softwares. The results demonstrated that no clinically significant 

difference is noted among the softwares and changing CBCT parameters did not affect the 

accuracy. 
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Chapter 1: Introduction to imaging in periodontics 

Many options exist for radiographic imaging to properly diagnose and treatment plan 

patients undertaking periodontal treatment including dental implants. These options include 

standard modalities such as periapical radiographs, bitewing, occlusal radiographs, and 

panoramic images (Carranza, pg. 1054). Some of the more multidimensional modalities include 

conventional x-ray tomography, computed tomography (CT), and the cone-beam CT (CBCT) 

(Carranza 11e, page 1054).  

1.1 Two – dimensional Imaging in Periodontics 

Periapical radiographs provide a great advantage for assessment of the dentition and the 

edentulous site. There are relatively inexpensive and can be easily accessible in nearly all dental 

clinics in North America. In addition, they generate relatively low radiation to the patient 

(MacDonald, 2020 page 93). One of the biggest disadvantages as noted by Sewerin (1990) is 

their vulnerability to unknown magnification (foreshortening or elongation) of anatomical 

structures. This can result in poor reliability and inaccurate measurements. In addition, they are 

two dimensional images thereby limiting the amount of information that can be ascertained from 

a bucco-lingual direction (Carranza 11e, page 1055). Furthermore, the extent of the images may 

be limited by the size of the film (Carranza 11e, page 1055).  

Occlusal radiographs are another modality that can be utilized. Similar to periapical 

radiographs, they provide an low-cost, low-radiation option to the clinician. In contrast to 

periapical film, occlusal radiographs can information in the buccal-lingual direction (White and 

Pharoah 6e, Page 147) Furthermore, they may be able to provide more information in a cross-

sectional dimension as they cover a greater surface area than the periapical film (White and 
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Pharoah 6e, Page147). Similar to periapical film, occlusal radiographs face similar challenge in 

that they are prone to distortions (Carranza 11e, page 1055).  

To avoid distortions such as foreshortening or elongation, parallel technique is 

recommended to ensure as much accuracy of the image as possible (White and Pharoah 6e, page 

135). One of most common radiographs used in clinical dentistry is the bite-wing radiograph. It 

is taken when teeth are set in occlusion (White and Pharaoh 6e, page 135). One of the biggest 

advantages of the bite-wing radiograph over the periapical or occlusal is that it offers much less 

distortions (White and Pharoah 6e, page 135) and offers a great technique to acquire information 

regarding lesions in the proximity of the crown of the tooth such as cavitation.  However, similar 

to periapical radiographs is that it doesn’t offer information in a buccal-lingual direction. 

Furthermore, it is limited as it does not provide information in the apico-coronal extent as the 

periapical and may limit the amount of information that can be ascertained to certain landmarks 

such as inferior alveolar nerve and maxillary sinus.  

One of the most common extra-oral imaging in clinical dentistry is the panoramic 

radiograph. Some of the advantages of the panoramic radiograph include, assessment of greater 

area of the intra-oral cavity and surrounding structures which allows for evaluation of important 

anatomical structures including the inferior alveolar canal and maxillary sinus (Carranza 11e, 

page 1056). In addition, it allows for the evaluation of extensive edentulous site and surrounding 

structures. Furthermore, it also offers relatively low dose radiation to the patient as compared to 

conventional three dimensional imaging (White and Pharoah 6e, page 248). Similar to intra-oral 

imaging discussed before, it only provides a two dimensional image. It is also prone to 

distortions in both the horizontal and vertical dimensions (Carranza 11e, page 1056). In addition, 

due to parameters and the angulation of the patient relative to the machine, there can be ghost 
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images, superimpositions, and variable horizontal and vertical magnifications (Carranza 11e, 

page 1056). Such conditions can cause inaccurate measurements. For these reasons, although the 

panoramic radiograph can provide a general broad image of the both the maxillary and 

mandibular arch, it does not provide a greater degree of detailed imaging as compared to intra-

oral imaging (Carranza 11e, page 1056).  

1.1.1 Imaging and COVID 

It is also prudent to highlight how imaging and the prescription of radiographs may be 

affected during the period of the COVID-19 pandemic. Proper PPE is an essential to avoid the 

acquisition and transmission of the virus. During the pandemic, it is crucial to avoid generating 

aerosols to lower the spread of the virus as much as possible. It is important to consider that 

aerosols can be produced during intraoral radiographs (MacDonald et al. 2021). Studies have 

noted that the incidence rate of gagging during intraoral radiographs is 9% and 26% for trained 

radiographers and students, respectively (Sewerin 1984, MacDonald et al. 2021). Such incidence 

rates are astounding to any clinician as intraoral radiographs are widely used in day to day 

clinical practice. Furthermore, due to the extensively used CCD for intra-oral radiographs, the 

equipment itself presents a challenge as it cannot be sterilized (MacDonald et al. 2021). Dave et 

al. (2020) have recommended that two DHCP (dental health care workers) would be necessary to 

take intraoral radiographs. This would require extra staff resources and the necessary PPE to 

follow protocol which would present tremendous challenge to any dental clinic. It is therefore 

imperative to note that it may be in the best overall safety of the patient and the DHCP to use 

alternative methods of radiographs such as digital panoramic radiograph (DPR) and CBCT 

where possible. DPR has shown to be equally affective in the diagnosis of caries when combined 

with selective periapicals (Akkaya et al. 2006, MacDonald et al. 2021). Furthermore, DPR may 
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also reduce the propensity for the gag reflux during imaging (Farman 2002). CBCT has been 

shown to demonstrate distinct advantages especially as it pertains to endodontic diagnosis and 

treatment planning, evaluation of oral lesions and pathologies and implant planning (MacDonald 

et al. 2021). While DPR and CBCT may provide an alternative, both modalities do generate 

higher radiation dose to the patient (MacDonald et al. 2021). It is therefore imperative that we 

understand the limitations of such technologies and a decision should be made thoroughly 

evaluating the presenting clinical condition of the patient and the health risk as it relates to 

COVID-19 (MacDonald et al. 2021). 

1.2 Three – Dimensional imaging in periodontics 

Since it’s first introduction into dentistry in the 1990’s, cone beam CT (CBCT) has 

become a widely used imaging modality in periodontics and more specifically implant dentistry 

(Carranza 11e, page 1058, Arai et. al 1999). CBCT in an imaging modality which uses a conical 

shaped beam of x-ray photons to generate a 3D image (MacDonald, 2020). The hardware of a 

CBCT machine involves X-ray tube, internal and external filtration, fixated C-arm to allow for 

rotation in horizontal plane, and X-ray detector (Pauwels et al. 2015). Image is acquired as the x-

ray tube is rotated in a circular motion (Pauwels et al. 2015). As the rotation occurs, the x-rays 

from the beam result in numerous two-dimensional projections which are captured by the 

detector. These projections or images are used to reconstruct a three-dimensional portrayal of the 

object (Pauwels et al. 2015).  

While the use of CBCT has been noted, the variables and their set parameters are not yet 

a universal standard (Pauwels et al. 2015). It is important to understand that the CBCT rendered 

image is dependent upon many variables including mA, kVp, FOV, voxel size, and rotation arc 

(Pauwels et al. 2015). Effecting one or many of the variables can have an impact on the image 



5 

 

quality and radiation dose that is affecting the patient. Studies regarding these variables have 

been done to ensure an adequate image for clinical diagnosis can be achieved while maintaining 

the ALARA principle.  

The advantages of CBCT to conventional dental radiography is that it is able to generate 

both a 3D and a 2D image (MacDonald, 2020). Furthermore, it’s advantages over conventional 

3D imaging such as Spiral Computed Tomography (SCT) in that the CBCT allows for better 

spatial resolution. This is attributed to SCT having anisotropic cuberilles whereas CBCT has 

isotropic cuberilles (MacDonald, 2020 page 78). In addition, the CBCT renders a 3D rendition 

by generating the cuberilles directly. Furthermore, the cost of CBCT is much less than a SCT and 

MRI in addition to less radiation dose than the HCT (MacDonald, 2020). While it’s able to 

generate an image that is sufficient for hard-tissue it cannot capture and portray soft tissue as 

well as the MRI machine. This is of minimal concern as most of implant planning involves bone 

volume, density, and proximity to important landmarks such as the mandibular canal. It is also 

important to note that the AAP advocates the use of CBCT in implant planning to assess the 

location of important anatomical structures and communication for fabrication of surgical guides 

and restorative colleagues (Mandelaris et al. 2017). 

 

1.3 Important mandibular anatomical landmarks in implant dentistry 

Having good knowledge of head and neck anatomy is vital for implant dentistry because 

the process of implant placement entails a surgical phase and therefore from the incision to final 

suture, many landmarks and vital structures are part of the continuum to yield an optimal surgical 

result. For implants placement, the clinician must understand the hard tissue and components of 

the soft tissue such as blood vessels and nerves to avoid any complications. Complications can 
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occur in the form of infection, hemorrhage, nerve damage and perhaps even potentially fatal 

sequelae such as airway impingement. For implant placement, important landmarks to note can 

be divided into the maxilla and mandible. For the mandible, important landmarks and structures 

include mandibular canal (inferior alveolar nerve), lingual nerve, mental foramen and nerve, and 

the blood vessels in the anterior mandible. 

Lingual nerve is a very important nerve and any damage which may result in paresthesia 

or dysesthesia can affect a person’s quality of life. The lingual nerve provides sensory 

innervation to the anterior two/thirds of tongue and lingual tissues. Chan et al. (2010) states the 

location of the lingual nerve is located approximately 2mm lateral to the lingual plate and 3mm 

inferior to the crestal bone height in the area of third molar. The authors in the study observed 

that in approximately 42% of cases, the nerve coursed medially in direction of the tongue in the 

area of first molar. This was also seen in approximately a third and a quarter of the time in the 

area of second molar and premolar respectively. Furthermore, the authors observed that the nerve 

coursed medially away from the lingual cortex at approximately 58% and 17% in the area of first 

molar and second premolar respectively. Interestingly, the authors also detected that in one of the 

subjects, its course was changed in the first premolar region. It must be noted that these 

measurements were derived using two methods, taking an actual measurement from cadaver 

dissection and using linear measurement from CBCT with an adjunct use of a wire in the canal 

space. 

Other structures of great significance in the mandible include the mental foramen and 

subsequently the mental nerve. Mental nerve is a continuation of the inferior alveolar nerve 

(IAN) as it navigates from the lingual aspect of the mandible to buccal aspect of the mandible 

moving anteriorly. As it crosses over to the buccal aspect, it travels through the mental foramen. 
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It was demonstrated that the foramen was situated approximately 28 mm from the mandible’s 

midline and approximately 15 mm away from the mandible’s inferior border (Greenstein and 

Tarnow 2006, Agthong et al. 2005). Neiva et al. (2004) found similar observations from direct 

measurements and reported the foramen was on average 27.6 mm from the midline and 

approximately 12mm from the inferior aspect of the mandible’s cortex. Fishel et al. (1976) 

reported the incidence of mental foramen’s location in the vertical plane for the first and second 

pre-molar using convention periapical radiographs. The authors noted an incidence of 

approximately 53% and 39% when the foramen was at the apex of or coronal to the second and 

first bicuspid respectively. This of great significance and one the clinician needs to be aware if 

planning on doing any sort of surgical procedures in the area.  

While this was significant at the time, further studies demonstrated the disadvantages of 

using conventional radiographs. Phillips et al. (1990) observed the incidence of mental foramen 

to be only 75% when studying periapical radiographs. Furthermore, Yosue and Brooks (1989) 

observed the appearance of mental foramen on periapical and panoramic radiographs. The 

authors determined that panoramic and periapical films were less than 50% accurate in verifying 

the position of the mental foramen when comparing to its anatomical position. Further 

discrepancy of linear measurement errors at the mental foramen was demonstrated by Sonick et 

al. (1997). The authors observed measurement errors in range of 24% and 14% for panoramic 

and periapical radiographs, respectively. In their study, CT scans had fewest incidence of errors 

at 1.8%.  

The inferior alveolar nerve (IAN) courses the mandible anteriorly to give rise to the 

mental nerve through the mental foramen. IAN is associated with hard tissue landmark, the 

mandibular canal which contains the IAN. IAN is a branch of the trigeminal nerve and 
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transverses through the mandibular canal.  The IAN provides sensory innervation to the 

mandibular teeth including the buccal gingiva of mandibular teeth, sensation to the lower lip and 

including muscles of soft palate (Morton et al. 2019). In addition to housing the IAN, the 

mandibular canal also houses the inferior alveolar artery which supplies vascularity to the 

mandibular teeth. The complications associated with surgical intervention resulting in trauma in 

the area via extractions, implants and/or soft and hard tissue augmentation include intra-

operative hemorrhage, pain, swelling and post-operative neurological complications such as 

dysthesia, paresthesia which can be permanent. The incidence rate of complications due to such 

procedures can be as high as 8.4% (Doh et al. 2018).   

The course of the IAN may be present in various configurations. The nerve proceeds in 

downward fashion from the ramus and runs anterio-medially from the proximity of the 

mandibular ramus towards the mental foramen (Greenstein and Tarnow 2006, Morton et al. 

2019). The nerve crosses the midsection from the lingual to the buccal aspect in the proximity of 

the first molar (Greenstein and Tarnow 2006). The average distance of the mandibular canal to 

the apices of dentate teeth was observed by Denio et al. (1992) in 22 dry human mandibles. The 

authors noted the average distance from the apices to the mandibular canal to be 4.7, 6.9 and 

3.7mm in premolars, first and second molar respectively. Denio el al. (1992) also observed that 

by using conventional radiographs (periapical film), in approximately 28% of the cases 

mandibular canal could be visibly recognized in the second premolar and first molar area.  

Besides a periapical film, imaging modality to view the mandibular canal would include 

conventional and digital panoramic image, CBCT, and a multislice CT.  

Greennow and Tarnow (2006) have provided safety guidelines to prevent mental nerve 

injury from surgical interventions such as dental implants. They recommend keeping a “safety 
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zone”. The ‘‘safety zone’’ takes into account that the most superior part of the mental foramen is 

situated approximately 2 mm superior to the mandibular canal or IAN. Either in the presence or 

absence of anterior loop, Greenstein and Tarnow (2006) suggest that implant should be placed in 

a position where it’s most posterior aspect is kept at distance greater than 2mm from the mental 

foramen to provide adequate space for surgical error without the risk of injury to the nerve. 

