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Abstract

Introduction: The purpose of this study was to evaluate the reliability and accuracy of a newly

developed intraoral ultrasound (US) device to evaluate the facial alveolar bone height.

Methods: 38 cadaver teeth distributed across 3 human cadavers were prepared by having placed
two or more notches on the facial enamel surface. The maxillary and mandibular teeth were
imaged with a custom designed intra-oral 20 MHz ultrasound probe. This custom designed US is
small and is specifically designed for intra-oral use, as currently available medical US probes are
bulky and are unsuited to be used intra-orally. After the US scans were done, the maxilla and
mandibles were sectioned from the cadavers and scanned with Micro-CT (uCT) (gold standard).
For each sample, the distance from the inferior border of the most apical notch to the tip of the
alveolar bone crest on the facial aspect of the teeth was measured from the US and pCT images.
ITK-Snap was used to orient and measure the pCT images and RadiANT was used to measure

the US images.

Results: The intra examiner and inter examiner reliability for both the uCT and US alveolar
bone crest measurements was found to be excellent (intra examiner ICC 1s 0.998 for uCT and
0.997 for US, inter examiner ICC is 0.996 for uCT and in between 0.947 and 0.950 for US). The

accuracy of the US was found to be good compared to uCT (ICC in between 0.885 and 0.894).

Conclusion: Using the ultrasound device to evaluate the facial alveolar bone height has excellent

reliability and good accuracy compared to the pCT gold standard.
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Glossary of Terms

R1 =Rater 1

R2 = Rater 2

T1 = Measurement at time T1

T2 = Measurement at time T2

T3 = Measurement at time T3

US = Ultrasound

CBCT = Cone Beam Computed Tomography
CT = Computed Tomography

uCT = Micro Computed Tomography

PFM = Porcelain fused to metal crow
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CHAPTER 1 - INTRODUCTION

The periodontium is a dynamic structure composed of tissues that support and surround
the tooth. These tissues include the gingiva, periodontal ligament, cementum, and alveolar bone.
Vascular and nerve tissue supplies are also vital to the normal functioning of periodontal tissues.
The structure and function of the tissues that make up the periodontium are mutually dependent;
their dynamic biological renewal and adaptation processes maintain a harmonious relationship
under normal conditions. The knowledge of the architecture and biology of the normal tissue is a

prerequisite for understanding diseased tissue (Nanci & Bosshardt, 2006).

The thickness of the alveolar bone defines the limits of orthodontic movement and
challenging these boundaries can result in iatrogenic side effects to the supporting and protective
periodontium. The most critical orthodontic movements include expansion of the dental arches
and anterior retraction/proclination movements. Such mechanics can decentralize the teeth from
the supporting bone tissue envelope, resulting in dehiscence, bone fenestrations and gingival
recession, depending on the initial morphology of the periodontium, as well as the amount of

movement (Fuhrmann, 2002).

Many advances have occurred in technology in the world and dentistry has benefited
significantly from them, especially in the field of radiology. New methods of assessment such as
cone beam computed tomography (CBCT), magnetic resonance imaging (MRI) and ultrasound
have been explored increasingly in the periodontal, oral pathology and orthodontics fields

(Evirgen & Kamburoglu, 2016; Nguyen et al., 2018; Shah, Bansal, & Logani, 2014).

There is a great variety of clinical and radiographic methods that can be used to assess
periodontal status (Agrawal, Sanikop, & Patil, 2012). Periodontal probing is the most accepted
form of assessment of sulcus depth. However, pocket depth evaluation does not offer assessment
of the alveolar bone level. For years, 2D intra-oral radiography has been used. This allows the
clinician to have some information regarding the alveolar bone level (mesial and distal aspects of
the tooth) (Xiang et al., 2010); however, it does not visualize the buccal and lingual aspects

surrounding the teeth.



CBCT is presently used in the dental field for hard tissues visualization and, more
recently, to examine periodontal loss (Leung, Palomo, Griffith, & Hans, 2010; Sun, Zhang, Shen,
Wang, & Fang, 2015; Walter et al., 2020). Its main advantage when compared to 2D intra-oral
radiography is that it allows the clinician to have access to a 3D view. The precision of CBCT
for small measurements has been described in the literature (Abdelkarim, 2019; Leung, Palomo,
Griffith, & Hans, 2010; Loubele et al., 2008; Mol & Balasundaram, 2008; Nguyen et al., 2018;
Sun et al., 2015; Swasty et al., 2009; Walter et al., 2020), with an accuracy of 0.4mm for the
cemento-enamel junction (CEJ) location and 0.6mm for the alveolar bone height, when it was

compared to a digital caliper (Leung, Palomo, Griffith, & Hans, 2010).

Most clinicians do not recommend CBCT as a standard procedure for all patients since
the amount of radiation involved is high and so is the financial cost. Due especially to the
lifetime cumulative effects of X-ray exposure (Chen, Kachniarz, Gilani, & Shin, 2014), it is not
recommended, nor feasible to take CBCT images on a routine basis during active treatment in
order to assess how the bony structures respond. This has led some researchers to investigate
whether there are alternative methods of bone imaging to assess the alveolar bone structures on a
routine basis, and without increasing the patient exposure to radiation (Nguyen et al., 2018).
Finding this holy grail of diagnostic bone imaging is not a trivial task and the search is still

ongoing.

Thus far, the most promising non-invasive, ionizing radiation-free potential candidate has
been US Imaging. In general, medical US imaging works by measuring echoes coming from the
tissue interfaces due to impedance contrasts between different tissues. Therefore, it is an
alternative to x-rays, and it could be used chairside to measure the alveolar bone in a matter of
seconds in real time. So far, some successful attempts have been made to use ultrasound to
measure bone in the dental field (Bohner et al., 2019; Chan & Kripfgans, 2020; Palou, McQuade,
& Rossmann, 1987; Spranger, 1971; Tsiolis, Needleman, & Griffiths, 2003).

In a recent publication by Chifor et al. (2021), 3D reconstructions of the periodontium
were accomplished utilizing a high frequency US imaging prototype on porcine mandibles. The
authors concluded that the US had a strong diagnostic potential (precision varied from 0.179 mm
and 0.235 mm), however this accuracy has not been demonstrated in a clinical setting in humans

to date.



The main challenge has been that many available ultrasound transducers are mainly

designed for the imaging of soft tissue, not hard tissue, and are rather bulky, making them

unsuitable for intraoral use. For our study, we used a newly developed 20 MHz ultrasound

transducer probe that is small enough to be used intraorally.

The primary objective of this study was to determine the reliability and accuracy of the

newly developed US for identifying alveolar bone crest height on the facial aspect of maxillary

and mandibular human teeth.

In order to determine the reliability and accuracy of the US, the following research

questions and hypothesis were investigated:

1.

Research Question 1
How reliable are the measurements done by Rater 1 (R1) for the pnCT and US?
This research question investigates the Intra-Rater reliability of R1 for the uCT and

US measurements by using the following null hypothesis and alternate hypothesis:

Hol: The pCT and US measurements done by R1 are reliable
Hal: The uCT and US measurements done by R1 are not reliable

Research Question 2:

How reliable are the measurements done by Rater 1 (R1) for the US and pCT
compared to Rater 2 (R2)?

This research question investigates the Inter-Rater reliability of R1 compared to R2
for the pCT and US measurements by using the following null hypothesis and
alternate hypothesis:

Ho2: The pCT and US measurements done by R1 are reliable compared to R2
Ha.2: The uCT and US measurements done by R1 are not reliable compared to R2



3. Research Question 3:
How accurate is the newly developed intraoral US device as a diagnostic tool to
evaluate the facial alveolar bone crest?
This research question investigates the accuracy of the US measurements compared
to the uCT gold standard by using the following null hypothesis and alternate
hypothesis:

Ho3: The US device is accurate to determine alveolar bone crest height on the buccal
aspect of maxillary and mandibular human teeth
H.3: The US device is not accurate to determine alveolar bone crest height on the

buccal aspect of maxillary and mandibular human teeth

The secondary objective of this study was to explore if there are regions of the mouth that

provide more reliable and/or accurate US measurements.
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CHAPTER 2 - LITERATURE REVIEW

2.1 The Periodontium

The periodontium comprises of structures that surround the tooth, and is divided into
gingiva, alveolar bone, periodontal ligament and cementum (Figure 2.1). The gingival unit
consists of free gingiva, attached gingiva and alveolar mucosa. The attachment unit consists of
the alveolar bone, fibers of the periodontal ligament and cementum. These structures hold the
tooth in position while absorbing the chewing forces applied to the tooth. Together they promote
homeostasis, sealing the environment and thus allowing the host to maintain periodontal health
in the face of constant aggression caused by the presence of bacterial plaque or by physical

stimuli (Lindhe, Lang, & Karring, 2008; Newman, Takei, Klokkevold, & Carranza, 2012).

> @Gingiva

Attachment unit
(Alveolar bone, Periodontal ligament and cementum

Figure 2.1 - Periodontium structures (Modified from (Jain, 2020))

The gingiva is the part of the masticatory mucosa that covers the alveolar process and
surrounds the cervical portion of the teeth. It consists of an epithelial layer and underlying
connective tissue called lamina propria. The gingiva assumes its definitive shape and texture in
association with tooth eruption. Towards the crown, the pink gingiva ends at the free gingival

margin, which has a scalloped contour. The gingiva is continuous in the apical direction with the
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alveolar mucosa (lining mucosa), which is loose and red in color; it is usually separated by an
easily recognized boundary line called the mucogingival junction or mucogingival line (Figure

2.2).

Figure 2.2 - Normal gingiva in a young adult. Arrows demarcate the mucogingival line between
the attached gingiva and the darker alveolar mucosa (Figure from (Lindhe et al., 2008)).

The gingival sulcus is of great clinical importance during restorative procedures. It is
defined in the studies of Ainamo and Lde (1966) as a gap or shallow space around the tooth,
limited by the tooth surface and the layer of epithelium that lines the free margin of the gingiva
(histological gingival sulcus) (Ainamo & Loe, 1966). It is a V-shaped depression, and it allows
the entry of a periodontal probe with resistance (around 0.5 to 1.5 millimetres of depth in health)
(Gargiulo, Wentz, & Orban, 1961). The gingival sulcus is divided into histological gingival
sulcus and clinical gingival sulcus situated more apically. The depth of the histological gingival
sulcus added to the depth of the junctional epithelium characterizes the clinical gingival area,
which measures approximately 1 to 2 millimetres in the buccal and lingual and 2 to 3 millimetres

in the proximal regions (Lindhe et al., 2008).

The attached gingiva is the gingiva located firmly on the periosteum below the bone
crest. It is attached firmly to the underlying tissues via connective tissue fibers, and is therefore
comparatively immobile in relation to the underlying tissues. It is located between the free

marginal gingiva and the alveolar mucosa, from which it is separated by the mucogingival line



(Figure 2.3). In the upper arch, there is no defined boundary, and the same occurs on the lingual
side in the lower arch, where the attached gingiva is continuous with the mucosa of the floor of

the mouth (Lindhe et al., 2008; Newman et al., 2012).

Figure 2.3 - “Orange peel” appearance of attached gingiva due to connective fiber insertions.
The attached gingiva is coronally bounded by the Gingival Groove (GG). Alveolar mucosa (AM)
(Figure from (Lindhe et al., 2008))

The width of the keratinized mucosa on the buccal surface varies from 1 to 9 millimetres
in the different parts of the mouth and is firmly embedded in the underlying alveolar bone and
cementum. It can be determined by measuring the distance from the gingival groove to the

mucogingival junction (Shirmohammadi, Faramarzie, & Lafzi, 2008).

The periodontal ligament is an important component of the attachment unit, formed by
loose connective tissue, richly vascularized and cellular, which surrounds the roots of the teeth
and joins the root cementum to the lamina dura or to the alveolar bone. Coronally, the
periodontal ligament is continuous with the lamina propria of the gingiva and is separated from it
by bundles of collagen fibers that connect the crest of the alveolar bone to the root. The
periodontal ligament space is narrow at the level of the middle third of the root, having an
average width of 0.25 millimetres (Lindhe et al., 2008). The periodontal ligament plays an
important role in transmitting and resisting occlusal loads to the bone (shock absorption and
neutralization), in addition to its formative, nutritional and sensory functions (Newman et al.,
2012). The periodontal ligament is vital to maintain the physiologic mobility of the tooth, and is
largely determined by its width, height and quality (Newman et al., 2012).



The alveolar process is defined as the bony structures of the maxilla and mandible that
form and support the dental sockets. The walls of the alveoli are lined with compact bone
(cribriform plate). Cancellous bone occupies most of the interdental septa and only a small extent
on the buccal and lingual bone plates. The spongy bone contains bony trabeculae, whose
architecture and size are determined, in part, by the forces that the teeth are exposed to during
function. In conjunction with root cementum and periodontal ligament, the alveolar bone
constitutes the apparatus of insertion of the tooth, the main function of which is to distribute and
absorb the forces generated by chewing and other dental contacts (Lindhe et al., 2008; Newman

etal., 2012).

Bone contour varies in thickness from one region to another. In the area of incisors and
premolars, the cortical bone plate of the facial surface is considerably thinner than on the lingual
side. In the molar region, bone is thicker on the buccal surface than on the lingual. In addition,
the alveolar process normally adapts to the prominence of the roots, merged with vertical
depressions that taper towards the margin. On the buccal side, bone coverage is sometimes
absent in the coronal portion of the root, forming a dehiscence. If the defect is in the middle
portion of the root, the root is covered only by the periodontal ligament and the overlying

gingiva (Ainamo & Loe, 1966; Gargiulo et al., 1961; Nanci & Bosshardt, 2006).

Root cementum is a highly specialized, mineralized tissue that covers, by apposition of
layers, the root dentin. It also provides attachment to collagen fibers and the periodontal
ligament. Structurally, it resembles bone, but it differs from it in several functional aspects such
as the absence of innervation, blood supply, and lymphatic drainage. Its nutrition is directly
dependent on the blood vessels of the periodontal ligament and any vascular compromise of this
can lead to cementum degeneration. Cementum's ability to slowly and consistently
deposit over time in humans allows it to compensate for the extrusion of the teeth and to protect
the root dentin from direct contact with connective tissue. In addition to working as a root
surface repairer, it also functions as a means of inserting Sharpey's fibers in order to maintain
and control the width of the periodontal ligament space. The factors that trigger the activity of
cementum remodeling are the healing stimulus after periodontal therapy, the orthodontic

movement and primary trauma injury (Foster, 2017).

10



2.2 Periodontal Loss

Gingival inflammation is almost always present in all forms of periodontal disease due to
bacterial plaque and irritating factors that favor the accumulation of these microbial deposits
frequently present in the oral environment. Periodontitis is the most common form of periodontal
disease and results from the extension of the inflammatory process initiated in the gingiva to the
supporting tissues. Periodontal health depends on a balance between the internal and external
environment. The internal environment is organically controlled, as per the tissue metabolism,
while occlusion is an important component of the external environment. For the periodontium to
remain healthy regarding its metabolism, it is necessary for mechanical stimuli from the occlusal
forces of functional activity to be present. Consequently, when such functional stimuli are
insufficient, there may be a degeneration of the periodontium, and changes such as decreased
width of the periodontal ligament, increased thickness of the cementum and reduced bone height

may occur (Newman et al., 2012).

Gingival recession can be seen when the marginal gingiva migrates towards the apex of
the tooth, exposing the CEJ in the oral environment, a region where there are nerve endings,
which, due to known direct causes and predisposing factors, are exposed to the oral environment
(Bin Bahar, Alkhalidy, Kaklamanos, & Athanasiou, 2020). The etiology can be due to calculus,
tooth brushing, high frenal attachment, position of the tooth, tooth movement by orthodontic
forces, improperly designed dentures, primary occlusal trauma, smoking, restorations and some
chemical use (Pradeep, Rajababu, Satyanarayana, & Sagar, 2012). One of the most common
examples of chronic trauma is incorrect daily tooth brushing. This habit may cause injury to
delicate gingival tissues for several years (normally associated with the presence of cervical

abrasion).

In periodontal disease, there is the presence of edema and swelling of the gingival tissues
caused by the accumulation of exudate and inflammatory infiltrate. This destruction caused by
the progression of the disease, causes the gingiva to migrate apically, due to the loss of bone

support and the inflammatory process of the bone crest (Pradeep et al., 2012).

Another cause is primary occlusal trauma, characterized by diffuse pain associated with a

slight increase in tooth mobility, which, if not stopped within a few weeks, will cause uniform

11



enlargement of the periodontal ligament and thickening of the lamina dura or cortical alveolar
bone of the tooth. The periodontal fibers become thicker and longer in order to meet the
increased functional demand and to be able to absorb the most intense occlusal forces.
Consequently, the thickness of the cortical alveolar bone also increases so that these fibers, now
longer, can be inserted. This repetition of function that the fibers undergo, especially those
inserted in the most cervical part of the alveolar bone crest, can lead to the rupture of some
collagen bundles, causing stress to the periodontal ligament cells and the release of a greater
amount of chemical mediators responsible for bone resorption. This process can result in bone

loss from the periodontal surface of the alveolar bone crest (Persson et al., 1998).

Regarding orthodontic treatment and periodontal loss, when lateral movements are
present, it can cause gingival recession, because the tooth may be being moved to an area of
extremely thin bone, inducing bone crest dehiscence in this region. Tooth movement should be
induced only within the limits of the trabecular alveolar bone; however, in some movements the
external bone crest region is also involved, producing defects in the cortical alveolar bone
(Steiner, Pearson, & Ainamo, 1981; Wennstrom, Lindhe, Sinclair, & Thilander, 1987). Ideally,
the tooth involved in the movement would be fully enveloped, so that any iatrogenesis can be
prevented (Johal et al., 2013). In order to avoid dehiscence and recession, only light and well-
distributed forces should be used on tooth groups — and never on a single tooth. When group
movement is not possible, bodily movement should be performed so that the periosteal bone
replacement is deposited on the outermost part of the bone that is undergoing deflections (Castro

Rodriguez & Grados Pomarino, 2017).

It 1s very important that great care is taken when preserving the periodontium, because
the dental surface where the gingival recession has occurred no longer has the periosteum as a
bone support for the gingiva, and the site is impregnated with lipopolysaccharides produced by
bacteria in the oral environment, and, due to its high toxicity, it will not allow the cementoblasts
to recolonize and the reattachment of periodontal fibers to occur. When this happens, the patient
should be referred to a periodontist, who will surgically replace the lost gingiva through a

gingival graft procedure with long junctional epithelium (F. J. Hughes, 2013).
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2.2.1 Periodontium and Orthodontics

Orthodontic treatment in adults should be seen as a multidisciplinary treatment, ranging
in complexity, due to the presence of several factors. Therefore, the interrelationship of medical-
dental specialties is quite interesting and important for success in the treatment in adult patients.
In addition to Orthodontics, several specialties, such as Periodontics and Prosthodontics as well
as General Dentistry should collaborate in the formulation of a treatment plan that includes
treatment of periodontal disease, tooth repositioning and subsequent missing teeth rehabilitation

(Pye & Pye, 2017).