1.4 Accuracy of CBCT in identifying mandibular canal and relevant mandibular 

anatomy 

The accuracy of CBCT is dependent on numerous factors. There are many studies to 

showcase a higher accuracy of CBCT than conventional radiographs such as DPR or periapical 

films as highlighted before. It must be pointed out that accuracy pertaining to landmarks such as 

lingual nerve and IAN have been studied extensively. The study conducted by Chan et al. (2010) 

determined the mean difference between clinical detection of lingual nerve and CBCT data was 

0.57mm however it had a standard deviation of 2.62mm which is well above the safe zone for 

implant placement noted by Greenstein and Tarnow (2006). These authors noted that such a 

large deviation could be due to the head positioning of the cadaver and movement of the nerve 

during dissection resulting in inaccurate clinical readings. While it’s important to note that mean 

data may be quite minimal such as half of millimeter, it is clinical significance is substantial as it 

can dramatically impact clinical and patient outcomes.  

There have been studies to note that CBCT is even helpful to the less experienced 

clinician. Radic et al. (2018) observed that the diagnostic accuracy of detecting lesions was 

significantly higher among residents when they were using the CBCT to evaluate the lesion. 

Furthermore, nearly all of the residents in the study noted that the dental panaromic radiograph 

(DPR) image did not provide sufficient information.  
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Naitoh el a. (2010) compared the CBCT to multisliced CT for identifying and detecting 

mandibular structures including the mandibular canal and the bifurcation of it along with 

accessory canal and formina. Both imaging modalities were able to find the bifid mandibular 

canals along with other mandibular structures. The authors observed that there was no significant 

difference between either modality in identifying and depicting these structures. It is important to 

note that for this study both imaging data were exported as DICOM file and viewed on the same 

software. The study noted that CBCT provides clear advantages over the MSCT via reduced 

radiation dose and providing a higher resolution. 

Angelopolous et al. (2008) carried out a comparison study to evaluate the identification 

of the mandibular canal by using direct panoramic image, digital panoramic image and a CBCT 

generated image. The mandible was divided into three segments: posterior, middle and anterior 

and the images were rated based on the visibility of the mandibular canal. In all instances, the 

CBCT images were deemed to be of higher quality to both panoramic images in all instances. 

However, the authors do caution that CBCT should not replace digital panoramic images due to 

the concern with higher radiation. 

Similarly, Jung and Cho (2014) evaluated the course and visibility of the mandibular 

canal by using DPR and CBCT generated images. The authors evaluated the visibility of the 

canal from the first to the third molar region. The results demonstrated that the visibility of the 

mandibular canal was far poor in panoramic images where it was deemed not visible in 22.7%, 

11.8%, and 1.3% in the first, second, and third molar region respectively. In comparison, the 

CBCT images these values were 8.2%, 5.7% and 0.2% in their corresponding regions. The 

authors concluded that the CBCT provided a better visibility of the mandibular canal in the 

regions for first, second, and third molars than the panoramic radiographs.  
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Systematic review by Fokas et al. (2018) reviewed various publications as it related to the 

accuracy of CBCT in assessing linear measurements. The overall results indicate that CBCT 

provides a higher accuracy and reliability for hard tissue measurements and on images concerned 

with implant planning. They also note that wide range of inaccuracy when conducting linear 

measurements still remain with both overestimation and underestimation of the gold standard. 

These authors also note that there is a wide range of parameters resulting in varying mA, kvP, 

and voxel size which are not standardized. Furthermore, the accuracy of these measurements is 

always interpreted through an imaging software which are as variable as the CBCT machine 

(Fokas et al. 2018). All these variables along with the software can impact the accuracy of the 

reading. As there has been a trend in increased use of CBCT, there has also been a shift towards 

more digital planning and fabrication of surgical guides according to the depth or “perceived 

distance” of implant planned in the software.  

1.5 Role of software in dental implant planning 

Over the past decade, with the aid of CBCT, dentistry has been shifting towards increased 

digital planning for implant placement. Due to the exponential growth of dental implants, there 

has also been a similar growth in implant planning softwares (Vercruyssen et al. 2015). This is 

chiefly due to the allowance of the CBCT manufactures to release the CBCT image datasets into 

the DICOM format (Vasconcelos et al. 2015). This has led to better communication between 

many clinicians and non-clinicians for not just implant planning but cases including endodontic 

treatment and oral pathologies (MacDonald, 2020). Currently, there are numerous third-party 

softwares in the market that can not only view the DICOM files but have additional options for 

implant planning. Over the years, these softwares have gotten more sophisticated as multitude of 

them have an “Implant library” which allows for virtual placement of most of the implants in the 
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market in the selected trans-axial view of interest. Furthermore, most of these softwares come 

with a “nerve marking” tool which can be free-handed or auto generated to map out the IAN 

(mandibular canal). This is of great significance as newer generation of softwares allow us to 

plan and simulate prior to implant placement. Further advancement of these softwares have led 

to tools which can allow the clinician to generate a surgical guide which can be used to execute 

the surgical phase of the implant placement (Vercruyssen et al. 2015). This workflow could 

benefit the clinician and the patient tremendously as it could theoretically reduce procedure time 

and discomfort associated with lengthy procedures (Vercruyssen et al. 2015). Tahmaseb et al. 

(2014) conducted a systematic review to assess the accuracy of software assisted implant 

placement. They compared the planned position to the actual implant position. The authors noted 

that there was a mean deviation of 1.12mm and 1.39mm at the entry point and apex respectively, 

with a mean angular deviation of 3.89 degrees. They also found that maximum reported 

deviation was approximately 4.5mm and 7.1mm at the entry point and apex respectively, with 

approximately 21 degrees of angular deviation. Such values are considerable cause of concern. 

Some of the reasons for inaccuracy include inadequate CBCT image quality, movement of the 

guide during surgery, patient movement either in scanning or during surgery, motion artifacts, 

and metal artifacts (Vercruyssen et al. 2015, Tahmaseb et al. 2014). It is important to note that 

the systematic review covered guides and plans from many different softwares but accuracy of 

one to another was not done. It was pointed in a recent systematic review by Fokas et al. (2018) 

that linear accuracy of CBCT may be dependent on exposure parameters and the softwares used 

in processing the scanned files. For a fully digital workflow, it may be crucial information to 

know whether performance of one software is superior to another. Currently, there is very 

limited scientific evidence for the performance of these softwares (Fokas et al. 2018). 
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1.6 Research Aims 

This study has the following aims: 

1. To assess the accuracy of four implant planning softwares:  

coDiagnostix, Dental Wings, Canada, parent organization Straumann), DTX 

Studio Implant (Nobel BioCare, Switzerland), Simplant Pro (Dentspy Sirona, USA), and 

Blue Sky Plan (Blue Sky Bio, USA) in identifying the mandibular canal using the built in 

free-hand tool.  

2. To determine if voxel size affects the accuracy of these softwares.  

3. To determine if mA affects the accuracy of these softwares. 

4. To calculate the sensitivity value of softwares as it relates to accuracy. 

Our hypothesis is as follows: 

Null Hypothesis: There are no differences between different commercially available 

implant planning (coDiagnostix, DTX studio, Simplant, and Blue Sky Plan) in identifying the 

mandibular canal in cone beam CT using the free-hand nerve marking tool in the software. 

 Research Hypothesis: There are differences between different commercially available 

implant planning (coDiagnostix, DTX studio, Simplant, and Blue Sky Plan) in identifying the 

mandibular canal in cone beam CT using the free-hand nerve marking tool in the software. 
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Chapter 2: Materials and Methodology 

 

Application was made to the UBC Anatomical Sciences department for the use of 2 de-

fleshed human mandibles for the project. Access to these mandibles were granted after the 

application to the UBC Anatomical Sciences was deemed successful. Ethics approval certificates 

were granted for all parts of this study from UBC Clinic Research Ethics Board (Certificate 

number: H19-02646). 

The human mandibles were anonymous donations to the UBC Anatomical Sciences 

department and no demographic information regarding the age and sex of the subjects were made 

known. The two mandibles were distinguished by the presence of dentition. “Mandible 1” was 

given the designation for the dentate mandible and “Mandible 2” for the edentulous mandible 

and labelled accordingly. 

 

2.1 CBCT scanning protocol and parameters 

After obtaining mandibles, steps were taken to ensure proper and consistent seating for 

obtaining CBCT scans. The machine used for the CBCT scan was the Carestream 9300. The 

mandibles were fixated to foam insert which was subsequently inserted on a glass slab. The glass 

slab is directly parallel to the ground horizontal plane. The glass slab was fixated on the bite hold 

onto the Carestream CBCT machine. 
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Figure 1  Mandible 1 placed on Carestream 9300  

After ensuring standardized placement of the Mandible 1 and Mandible 2 to the inserts, 

permanent markers were used to mark the superimposed line to depict the horizonal plane and 

vertical plane over the ramus of the mandible depicting from the CBCT machine. This ensured 

scans were captured at the same vertical and horizontal plane. Furthermore, this also confirmed 

that the gnatry angle was unchanged for all of the scans to be taken. In addition, the CBCT 

machine was rotated and the same vertical plane was used to mark the landmarks of interest in 

both Mandible 1 and Mandible 2.  
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The landmarks chosen for the study were similar to prior studies conducting linear 

measurements for CBCT images (Neves et al. 2014, Dantas el al. 2005). 

Landmarks for Mandible 1 included:  

RM2 (right second molar) 

RM1 (right first molar) 

RP2 (right second premolar) : designated in the same plane as mental foramen 

RC (right canine) 

I (incisor) 

LP2 (left second premolar) : designated in the same plane as mental foramen 

LM1 (left first molar) 

LM2 (left second molar) 

Landmarks for Mandible 2 included the regions of the estimated corresponding teeth: Since 

Mandible 2 is an edentate jaw, an extra site in the proximity of first and second premolar 

(RP1/RP2) was included to give an additional landmark for the data set. In addition, the site was 

chosen for it allocation posterior to the mental foramen so linear accuracy to the mandibular 

canal could be evaluated.  

RM2 (right second molar) 

RM1 (right first molar) 

RP2 (right second premolar) 

RP1 (right first premolar) : designated in the same plane as mental foramen 

RC (right canine) 

LC (left canine) 

LP1 (left first premolar) : designated in the same plane as mental foramen 
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LP2 (left second premolar) 

LM1 (left first molar) 

LM2 (left second molar) 

The vertical planes corresponding to the standardized horizontal plane was superimposed 

over the selected landmarks and vertical lines marked with black marker. These lines were then 

either marked using Gutta percha markers or gutta percha points along the buccal aspect of 

landmarks. In addition, lines were also marked on the lingual aspect and gutta percha marker 

placed on the superior aspect of the lingual cortex corresponding to the landmark. These are 

shown in figures 2, 3, 4 and 5 

 

Figure 2 Vertical plane depicting over the marked lines and gutta percha markers on the buccal aspect in 

Mandible 1 
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Figure 3 Vertical plane depicting over the marked lines and gutta percha markers on the buccal aspect in 

Mandible 2 
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 Figure 4 Vertical plane depicting over the marked lines and gutta percha markers on the buccal aspect in 

Mandible 2 
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Figure 5 Vertical plane depicting over the marked lines and gutta percha markers on the lingual aspect in 

Mandible 2 
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Figure 6 Vertical plane depicting over the marked lines and gutta percha markers on the lingual aspect in 

Mandible 2 

 

After placement of the gutta percha points and markers, Mandible 1 and 2 were scanned 

using Kodak Carestream 9300 using the following parameters. 

In accordance with the objectives of the study, mA values and voxel values were varied to 

determine whether change in these parameters would affect the accuracy of the CBCT scans in 

corresponding softwares. 

Each mandible was scanned at the following mA, kVp and voxel sizes. The kVp were 

values were set at 90. The mA and voxel sizes were manipulated as shown below. Furthermore, 

all of the scans were taken in 10x10 FOV. 

 

 



22 

 

mA kvP Voxel 

3.2 90 180 

4 90 180 

5 90 180 

3.2 90 300 

4 90 300 

5 90 300 
 

After each scan, CBCT images were saved as a DICOM files for each of the above parameters.   
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2.2 CBCT image review and nerve tracing 

Each DICOM file was reviewed in the following four softwares: 

Software (Manufacturer) 

coDiagnostix (Dental Wings, Canada, parent organization Straumann) 

DTX Studio Implant (Nobel BioCare, Switzerland) 

Simplant Pro (Dentspy Sirona, USA) 

Blue Sky Plan (Blue Sky Bio, USA) 

 

Each file was viewed on the same laptop. coDiagnostix, DTX Studio Implant and Blue 

Sky Plan were installed on the same laptop. Access to Simplant was done via remote access 

using TeamViewer using the same laptop. Laptop specifications are as follows: 

Operating system: Windows 10 

Processor: Intel® Core™ i5-7300 CPU @ 2.60GHz 2.71 GHz 

Installed RAM: 8.00 GB 

System type: 64-bit operating system, x64-based processor. 

 

Mandibular canal was traced using each of the softwares. This was done using curved 

planar reformation. This was achieved by aligning the long axis of the imaging plane along the 

mandibular arch. In addition, each of the softwares allow for serial trans-planar reformation 

which produces a sequence of successive images orthogonal to the curved planar reformation 

(John et al. 2015). The resultant images are meant to produce images with minimal distortion and 

subsequently measurements made from the images are presumed to have the least amount of 
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error (John et al. 2015). No change to the image enhancing feature was used except for contrast 

and brightness. Nerve was traced using the free-hand tool while simultaneous viewing images in 

reformatted panoramic image, sagittal, cross-sectional and axial views. An example of the nerve 

tracing in each software is shown below in figures 7, 8, 9 and 10.  
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Figure 7 Example of trans-axial, sagittal and Axial views in coDiagnostix software for Mandible 2. Nerve tracing is demonstrated by the purple line. 
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Figure 8 Example of Panoramic and transaxial views along with 3-D rendition in DTX Studio Implant software for Mandible 2. Nerve tracing is 

demonstrated by the green line in the right hemi-mandible and blue line in left hemi-mandible. 
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Figure 9 Example of transaxial, sagittal and Axial views in Simplant software for Mandible 2. Nerve tracing is demonstrated by the orange line. 
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Figure 10 Example of transaxial, sagittal and Axial views in Blue Sky Plan software for Mandible 2. Nerve tracing is demonstrated by the yellow and 

orange lines. 
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2.3 CBCT data measurement 

Measurements were made using digital measurement tools in the software. At each 

landmark, sagittal view was aligned using the gutta percha markers. A straight line was made to 

connect the buccal and lingual segments along the landmarks RM2, RM1, RP2, LP2, LM1, LM2 

on mandible 1. The measurement was made from the midpoint connecting the superior aspect of 

the buccal and lingual cortex whereby measurement line was drawn to the superior aspect of the 

mandibular nerve. The mandibular nerve was determined by free-hand using the nerve marking 

tool. This was done in each of the four softwares. An example of the measurements in the 

softwares is demonstrated in figures 11, 12, 13 and 14 along the same section in Mandible 1. 