Orthodontic treatment, as part of periodontal rehabilitation, may have benefits such as the
improvement in the individual's access to dental hygiene. Properly aligned teeth can contribute to
the maintenance or improvement of oral health (Alfuriji et al., 2014). However, with the increase
in the number of adult patients seeking orthodontic treatment, the importance of periodontal
health has also increased. Non-axial loads conjugated with dental plaque can act as accelerating
cofactors in the destruction of the periodontium. Therefore, orthodontic tooth movement should
aim at redirecting occlusal forces so that they act along the axis of the teeth, distributing the
loads more harmoniously (Gorbunkova, Pagni, Brizhak, Farronato, & Rasperini, 2016; Li, Zhan,

Bao, Yi, & L1, 2021).

During the clinical examination, prior to orthodontic diagnosis and treatment planning,
the patient's periodontal condition should be evaluated (gingival inflammation, edema, gingival
recession, tooth mobility and periodontal pockets) (Gyawali & Bhattarai, 2017). Tooth
movement in patients with reduced but healthy periodontium does not result in additional bone
loss (Czochrowska & Rosa, 2014; Reichert, Hagner, Jepsen, & Jéger, 2011). However, it is
known that for any type of orthodontic movement to be performed, it is essential that the patient
presents a healthy periodontium, as it is imperative that, during orthodontic correction,
periodontal tissue damage is not caused. Although periodontal disease is not an absolute
contraindication for orthodontic treatment (Sim et al., 2017), tooth movement in patients with
active periodontal disease can lead to greater loss of attachment and is therefore contraindicated

(Czochrowska & Rosa, 2014).
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In fact, most orthodontic treatment plans are designed with the intent that this biologic
bony envelope is not violated during treatment. However, in clinical practice, the resulting
treatment outcome is not always the same as the theoretical intended treatment goal; bony
dehiscence and periodontal complications do occur and are some of the undesired side effects of
orthodontic treatment (Gorbunkova et al., 2016; Reichert et al., 2011; Sim et al., 2017; Steiner et
al., 1981).

The pre-treatment diagnostic data include patient history and examination, intra and extra
oral photos, models, the evaluation of the severity of tooth crowding on the dental arch and the
inclination of the teeth relative to the basal alveolar bone. Most importantly, a crucial pre-
diagnostic tool is a lateral cephalometric radiograph, and it has been the diagnostic standard of
care in orthodontics. Traditionally, the cephalometric radiograph was used to determine the
inclination and the position of the incisors relative to the bony base and consequently, the risk of
bony dehiscence. In more recent years, some practitioners have transitioned to using the more
detailed three-dimensional (3D) CBCT compared to the traditional two-dimensional (2D)

cephalometric radiograph (Gracco, Lombardo, Mancuso, Gravina, & Siciliani, 2009).

2.3 Periodontal Assessment

Periodontal assessment is usually made based on the visual examination of the gingiva
(observing the clinical appearance in relation to staining, consistency, thickness, texture and
presence/absence of bleeding) and clinical examination with the help of a periogram (with a
periodontal probe to assess the depth of the gingival sulcus). Radiographic examination is also
necessary to classify the periodontitis as to the stage and grade according to the current

Classification of Periodontal Diseases (Papapanou et al., 2018).

For many years, 2D radiographs were the only way to perform periodontal assessment
other than clinically. Prior to the introduction of computed tomography, the buccal and lingual
bone plates could not be properly visualized, hidden on conventional radiographs due to image

superimpositions and clinically made up by the gingival overlay (Mol & Balasundaram, 2008).

Radiology has been evolving continuously since the discovery of the X-ray in 1895

(Tubiana, 1996). Due to the technological revolution of the last few decades, it has achieved
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advances that were previously unimaginable. CBCT allows dentistry to glimpse what
conventional radiographs have never shown: the thickness and level of the bone plates that cover
the teeth buccally and lingually. Due to their high definition and sensitivity, images from helical
computed tomography and CBCT can reveal sites with periodontal bone dehiscence and
fenestrations (R. Fuhrmann, Bucker, & Diedrich, 1997; R. A. Fuhrmann, Bucker, & Diedrich,
1995; Loubele et al., 2008; Mol & Balasundaram, 2008). Prior to the advent of computed
tomography, efforts to define the impact of tooth movement on the buccal and lingual bone
plates focused on animal studies (Steiner et al., 1981; Wennstrom et al., 1987) and studies with
conventional radiographs (Mulie & Hoeve, 1976). Currently, CBCT studies on the morphology
of buccal and lingual bone plates are increasing (Gracco et al., 2009; Swasty et al., 2009;
Yamada et al., 2007); as well as assessments of the repercussions of tooth movement on the
alveolar bone during orthodontic treatment (Garib, Henriques, Janson, de Freitas, & Fernandes,
2006; Leung, Palomo, Griffith, & Hans, 2010; Rungcharassaeng, Caruso, Kan, Kim, & Taylor,
2007; Sarikaya, Haydar, Ciger, & Ariyurek, 2002). These findings may alter usual planning,

pointing out the limits of therapeutic possibilities in Orthodontics.

2.3.1 Cone Beam Computed Tomography (CBCT)

The CBCT device has a conical beam of radiation and a 2D detector, which rotate up to
360° in the region of interest. During the rotation, numerous records, with information necessary
for the creation of the 3D image, are sent to the computer. There, the image is reconstructed by
means of a software. Axial, coronal and sagittal cuts can be easily made through the assembly
created virtually during the reconstruction (Abdelkarim, 2019). The total 3D volumetric dataset
of the scanned area has a cylindrical shape that can vary according to the type of equipment, and
is composed of the voxel unit, that is, the smallest unit of the image in the slice thickness. A
voxel size can vary from 0.08 mm to 0.5 mm, depending on the image resolution and the field of
view size applied. In large field of views, image quality ends up decreasing due to the image
resolution applied and the amount of scattering radiation. In CBCT, the voxel is called isometric:
both height and width have equal dimensions which means it provides information on the real

size of the object (Pauwels R et al., 2015).
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The voxel size of a 3D image is equivalent to the pixel resolution in 2D images (Spin-
Neto et al., 2013). The voxel size determines the resolution image (Scarfe et al., 2006). The
smaller the voxel size, the greater the resolution and sharpness of images (Ballrick et al., 2008).
However, not necessarily small voxel sizes are the most used in studies. Depending on the
structure that is analyzed, the intermediate or large voxel size can present a good diagnostic
accuracy (Liedke et al., 2009; Maret et al., 2012; Vizzotto et al.,2013). Liedke et al. (2009)
evaluated the detection of external root resorption images by CBCT utilizing different voxel
sizes. They observed that the 0.3mm voxel was associated with good diagnosis accuracy, with

less radiation exposure.

It is of common knowledge that practitioners must minimize any harm to their patients
and should adhere to ALARA principle (as low as reasonably achievable) (Lurie & Kantor,
2020) since all x-ray radiation has a cumulative dosage effect over a lifetime. Although CBCT
overcomes some limitations of conventional 2D radiographs, it delivers a higher radiation dose
to the patients. As a comparative, the typical effective dose resulting from a panoramic
radiograph varies between 0.014 mSv to 0.024 mSv, from a cephalometric radiograph that value
is approximately 0.002-0.005 mSv, for an interproximal examination (four views) using image
receptors (stimulated phosphor plate) the effective dose is about 0.005 mSv, whereas the dose in
a CBCT is about 50 uSv (small/ medium-sized scanning) and 0.1 mSv for large volumes

(Shatskiy, 2021).

Children and adolescents have increased cell and tissue sensitivity to radiation than adults
and are therefore radiosensitive and susceptible to the ionizing effects of radiation (Applegate &
Cost, 2013; Applegate & Thomas, 2011; Kleinerman, 2006). However, any quantity of ionizing
radiation, regardless of how small, can cause a detrimental effect to all age groups, given the
biological effect produced by the deposition of energy in the exposed tissues and/or organs.
Radiation is also considered a carcinogen and the safety practices are built on the linear non-
threshold, which assumes that even very minimal doses of radiation can lead to cancer (Hall &
Giaccia, 2006). Therefore, the fundamental principles of radiation protection, that includes
justification, optimization and dose limitation should always be followed when considering

radiation exposure for orthodontic purposes.
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2.3.2 Micro-CT (uCT)

The progress of computing was fundamental to the great development of tomographic
exams. The union of the computer with the x-rays is considered one of the most important
innovations of the second half of the 20th century (Hessenbruch, 2002). In the early 1970s,
researchers developed several techniques for digital reconstruction of tomographic images that
enabled a new era in radiological diagnosis (Lee & Crean, 2013). The use of CT in other areas
such as materials engineering and nanotechnology required the formation of high-resolution
images at a micrometer scale. Soon, a group of researchers engaged themselves in the
development of tomographic equipment capable of reconstructing three-dimensional images in

microstructural dimensions (Stock, 1999).

Derived from CT, micro computed tomography (micro-CT or pCT) is capable of
producing high resolution images of very small objects. In the years that followed, it became
evident that pCT would revolutionize areas of bone biology and biomechanics (Boerckel et al.,
2014). This technique makes the reconstruction of three-dimensional images possible, which are
formed by the digital union of hundreds of cross-sections of the evaluated material (Baird &
Taylor, 2017). From then on, in Dentistry, this imaging test began to be used in the evaluation of
biological samples, mainly in bone and dental assessments. Thus, there was a large growth in the
number of publications that used pCT in the evaluation of the most diverse types of materials
(Schambach et al., 2010). Currently, several pCT systems are available on the market and the
technological innovations continue to increase resolution and applicability (Boerckel et al.,
2014).

All structural indices normally determined from two-dimensional histological sections
could be obtained in a non-destructive manner, as this technique does not cause damage to the
material (Du Plessis & Boshoff, 2019). The reconstruction from a large number of slices in each
of the three orthogonal directions allowed a detailed description of structural variation within a
small specimen and greatly facilitated the study of structural anisotropy. Therefore, uCT
overcomes many limitations of current approaches to the study of bone architecture at the
microscopic level (Feldkamp et al., 1989). Another advantage of pCT is the possibility of

manipulating the images using specific software.
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Early diagnosis of minor changes in alveolar bone, resulting from pathological processes
such as periodontitis, periapical lesions, root resorption, or due to regenerative treatment,
requires accurate and sensitive diagnostic methods. With the advent of puCT it is possible to
evaluate dynamic changes in the thickness of the periodontal ligament and in the alveolar bone
clearly and precisely (Ferrare et al., 2013).

The physical principle for the formation of the microtomographic image is based on the
properties of x-ray attenuation materials (Machado et al., 2014), which depends on the
composition and density of the evaluated material (Duplessis; Boshoff, 2019). uCT has been
applied in several areas of knowledge, such as: characterization of materials (Hanke et al., 2016),
archeology (Zanolli et al., 2017), geology (Jacques et al., 2014), tissue engineering (Boerckel et
al., 2014), dentistry (Dalstra et al., 2015; Catunda et al., 2021; Park et al., 2007; Steiner, Synek,
& Pahr, 2020; Wilensky et al., 2005) and orthopedics (Roberto-Rodrigues et al., 2015).

The pCT equipment is made up of a few main components: the micro-focal x-ray emitter,
the collimator, the sample holder and the x-rays. The latter consists of a scintillation detector and
a coupled charge device (CCD) (Boerckel et al., 2014). Initially, in ex-vivo evaluations of rigid
samples such as bone and tooth, the fragment is fixed firmly to a support inside the micro-
tomograph. The uCT equipment is quite compact and does not require large physical structures
for installation and can be commercially acquired by research centers and universities (Figure

2.4).

Figure 2.4 - uCT device at the University of Alberta demonstrating the compactness of the
equipment (picture was generously donated by Dr. Raisa Catunda)
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X-rays are generated by the micro-focal emitter of radiation, collimated and, in sequence,
reach the sample, where part of these rays are attenuated according to the characteristics of the
sample composition. The remainder of the radiation passes through and reaches the scintillation
detector (Clark & Badea, 2014). Upon reaching the scintillation detector, the radiation is
transformed into visible light (photons), which are identified by the CCD. When light photons
fall on the CCD, they generate an electronic signal, which is scanned and sent to the computer,
where the data is processed (Holdsworth & Thornton, 2002; Li et al., 2008). Each pixel of an
image obtained in the scan corresponds to the average absorption of photons by the detector
(Figure 2.5). In the 3D image reconstruction process, the pixel is transformed into a voxel, a

three-dimensional unit capable of representing the depth in the microtomographic image (Lopes

et al., 2012).

Sample Detector

X- ray source

Controling | e ﬁ

computer

IMAGE

Figure 2.5 - Schematic of a uCT equipment.

The sample is placed on the sample stage and the radiographic projections are obtained by the
scintillation detector, which is connected to a charge-coupled device (CCD). The CCD
transforms visible light into a digital signal. During scanning, the controlling computer sets the
intensity of x-ray emission and the rotation of the sample, allowing the acquisition of hundreds
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of projections at various angles of incidence. The above image was created using the Biorender
software and adapted from Holdsworth & Thornton (2002).

Microtomographic scanning produces 3D images at microscopic resolution by
reconstructing hundreds of two-dimensional images, obtained from multiple angles around the
sample (Clark & Badea, 2014). In this way, uCT generates large amounts of gigabytes of data,
which are stored on the computer hardware. To visualize the samples, two-dimensional models
and reconstruction of three-dimensional models are generated and the images are loaded into
specialized analysis software, preferably on a high-performance computer (Baird & Taylor,
2017). The software links the three-dimensional and the two-dimensional projections, based on a
pre-established algorithm.

uCT is a technique that has been widely used in dental research (Catunda et al., 2021;
Park et al., 2007; Steiner, Synek, & Pahr, 2020; Wilensky et al., 2005; Hutchinson et al., 2017;
Particelli et al., 2012). The use of microtomography in dental studies include the assessment of
the mineral concentration of enamel and dentin, identification of demineralization sites,
measurement of cavities, quantification of dentin removed in different restorative treatments,
evaluation of root canal morphology and identification of microleakage in dental sealants (Neves
et al., 2014; Chalas et al., 2017). As a comparison, the standard CT ones normally have a
reconstructed voxel resolution down to 30 um, whereas the high-resolution uCT can have a
reconstructed voxel resolution even lower (down to 10 pum), the ones called ‘“ultra-high
resolution” can go down to 4 pm, and finally the named “extra-ultra-high resolution” with
reconstructed voxel resolution down to 2.4 pym (MiLabs, 2022).

The accuracy of uCT in dental samples was demonstrated in a study which compared the
results obtained by the microtomographic examination with other already established
measurement techniques (direct measurement of the tooth with a caliper, measurement of the
tooth in photographic images and measurement of the tooth by three-dimensional image obtained
by a surface scanner). The pCT was a reliable and accurate method for performing linear
measurements on teeth (Kim et al., 2007).

Therefore, pCT allows the 3D reconstruction of the internal structures of samples and can
generate accurate quantitative and qualitative data. In this way, it allows extensive analysis of

tissue morphometry when compared to histological evaluation and electron microscopy (which
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are limited to a few transversal sections) which are also considered gold standard for tissue
analysis (Bouxsein et al., 2022).

However, for in vivo studies, it is limited to the imaging and longitudinal analysis of
small animals, Therefore, most research utilizing pCT has been accomplished with ex vivo and
not in vivo specimens. In addition to the increased radiation dose, uCT allows only the analysis
of samples of reduced size, which ends up restricting even the ex vivo niche of analysis

(Marciano et al., 2012).

2.3.3 Ultrasound

Ultrasonography or ultrasound (US) is an image modality that takes advantage of the
echo/reflections produced by ultrasound signals coming from internal structures of the human
body that allows the clinician to visualize them in real time (Mahesh, 2013). US devices in
general use a varied frequency, depending on the type of transducer, from 2 to 40 MHz, emitting
through a piezoelectric crystal source that is in contact with the skin and is receiving the
generated echoes, which are interpreted through computer graphics (Coatney, 2001). The probe
also functions as a transmitter/receiver. The higher the frequency, the higher the resolution
obtained, and the more precision we have in visualizing the surface structures. However, the
higher the frequency, the less is the penetrating depth. According to the density and composition
of the tissue interfaces, the attenuation and phase change of the emitted signals varies. This
change is what allows the translation into a gray scale, which will form the computer image of

the internal organs (Aldrich, 2007).

When the ultrasonic beam passes through or interacts with tissues of different acoustic
impedances, it is lowered by a combination of the absorption, reflection, refraction and
scattering. The sound waves that are reflected (echo) back to the transducer cause a change in the
thickness of the piezoelectric crystal, which, in turn, produces an electrical signal that is
amplified, processed, and finally displayed as an image on the monitor. Current techniques
permit for the echoes to be processed fast enough to allow the perception of motion: real-time

image (Shah, Bansal, & Logani, 2014).

US is currently one of the most popular diagnostic imaging methods in general medicine

as it is versatile, ubiquitous and relatively simple to apply. In the last two decades of the
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twentieth century, technological development has transformed this method into a powerful
instrument of directed medical research, requiring constant training and a participatory conduct

of the examiner (Shah et al., 2014).

According to Jones and Frost (1984) the image obtained in an ultrasonography depends
on the type of device used (Jones & Frost, 1984). For example, the frequency is represented by
cycles of pressure changes (1 s Hertz). In high-frequency ultrasound (HFUS), the wavelengths
are shorter, so they can be absorbed more easily (meaning they aren’t as penetrating). This
implies that it can be applied to investigate superficial structures, spreading its application to
fields such as dermatology and dentistry (Aldrich, 2007; Nguyen et al., 2018). Another important
feature is the propagation speed, which basically characterizes the speed that the US circulates
across a medium (1540 m/s in soft tissues). Unlike frequency, which depends solely on the sound
source, the propagation speed depends on the attributes of the medium (such as density and

rigidity) in which the wave propagates (Reda et al., 2021).

When utilizing an US, the angle of incidence is also particularly important. If the US
beam hits the border obliquely, it can be in part reflected, making the clinical evaluation of the
image generated more complicated. Therefore, when part of the beam is deflected, refraction
occurs, and it depends on the speed of the US at the sides of the interface. According to Snell’s
law, the calculation of the amount of beam deflection can be performed and it correlates to the

angle of refraction and speed of the US beam passing through that interface (Reda et al., 2021).

There are different types of images that the ultrasound forms, depending on the intensity
of the echo produced by the tissues. The tissues are determined according to the degree of
reflection they produce, (that is, how their echogenicity is), and are displayed using a grayscale.
Depending on the direction of the transducer, the image will be in different slices. If the
transducer is horizontal, the cuts will show up as: soft tissue and bone, then muscles as it deepens

(Evirgen & Kamburoglu, 2016). Regarding the type of image formed, there are the following

classifications:

J Hypoechoic - images of lower intensity than those of the adjacent tissues.
. Hyperechoic - images of greater intensity than the adjacent tissues.

. Isoechoic - images of similar intensity to the adjacent tissues.
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arc:

Anechoic - the absence of echo in the tissues.

Hypoechogenic - moderate echo of low intensity, represented by gray levels.

According to Schon, Diiker and Schmelzeisen (2002), the main advantages of using US

It is a non-invasive or minimally invasive method.

Presents anatomy in sectional or two-dimensional images and most recently even three-
dimensional, with the help of computer reconstruction.

It has no significant harmful effects within the specifications of diagnostic use in the
health field.

It does not use ionizing radiation.

It enables the non-invasive study of body hemodynamics through the Doppler effect.

It allows the acquisition of dynamics images, in real time, enabling studies of the

movement of body structures.
Some of the disadvantages are:

Technique-wise it is operator dependent (experience counts), a specialist in radiology is
required for real time analysis

Difficulty in interpretation given the low resolution of the images (Schon, Duker, &

Schmelzeisen, 2002).