Figure 11 Vol. 20 in DTX at the section of RM2 in Mandible 1 (green 

circle represents nerve in sagittal section)  

 

 



30 

 

Figure 12 Vol. 20 in coDiagnostix at the section of RM2 in Mandible 1 

(purple circle represents nerve in sagittal section) 

 

 

Figure 13 Vol. 20 in Simplant at the section of RM2 in Mandible 1 

(orange circle represents nerve in sagittal section) 
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Figure 14 Vol. 20 in Simplant at the section of RM2 in Mandible 1 (orange 

circle represents nerve in sagittal section) 

 

 

 

 

 

 

 

The line connecting buccal and lingual segments was also made on landmarks RC, I, and 

LC. The measurement was made from mid-point of the line to the inferior aspect of the cortex 

along the long axis of the tooth on these landmarks on mandible 1 as the nerve exists the mental 

foramen along the axis of RP2 on mandible 1. 

In Mandible 2, measurements were made from the top of the crest to the superior aspect 

of the mandibular nerve as determined by free-hand nerve marking tool on landmarks RM2, 

RM1, RP2, RP1, LP1, LP2, LM1, LM2. An example of the linear measurements is demonstrated 

in figures 15, 16, 17, and 18.  
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Figure 15 Vol. 8 in DTX studio at the section of RM1 in Mandible 2 

(green circle represents nerve in sagittal section) 

 

Figure 16 Vol. 8 in coDiagnostix studio at the section of RM1 in 

Mandible 2 (purpe circle represents nerve in sagittal section) 
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Figure 17 Vol. 8 in Simplant studio at the section of RM1 in Mandible 2 

(orange circle represents nerve in sagittal section) 

 

Figure 18 Vol. 8 in Blue Sky Plan at the section of RM1 in Mandible 2 

(orange circle represents nerve in sagittal section) 

 

 

 

 

 

 

In addition, the measurements were made from the most superior aspect of the crest to the 

most inferior aspect of the crest along the landmarks RC and LC. An example of the linear 

measurements in this section is demonstrated in Fig. 19, 20, 21, and 22.  
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Figure 19 Vol. 8 in DTX (measurement being made from the most superior 

aspect to the most inferior aspect) 

 

Figure 20 Vol. 8 in coDiagnostix (measurement being made from the most 

superior aspect to the most inferior aspect) 
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Figure 21 Vol. 8 in Simplant (measurement being made from the most 

superior aspect to the most inferior aspect) 

 

Figure 22 Vol. 8 in Blue Sky plan (measurement being made from the 

most superior aspect to the most inferior aspect) 

 

 

2.4 Mandible sectioning 

The mandibles were stabilized to the cutting board using two Irwin Quick-grips. The 

mandibles were sectioned along the desired planes using Walter Super 5 PS grinder and the 
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Walter Zipone 11-T 552 disc measuring 125mm x 22/23mm x 1mm (in thickness). At each 

section of the mandible, digital calipers with an accuracy of 0.01mm were used to the record the 

measurement along the corresponding landmarks to achieve the gold standard.  

 

Figure 23 Measurement from the midpoint of the buccal and lingual cortex along the cross-section at RM2 in 

Mandible 1 using the digital caliper 

 

2.5 Statistical Analysis 

Three-way ANOVA was used to compare the means of the three grouping variables (mA, 

kVp and softwares) on the accuracy (independent variable). Two-way ANOVA was also used to 

compare the means of each CBCT parameter and corresponding software to the caliper readings. 

Paired t-tests was used to compare the differences between Mandible 1 and Mandible 2. 
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Sensitivity values were calculated using threshold values. Furthermore, Tukey’s HSD was used 

as a post-hoc test to determine whether there was a significant difference in accuracy when 

comparing one software to another.  
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Chapter 3: Results 

3.1 Data Evaluation 

All of the images pertaining the corresponding sections mentioned in Chapter 2 were 

measured in all of the four softwares. Each section in each software was measured twice. Each 

reading was taken atleast 3-4 weeks apart to avoid bias.  

ICC was calculated and was noted to be 0.989 for the readings. Calculation for the intra-

examiner reliability is provided in appendix B. 

The data and the tables in Section 3.2 provide an average of the two different readings. 

Subsequently the average at each location was compared to the caliper “gold standard”. The 

“difference” in the tables (Section 3.2) provided is the measurement readings in the softwares 

subtracted from caliper readings. Therefore, the difference of zero represents that the distance 

measured in the software is the same as the caliper measurement. A negative value represents an 

overestimation of the measurement by the software. A positive value represents an 

underestimation of the measurement by the software. 

3.2 Caliper vs. CBCT Parameters 

The highlighted numbers of the mean differences in tables of this section showed 

statistical difference values from Two-way ANOVA analysis comparing the mean difference 

between the software readings and the caliper measurements at different locations. Two-way 

ANOVA data tables are attached in Appendix D. Statistical difference is calculated below 

threshold value of the 95% confidence interval of difference which also accounts for the variance 

of the two reading measurements. P value set at (<0.05).  This is important to note and observe. 

An example for this is given as follows: Let’s assume that if a caliper gold standard reading is 

3mm for given a location. Measurements in Software 1 are 2mm for first reading and 4mm for 
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second reading. The mean would be calculated to 3mm for Software 1. Measurement for 

Software 2 are 1mm for first reading and 5mm for second readings. The mean would also be 

calculated to 3mm. Just by observing the mean, one would assume that Software 1 and 2 are 

equal however variance in Software 2 is considerably higher and may result in higher probability 

of inaccurate readings than Software 1.  This is also accounted for the statistical difference 

observed in Tables below where some values tend to have similar mean differences but do not 

display statistical difference when taking variance of the readings into account. 

The raw data tables for Mandible 1 and Mandible 2 are attached in the appendix A 

(subsection .1 and .2) including the first and the second readings. In addition, the gold standard 

tables are attached in the appendix A (subsection .3) as well. Two-way ANOVA analysis of the 

data is attached in Appendix D. 
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3.2.1 Caliper vs. 3.2 mA 180 Voxel 

Table 1: Caliper vs 3.2 mA 180 Voxel in Mandible 1 (Distance measured in mm) 

Location Caliper 

3.2mA 
180Voxel 

DTX SD± Difference 

3.2mA 
180Voxel 

coD SD± Difference 

3.2mA 
180Voxel 

BSP SD± Difference 

3.2mA 
180Voxel 

SM SD± Difference 

RM2 21.23 22.5 0 -1.27 22.15 ±0.07 -0.92 22.1 ±0.08 -0.87 22.05 ±0.16 -0.82 

RM1 22.54 22.8 ±0.57 -0.26 22.5 ±0.71 0.04 22.13 ±0.76 0.41 21.7 ±0.4 0.84 

RP2 16.5 15.85 ±1.48 0.65 16.55 ±0.21 -0.05 16.43 ±0.3 0.07 16.02 ±0.21 0.48 

RC 36.68 36.8 ±0.57 -0.12 36.75 ±0.35 -0.07 35.17 ±0.46 1.51 35.69 ±0.65 0.99 

I 35.19 35.45 ±0.35 -0.26 36.35 ±0.21 -1.16 34.78 ±0.45 0.41 35.67 ±0.22 -0.48 

LC 35.1 36.2 ±0.85 -1.1 36.3 ±0 -1.2 36.67 ±0.86 -1.57 35.98 ±0.09 -0.88 

LP2 17.28 16.85 ±1.34 0.43 16.75 ±0.35 0.53 16.23 ±0.06 1.05 16.89 ±0.23 0.39 

LM1 23.29 23.75 ±0.35 -0.46 23.15 ±0.78 0.14 23.43 ±0.16 -0.14 22.62 ±0.93 0.67 

LM2 22.78 22.4 ±0.14 0.38 22.4 ±0.28 0.38 22.8 ±0.66 -0.02 22.16 ±0.49 0.62 
 

Table 2:  Caliper vs 3.2 mA 180 Voxel in Mandible 2 (Distance measured in mm)

Location Caliper 

3.2mA 
180Voxel 

DTX SD± Difference 

3.2mA 
180Voxel 

coD SD± Difference 

3.2mA 
180Voxel 

BSP SD± Difference 

3.2mA 
180Voxel 

SM SD± Difference 

RM2 13.73 13.65 ±0.78 0.08 13.2 ±0.42 0.53 13.435 ±0.26 0.295 12.95 ±0.23 0.78 

RM1 13.22 13.35 ±0.21 -0.13 13.25 ±0.07 -0.03 13.255 ±0.18 -0.035 13.565 ±0.09 -0.345 

RP2 13.72 14 ±0.14 -0.28 13.8 ±0.14 -0.08 13.58 ±0.4 0.14 13.57 ±0.37 0.15 

RP1 12.58 12.6 ±0.14 -0.02 13.5 ±0.14 -0.92 13.645 ±0.04 -1.065 12.405 ±0.04 0.175 

RC 26.51 25.25 ±0.49 1.26 25.8 ±0.14 0.71 25.545 ±0.42 0.965 26.055 ±0.22 0.455 

LC 28.12 28.25 ±0.49 -0.13 28.5 ±0.14 -0.38 27.825 ±0.12 0.295 28.225 ±0.06 -0.105 

LP1 10.32 9.8 ±0.42 0.52 10.05 ±0.07 0.27 9.915 ±0.63 0.405 10.185 ±0.15 0.135 

LP2 13.91 14.5 ±0.28 -0.59 13.9 ±0.57 0.01 14.83 ±0.31 -0.92 14.075 ±0.35 -0.165 

LM1 14.36 14.05 ±0.35 0.31 13.65 ±0.35 0.71 14.065 ±0.35 0.295 13.31 ±0.27 1.05 

LM2 13.12 13.35 ±0.64 -0.23 13.35 ±0.21 -0.23 13.205 ±0.86 -0.085 11.755 ±0.64 1.365 
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The results of the caliper and the different anatomical locations are listed in the Table 1 

and 2 for Mandible 1 and Mandible 2 respective where the CBCT parameters are set at 3.2mA 

with 180 Voxel. The numbers highlight in yellow demonstrate the statistically significant mean 

differences between noted between software measurements and caliper. Significant differences 

are noted at RM2 for DTX. coD shows a statistically significant difference at LC at a difference 

of -1.2mm from the caliper reading. BSP shows a statistically significant difference at LP2 with 

a mean difference of 1.05mm. No statistical difference is noted for the SM. For Mandible 2, the 

only statistical difference is noted at RP1 for BSP at difference -1.065mm.  

In Mandible 1, only 5 out the of the 36 mean values had a difference greater than 1mm. 

In Mandible 2, only 4 out of the 40 mean values had a difference greater than 1mm. These values 

are highlighted in purple.  
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3.2.2 Caliper vs. 4mA 180 Voxel 

Table 3:  Caliper vs. 4.0mA and 180 Voxel at Different locations in Mandible 1 (Distance measured in mm) 

 

Table 4:  Caliper vs. 4.0mA and 180 Voxel at Different locations in Mandible 2 (Distance measured in mm)

Location Caliper 

4mA 
180Voxel 

DTX SD±  Difference 

4mA 
180Voxel 

coD SD± Difference 

4mA 
180Voxel 

BSP SD± Difference 

4mA 
180Voxel 

SM SD± Difference 

RM2 21.23 22.45 ±0.07 -1.22 22.5±0.35 -1.27 22.04 ±0.3 -0.81 21.655 ±0.51 -0.425 

RM1 22.54 22.75 ±0 -0.21 22.05 ±1.13 0.49 23.02 ±0.39 -0.48 22.215 ±0.31 0.325 

RP2 16.5 16.1 ±1.84 0.4 16.05 ±0.21 0.45 15.815 ±0.22 0.685 15.355 ±0.61 1.145 

RC 36.68 37.15 ±0.28 -0.47 35.5 ±0.57 1.18 35.44 ±0.81 1.24 36.12 ±0.28 0.56 

I 35.19 35.3 ±0.07 -0.11 35.65 ±0.14 -0.46 34.66 ±0.76 0.53 35.74 ±0.49 -0.55 

LC 35.1 36.65 ±0 -1.55 36.2 ±0.92 -1.1 36.32 ±1.11 -1.22 36.88 ±0.65 -1.78 

LP2 17.28 16.6 ±0.35 0.68 17.15 ±0.14 0.13 16.355 ±0.08 0.925 17.3 ±0.16 -0.02 

LM1 23.29 23.6 ±0.92 -0.31 23 ±0.07 0.29 23.195 ±0.47 0.095 23.4 ±0.47 -0.11 

LM2 22.78 22.6 ±0.78 0.18 22.55 ±0.71 0.23 21.985 ±0.21 0.795 22.74 ±0.16 0.04 

Location Caliper 

4mA 
180Voxel 

DTX SD± Difference 

4mA 
180Voxel 

coD SD± Difference 

4mA 
180Voxel 

BSP SD± Difference 

4mA 
180Voxel 

SM SD± Difference 

RM2 13.73 13.25 ±0.49 0.48 13.25 ±0.07 0.48 12.605 ±0.57 1.125 12.825 ±0.56 0.905 

RM1 13.22 13.45 ±0.64 -0.23 13.75 ±0.21 -0.53 13.06 ±0.34 0.16 13.09 ±0.96 0.13 

RP2 13.72 13.65 ±0.07 0.07 13.55 ±0.78 0.17 13.475 ±0.49 0.245 13.515 ±0.06 0.205 

RP1 12.58 12.2 ±0 0.38 13.4 ±0.42 -0.82 13.055 ±0.25 -0.475 13.075 ±0.54 -0.495 

RC 26.51 25.6 ±0.57 0.91 25.65 ±0.64 0.86 25.15 ±0.23 1.36 25.89 ±0.01 0.62 

LC 28.12 28.35 ±0.21 -0.23 28.15 ±0.21 -0.03 27.09 ±0.06 1.03 27.715 ±0.3 0.405 

LP1 10.32 9.65 ±0.21 0.67 10.1 ±0.42 0.22 9.135 ±0.19 1.185 10.04 ±0.16 0.28 

LP2 13.91 14.5 ±0.14 -0.59 14.45 ±0.49 -0.54 14.74 ±0.3 -0.83 13.565 ±0.37 0.345 

LM1 14.36 14 ±0.14 0.36 14.05 ±0.07 0.31 13.9 ±0.59 0.46 13.425 ±0.05 0.935 

LM2 13.12 13.75 ±0.35 -0.63 12.9 ±0.42 0.22 13.68 ±0.2 -0.56 12.985 ±1.08 0.135 
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The results of the caliper and the different anatomical locations are listed in the Table 3 

and 4 for Mandible 1 and Mandible 2 respective where the CBCT parameters are set at 4.0mA 

with 180 Voxel. The only statistical difference is noted at RP1 for DTX at mean difference of -

1.22mm. No other softwares showed a statistical difference between caliper readings and 

measurements on the softwares in Mandible 1.  For Mandible 2, DTX showed a statistical 

difference at RP1 at 0.38mm. BSP showed a statistical difference at LC of 1.03mm. SM showed 

a statistical difference at RC and LM1 at difference of 0.62mm and 0.935mm respectively. No 

statistical difference was noted between caliper readings and software measurements made in 

coD.  

In Mandible 1, only 7 out the of the 36 mean values had a difference greater than 1mm. 

In Mandible 2, only 4 out of the 40 mean values had a difference greater than 1mm. These values 

are highlighted in purple.  
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3.2.3 Caliper vs 5mA 180 Voxel 

Table 5:  Caliper vs. 5.0mA and 180 Voxel at Different locations in Mandible 1 (Distance measured in mm) 

 

Table 6:  Caliper vs. 5.0mA and 180 Voxel at Different locations in Mandible 2 (Distance measured in mm)

Location Caliper 

5mA 
180Voxel 

DTX SD± Difference 

5mA 
180Voxel 

coD SD± Difference 

5mA 
180Voxel 

BSP SD± Difference 

5mA 
180Voxel 

SM SD± Difference 

RM2 21.23 23.15 ±0.78 -1.92 22.25 ±0.78 -1.02 22.315 ±0.73 -1.085 21.365 ±0.39 -0.135 

RM1 22.54 22.95 ±0.35 -0.41 21.9 ±0.71 0.64 22.39 ±0.91 0.15 22.21 ±0.37 0.33 

RP2 16.5 15.95 ±1.06 0.55 16.4 ±0.14 0.1 15.875 ±0.05 0.625 15.9 ±0.74 0.6 

RC 36.68 37.05 ±0.07 -0.37 35.75 ±0.49 0.93 35.665 ±1.66 1.015 36.315 ±0.84 0.365 

I 35.19 35.1 ±0.28 0.09 35.9 ±0.42 -0.71 34.385 ±0.49 0.805 35.775 ±0.88 -0.585 

LC 35.1 36.8 ±0.28 -1.7 36.65 ±0.64 -1.55 35.965 ±0.52 -0.865 36.95 ±0.17 -1.85 

LP2 17.28 17.15 ±0.92 0.13 17.35 ±0.07 -0.07 16.55 ±0.44 0.73 16.84 ±0.74 0.44 

LM1 23.29 23.85 ±0.64 -0.56 23.4 ±0.85 -0.11 23.23 ±0.17 0.06 23.585 ±0.66 -0.295 

LM2 22.78 22.7 ±0.28 0.08 22.95 ±0.07 -0.17 22.595 ±0.33 0.185 22.135 ±0.15 0.645 

Location Caliper 

5mA 
180Voxel 

DTX SD± Difference 

5mA 
180Voxel 

coD SD± Difference 

5mA 
180Voxel 

BSP SD± Difference 

5mA 
180Voxel 

SM SD± Difference 

RM2 13.73 13.8 ±0.28 -0.07 13.45 ±0.64 0.28 13.42 ±0.14 0.31 13.065 ±0.05 0.665 

RM1 13.22 13.55 ±1.06 -0.33 13.15 ±0.21 0.07 13.255 ±0.45 -0.035 13.435 ±0.05 -0.215 

RP2 13.72 13.35 ±0.21 0.37 13.95 ±0.21 -0.23 13.72 ±0.01 0 13.675 ±0.04 0.045 

RP1 12.58 12.2 ±0.14 0.38 12.65 ±0.64 -0.07 12.72 ±0.25 -0.14 12.535 ±0.63 0.045 

RC 26.51 26.05 ±0.21 0.46 25.6 ±0 0.91 25.32 ±0.04 1.19 25.865 ±0.16 0.645 

LC 28.12 28.05 ±0.35 0.07 28.3 ±0.14 -0.18 27.285 ±0.25 0.835 28.25 ±0.52 -0.13 

LP1 10.32 9.55 ±0.35 0.77 10 ±0 0.32 9.845 ±0.5 0.475 9.56 ±0.23 0.76 

LP2 13.91 13.8 ±0.42 0.11 14.5 ±0.85 -0.59 14.045 ±0.19 -0.135 13.655 ±0.28 0.255 

LM1 14.36 13.25 ±0.07 1.11 13.7 ±0.14 0.66 13.815 ±0.52 0.545 13.055 ±0.09 1.305 

LM2 13.12 12.9 ±0 0.22 13.4 ±0.28 -0.28 12.98 ±0.24 0.14 13.12 ±0.58 0 
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The results of the caliper and the different anatomical locations are listed in the Table 5 

and 6 for Mandible 1 and Mandible 2 respective where the CBCT parameters are set at 5.0mA 

with 180 Voxel. No statistical significant differences were noted between caliper readings and 

softwares in Mandible 1. In Mandible 2, statistical difference was noted at RC for coD and BSP 

at 0.91mm and 1.19mm, respectively. In addition, at LM1 there was a statistical difference of 

1.1mm for DTX. No statistical differences were noted between caliper readings and SM.  

In Mandible 1, only 6 out the of the 36 mean values had a difference greater than 1mm. 

In Mandible 2, only 3 out of the 40 mean values had a difference greater than 1mm. These 

values are highlighted in purple 
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3.2.4 Caliper vs 3.2mA 300 Voxel 

Table 7:  Caliper vs. 3.2mA and 300 Voxel at Different locations in Mandible 1 (Distance measured in mm) 

 

Table 8: Caliper vs. 3.2mA and 300 Voxel at Different locations in Mandible 2 (Distance measured in mm)

Location Caliper 

3.2mA 
300Voxel 

DTX SD± Difference 

3.2mA 
300Voxel 

coD SD± Difference 

3.2mA 
300Voxel 

BSP SD± Difference 

3.2mA 
300Voxel 

SP SD± Difference 

RM2 21.23 22.55 ±0.07 -1.32 22.55 ±0.35 -1.32 21.665 ±0.59 -0.435 21.98 ±0.78 -0.75 

RM1 22.54 22.9 ±0.57 -0.36 21.65 ±0.49 0.89 22.275 ±0.18 0.265 22.195 ±0.21 0.345 

RP2 16.5 15.85 ±0.49 0.65 16.3 ±0.85 0.2 15.485 ±0.33 1.015 16.67 ±0.54 -0.17 

RC 36.68 36.1 ±0.42 0.58 35.85 ±1.34 0.83 35.47 ±1.3 1.21 35.44 ±0.11 1.24 

I 35.19 35.5 ±0.57 -0.31 35.8 ±0.71 -0.61 35.42 ±0.25 -0.23 35.605 ±0.09 -0.415 

LC 35.1 36.8 ±0.42 -1.7 36.75 ±0.07 -1.65 35.485 ±0.19 -0.385 37.335 ±0.45 -2.235 

LP2 17.28 16.6 ±0.28 0.68 17.5 ±0.28 -0.22 16.57 ±0.96 0.71 17.405 ±0.4 -0.125 

LM1 23.29 24.1 ±0.28 -0.81 23.75 ±0.64 -0.46 23.46 ±0.04 -0.17 23.7 ±0.75 -0.41 

LM2 22.78 22.75 ±0.35 0.03 22.3 ±0.14 0.48 22.375 ±0.62 0.405 22.515 ±0.01 0.265 

Location Caliper 

3.2mA 
300Voxel 

DTX SD± Difference 

3.2mA 
300Voxel 

coD SD± Difference 

3.2mA 
300Voxel 

BSP SD± Difference 

3.2mA 
300Voxel 

SM SD± Difference 

RM2 13.73 14 ±0.28 -0.27 13.35 ±0.35 0.38 13.04 ±0.01 0.69 13.06 ±0.14 0.67 

RM1 13.22 13.65 ±0.78 -0.43 14 ±0.71 -0.78 13.14 ±0.17 0.08 13.19 ±0.06 0.03 

RP2 13.72 14.05 ±0.49 -0.33 13.9 ±0.14 -0.18 13.775 ±0.32 -0.055 13.635 ±0.28 0.085 

RP1 12.58 12.05 ±0.07 0.53 13.2 ±0.14 -0.62 13.37 ±0.13 -0.79 12.685 ±0.84 -0.105 

RC 26.51 25.85 ±0.35 0.66 25.8 ±0.71 0.71 25.895 ±0.06 0.615 26.015 ±0.29 0.495 

LC 28.12 28.7 ±0.14 -0.58 28.4 ±0.14 -0.28 27.9 ±0.01 0.22 28.21 ±0.04 -0.09 

LP1 10.32 9.75 ±0.07 0.57 10.1 ±0.28 0.22 9.425 ±0.02 0.895 10.14 ±0.61 0.18 

LP2 13.91 14.45 ±0.35 -0.54 14.25 ±0.49 -0.34 14.27 ±0.1 -0.36 14.115 ±0.19 -0.205 

LM1 14.36 13.7 ±0 0.66 13.6 ±0.99 0.76 13.86 ±0.21 0.5 13.455 ±0.16 0.905 

LM2 13.12 12.9 ±0 0.22 13.35 ±0.49 -0.23 12.88 ±0.64 0.24 13.155 ±0.36 -0.035 
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The results of the caliper and the different anatomical locations are listed in the Table 7 

and 8 for Mandible 1 and Mandible 2 respective where the CBCT parameters are set at 3.2mA 

with 300 Voxel. Statistical difference is noted at RM2 for DTX at -1.32mm. At location I, 

statistical difference is noted for coD at -1.65mm. For SM, statistical difference is observed at 

LM2 at 0.265mm. No statistical difference is noted for BSP at any locations in Mandible 1. In 

Mandible 2, statistical difference was noted at RM2 is observed for coD at 0.38mm. At LC and 

LP1, statistical significant difference is noted in BSP at 0.22mm and 0.895mm respectively. At 

LM1 and LM2, statistical significant difference is noted for DTX at 0.66mm and 0.22mm 

respectively. No statistically significant differences were noted in SM in Mandible 2.  

In Mandible 1, only 7 out the of the 36 mean values had a difference greater than 1mm. 

In Mandible 2, no values with a difference greater than 1mm was noted. These values are 

highlighted in purple



48 

 

3.2.5 Caliper vs. 4mA 300 Voxel 

Table 9:  Caliper vs. 4.0mA and 300 Voxel at Different locations in Mandible 1 (Distance measured in mm) 

Location Caliper 

4mA 
300Voxel 

DTX SD± Difference 

4mA 
300Voxel 

coD SD± Difference 

4mA 
300Voxel 

BSP SD± Difference 

4mA 
300Voxel 

SP SD± Difference 

RM2 21.23 22.05 ±0.07 -0.82 21.95 ±0.35 -0.72 22.285 ±0.3 -0.335 22.19 ±0.51 -0.24 

RM1 22.54 22.6 ±0 -0.06 22.2 ±1.13 0.34 22.415 ±0.39 -0.215 22.38 ±0.31 -0.18 

RP2 16.5 16 ±1.84 0.5 16.45 ±0.21 0.05 15.785 ±0.22 0.665 16.21 ±0.61 0.24 

RC 36.68 37 ±0.28 -0.32 36 ±0.57 0.68 35.465 ±0.81 0.535 36.09 ±0.28 -0.09 

I 35.19 35.35 ±0.07 -0.16 36 ±0.14 -0.81 34.75 ±0.76 1.25 35.63 ±0.49 0.37 

LC 35.1 36.5 ±0 -1.4 36.55 ±0.92 -1.45 35.715 ±1.11 0.835 37.12 ±0.65 -0.57 

LP2 17.28 17.15 ±0.35 0.13 17.5 ±0.14 -0.22 16.695 ±0.08 0.805 17.14 ±0.16 0.36 

LM1 23.29 23.35 ±0.92 -0.06 23.25 ±0.07 0.04 23.26 ±0.47 -0.01 23.395 ±0.47 -0.145 

LM2 22.78 23.45 ±0.78 -0.67 22 ±0.71 0.78 22.315 ±0.21 -0.315 22.585 ±0.16 -0.585 
 

Table 10: Caliper vs. 4.0mA and 300 Voxel at Different locations in Mandible 2 (Distance measured in mm) 

 

Location Caliper 

4mA 
300Voxel 

DTX SD± Difference 

4mA 
300Voxel 

coD SD± Difference 

4mA 
300Voxel 

BSP SD± Difference 

4mA 
300Voxel 

SM SD± Difference 

RM2 13.73 13.25 ±1.06 0.48 13.85 ±0.07 -0.12 13.285 ±0.21 0.445 13.205 ±0.71 0.525 

RM1 13.22 13.5 ±0 -0.28 13.25 ±0.07 -0.03 13.655 ±0.15 -0.435 13.48 ±0.38 -0.26 

RP2 13.72 13.9 ±0.28 -0.18 13.5 ±0.28 0.22 14.175 ±0.21 -0.455 13.55 ±0.37 0.17 

RP1 12.58 12.3 ±0.28 0.28 13.1 ±0.14 -0.52 12.865 ±0.71 -0.285 12.605 ±0.81 -0.025 

RC 26.51 25.8 ±0.14 0.71 26.05 ±0.07 0.46 25.78 ±0.24 0.73 26.01 ±0.59 0.5 

LC 28.12 28.35 ±0.07 -0.23 28.3 ±0.14 -0.18 27.31 ±0.72 0.81 28.415 ±0.19 -0.295 

LP1 10.32 9.85 ±0.35 0.47 9.95 ±0.64 0.37 9.335 ±0.52 0.985 9.515 ±0.59 0.805 

LP2 13.91 14.2 ±0.42 -0.29 14.55 ±0.92 -0.64 14.595 ±0.02 -0.685 14.08 ±0.72 -0.17 

LM1 14.36 13.3 ±0.57 1.06 13.95 ±0.78 0.41 14.31 ±0.37 0.05 13.455 ±0.35 0.905 

LM2 13.12 12.85 ±0.64 0.27 13.05 ±0.35 0.07 13.22 ±0.61 -0.1 13.25 ±0.45 -0.13 
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The results of the caliper and the different anatomical locations are listed in the Table 9 

and 10 for Mandible 1 and Mandible 2 respective where the CBCT parameters are set at 4.0mA 

with 300 Voxel. Statistically significant differences were noted in DTX at RM1 and LC for -

.06mm and -1.4mm respectively. No other significant differences were observed in coD, BSP, 

and SM in Mandible 1. In Mandible 2, statistically significant differences were noted at RM1 in 

DTX for -0.28mm and at LP2 in BSP for 0.685mm. No statistically significant differences were 

observed in coD and SM in Mandible 2. 