Some of the current clinical US applications in dentistry are: detection of stones in the

ducts of the salivary glands (sialolithiasis), swellings in the neck region, determination of the

relationship between the vascularity of the masses and vascular structures of glandular

inflammation when the use of sialography is contraindicated. In the dental field, the exploration

has been more so on soft tissues, since it allows the clinician to measure height, width and depth

of any changes.

Some systematic reviews have tried to gather reliable information on previous

publications involving US intra-orally in Dentistry (Marotti et al., 2013; Nguyen et al., 2018;

Reda et al., 2021). In the one by Nguyen et al. (2018), they compared the accuracy of US vs
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CBCT to measure alveolar bone level (distance from CEJ to alveolar bone crest). In the four
studies included in their systematic review (all ex vivo, either porcine or human cadavers), they
found that the mean difference between US and CBCT varied from 0.07 mm to 0.68 mm (1.6% -
8.8%). Therefore, the contemporary application techniques of US are essential in the
technological evolution, since they represent a potential diagnostic tool and are an especially
important area for investigation in Dentistry with the aim to lessen the harm and radiation side
effects. The use of US in Dentistry can represent a high potential for a radiation-free alternative,

in specific contexts, to the previous highly utilized assessment methods.

2.3.4 Ultrasound in the Alveolar Bone Complex

US seems to be a promising device for imaging the hard and soft tissue structures in the
oral cavity (Marotti et al., 2013; Palou, McQuade, & Rossmann, 1987; Salmon & Le Denmat,
2012). Some of the uses in the alveolar bone complex to date have been to map enamel-
dentin/cementum junctions in human teeth (D. A. Hughes et al., 2009), alveolar bone crest
location (Tsiolis, Needleman, & Griffiths, 2003), alveolar crest height (Spranger, 1971),
determination of periodontal bone morphology in periodontal disease patients (Palou et al., 1987)
and peri-implantitis patients (Chan & Kripfgans, 2020), assessment of bone around dental
implants (Bohner et al., 2019), early caries diagnosis (Kim, Shin, Kong, Hwang, & Hyun, 2019)
and buccal crestal bone level and dimension (Chan et al., 2017). The CEJ, which is an
anatomical landmark, has a significant clinical importance in the oral health evaluation, given

that several periodontal measurements depend on it (Preshaw, Kupp, Hefti, & Mariotti, 1999).

From the very first study by Spranger (1971) to the most up to date one by Chan &
Kripfgans (2020), the image quality has improved significantly. The high-resolution US clearly
allows the clinician to have access to the cross-sectional morphological images of the hard and
soft tissues, the alveolar crest level, the location of CEJ, and the thickness the of alveolar crest.
In this way, accuracy of diagnosis and assessment can be improved, and periodontal risks for the

patients can be decreased (Reda et al., 2021).

Other prospective uses, as mentioned previously, with HFUS (40 MHz) are that
radiolucent areas where the alveolar cortex is thinned or even nonexistent can be detected, or

children (as their alveolar bone is of a thinner depth) who have developing/retained teeth can
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have a safer mean of diagnosis (Cotti, Campisi, Garau, & Puddu, 2002; Nguyen et al., 2018). In
treating a patient orthodontically, several factors need to be considered. Some of these factors are
crowding, the position of the lower incisors and the growth pattern. Contemporary orthodontics
also include facial and smile esthetics in this list (Proffit, 2013). Over time, imaging has been
elucidating the accepted range for dental compensation or decompensation in each individual
patient. Additionally, the knowledge of the morphology of the buccal bone plate helps
orthodontists to discern between patients who could and who should not undergo expansion
mechanics, for example. Knowing the anatomical details of patients and understanding the side
effects of tooth movement means recognizing our limits and practicing orthodontics more safely

(Abdelkarim, 2019).
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CHAPTER 3 - METHODOLOGY

3.1 Study Design and Sample Distribution

For this study, human cadaver teeth supported by the corresponding alveolar bone and
soft tissues were used. Cadaver maxillae and cadaver mandibles from 3 human cadavers were
used for imaging and data collection. The 1 cadaver had 16 teeth available, the 2™ cadaver had
21 teeth and the 3™ cadaver had 21 teeth for a total number of 58 teeth distributed over the three
cadavers. The three cadaver heads were provided by the Department of Anatomy at the
University of Alberta in a fresh state rather than preserved cadavers, as the preservation process
could change the soft tissue US imaging, and ultimately, affect the alveolar bone crest
identification. The US images were obtained with the maxillae and mandibles still in the
craniofacial complex with the lips cut away for improved access. The cadavers were adult
individuals, with the age of 60, 68 and 72 years old. All three cadavers had advanced tooth
attrition, deep enamel fractures, extensive restorations, crowns, recession with cervical carious
lesions and periodontal bone loss. In general, the teeth available along with the supporting

periodontium were not in a pristine healthy condition prior to the individuals’ death.

Before image acquisition, the cadaver teeth were prepared by placing small round
notches in the enamel on the facial surface by using a small bur with approximately 1mm
diameter at the tip, in a high-speed handpiece. All viable samples (individual cadaver teeth) had
at least two notches placed vertically, at non-calibrated distances and were oriented roughly
along the long axis of the clinical crown of each tooth (Figure 3.1). The reason for placing the
notches was to help better orient the teeth visually and to serve as a reference point while doing

the measurements and comparing the data among the two imaging modalities.
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Figure 3.1 - Notches placed along the long axis of the clinical crown

The samples inclusion criteria among the total 58 cadaver teeth are as follows:

e Two vertically aligned notches are present on the tooth that could be fully seen by using
both imaging modalities. Visualizing both notches ensures that there is minimal
angulation (mesio-distal tip) distortion that could negatively affect the measurements.

e For some teeth that have large clinical crows (molars), notches were placed in the enamel
in the centre of the crown, but also toward the mesial or distal line angles. For those teeth,
separate measurements were made and considered on both pCT and US: in the centre of
the crown, mesial or distal depending on the presence of reference notches.

e No major defects present along the cemento-enamel junction that could produce artefacts
on the US images.

e The alveolar bone crest and the reference notch had to be visible on both pCT and US
images.

e No large metal restorations present that could produce scatter radiation in the uCT images
and prevent an accurate measurement.

Only the teeth that met all the above criteria were included in this study and those teeth
are referred to as samples. The teeth that did not meet all the sample inclusion criteria were not
used for any measurements and were discarded from this study. The exclusion list is presented in

Table 3.1.
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Cadaver 1 (tooth number)

Reason for exclusion

15 Metal restoration - uCT fuzzy

14 Metal restoration - uCT fuzzy

13 Defect at the CEJ - errors on US

11 Defect at the CEJ - errors on US

26 Mid notches No US files available, only for Mesial notches
33 Big cavity at the CEJ

41 Big cavity at the CEJ

Cadaver 2 (tooth number)

Reason for exclusion

16 Metal crown

15 Porcelain fused to metal crown

14 Porcelain fused to metal crown

21 Fracture on facial, facial not fully visible in pCT
23 Porcelain fused to metal crown

24 Porcelain fused to metal crown

25 Porcelain fused to metal crown

26 Metal crown

44 Porcelain fused to metal crown

45 Metal restoration - uCT fuzzy

Cadaver 3 (tooth number)

Reason for exclusion

15 Porcelain fused to metal crown

27 Bone not visible on US - too much bone loss
31 Bone not visible on US - too much bone loss
41 Bone not visible on US - too much bone loss
42 Bone not visible on US - too much bone loss
43 Bone not visible on US - too much bone loss
45 Metal restoration - uCT fuzzy

47 Mid notches Bone not visible on US

Table 3.1 - Sample exclusion list
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3.2 Ultrasound Imaging

For the Ultrasound imaging (US), a special 20 MHz handheld transducer that is small
enough for use on teeth was developed (Nguyen et al., 2021). Readily available medical US
devices are too bulky and unsuitable for intra-oral use. For each tooth, the US measurement was
made with the transducer handheld by the operator and relatively perpendicular to the buccal
surface of the tooth. Also, for each measurement, acoustic coupling was ensured by using
ultrasonic gel (Aquasonic 100, Parker Laboratories, USA) and gel pad (Aquaflex, Parker
Laboratories, USA), that would act as a medium in transmitting the US waves without the waves
crossing through the air. The use of a properly fitting gel is important because US waves
reflection and refraction are substantially less when crossing from a gel into the tissues rather
than crossing from the air into the tissues. The US operator was Kim-Cuong T Nguyen (KC), and

she has 10 years of experience working with US.

3.2.1 US Image Analysis

The raw US digital data from each tooth measurement was initially saved as an .AVI
video file format as it was output directly from the US transducer software. The AVI files were
then converted to DICOM files which is the standard for digital imaging analysis. In the
conversion process, all individual video frames in an AVI file were converted to a DICOM file
with scrollable slices without any visual alternations or distortions, with one frame in the AVI
file corresponding to one slice in the DICOM file.

For each DICOM file associated with any tooth, there were 245 or 246 slices that could
theoretically be used to measure the distance from the inferior border of the pre-cut notch in the
enamel, to the tip of the crestal bone. Only one single slice for each sample tooth was selected
for measurement that was considered to visually have the best tooth orientation in relation to the
pre-cut orientation notches, with the notches and alveolar bone crest fully visible. Therefore,
random selection of a slice among the 245 or 246 slices that were theoretically possible was not
considered to be the best selection method.

For each US file chosen slice corresponding to any viable sample, the distance from the

inferior border of the most apical notch on the buccal aspect of the tooth to the alveolar bone
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crest was measured in RadiANT DICOM viewer software (Windows PC Version 2021.2.2,

www.radiantviewer.com) and the result was saved in millimetres (Figure 3.2).

This is a fully functional trial version.
Purchase a license at https://radiantviewer.com/store/

WL: 128 WW: 256 [D]

Figure 3.2 - The distance in millimetres from the inferior border of the most apical notch on the
facial aspect of the tooth to the alveolar bone crest.