In Mandible 1, only 3 out the of the 36 mean values had a difference greater than 1mm. 

In Mandible 2, no mean values had a difference greater than 1mm. These values are highlighted 

in purple
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3.2.6 Caliper vs. 5mA 300 Voxel 

Table 11: Caliper vs. 5.0mA and 300 Voxel at Different locations in Mandible 1 (Distance measured in mm) 

Location Caliper 

5mA 
300Voxel 

DTX SD± Difference 

5mA 
300Voxel 

coD SD± Difference 

5mA 
300Voxel 

BSP SD± Difference 

5mA 
300Voxel 

SP SD± Difference 

RM2 21.23 22 ±0 -0.77 22.45 ±1.06 -1.22 21.485 ±0.69 -0.255 21.745 ±0.73 -0.515 

RM1 22.54 23 ±0.42 -0.46 22.1 ±0.57 0.44 22.66 ±0.03 -0.12 22.655 ±0.57 -0.115 

RP2 16.5 15.55 ±0.64 0.95 16.8 ±0.28 -0.3 15.51 ±0.55 0.99 15.985 ±0.05 0.515 

RC 36.68 36.1 ±1.13 0.58 35.2 ±1.27 1.48 35.235 ±0.45 1.445 35.5 ±0.44 1.18 

I 35.19 34.65 ±0.07 0.54 34.95 ±0.64 0.24 34.54 ±1.13 0.65 35.085 ±0.73 0.105 

LC 35.1 37.05 ±0.21 -1.95 35.8 ±1.13 -0.7 35.97 ±0.78 -0.87 36.795 ±0.45 -1.695 

LP2 17.28 17.2 ±0.57 0.08 17.1 ±0.14 0.18 16.68 ±0.11 0.6 17.09 ±0.47 0.19 

LM1 23.29 23.25 ±0.07 0.04 23.45 ±0.07 -0.16 23.11 ±0.38 0.18 23.07 ±0.21 0.22 

LM2 22.78 23.05 ±0.21 -0.27 23.35 ±0.64 -0.57 22.715 ±0.5 0.065 22.99 ±0.83 -0.21 
 

Table 12: Caliper vs. 5.0mA and 300 Voxel at Different locations in Mandible 2 (Distance measured in mm) 

 

Location Caliper 

5mA 
300Voxel 

DTX SD± Difference 

5mA 
300Voxel 

coD SD± Difference 

5mA 
300Voxel 

BSP SD± Difference 

5mA 
300Voxel 

SM SD± Difference 

RM2 13.73 13.85 ±0.64 -0.12 13.65 ±0.07 0.08 13.11 ±0.93 0.62 13.055 ±0.77 0.675 

RM1 13.22 13.2 ±0.99 0.02 13.65 ±0.21 -0.43 13.34 ±0.61 -0.12 13.175 ±0.28 0.045 

RP2 13.72 13.45 ±0.07 0.27 14.05 ±0.64 -0.33 13.39 ±0.28 0.33 13.61 ±0.07 0.11 

RP1 12.58 12.4 ±0.14 0.18 12.8 ±0 -0.22 12.75 ±0.34 -0.17 12.5 ±0.11 0.08 

RC 26.51 26 ±0.28 0.51 25.7 ±0.28 0.81 25.675 ±0.39 0.835 26.175 ±0.35 0.335 

LC 28.12 28.15 ±0.21 -0.03 28.55 ±0.35 -0.43 27.24 ±0.35 0.88 28.63 ±0.06 -0.51 

LP1 10.32 9.95 ±0.21 0.37 9.85 ±0.07 0.47 9.14 ±0.07 1.18 9.935 ±0.56 0.385 

LP2 13.91 13.8 ±0.28 0.11 14.35 ±0.49 -0.44 13.915 ±0.86 -0.005 13.615 ±0.06 0.295 

LM1 14.36 13.55 ±0.78 0.81 13.25 ±0.07 1.11 14.03 ±1 0.33 13.185 ±0.28 1.175 

LM2 13.12 13.6 ±0.14 -0.48 13.25 ±0.07 -0.13 13.71 ±0.06 -0.59 12.86 ±0.61 0.26 



51 

 

The results of the caliper and the different anatomical locations are listed in the Table 11 

and 12 for Mandible 1 and Mandible 2 respectively where the CBCT parameters are set at 

5.0mA with 300 Voxel. No statistically significant differences were observed in Mandible 1 in 

any of the softwares. In Mandible 2, statistically significant differences were noted at LP1 in 

SBP for 1.18mm and at LM1 in coD for 1.11mm. No statistically significant differences were 

observed in DTX and SM in Mandible 2. 

 

In Mandible 1, only 5 out the of the 36 mean values had a difference greater than 1mm. 

In Mandible 2, only 2 out of the 40 mean values had a difference greater than 1mm. These 

values are highlighted in purple
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3.3 Mean measurements for softwares and mean difference from caliper in Mandible 1 

 

Mean Measurements (mm) and Mean difference from caliper in Mandible 1 

 Caliper DTX coD BSP SM 

Mean 25.62 25.91 25.77 25.4 25.74 

Std. Deviation ±7.896 ±8.187 ±8.032 ±7.931 ±8.185 

Std. Error of Mean 2.632 2.729 2.677 2.644 2.728 

Mean Difference 
(±SD)  

-0.285 
(±0.312) 

-0.152 
(±0.350) 

0.224 
(±0.246) 

-0.115 
(±0.312) 

 

Table 13: Mean measurements for softwares and mean difference (in mm) from calipers 

for each software in Mandible 1 

One-way ANOVA was used to determine the mean values and mean difference for each 

of the four softwares compared to the caliper measurements. ANOVA analysis attached in 

appendix C displayed no statistical difference between the caliper and the four softwares. 

Estimated Marginal means for each location is listed in table 14. All of the mean values are 

within the 95% confidence interval. Boxplot of the average mean values for each section 

corresponding to mA and voxel sizes are demonstrated in Figure 24. 
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Table 14:  The estimated marginal means of the first and second reading at the corresponding sections for four softwares 
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Figure 24: The average distance measured in each software for each section corresponding to mA and voxel sizes in Mandible 

1 
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3.4 Mean measurements for softwares and mean difference from caliper in Mandible 2 

  

Mean measurements (in mm) and mean difference from caliper in Mandible 2 

 Caliper DTX coD BSP SM 

Mean 15.96 15.8 15.93 15.73 15.67 

Std. Deviation ±6.099 ±6.08 ±6.017 ±5.848 ±6.155 

Std. Error of Mean 1.929 1.923 1.903 1.849 1.946 

Mean Difference 
(±SD)  

0.158 
(±0.269) 

0.033 
(±0.227) 

0.226 
(±0.303) 

0.286 
(±0.230) 

 

Table 15:  Mean measurements for softwares and mean difference (in mm) from calipers 

for each software in Mandible 2 

One-way ANOVA was used to determine the mean values and mean difference for each 

of the four softwares compared to the caliper measurements in mandible 2. ANOVA analysis 

attached in appendix C displayed no statistical difference when comparing the means for each 

software and the caliper. Boxplot of the average mean values for each section corresponding to 

mA and voxel sizes are demonstrated in Figure 25. 

3.5 Comparing Mandible 1 and Mandible 2 

 

 

 

 

 

 

Table 16: Mean difference (in mm) from caliper for Mandible 1 and 2 and ± SD 

Mean difference (in mm) from caliper for Mandible 1 and 2 and ± SD 

Softwares Mandible 1 Mandible2 

DTX -0.285 ±0.312 0.158 ±0.269 

coD -0.150 ±0.350 0.033 ±0.227 

BSP 0.224 ±0.246  0.226 ±0.303 

SM -0.115 ±0.312 0.286 ±0.230 
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Mean difference for each softwares in Mandible 1 and 2 is demonstrated in table 16. 

Neither of the mean differences were statistically significant when compared to their 

corresponding caliper readings. When comparing one mandible to another in the same software, 

not a single software reaches a measurement difference of 0.5mm. Paired t-tests (attached in 

Appendix E) were run to affirm whether a difference existed between Mandible 1 and Mandible 

2. No significant difference was noted between the two mandibles used in our study. 
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Figure 25: The average distance measured in each software for each section corresponding to mA and voxel sizes in Mandible 2 
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3.6 Assessing the accuracy of the software 

3.6.1 Accuracy formulation and figures 

In our study, to assess accuracy, relative distance measurement to the caliper or gold 

standard is introduced. Accuracy is defined by the value of the selected measurement which is 

verified as close to the true value as much as possible (Brunette, 2007).  To assess the accuracy 

of the selected sections, a relative distance is introduced to represent the accuracy. The relative 

distance or measurement can be calculated from the formula:  

 

 

Accuracy = 1 – (E −O)/ E  

 

where E is the gold standard value and O is the observed distance from software. In general, the 

accuracy is a number smaller or equal to 1. If the real distance and the observed distance is 

close, the accuracy is high (i.e., close to 1). If the observed distance is quite different from the 

real distance, the accuracy is low (i.e., much smaller than 1), and it may turn negative 

eventually. 

 

Figure 23 shows the accuracy distribution, which is skewed left. The accuracy has 

minimum 0.86, maximum 1, median 0.98, mean 0.97, and standard deviation 0.024. 
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Figure 26: Histogram of accuracy distribution 
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Figure 27 shows a boxplot of accuracy by software, color lines by mA and each plot is 

subdivided by voxel sizes. Figure 28 and 29 represent the boxplot of accuracy separated by 

each software in Mandible 1 and 2, respectively. Figure 27, 28 and 29 do not show a big 

difference in accuracy among the different softwares. For location, LC appears to exhibit the 

lowest accuracy among most of the softwares in Mandible 1. In Mandible 2, LM1 and LPI 

appear to exhibit the lowest accuracy among the softwares in Mandible 2. The boxplot as 

shown in figures 27, 28, and 29 provide us with a superficial insight, and a statistical model is 

needed to confirm the primary conclusions from the plot. 

 

 

 

 

 

 

 

 

 

Figure 27: Boxplot of accuracy with respect to different softwares, mA and voxel sizes. 
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Figure 28: Boxplot of accuracy of different softwares for Mandible 1 
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Figure 29: Boxplot of Accuracy of different softwares for Mandible 2  
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3.6.2 Comparing accuracy of the four implant softwares 

ANOVA is used to compare the mean of multiple groups (Brunette, 2007). There are 3 

grouping variables (software, mA, and voxel sizes) that can have effect on the accuracy, so a 

three-way ANOVA can be used to evaluate the effect of these different grouping variables on 

the continuous outcome variable (accuracy). This test can also be used to evaluate if there is a 

statistically significant interaction between these variables in explaining the accuracy. Mandible 

1 has 9 different sections and Mandible 2 has 10 different sections and each section has two 

measurements. At each section, there are two readings for each combination of grouping 

variables. Since our primary interest was not to assess the effect of the section on the accuracy, 

it was treated as a blocking factor in three-way ANOVA analysis.  

Three-way ANOVA was carried out on the data for accuracy values. The summary of 

the ANOVA results is displayed in Table 17. There appears to be no significant difference 

between the gold standard and the softwares. When comparing one software to another, the 

ANOVA analysis shows that there is a significant software effect at significance level of 0.05 

(p = 0.04), i.e., at least one software has different accuracy from other software after adjusting 

the section effect and time effect. Furthermore, the blocking of section appears to be effective, 

since p-value is very small (p < 0.01). This suggests that value of one of the sections may not be 

highly accurate. 

Post-hoc tests can be used to perform multiple pairwise comparison between groups. In 

this analysis, Tukey’s Honest Significant Difference (Tukey’s HSD) was used. Tukey’s HSD 

provides with an estimate of difference between the softwares and a confidence interval for the 

estimate as highlighted in Table 18. The table showcases that only significant difference is 
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noted between coD and BSP (p = 0.02), and BSP has about 0.006 lower accuracy than coD. 

Low accuracy may due to intra-examiner variability or low reliability of the software. 
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Table 17: Summary of the ANOVA for accuracy 

 

 

 

Table 18: Summary of Post-hoc tests 
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3.6.3 Intra-examiner variability 

In addition to ICC, intra-examiner variability was also assessed to ensure high reliability 

of the examiner.  

Intra-examiner variability can be assessed by the standard deviation of the first and 

second reading at each section. Figure 30 shows a boxplot of standard deviation of accuracy by 

software, color lines by mA and each plot is sub-divided by voxel sizes. The figure does not 

demonstrate a statistical difference in the figure. 