3.3 Micro Computed Tomography Imaging (nCT)

After the US scans were done, the maxillac and mandibles were sectioned from the
cadavers’ head and then kept in the refrigerator until the nCT scan was performed. All teeth
samples supported by their corresponding maxillae and mandibles were scanned by a pCT
system, model number U-SPECT-II/CT manufactured by MilLabs, Utrecht, Netherlands. The
parameters applied for the scan of the cadavers were: voltage 55kV, current 0.19mA, exposure
time 75ms, in 960 steps of 0.3 degrees/step. The scans were reconstructed at a voxel size of

0.03mm and the pCT digital scan data was saved as DICOM files for digital analysis and
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measurement. For this project, with its very high resolution, nCT was selected as the gold

standard imaging technique.

3.3.1 pCT Image Analysis

For each sample, the pnCT data was imported into ITK-SNAP software (Windows PC

version 3.8, www.itksnap.org) in DICOM format. Before any measurements could be made, each

individual sample had to be rotated and oriented to minimize any angulation errors in such a way

that the visual anatomical representation of each tooth in the uCT software resembles the same

tooth measured with the US. The sample rotation and orientation were done by using the

Registration function in the ITK-SNAP software and the following criteria were used (Figure

3.3):

The landmarks used in the orientation process for each sample were the pre-drilled
notches.

In the uCT sagittal orientation, the crown of each sample tooth was aligned with the
axial axis intersecting the facial of the crown at 90 degrees. In addition, two
vertically aligned notches had to be visible in the enamel to minimize angulation
errors.

In the pCT coronal (frontal) orientation, the root of each sample was aligned parallel
to the coronal axis. By following the general direction of the root canal, angulation
errors due to root tipping were minimized.

In the pCT axial (transverse) orientation, the crown was oriented until the reference
notch is fully visible with the CT sagittal axis intersecting the facial of the crown at

90 degrees with no angulation.
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zoom to fit 565 of 1184 zoom to fit 754 of 1022

Figure 3.3 - Sample oriented in ITK-SNAP that is ready for measurement

After each sample was rotated and oriented, by using the “Image Annotation Mode”
available in ITK-SNAP, the distance from the inferior border of the reference notch to the tip of
the crestal bone was measured and recorded in millimetres (Figure 8). This distance from the tip
of the alveolar bone crest to the inferior border of the reference notch as anatomical landmarks is
the same distance that is measured on all the samples by means of uCT and US imaging. The
diameter of the notch was also recorded in millimetres along with the distance from the mesial
and distal edges of the reference notch to the tip of the crestal bone. For the measurements from
the mesial and distal edges of the reference notch, since the notch is circular, measuring from the
sides of the notch compared to the inferior border, will add the radius of the notch to the overall
measurement to the crestal bone. All measurements done in this study used the inferior border of
a given notch as a reference point. Also, all measurements must be calibrated to the inferior
border of the notch in case the inferior border was not directly visible (when measuring towards
the mesial or distal edge of a notch). Therefore, the true calibrated distance that was recorded

between the crest of the alveolar bone to the inferior border of the reference notch when
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measured towards the mesial and distal edges of the notch, was calculated by subtracting the
radius of the notch from the measured distance. For the remainder of this study, when
mentioning the measurements from the tip of the crestal bone to the inferior border of the
reference notch measured from the mesial and distal edges of the notch, it will be assumed that
the measurement will have been calibrated to the inferior border of the notch and that the mesial

and distal notch to bone measurement already has the radius of the notch subtracted (Figure 3.4).

Circular notch
MESIAL / DISTAL
[WOUVVETIN | s—— e
Distal uCT the notch Distal pCT
measurement to

Distal measurement L

g measurement :

g ‘ the distal edge of
\ & 2 calibrated to the ttlwe no?cr?

: : ¢

: inferior border -

£ Mesial measurement

of the notch

Alveolar bone

Figure 3.4 - Diagram of pCT measurements. The above image was created using the Biorender
software.

For pCT images, the distance from the tip of the bone to the reference notch in the tooth
was represented by the average of three measurements:
1. From the tip of the bone to the inferior border of the notch in the centre of the notch.
2. From the tip of the bone to the inferior border on of the notch, 0.45-0.5 mm towards the
mesial edge of the notch.
3. From the tip of the bone to the inferior border on of the notch, also 0.45-0.5 mm since the
notches are circular, towards the distal edge of the notch.
These three uCT measurements, calibrated to the inferior border of the notch, span mesio-
distally just under 1 mm which is the diameter of the notch. In this study, the nCT samples
measured in this way and averaged will be referred as pCT. This uCT measurement was

necessary due to the way the US transducer records data as a transverse slice with a variable
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thickness of a few millimetres that is ultimately averaged and superimposed in a two-
dimensional sagittal image (Nguyen et al., 2021). The intent was to replicate as much as possible
the US volumetric averaging / superimposition in the way the pCT data was measured by using
the notches present in the samples as reference landmarks, with each notch having a diameter of

almost 1 mm.

3.4 Raters for US and pCT

For this study, two raters were involved in measuring the samples by using the two
imaging modalities. Rater 1 (R1) is a 3™ year Orthodontics Graduate Resident and Rater 2 (R2)
is an Oral and Maxillofacial Radiologist with 5 years of experience working with Ultrasound.

Before any final measurements and image analysis were performed, R1 had a few
sessions with Kim-Cuong T Nguyen (KC) who has 10 years of experience with US images for
R1 to become familiar with the landmarks on the US images. After R1 became familiar with the
US images, as the evaluators, R1 and R2 went through a calibration process which consisted of
presenting the anatomical landmarks of 5 different samples in both US and pCT in the selected
images (alveolar bone tip and notches), the software to be used and the distances to be measured.
The calibration process was considered as complete after both raters came to the same consensus
regarding the landmarks on the 5 presented samples.

R1 measured all the US and pCT samples in this study three times over the course of four
months while R2 measured all the US and pCT samples once. The measurements done by R1
were labelled as follows: T1 for the first complete set of US and nCT measurements, T2 for the

second complete set of measurements and T3 for the third complete set of measurements.

3.5 Statistical Analysis Methodology

For the statistical analysis, we are comparing quantitative measurements that are
organized into groups and the goal is to describe how strongly the units in the same group
resemble each other. Therefore, the Intraclass Correlation Coefficient (ICC) analysis were
performed which is a measure of reliability for continuous variables. The Intraclass Correlation
Coefficient (ICC) statistical analysis was performed with the following characteristics: single

measure, absolute agreement under two-way mixed model. For the magnitude of the ICC, Koo et
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al. (2016) suggests the following guidelines: values less than 0.5 are indicative of poor
reliability, values in between 0.5-0.75 are indicative of moderate reliability, values in between
0.75 to 0.90 are indicative of good reliability and values over 0.9 are indicative of excellent
reliability.

The Intra-Rater reliability can be described as the level of stability presented when the
same rater is performing a repeated measurement in the same conditions. The Inter-Rater
reliability can be described as the level of stability presented when different raters are performing
a repeated measurement in the same conditions (Koo et. al., 2016). The accuracy is defined as
“how close or how far off a given set of measurements are to their true value”. (Menditto et al.,
2007). In other words, how close is the US measured value for each sample to the true value
which is represented by the gold standard pCT.

For the statistical analysis, IBM SPSS software (Windows PC version 28.0.1.1,
www.ibm.com/analytics/spss-statistics-software) and Excel software (Windows PC part of
Microsoft Office 365, www.microsoft.com/microsoft-365) were used. Standard deviation was
used to gauge the variation in millimetres, descriptive statistics (mean, standard deviation, 95%
confidence interval) and graphs (45-degree scatter plots, estimated marginal means) were

presented to further explain and support the ICC findings.
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CHAPTER 4 - RESULTS

4.1 INTRA-Rater Reliability

4.1.1 pCT INTRA-Rater Reliability Statistical Analysis

Table 4.1 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) of uCT Rater 1 measurements at Time 1, 2 and 3. The Intraclass Correlation of 0.998
(0.997, 0.999) indicates the pCT reliability of Rater 1 at Time 1, 2 and 3 is excellent.

Intraclass 95% Confidence Interval
Correlation Lower Bound Upper Bound
0.998 0.997 0.999

Table 4.1 - ICC Intra-Rater uCT, R1 T1 vs R1 T2 vsR1 T3

Figure 4.1 shows a positive relationship between Rater 1 pCT measurements at Time 1

and 2.
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Figure 4.1 - 45° Scatter Plot Intra-Rater uCT Average Notch, R1, T1 vs T2

Figure 4.2 shows a positive relationship between Rater 1 measurements of the uCT by

using the average measurements at the notch at Time 1 and 3.

R1_T1_uCT

3.00 400 5.00 6.00 7.00 .00 .00

R1_T3_uCT
Figure 4.2 - 45° Scatter Plot Intra-Rater pCT Average Notch, R1, T1 vs T3
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Figure 4.3 shows positive relationship between Rater 1 measurements of the uCT by

using the average measurements at the notch at Time 2 and 3.

R1_T2_uCT

3.00 4.00 5.00 6.00 7.00 8.00 2.00

R1_T3_uCT

Figure 4.3 - 45° Scatter Plot Intra-Rater pCT, R1, T2 vs T3

Table 4.2 shows the Standard Deviation in millimetres for the pCT Intra-Rater
measurements. The standard deviation value for the 38 samples, measured by Rater 1 at time
T1, T2 and T3, varies between 0.006 mm at the lowest value to 0.133 mm at the highest value

with an average value of 0.05 mm for all the samples.