A separate three-way ANOVA on the standard deviation of accuracy with 3 grouping 

variables (mA, voxel size and software) and one block factor (i.e., section) is performed. Table 

19 shows the ANOVA results, and there are no significant differences between different types 

of software at significance level of 0.05, after adjusting for the blocking factor i.e. section. The 

results demonstrate that the intra-examiner variability is independent from different softwares 

but may depend on particular sections. This illustrates that certain low accuracies noted may be 

due to the location/section rather than the software. Adjusting for sections effect and ANOVA 

analysis for standard deviation of accuracy, intra-examiner variability does not appear to have a 

statistically significant impact on accuracy. 

 



67 

 

 

Figure 30: Boxplot of Standard deviation distribution of accuracy by software, mA and voxel sizes 

Table 19: Summary of the ANOVA for intra-examiner variability 

 

3.6.4 Sensitivity  

Specificity, sensitivity, positive and negative predictive values are common terms noted 

in medical nomenclature and diagnosis. These statistical values help in determining the 
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likelihood of disease or health in a given population. In this study, these terms cannot be 

applied directly as the outcome of our study is not binary i.e. accuracy is being given as 

continuous probability outcome. In such scenario, sensitivity can be assessed by choosing a 

threshold T (value) of accuracy. A clinically significant threshold, T, is chosen, and 

measurements with accuracies greater than T from the gold standard are deemed adequate or 

sufficient. The proportion of measurements which are considered accurate for different 

threshold values can then be assessed. While this is not consistent with the definition of any of 

the sensitivity, specificity, PPV or NPV, it is similar in idea to these measures while being 

applied to the context of this study. 

Assume that the observed measurement is accurate if the corresponding accuracy is 

above the threshold T. Sensitivity depends on the threshold T and it is summarized in Table 20. 

Table 20 shows that coDiagnostix has the highest sensitivity compared to other software. 

 

 

Table 20: Sensitivity for different threshold values for different softwares 
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3.7 Location 

Two-way ANOVA was also carried out which affirms that biggest variation in accuracy 

is due to different locations/sections rather than the different softwares, mA and voxel sizes. 

Results from the Two-way ANOVA are listed in Appendix D.  

Measurement values that demonstrated a statistically significant differences were noted 

at RM2, RM1, and LC. RM1 only had 1 out of 24 measurements that showed a statistically 

significant difference while RM1 and LC had 2 and 3 out of 24 measured values, respectively 

that showed a statically significant difference.  

Measurement values that demonstrated statistically significant differences were noted at 

RM2, RM1, RP1, RC, LP1, LP2, LM1, and LM2 in Mandible 2. Only 1 out the 24 measured 

values that showed a statistically significant difference was noted at RM2, RM1, LP2 and LM1 

in Mandible 2. In Mandible 2, two or more of the readings that showed statistical significance 

were noted at RP1 (3 out of 24 measured values), RC (3 out of 24 measured values), LP1 (2 out 

of 24 measured values), and LM2 (2 out 24 measured values). 
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Chapter 4: Discussion 

Until the advents of CBCT, dental panoramic radiographs have been the staple in 

imaging anatomical landmarks. Over the last two decades, CBCT has become more widely 

used in dentistry more specifically the planning and placement of dental implants. The 

advantages of being able to identify anatomical landmarks is a significant advantage. The 

software viewing packages included in the study as they represent the biggest global market 

shares in dental implants (iData research 2021). coD, DTX and SM can cost thousands of 

dollars to purchase with a subsequent subscription fee for maintenance. BSP was chosen as it is 

a freeware software to provide a comparison and see if it may be a viable alternative. Currently, 

there has been no set standard for CBCT scan parameters. Furthermore, there has been minimal 

studies on the softwares utilized to view these scans and their accuracy. This study attempted to 

answer both matters presented and provide valuable feedback. Overall, the distribution of the 

entire data (Figure 26) is highly accurate and similar to prior studies conducted for linear 

accuracy (Fokas et al. 2018). According to our results, there was no statistical significance 

between the softwares and the caliper measurements. When comparing one software to another, 

only significant difference was noted between coD and BSP. BSP yielded a 0.006 accuracy 

rating lower than coD. Although statistically significant, it only represents 0.6% of 

measurement difference from coD. When computing this in for mean measurement value for 

the softwares even when taking the biggest difference in Mandible 1 the difference would yield 

0.02mm on average (calculation in Appendix D). It is not possible to see this value being 

clinically relevant. This was also reflected in the sensitivity values that were calculated where 

coD had the highest sensitivity among the softwares.  
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Previous studies (Fokas et al. 2018, Kobayahsi et al. 2004) have noted that for CBCT 

measurements to be deemed clinically relevant, the discrepancy between the gold standard and 

the measurement should be 1 mm or less. All of the mean values for each of the softwares were 

within this range. Out of 456 measurements, 410 measurements were within this range.  While 

this provides a good overall view, it must be noted that this also includes certain locations and 

measurements which may show high variability and may not truly represent the reliability and 

accuracy of the softwares. Furthermore, the 1mm difference in measurement can signify a high 

variability in accuracy as the difference will be significant larger for a shorter distance than a 

larger distance. For example a 1mm difference at RM2 in Mandible 2 in our study will be noted 

to be a 92% ((12.73/13.73) x100%) and 1mm difference at RM2 in Mandible 1 in our study will 

be noted to be 95% ((20.23/21.23) x 100%)). This highlights the fact that an arbitrary 1mm 

difference can be variable for different distances. Therefore, the accuracy equation/model used 

in our study provides a context to the raw numbers and differences observed in our study. Our 

results noted that the overall mean accuracy is 0.97 with a median value of 0.98. These figures 

are similar to the values observed by Watrick et al. (2013) where they also noted a similarly 

high agreement between CBCT measurements and digital calipers. Furthermore, for implant 

planning, the safety zone of 2mm has been proposed by Greenstein and Tarnow (2006). The 

grand means of both Mandible 1 and Mandible 2 are within this range for our study.  

4.1 Caliper vs. mA.  

mA represents the dose that is generated by the tube current (Pauwels et al. 2015). Due 

to CBCT generally having a functional mA that are usually under one order of magnitude of 

medical CT machines, a higher noise level is projected in CBCT images (Schulze et al. 2011). 
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Noise is a result of additional measured x-ray attenuation that is non-linear and contributes to 

image degradation (White and Pharoah, pg. 236). A method to reduce noise is by increasing 

mA however that comes at the cost of subsequent increase in radiation dose (Pauwels et al. 

2015). Our study found no significant impact of different mA values (3.2, 4.0, and 5.0) on the 

accuracy of softwares. The results are in alignment with Kim et al. (2010) where the authors 

compared the CBCT to the direct measurement in measuring the mandibular canal. These 

authors used mA ranging from 3.0 to 8.0 and 0.2 voxel sizes. Their study found no significant 

differences between the CBCT measurements at different mA values and direct measurements. 

The study utilized the iCat CBCT which also has a 180-degree rotation similar to the CBCT 

machine used in current study.  Furthermore, the results are further affirmed by Hans et al. 

(2020) where the biggest discrepancy between linear measurements on the CBCT were found 

between 2mA and 10mA by using the same CBCT machine.  

Although the image quality was not quantitively assessed in current study, there was no 

apparent scanning parameter that made it challenging to assess the anatomy or the measurement 

of the scan. Similar findings are noted by Sur et al. (2010) where they noted that there was no 

significant impact on image quality between 4mA and 8mA in regard to implant planning. The 

authors noted that scans taken at 2mA and 360 degrees and 4mA and 180 degrees all produced 

sufficient image quality. These are also affirmed by Dawood et al. (2012) where by images 

were graded from 2mA to 6mA and no significant impact on image quality was noted for 

implant planning.  
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4.2 Caliper vs. Voxel size 

Our study found no significant impact of different voxel sizes (0.18mm and 0.30mm) on 

the accuracy of softwares. Waltrick et al. (2012) also studied the effects of varying voxel sizes 

on the visibility of the mandibular canal and it’s accuracy in linear measurements. The study 

utilized gutta percha markers in the buccal and lingual aspects similar to the ones used in 

current study and linear measurement corresponding to different cross sections. In contrast to 

our study, Waltrick et al. (2012) only utilized three preset points in the proximity of second 

molar, first molar and second premolar. In addition, they only used edentulous mandible. The 

different voxel size analyzed were 0.2mm, 0.3mm and 0.4mm. They noted that voxel size did 

not impact accuracy from linear measurement except of linear accuracy at first molar. They also 

noted that voxel size of 0.2mm produced the best visible image while 0.3mm may be the best 

compromise between 0.2 and 0.4mm as to avoid increase in radiation dose with 0.2mm. It must 

also be noted that in their study while the kVp was kept constant at 120 kVp, the mA values 

ranged from 3 to 8 mA. The authors did not mention whether different mA values had an 

impact on their results. Similar results are obtained by Damstra et al. (2010) where the authors 

also compared linear measurements to the preset gutta markers and noted no significant 

different between 0.2mm and 0.4mm. It must be noted that the authors used SimPlant Ortho to 

view the CBCT images. The SimPlant Ortho software is manufactured by the Dentsply Sirona 

corporation and maybe similar to the software used in our study. The results of our study are 

comparable to the results of Damstra et al. (2010) where we can corroborate the voxel sizes do 

not impact CBCT images viewed in Simplant. Patcas et al. (2012) also found no significant 

impact when using 0.125mm and 0.4mm voxel sizes to compare the accuracy of CBCT when 



74 

 

assessing bone overlying teeth in the anterior mandible. Furthermore, it was observed that even 

with .125mm voxel size, alveolar buccal plate which tends to be extremely thin could not be 

consistently identified. Therefore, it may be an extreme to take a CBCT image in that 

particularly small voxel settings which increase a significant radiation dose to the patient. 

4.3  Variation at locations 

When reviewing ANOVA analysis, the biggest variation of results was noted to be due 

to location/section. In our current study, the biggest variation and the lowest accuracy is noted 

at LC in Mandible 1 as noted by the accuracy tables and the Dunnet’s multiple comparison test 

as seen in Appendix D. This may be due to the cortication of the trabecular bone in the most 

superior aspect where I made the measurements. As noted by the Patcas et al. (2012) even at 

.12mm voxel size, thin cortical plate is not accurately assessed in the anterior mandible and 

trabecular bone tends to be significantly less dense than cortical plate. It must also be noted that 

while it is the least accurate area, only 3 mean measurement values out of 24 showed a 

statistically significant difference. Two of those values do arise from the higher voxel size value 

of 0.3mm viewed in coD and DTX.  It is more plausible that due to high intra-correlation 

coefficient (ICC) and the inaccuracy reproducing itself more often that I may have 

misinterpreted the landmark in the software measurement in comparison to the caliper 

measurements.  

While Mandible 2 demonstrated the greatest number of locations with statistically 

significant differences, the lowest to highest range of difference in all of the sections were 

within the gold standard difference of 1mm or less with the exception of 3 readings where the 

underestimation of 1.3mm was noted at RC, LM1, LM2. The lowest accuracy and the biggest 
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variation in Mandible 2 were noted to be RP1, RC, LP1, LM1. It must be noted that there were 

only 3 and 2 mean measurement values out of 24 for RP1, RC and LP1, LM1 respectively, that 

showed a statistical significant difference as per two-way ANOVA analysis which is attached in 

Appendix D. The statistically significant differences in ANOVA were seen at RP1 

measurements done 3.2 mA/0.18mm voxel (BSP), 5mA/0.30mm voxel (coD), 4 mA/0.18mm 

voxel (DTX). The minimum and the maximum range of difference noted at RP1 is -1.07mm to 

0.53mm. It is interesting that the highest inaccuracies also resulted in the LP1 position on the 

contralateral side. The statistically significant differences as per Two-way ANOVA (Appendix 

D) were seen at LP1 in scans at 5mA/0.18mm voxel (coD) and 3.2mA/0.30 voxel (BSP). The 

ranges of mean differences noted at LP1 were from -0.18mm to 1.185mm. The inaccuracy 

noted could be due to the decreased visibility of the cortex of the mandibular canal. Ishii et al. 

(2018) noted that the superior aspect of the mandibular canal tended to decrease in visibility as 

you move from posterior to the anterior. They noted the lowest visibility of the superior cortex 

was the lowest in the area of the mental foramen and the highest towards the second molar 

region. In their study, the authors noted that two thirds of the most superior portion of the 

mandibular canal could only be identified in 44% and 62% of their study population. Similar 

results are noted by Jung and Cho (2014) where they observed the lowest visibility of the canal 

in the proximity of the first molar. These results may help explain the higher number of 

inaccuracies noted at LM1 in Mandible 2 which was noted to be in the proximity of the first 

molar. The range of mean difference at LM1 in Mandible 2 is from 0.05mm to 1.305mm. 

Although the second molar is noted to have the highest amount of visibility of mandibular 

canal, Ishii et al. (2018) noted that the superior and inferior cortex of the canal can only be 
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visualized approximately 66% of the time. This can provide a plausible explanation of the 2 

(out of 24) measurement error values noted at RM2 in this study.  

At RC, statistical significant differences as per Two-way ANOVA (Appendix D) 

analysis were observed in measurements done in 5mA/0.18mm voxel (coD), 5mA/0.18mm 

voxel (BSP), and 4mA/0.18mm voxel (SM). The range of difference noted at RC was 0.335mm 

to 1.36mm. It appears that most of the inaccuracies resulted from 0.18mm voxel size. This is 

the hypothetically similar position to the inaccuracy noted at LC in Mandible 1. In contrast to 

Mandible 1, most of the inaccuracies in Mandible 2 at the canine position resulted from the 

lower voxel size 0.18mm rather than 0.30mm voxel size. Although decreasing voxel size, 

provides better spatial resolution, 0.18mm may not be able to capture the thin buccal plate at the 

anterior mandible (Patcas et al. 2012). Menezes et al. (2016) observed the accuracy of CBCT in 

comparison to physical anatomical measurement while varying the voxel sizes. The authors 

compared the distance from the crest of the CEJ to crest of the buccal plate along various 

landmarks including the canine. The study design was similar to the current study as the 

distance was measured in cross section. The authors noted a mean difference of -0.52mm, -

0.91mm and -0.49mm at the canine position in 0.20mm, 0.30mm and 0.40mm voxel size 

respectively. The mean difference of the statistically significant values in our study at RC 

ranged from 0.62mm to 1.19mm. It must be noted that in contrast to the Menezes (et al. 2016) 

study, even though their study shows lesser ranges of differences, the authors are only 

comparing the distance from the CEJ to the crest which they noted to be 4.18mm in physical 

measurement. If the accuracy equation/model in our study is applied to their measurements, 

then accuracy model would yield 0.876, 0.782, and 0.882 for 0.20mm, 0.30mm and 0.40mm 
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voxel size respectively. These values are significantly lower than the values in the current 

study.  