Sample Cadaver | R1_T1 | R1.T2 | R1_T3 Standard Deviation pnCT
Number Number | pCT pCT pnCT R1_T1,R1_T2,R1_T3

1 1 8.810 8.771 8.753 0.029

2 1 8.740 8.750 8.856 0.064

3 1 8.080 8.076 8.200 0.070

4 1 8.223 8.263 8.194 0.035

5 1 7.057 7.106 7.170 0.057

6 1 6.504 6.532 6.566 0.031

7 1 6.092 6.147 6.134 0.029
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8 1 6.398 6.138 6.220 0.133
9 1 5.921 5.932 5.932 0.007
10 1 8.764 8.948 8.836 0.093
11 2 5.505 5.565 5.566 0.035
12 2 8.088 8.155 8.183 0.048
13 2 7.783 7.863 7.975 0.097
14 2 5.076 5.063 5.175 0.061
15 2 7.582 7.671 7.709 0.065
16 2 4.243 4.265 4.434 0.104
17 2 4.471 4.530 4.516 0.031
18 2 4.842 4.907 4.917 0.041
19 2 4.804 4.842 4.863 0.030
20 2 4.844 4.848 4.908 0.036
21 2 4.619 4.567 4.663 0.048
22 3 6.833 6.909 6.930 0.051
23 3 3.817 3.874 3.859 0.030
24 3 4.985 4.983 5.061 0.045
25 3 5.527 5.531 5.578 0.028
26 3 4.509 4.542 4.652 0.075
27 3 4.842 4.858 4.875 0.016
28 3 6.360 6.297 6.476 0.091
29 3 7.174 7.162 7.296 0.074
30 3 6.470 6.512 6.517 0.026
31 3 7.003 6.967 6.998 0.020
32 3 5.979 6.063 6.108 0.066
33 3 5.187 5.154 5.187 0.019
34 3 6.206 6.153 6.240 0.044
35 3 5.075 5.039 5.036 0.022
36 3 5.636 5.509 5.462 0.090
37 3 4.620 4.682 4.619 0.036
38 3 4.732 4.742 4.743 0.006

Average in mm 0.050

Table 4.2 - Standard Deviation in millimetres for the uCT Intra-Rater measurements
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4.1.2 US INTRA-Rater Reliability statistical analysis

Table 4.3 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) of Rater 1 measurements of the US at Time 1, 2 and 3. The Intraclass Correlation of 0.997
(0.995, 0.999) indicates the reliability of Rater 1 at Time 1, 2 and 3 is excellent.

Intraclass 95% Confidence Interval
Correlation

Lower Bound Upper Bound
0.997 0.995 0.999

Table 4.3 - ICC Intra-Rater US, R1 TI vs R1 T2 vs R1 T3

Figure 4.4 shows positive relationship between Rater 1 measurements of the US at the

centre of the notch at Time 1 and Time 2.
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Figure 4.4 - 45° Scatter Plot Intra-Rater US, R1, T1 vs T2
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Figure 4.5 shows positive relationship between Rater 1 measurements of the US at the

centre of the notch at Time 1 and Time 3.
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Figure 4.5 - 45° Scatter Plot Intra-Rater US, R1, T1 vs T3

Figure 4.6 shows positive relationship between Rater 1 measurements of the US at the

centre of the notch at Time 2 and Time 3.
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Figure 4.6 - 45° Scatter Plot Intra-Rater US, R1, T2 vs T3

Table 4.4 shows the Standard Deviation in millimetres for the US Intra-Rater
measurements. The standard deviation value for the 38 samples, measured by Rater 1 at time
T1, T2 and T3, varies between 0.006 mm at the lowest value to 0.137 mm at the highest value

with an average value of 0.057mm for all the samples.

Sample Cadaver R1_T1| R1_T2 | R1_T3 | Standard Deviation US
Number Number US US US R1_T1,R1_T2,R1_T3

1 1 7.92 7.84 7.82 0.053

2 1 8.47 8.69 8.72 0.137

3 1 7.4 7.26 7.24 0.087

4 1 7.81 8.03 8 0.119

5 1 7.13 7.17 7.17 0.023

6 1 5.81 5.76 5.75 0.032

7 1 5.91 5.93 5.82 0.059

8 1 6.19 6.23 6.12 0.056

9 1 5.56 5.54 5.46 0.053

10 1 8.57 8.46 8.49 0.057
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11 2 5.39 5.37 5.27 0.064
12 2 7.68 7.7 7.73 0.025
13 2 7.32 7.42 7.4 0.053
14 2 4.65 4.59 4.55 0.050
15 2 7.02 6.96 6.94 0.042
16 2 4.02 4.01 3.96 0.032
17 2 4.26 4.28 4.25 0.015
18 2 4.93 4.88 4.93 0.029
19 2 5.13 5.14 5.13 0.006
20 2 5.46 5.45 5.47 0.010
21 2 4.48 4.52 4.47 0.026
22 3 7.07 6.91 6.93 0.087
23 3 4.13 3.96 4.1 0.091
24 3 5.26 5.19 5.24 0.036
25 3 4.96 4.85 4.84 0.067
26 3 5.57 5.44 543 0.078
27 3 4.55 4.68 441 0.135
28 3 547 5.43 5.38 0.045
29 3 7.51 7.41 7.47 0.050
30 3 6.22 6.12 6.12 0.058
31 3 5.67 5.53 5.51 0.087
32 3 5.82 5.74 5.82 0.046
33 3 5.31 5.12 5.26 0.098
34 3 6.88 6.85 6.83 0.025
35 3 5.18 5.16 5.14 0.020
36 3 4.14 3.9 3.93 0.131
37 3 6.5 6.38 6.4 0.064
38 3 5.22 5.19 5.22 0.017

Average in mm 0.057

Table 4.4 - Standard Deviation in millimetres for the US Intra-Rater measurements

4.2 INTER-Rater Reliability

4.2.1 nCT INTER-Rater Reliability statistical analysis

Table 4.5 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) for the pCT measurements for Rater 1 at Time 1 compared to the pnCT measurements of
Rater 2. The Intraclass Correlation of 0.996 (0.993, 0.998) indicates the reliability between Rater

1 at Time 1 and Rater 2 is excellent.
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Intraclass 95% Confidence Interval
Correlation

Lower Bound Upper Bound

0.996 0.993 0.998

Table 4.5 - ICC Inter-Rater pCT R1_T1 vs R2

Figure 4.7 shows positive relationship between the pCT measurements for Rater 1 at

Time 1 and the pCT measurements of Rater 2.

R1_T1_uCT

Figure 4.7 - 45° Scatter Plot Inter-Rater uCT R1_T1 vs R2

Table 4.6 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) for the pCT measurements for Rater 1 at Time 2 compared to the pCT measurements for
Rater 2. The Intraclass Correlation of 0.996 (0.993, 0.998) indicates the reliability between Rater

1 at Time 2 and Rater 2 is excellent.
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Intraclass 95% Confidence Interval
Correlation

Lower Bound Upper Bound

0.996 0.993 0.998

Table 4.6 - ICC Inter-Rater pCT R1_T2 vs R2

Figure 4.8 shows positive relationship between pCT measurements for Rater 1 at Time 2

and the uCT measurements of Rater 2.

R1_T2_uCT

300 4.00 5.00 6.00 7.00 a.00 .00

R2_uCT

Figure 4.8 - 45° Scatter Plot Inter-Rater uCT, R1_T2 vs R2

Table 4.7 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) for the pCT measurements for Rater 1 at Time 3 compared to the pnCT measurements of
Rater 2. The Intraclass Correlation of 0.996 (0.992, 0.998) indicates the reliability between Rater

1 at Time 3 and Rater 2 is excellent.
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Intraclass 95% Confidence Interval
Correlation

Lower Bound Upper Bound

0.996 0.992 0.998

Table 4.7 - ICC Inter-Rater uCT, R1 T3 vs R2

Figure 4.9 shows positive relationship between Rater 1 measurements of the pCT by

using the average measurements at the notch at Time 3 and the measurements of Rater 2.

R1_T3_uCT

3.00 400 5.00 6.00 7.00 .00 .00

R2_uCT

Figure 4.9 - 45° Scatter Plot Inter-Rater uCT, R1_T3 vs R2

Table 4.8 shows the Standard Deviation in millimetres for the pCT Inter-Rater
measurements. The standard deviation value for the 38 samples, measured by Rater 1 at time
T1, T2 and T3 compared to R2, has an average value of 0.069 mm for Time 1, 0.068 mm for
Time 2 and 0.069 mm for Time 3.
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Sample | Cadaver | R1_ T1 | R1 T2 | R1_T3 | R2 uCT | Standard | Standard | Standard
pCT pCT pnCT Deviation | Deviation | Deviation
pCT: uCT: uCT:
R1 T1, R1_T2, R1_T3,
R2 R2 R2
1 1 8.810 8.771 8.753 8.863 0.037 0.065 0.078
2 1 8.740 8.750 8.856 8.760 0.014 0.007 0.068
3 1 8.080 8.076 8.200 8.310 0.162 0.166 0.078
4 1 8.223 8.263 8.194 8.093 0.092 0.120 0.071
5 1 7.057 7.106 7.170 7.267 0.148 0.114 0.068
6 1 6.504 6.532 6.566 6.647 0.101 0.081 0.057
7 1 6.092 6.147 6.134 6.380 0.204 0.165 0.174
8 1 6.398 6.138 6.220 6.227 0.121 0.062 0.005
9 1 5.921 5.932 5.932 5.987 0.047 0.039 0.039
10 1 8.764 8.948 8.836 8.803 0.028 0.102 0.023
11 2 5.505 5.565 5.566 5.457 0.034 0.076 0.077
12 2 8.088 8.155 8.183 8.160 0.051 0.004 0.016
13 2 7.783 7.863 7.975 7.583 0.141 0.198 0.277
14 2 5.076 5.063 5.175 5.213 0.097 0.107 0.027
15 2 7.582 7.671 7.709 7.703 0.086 0.023 0.004
16 2 4.243 4.265 4.434 4.260 0.012 0.004 0.123
17 2 4.471 4.530 4.516 4.580 0.077 0.035 0.045
18 2 4.842 4.907 4.917 4.767 0.053 0.099 0.106
19 2 4.804 4.842 4.863 4.867 0.044 0.018 0.003
20 2 4.844 4.848 4.908 4.763 0.057 0.060 0.103
21 2 4.619 4.567 4.663 4.563 0.039 0.002 0.070
22 3 6.833 6.909 6.930 6.697 0.096 0.150 0.165
23 3 3.817 3.874 3.859 3.780 0.026 0.066 0.056
24 3 4.985 4.983 5.061 4.970 0.010 0.009 0.064
25 3 5.527 5.531 5.578 5.653 0.090 0.087 0.054
26 3 4.509 4.542 4.652 4.573 0.045 0.022 0.056
27 3 4.842 4.858 4.875 4.785 0.041 0.052 0.064
28 3 6.360 6.297 6.476 6.353 0.005 0.040 0.087
29 3 7.174 7.162 7.296 7.333 0.113 0.121 0.026
30 3 6.470 6.512 6.517 6.603 0.095 0.065 0.061
31 3 7.003 6.967 6.998 7.093 0.064 0.090 0.067
32 3 5.979 6.063 6.108 5.947 0.023 0.082 0.114
33 3 5.187 5.154 5.187 5.223 0.026 0.049 0.026
34 3 6.206 6.153 6.240 5.967 0.169 0.132 0.193
35 3 5.075 5.039 5.036 5.040 0.025 0.001 0.003
36 3 5.636 5.509 5.462 5.493 0.101 0.011 0.022
37 3 4.620 4.682 4.619 4.653 0.023 0.020 0.024
38 3 4.732 4.742 4.743 4.777 0.031 0.025 0.023
Average in mm 0.069 0.068 0.069