4.4 Mandible 1 and Mandible 2 (Dentate vs Edentulous) 

This study used two mandibles, a dentate (Mandible 1) and an edentulous (Mandible 2) 

one. From mean measurement analysis (table 16) of each of the softwares at these two 

mandibles, it does not appear that there is a significant clinical difference, as noted by One-way 

ANOVA of the mean measurements highlighted in Table 16 (Chapter 3). Furthermore, paired t-

tests which was used to analyze and compare the mean differences between these mandibles for 

each software showed no statistical difference between them. Furthermore, each data point was 

thoroughly examined and observed to search for pattern to observe whether there might be a 

possibility that the difference between them may be able to explain the minor differences noted 

at various locations. Two-way ANOVA (appendix D) demonstrates the most significant amount 

of data in respect to various locations as noted in previous section.  

It must be noted that in our current study, more measurements with statistically 

significant value differences were noted in Mandible 2 than Mandible 1 (14 vs. 7) when looking 

at Two-way ANOVA analysis. These values are highlighted by the Two-way ANOVA analysis 

and Dunnett’s multiple comparison test which are given in Appendix D. While it appears that 

there is more than “double” the amount of error values in Mandible 2 than Mandible 1, certain 

things should be remarked upon. It must be noted that there was an extra location/section 

marked in Mandible 2 and each location had 24 mean values assigned to it. This would translate 

to approximately 14 out of 240 values for Mandible 2 and 7 out of 216 equivalent values for 

Mandible 1. This would amount to approximately 5.8% and 3.2% values of all of the values 
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present in the ANOVA analysis. Furthermore, from our Two-way and Three-way ANOVA 

analysis, we know that mA, voxel size and softwares did not have a significant impact on 

accuracy therefore if we take out locations with just 1 measurement displaying a statistical 

significance, we are left with RC and RM2 in Mandible 1 and RP1, RC, LP1, LM2 in Mandible 

2. Similar locations (canine and second molar) are observed in both mandibles and possible 

reasons of error in these locations were discussed in the previous section. It is interesting that 

the area of pre-molar and mental foramen was the area of more error values in the edentulous 

versus dentate area. This is contrast to Suomalainen et al. (2008) where they noted increase in 

measurement error in the area of mandibular left premolar in the dentate mandible as compared 

to the edentulous when comparing linear accuracy of CBCT to CT using cadavers. These 

authors attributed the error to being unable to distinguish the correct height of crestal portion in 

the dentate mandible compared to the edentulous mandible. These errors were likely avoided in 

this study as I found the dentate mandible to provide additional landmarks for sectioning. 

Furthermore, the dentate mandible in our study was subjectively found to have a thick cortical 

plate in the region. This could be a possible source of error for the edentulous mandible used in 

our study as a slight variation in noting the highest crestal point on scanned images can have a 

significant impact in comparison to the gold standard. Since the distance in these areas is 

relatively less than the Mandible 1 (dentate), a small difference can have a higher impact 

particularly combined by the fact that the visibility of the canal and the foramen tends to be 

lower in the proximity of premolars are noted by Ishii et al. (2018). 
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4.5 Method of detecting mandibular canal 

It must be pointed out that in our current study to detect the mandibular canal, free hand 

tools provided in the software were used to accurately identify using transaxial views. 

Consideration was given to use the automated tool in each software to map and localize the 

mandibular canal however it would not reliably test the accuracy of the softwares which was 

our primary objective. Bahrampour et al. (2015) attempted to illustrate the automated method of 

detecting mandibular canal via algorithm based on image recontruction. The authors noted that 

the mean distance error was less than 1mm from the gold standard. It must be noted that the 

gold standard in their study was prior agreement of the mapping of the mandibular canal as 

compared to automated generated curve on the software. Further recommendations of this study 

would include the accuracy of the computer-generated curve to the gold standard by way of 

digital calipers.  

The method of reproducibility utilized in the current study was tracing of the 

mandibular canal by utilizing reconstructed DPR’s from CBCT and using axial, cross-sectional 

and sagittal views to mark it. Gerlach et al. (2010) tested the method of reproducibility of 

tracing the mandibular canal by comparing reconstructed DPR images and coronal views. The 

authors found that the best reproducibility was achieved when the two tracing methods were 

combined together. They noted that the safety margin be kept at 1.7mm in all directions as they 

found the 95th percentile deviation of 1.3mm with standard deviation of approximately 0.4mm.  

4.6 Limitations 

Although we try and ensure that there are no errors, some form of human error is to be 

expected. One of the sources for variation noted at the locations can be due to the error in 
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measurement. These errors can arise if a particular cross-section on the CBCT is not 

corresponded to the anatomical cross-sections. These could have caused the discrepancies noted 

at a particular section as discussed before. The challenge may have been either sectioning along 

with the mentioned the gutta percha points. Although permanent markers were drawn to 

correspond with gutta percha points, only one gutta percha marker was used on the lingual 

surface. A possible solution can be to use a notch to embed the gutta percha point thereby 

ensuring with great confidence that sections are being measured and cut at that particular 

section.    

There was a sole observer for the current study. This was done to ensure that biases in 

the measurements would be as low as possible as the error in the measurements would be 

consistent throughout the study. We were attempting to answer the accuracy and therefore 

required reliability of measurements to be done to a certain extent. The use and manipulation of 

these software’s does require certain education and skill level therefore having a person who is 

not familiar with all of the softwares would have a big potential to bias the results.  

It is also important to mention that 2 human mandibles were used for the study. Perhaps, 

if a larger sample size was attainable a more pronounced difference could have been observed. 

The challenge in conducting this was in vitro study was the acquisition of human mandibles. 

These resources are scarcely available. Some of the previous studies have employed pig-jaws or 

resin to accommodate for the cortex of the bone. The advantage in that is that it does afford a 

large sample size however the minutiae in those studies is that it can never to truly be 

applicable to clinical settings. While only 2 mandibles or 4 hemi-mandibles were used, it is 

important to note that had over 900 data points which are in line or superior to some of 
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accuracy studies involving human cadavers that have been done in the past. (Neves et al. 2014, 

Vasconcelos et al. 2018, Fokas et al. 2018).  

4.7 Future directions:  

The accuracy of all four softwares was found to be remarkably high for all of the 

landmarks involved. It is important to note that only mandibles were used for the study. This 

study can be repeated to involve the maxilla and see if these values are consistent. Previous 

study done by Luangchana et al. (2015) found a bigger discrepancy between CBCT and 

anatomical measurements in the maxilla as compared to the mandible. 

It is also important to note that the dentate and the edentulous mandibles used for the 

study had no metal objects, restorations or implants. These objects tend to introduce scatter and 

may end up producing a less than ideal image especially in the area of the implant planning. It 

is very common for patients receiving implant therapy to have direct or indirect restorations in 

their mouth. The parameters of this study and the softwares can be tested to see if the accuracy 

may change when introducing these objects. Ismail et al. (2020) found no statistically 

significant differences when introducing increase in metal restorations in linear accuracy. The 

authors noted that the softwares used in their study for implant planning (DTX and CS9300) 

also had no statistical difference between them. It must be noted that the study conducted was 

done on a pig mandible and can only be applicable to a certain extent.  

Every software and the capabilities are designed to make it easier for the clinician to 

view and plan the case. There have been limited studies done on the level of knowledge 

required to operate and accurately assess important landmarks. This can be done by inviting 
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clinicians of various skill levels and perhaps graduate residents to see if there would be a 

significant impact between the level of training and accuracy.  
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Chapter 5: Conclusion 

The goal of this study was to assess the accuracy of the four different implant planning 

softwares coD, DTX, Simplant and Blue Sky Plan. Linear measurements along preset points 

were compared to the gold standard “truth” by anatomical measurement via digital calipers.  

The scanning parameters of mA and voxel sizes were varied to determine if there was any 

impact on the accuracy of the measurements. Based on the results of the study, reserach 

hypothesis can be rejected. 

• This study reports that there was no statistical difference between the accuracy of the 

softwares in measuring linear distances in human mandibles. 

• Varying mA (3.2, 4.0, and 5.0) had no statistical impact on the accuracy of the 

softwares. 

• Varying voxel sizes (0.18mm and 0.30mm) had no statistical impact on the accuracy of 

the softwares. 

• Comparison of accuracy values between different softwares showed a statistical 

significance between coD and BSP. coD had a 0.006 value higher than BSP. Although 

statistically significant, it is not likely to be clinically significant as this does not violate 

the safety threshold of 1mm.  

• coD, DTX, Simplant and BSP are accurate and reliable softwares in detecting the 

mandibular canal within the limitations of the study 
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Appendices 

 

 

Appendix A  

A.1  Data tables Mandible 1 – First reading and second reading 

 

Table  21 and 22  represents the measured distances in each software with the corresponding 

scanning parameters. Scanning parameters are represented by mA, kvP and voxel sizes. Each 

measured distance also corresponds to its location. “Vol. #” represents the each scanned file 

saved under a specific volume set.  Table 21 and 22 represent the first and second reading of the 

same volume set .
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Software Vol # mA kvP Voxel RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

DTX Vol. 20 3.2 90 180 22.5 23.2 16.9 36.4 35.2 36.8 17.8 24 22.3 

  Vol. 23 4 90 180 22.5 23 16.9 36.8 35 36.2 17.4 23.4 22.4 

  Vol. 24 5 90 180 23.7 23.2 16.7 37 34.9 37 17.8 24.3 22.5 

  Vol. 25 3.2 90 300 22.6 22.5 16.2 35.8 35.9 37.1 16.8 23.9 22.5 

  Vol. 26 4 90 300 22.1 22.6 17.3 36.8 35.3 36.5 17.4 24 24 

  Vol. 27 5 90 300 22 23.3 16 35.3 34.6 37.2 17.6 23.3 22.9 

     RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

coDiagnostix Vol. 20 3.2 90 180 22.2 22 16.7 37 36.5 36.3 17 22.6 22.2 

  Vol. 23 4 90 180 22.7 21.8 16.1 34.7 35.6 36.1 17.4 22.5 22.8 

  Vol. 24 5 90 180 22.8 21.4 16.5 35.4 36.2 36.2 17.4 22.8 22.9 

  Vol. 25 3.2 90 300 22.8 21.3 16.9 34.9 35.3 36.7 17.7 23.3 22.4 

  Vol. 26 4 90 300 22.2 23 16.3 35.6 36.1 35.9 17.4 23.2 22.5 

  Vol. 27 5 90 300 23.2 21.7 16.6 34.3 35.4 35 17.2 23.4 23.8 

     RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

BlueSky Plan Vol. 20 3.2 90 180 22.1 22.13 16.43 35.17 34.78 36.67 16.23 23.43 22.8 

  Vol. 23 4 90 180 22.54 22.77 15.36 34.75 35.18 35.79 16.67 23.56 21.77 

  Vol. 24 5 90 180 22.83 23.03 15.84 34.49 34.04 35.6 16.24 23.35 22.36 

  Vol. 25 3.2 90 300 21.25 22.4 15.25 34.55 35.24 35.62 17.25 23.43 22.81 

  Vol. 26 4 90 300 22.5 22.69 15.94 34.89 35.29 34.93 16.75 23.59 22.17 

  Vol. 27 5 90 300 21.97 22.68 15.12 34.92 35.34 35.42 16.76 23.38 22.36 

     RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

Simplant Vol. 20 3.2 90 180 22.05 21.7 16.02 35.69 35.67 35.98 16.89 22.62 22.16 

  Vol. 23 4 90 180 20.67 22.18 14.98 36.29 35.5 36.48 16.71 23.04 22.93 

  Vol. 24 5 90 180 21.64 21.95 15.38 35.72 35.15 36.83 16.32 23.12 22.03 

  Vol. 25 3.2 90 300 21.43 22.34 16.29 35.36 35.54 37.02 17.12 23.17 22.52 

  Vol. 26 4 90 300 21.83 22.6 15.78 35.89 35.28 36.66 17.25 23.73 22.7 

  Vol. 27 5 90 300 22.26 23.06 15.95 35.19 34.57 36.48 16.76 22.92 23.58 

              
Table 21:  Measured distance (in mm) corresponding to each scanned parameter and location in each of the four softwares 
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Table 22:  Measured distance (in mm) corresponding to each scanned parameter and location in each of the four softwares

Software Scan # mA kvP Voxel RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

DTX Vol. 20 3.2 90 180 22.5 22.4 14.8 37.2 35.7 35.6 15.9 23.5 22.5 

  Vol. 23 4 90 180 22.4 22.5 15.3 37.5 35.6 37.1 15.8 23.8 22.8 

  Vol. 24 5 90 180 22.6 22.7 15.2 37.1 35.3 36.6 16.5 23.4 22.9 

  Vol. 25 3.2 90 300 22.5 23.3 15.5 36.4 35.1 36.5 16.4 24.3 23 

  Vol. 26 4 90 300 22 22.6 14.7 37.2 35.4 36.5 16.9 22.7 22.9 

  Vol. 27 5 90 300 22 22.7 15.1 36.9 34.7 36.9 16.8 23.2 23.2 

     RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

coDiagnostix Vol. 20 3.2 90 180 22.1 23 16.4 36.5 36.2 36.3 16.5 23.7 22.6 

  Vol. 23 4 90 180 22.3 22.3 16 36.3 35.7 36.3 16.9 23.5 22.3 

  Vol. 24 5 90 180 21.7 22.4 16.3 36.1 35.6 37.1 17.3 24 23 

  Vol. 25 3.2 90 300 22.3 22 15.7 36.8 36.3 36.8 17.3 24.2 22.2 

  Vol. 26 4 90 300 21.7 21.4 16.6 36.4 35.9 37.2 17.6 23.3 21.5 

  Vol. 27 5 90 300 21.7 22.5 17 36.1 34.5 36.6 17 23.5 22.9 

     RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

BlueSky Plan Vol. 20 3.2 90 180 21.99 23.2 16 35.82 34.15 35.46 16.31 23.21 21.86 

  Vol. 23 4 90 180 21.54 23.27 16.27 36.13 34.14 36.85 16.04 22.83 22.2 

  Vol. 24 5 90 180 21.8 21.75 15.91 36.84 34.73 36.33 16.86 23.11 22.83 

  Vol. 25 3.2 90 300 22.08 22.15 15.72 36.39 35.6 35.35 15.89 23.49 21.94 

  Vol. 26 4 90 300 22.07 22.14 15.63 36.04 34.21 36.5 16.64 22.93 22.46 

  Vol. 27 5 90 300 21 22.64 15.9 35.55 33.74 36.52 16.6 22.84 23.07 

                            

     RM2 RM1 RP2 RC I LC LP2 LM1 LM2 

Simplant Vol. 20 3.2 90 180 22.28 22.27 15.72 36.61 35.98 35.85 17.22 23.94 22.85 

  Vol. 23 4 90 180 22.64 22.25 15.73 35.95 35.98 37.28 17.89 23.76 22.55 

  Vol. 24 5 90 180 21.09 22.47 16.42 36.91 36.4 37.07 17.36 24.05 22.24 

  Vol. 25 3.2 90 300 22.53 22.05 17.05 35.52 35.67 37.65 17.69 24.23 22.51 

  Vol. 26 4 90 300 22.55 22.16 16.64 36.29 35.98 37.58 17.03 23.06 22.47 

  Vol. 27 5 90 300 21.23 22.25 16.02 35.81 35.6 37.11 17.42 23.22 22.4 



98 

 

A.2  Data tables Mandible 2 – First and Second reading 

Table  23 and 24  represents the measured distances in each software with the corresponding 

scanning parameters. Scanning parameters are represented by mA, kvP and voxel sizes. Each 

measured distance also corresponds to its location. “Vol. #” represents the each scanned file 

saved under a specific volume set.  Table 23 and 24 represent the first and second reading of the 

same volume set.  
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Software Scan # mA kvP Voxel RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

DTX Vol. 8 3.2 90 180 14.2 13.5 14.1 12.7 24.9 28.6 10.1 14.7 14.3 12.9 

  Vol. 9 4 90 180 13.6 13.9 13.7 12.2 25.2 28.5 9.5 14.6 14.1 13.5 

  Vol. 10  5 90 180 14 14.3 13.5 12.3 25.9 28.3 9.8 13.5 13.3 12.9 

  Vol. 11 3.2 90 300 14.2 14.2 14.4 12 25.6 28.6 9.7 14.7 13.7 12.9 

  Vol. 12 4 90 300 14 13.5 14.1 12.5 25.7 28.4 10.1 14.5 13.7 12.4 

  Vol. 13  5 90 300 14.3 13.9 13.5 12.3 25.8 28 10.1 14 14.1 13.5 

     RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

coDiagnostix Vol. 8 3.2 90 180 12.9 13.2 13.9 13.4 25.9 28.4 10.1 13.5 13.9 13.2 

  Vol. 9 4 90 180 13.3 13.6 13 13.7 25.2 28.3 10.4 14.1 14.1 13.2 

  Vol. 10  5 90 180 13 13.3 13.8 12.2 25.6 28.4 10 13.9 13.6 13.6 

  Vol. 11 3.2 90 300 13.6 13.5 14 13.3 25.3 28.5 9.9 13.9 12.9 13.7 

  Vol. 12 4 90 300 13.9 13.3 13.3 13.2 26 28.4 9.5 13.9 13.4 12.8 

  Vol. 13  5 90 300 13.7 13.8 13.6 12.8 25.9 28.3 9.8 14 13.2 13.3 

     RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

BlueSky Plan Vol. 8 3.2 90 180 13.62 13.38 13.86 13.67 25.84 27.74 10.36 14.61 14.31 13.81 

  Vol. 9 4 90 180 12.2 12.82 13.82 13.23 24.99 27.13 9 14.95 14.32 13.54 

  Vol. 10 5 90 180 13.52 13.57 13.71 12.9 25.35 27.46 9.49 14.18 14.18 12.81 

  Vol. 11 3.2 90 300 13.03 13.02 14 13.46 25.94 27.91 9.41 14.34 14.01 13.33 

  Vol. 12 4 90 300 13.14 13.76 14.32 13.37 25.95 27.82 8.97 14.61 14.05 13.65 

  Vol. 13 5 90 300 13.77 12.91 13.19 12.99 25.4 27.49 9.09 14.52 14.74 13.67 

     RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

Simplant Vol. 8 3.2 90 180 12.79 13.5 13.83 12.43 26.21 28.27 10.29 13.83 13.12 12.21 

  Vol. 9 4 90 180 13.22 12.41 13.47 12.69 25.88 27.5 10.15 13.3 13.39 13.75 

  Vol. 10 5 90 180 13.03 13.47 13.65 12.09 25.75 27.88 9.4 13.85 12.99 13.53 

  Vol. 11 3.2 90 300 12.96 13.15 13.83 12.09 25.81 28.24 9.71 14.25 13.57 13.41 

  Vol. 12 4 90 300 12.7 13.75 13.29 12.03 26.43 28.28 9.1 14.59 13.7 13.57 

  Vol. 13 5 90 300 12.51 13.37 13.66 12.58 26.42 28.59 10.33 13.66 12.99 12.43 

 
Table 23:  Measured distance (in mm) corresponding to each scanned parameter and location in each of the four software 
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Table 24: Measured distance (in mm) corresponding to each scanned parameter and location in each of the four software 

Software Scan # mA kvP Voxel RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

DTX Vol. 8 3.2 90 180 13.1 13.2 13.9 12.5 25.6 27.9 9.5 14.3 13.8 13.8 

  Vol. 9 4 90 180 12.9 13 13.6 12.2 26 28.2 9.8 14.4 13.9 14 

  Vol. 10  5 90 180 13.6 12.8 13.2 12.1 26.2 27.8 9.3 14.1 13.2 12.9 

  Vol. 11 3.2 90 300 13.8 13.1 13.7 12.1 26.1 28.8 9.8 14.2 13.7 12.9 

  Vol. 12 4 90 300 12.5 13.5 13.7 12.1 25.9 28.3 9.6 13.9 12.9 13.3 

  Vol. 13  5 90 300 13.4 12.5 13.4 12.5 26.2 28.3 9.8 13.6 13 13.7 

     RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

coDiagnostix Vol. 8 3.2 90 180 13.5 13.3 13.7 13.6 25.7 28.6 10 14.3 13.4 13.5 

  Vol. 9 4 90 180 13.2 13.9 14.1 13.1 26.1 28 9.8 14.8 14 12.6 

  Vol. 10  5 90 180 13.9 13 14.1 13.1 25.6 28.2 10 15.1 13.8 13.2 

  Vol. 11 3.2 90 300 13.1 14.5 13.8 13.1 26.3 28.3 10.3 14.6 14.3 13 

  Vol. 12 4 90 300 13.8 13.2 13.7 13 26.1 28.2 10.4 15.2 14.5 13.3 

  Vol. 13  5 90 300 13.6 13.5 14.5 12.8 25.5 28.8 9.9 14.7 13.3 13.2 

     RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

BlueSky Plan Vol. 8 3.2 90 180 13.25 13.13 13.3 13.62 25.25 27.91 9.47 15.05 13.82 12.6 

  Vol. 9 4 90 180 13.01 13.3 13.13 12.88 25.31 27.05 9.27 14.53 13.48 13.82 

  Vol. 10 5 90 180 13.32 12.94 13.73 12.54 25.29 27.11 10.2 13.91 13.45 13.15 

  Vol. 11 3.2 90 300 13.05 13.26 13.55 13.28 25.85 27.89 9.44 14.2 13.71 12.43 

  Vol. 12 4 90 300 13.43 13.55 14.03 12.36 25.61 26.8 9.7 14.58 14.57 12.79 

  Vol. 13 5 90 300 12.45 13.77 13.59 12.51 25.95 26.99 9.19 13.31 13.32 13.75 

     RM2 RM1 RP2 RP1 RC LC LP1 LP2 LM1 LM2 

Simplant Vol. 8 3.2 90 180 13.11 13.63 13.31 12.38 25.9 28.18 10.08 14.32 13.5 11.3 

  Vol. 9 4 90 180 12.43 13.77 13.56 13.46 25.9 27.93 9.93 13.83 13.46 12.22 

  Vol. 10 5 90 180 13.1 13.4 13.7 12.98 25.98 28.62 9.72 13.46 13.12 12.71 

  Vol. 11 3.2 90 300 13.16 13.23 13.44 13.28 26.22 28.18 10.57 13.98 13.34 12.9 

  Vol. 12 4 90 300 13.71 13.21 13.81 13.18 25.59 28.55 9.93 13.57 13.21 12.93 

  Vol. 13 5 90 300 13.6 12.98 13.56 12.42 25.93 28.67 9.54 13.57 13.38 13.29 
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A.3  Caliper / “Gold standard” measurements 

Table 25 and 26 represents the caliper readings in millimeter for Mandible 1 and Mandible 2, 

respectively corresponding to the particular sections of interest.  

Mandible 1 

Location Distance (in mm) 

RM2 21.23 

RM1 22.54 

RP2 16.5 

RC 36.68 

I 35.19 

LC 35.1 

LP2 17.28 

LM1 23.29 

LM2 22.78 
 

Table 25:  Distance measured (in mm) using digital calipers corresponding with the particular sections of 

interest in Mandible 1 

 

Mandible 2 

Location Distance (in mm) 

RM2 13.73 

RM1 13.22 

RP2 13.72 

RP1 12.58 

RC 26.51 

LC 28.12 

LP1 10.32 

LP2 13.91 

LM1 14.36 

LM2 13.12 
 

Table 26: Distance measured (in mm) using digital calipers corresponding with the particular sections of 

interest in Mandible 2 
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Appendix B 

Calculation of ICC: 

Intra-correlation coefficient is also analyzed using the following formula which yielded a value 

of 0.988 

 

 

 

  

MSW=
0+32001

1+909
= 35.16593. 

 

ICC=
31361.7−35.16593

31361.7+(2−1)35.16593
= 0.988  
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Appendix C 

 

Tables from Statistical Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Table 27: Caliper vs softwares – ANOVA analysis on mean values in Mandible 1 
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Table 28: Caliper vs softwares – ANOVA analysis on mean values in Mandible 2 
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Appendix D 

 

Table 29: Location vs Different Softwares – Two-way ANOVA analysis in Mandible 1 

Dunnett’s multiple comparison test was carried out all of the scanned parameters at each 

location, only significant findings are listed below. 

Dunnett's multiple 
comparisons test 

Mean 
Diff. 

95.00% CI of 
diff. 

Below 
threshold? Summary 

Adjusted 
P Value 

RM2      
Caliper vs. 3.2mA 180Voxel 

DTX -1.27  Yes *** 0.0001 

Caliper vs. 5mA 300Voxel 
DTX -0.77  Yes *** 0.0001 

RM1      
Caliper vs. 4mA 300Voxel 

DTX -0.06  Yes *** 0.0001 

LC      
Caliper vs. 4mA 300Voxel 

DTX -1.4  Yes *** 0.0001 

Caliper vs. 3.2mA 180Voxel 
coD -1.2  Yes *** 0.0001 

Caliper vs. 3.2mA 300Voxel 
coD -1.65 

-3.224 to -
0.07579 Yes * 0.0478 

LM2      
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Caliper vs. 3.2mA 300Voxel 
SP 0.265 

0.1076 to 
0.4224 Yes * 0.0295 

Table 30: Location vs Different softwares – Dunnett’s multiple comparison test in Mandible 1 

 

 

Table 31:    Location vs Different Softwares – Two-way ANOVA analysis in Mandible 2 

Dunnett’s multiple comparison test was carried out all of the scanned parameters at each 

location, only statistically significant findings are listed below. 

Dunnett's multiple 
comparisons test Mean Diff. 

95.00% CI of 
diff. 

Below 
threshold? Summary 

Adjusted 
P Value 

RM2      
Caliper vs. 3.2mA 300Voxel 

BSP 0.69 
0.3752 to 

1.005 Yes * 0.0224 

RM1      
Caliper vs. 4mA 300Voxel 

DTX -0.28  Yes *** 0.0001 

RP1      
Caliper vs. 4mA 180Voxel 

DTX 0.38  Yes *** 0.0001 

Caliper vs. 5mA 300Voxel coD -0.22  Yes *** 0.0001 

Caliper vs. 3.2mA 180Voxel 
BSP -1.065 

-1.852 to -
0.2779 Yes * 0.0374 

RC      

Caliper vs. 5mA 180Voxel coD 0.91  Yes *** 0.0001 
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Caliper vs. 5mA 180Voxel 
BSP 1.19 

0.2455 to 
2.135 Yes * 0.0401 

Caliper vs. 4mA 180Voxel SM 0.62 
0.3052 to 

0.9348 Yes * 0.0248 

LP1      

Caliper vs. 5mA 180Voxel coD 0.32  Yes *** 0.0001 

Caliper vs. 3.2mA 300Voxel 
BSP 0.895 

0.4227 to 
1.367 Yes * 0.0258 

LP2      
Caliper vs. 4mA 300Voxel 

BSP -0.685 
-1.157 to -

0.2127 Yes * 0.0347 

LM1      
Caliper vs. 3.2mA 300Voxel 

DTX 0.66  Yes *** 0.0001 

LM2      
Caliper vs. 5mA 180Voxel 

DTX 0.22  Yes *** 0.0001 

Caliper vs. 3.2mA 300Voxel 
DTX 0.22  Yes *** 0.0001 

      

Table 32: Location vs Different softwares – Dunnett’s multiple comparison test in Mandible 2 

 

 

Calculation of Average mean difference between BSP and coD 

(Avg. mean difference from caliper vs. BSP –  Avg. mean difference from caliper vs coD) X 

difference in accuracy : values derived from Table 16 

= 0.15  – (-0.22) x 0.006 = 0.002mm 
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Appendix E 

 

Figure 31: Paired t-test to compare mean differences between MD1 and MD2 