Table 4.8 - Standard Deviation in millimetres for the pCT Inter-Rater measurements
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Figure 4.10 shows the estimated marginal means of the measurements for the uCT, for

Rater 1 at time T1, T2, T3 and Rater 2. The line graphs of Rater 1 at time T1, T2, T3 and Rater 2

are following a similar pattern along the sample numbers.
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Figure 4.10 - Estimated Marginal means pCT R1_T1 (blue), R1_T2 (green), R1_T3 (yellow),

R2 (red)

4.2.2 US INTER-Rater Reliability statistical analysis

Table 4.9 shows the Intraclass Correlation Coefficient and the 95% confidence interval

(CI) of Rater 1 measurements of the US at Time 1 compared to the measurements of Rater 2.

The Intraclass Correlation of 0.950 (0.906, 0.974) indicates the reliability between Rater 1 at

Time 1 and Rater 2 is excellent.
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Intraclass 95% Confidence Interval
Correlation

Lower Bound Upper Bound

0.950 0.906 0.974

Table 4.9 - ICC Inter-Rater US, R1 _T1 vs R2

Figure 4.11 shows positive relationship between Rater 1 measurements of the US at Time
1 and the measurements of Rater 2. Except one data point, all data points are very close to the

straight line.

R1_T1_US

Figure 4.11 - 45° Scatter Plot Inter-Rater US, R1 T1 vs R2

Table 4.10 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) of Rater 1 measurements of the US at Time 2 compared to the measurements of Rater 2.
The Intraclass Correlation of 0.950 (0.902, 0.974) indicates the reliability between Rater 1 at

Time 2 and Rater 2 is excellent.
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Intraclass 95% Confidence Interval
Correlation

Lower Bound Upper Bound

0.950 0.902 0.974

Table 4.10 - ICC Inter-Rater US, R1 T2 vs R2

Figure 4.12 shows positive relationship between Rater 1 measurements of the US at Time
2 and the measurements of Rater 2. Except one data point, all data points are very close to the

straight line.

R1_T2_US

3.00

4.00 5.00 6.00 7.00 .00 9.00

R2_US

Figure 4.12 - 45° Scatter Plot Inter-Rater US, R1_T2 vs R2

Table 4.11 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) of Rater 1 measurements of the US at Time 3 compared to the measurements of Rater 2.
The Intraclass Correlation of 0.947 (0.896, 0.973) indicates the reliability between Rater 1 at

Time 3 and Rater 2 is excellent.
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Intraclass 95% Confidence Interval

Correlation Lower Bound Upper Bound

0.947 0.896 0.973

Table 4.11 - ICC Inter-Rater US, R1 T3 vs R2

Figure 4.13 shows positive relationship between Rater 1 measurements of the US at Time
3 and the measurements of Rater 2. Except one data point, all data points are very close to the

straight line.

R1_T3_US

300

4.00 5.00 6.00 7.00 8.00 9.00

R2_US

Figure 4.13 - 45° Scatter Plot Inter-Rater US, R1 T3 vs R2

Figure 4.14 shows the estimated marginal means of the measurements of the US for Rater
1 at time T1, T2, T3 and Rater 2. The line graphs of Rater 1 at time T1, T2, T3 and Rater 2 are

following are following a similar pattern along the sample numbers.
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Figure 4.14 - Estimated Marginal means Ultrasound R1_T1 (blue), R1_T2 (green), R1 T3

(yellow), R2 (red)

Table 4.12 shows the Standard Deviation in millimetres for the US Inter-Rater

measurements. The standard deviation value for the 38 samples, measured by Rater 1 at time

T1, T2 and T3 compared to R2, has an average value of 0.182 mm for Time 1, 0.199 mm for

Time 2 and 0.2 mm for Time 3.

Sample | Cadaver | R1 T1 | R1 T2 |R1 T3 | R2 | Standard | Standard | Standard
US US US US | Deviation | Deviation | Deviation
US US US
R1_T1, R1 T2, R1 T3,
R2 R2 R2
1 1 7.92 7.84 7.82 7.65 0.191 0.134 0.120
2 1 8.47 8.69 8.72 8.75 0.198 0.042 0.021
3 1 7.4 7.26 7.24 7.58 0.127 0.226 0.240
4 1 7.81 8.03 8 8.1 0.205 0.049 0.071
5 1 7.13 7.17 7.17 7.32 0.134 0.106 0.106
6 1 5.81 5.76 5.75 5.99 0.127 0.163 0.170
7 1 5.91 5.93 5.82 6.21 0.212 0.198 0.276
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8 1 6.19 6.23 6.12 5.77 0.297 0.325 0.247
9 1 5.56 5.54 5.46 5.51 0.035 0.021 0.035
10 1 8.57 8.46 8.49 8.88 0.219 0.297 0.276
11 2 5.39 5.37 5.27 5.66 0.191 0.205 0.276
12 2 7.68 7.7 7.73 7.93 0.177 0.163 0.141
13 2 7.32 7.42 7.4 7.75 0.304 0.233 0.247
14 2 4.65 4.59 4.55 4.68 0.021 0.064 0.092
15 2 7.02 6.96 6.94 7.29 0.191 0.233 0.247
16 2 4.02 4.01 3.96 4.49 0.332 0.339 0.375
17 2 4.26 4.28 4.25 4.28 0.014 0.000 0.021
18 2 4.93 4.88 4.93 5.02 0.064 0.099 0.064
19 2 5.13 5.14 5.13 5.29 0.113 0.106 0.113
20 2 5.46 5.45 547 5.77 0.219 0.226 0.212
21 2 4.48 4.52 4.47 4.49 0.007 0.021 0.014
22 3 7.07 6.91 6.93 7.33 0.184 0.297 0.283
23 3 4.13 3.96 4.1 4.28 0.106 0.226 0.127
24 3 5.26 5.19 5.24 5.33 0.049 0.099 0.064
25 3 4.96 4.85 4.84 4.81 0.106 0.028 0.021
26 3 5.57 5.44 5.43 5.74 0.120 0.212 0.219
27 3 4.55 4.68 441 5.08 0.375 0.283 0.474
28 3 5.47 5.43 5.38 5.64 0.120 0.148 0.184
29 3 7.51 741 7.47 5.52 1.407 1.336 1.379
30 3 6.22 6.12 6.12 6.24 0.014 0.085 0.085
31 3 5.67 5.53 5.51 5.94 0.191 0.290 0.304
32 3 5.82 5.74 5.82 6.12 0.212 0.269 0.212
33 3 5.31 5.12 5.26 5.48 0.120 0.255 0.156
34 3 6.88 6.85 6.83 6.67 0.148 0.127 0.113
35 3 5.18 5.16 5.14 5.25 0.049 0.064 0.078
36 3 4.14 3.9 3.93 4.18 0.028 0.198 0.177
37 3 6.5 6.38 6.4 6.71 0.148 0.233 0.219
38 3 5.22 5.19 5.22 5.43 0.148 0.170 0.148

Average in mm 0.182 0.199 0.200

Table 4.12 - Standard Deviation in millimetres for the US Inter-Rater measurements.

Table 4.13 shows the Standard Deviation in millimetres for the US inter-rater reliability
measurements, grouped by regions of the mouth: upper anterior (from canine to canine), lower
anterior, upper premolars, lower premolars, upper molars and lower molars respectively. From
the data, it appears that the lower molar region has the highest reliability with the lowest SD at
0.094 — 0.166 mm, followed by the lower anterior region with an SD range of 0.142 — 0.169 mm,
upper anterior with an SD 0.162 — 0.171 mm, upper molars with SD 0.139 — 0.222 mm, lower
premolars with an SD 0.184 — 0.210 mm and the upper premolars having the lowest reliability
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with an SD range of 0.438 — 0.460 mm. However, since only the upper and lower anterior
regions have enough samples in all the groups for a meaningful statistical difference, the data
available is not conclusive in order to compare the US reliability by regions of the mouth.

Sample | Cadaver Tooth Standard Standard Standard

Number Deviation Deviation Deviation

R1 _T1,R2 R1_T2, R2 R1_T3, R2
11 2 13 0.191 0.205 0.276
22 3 13 0.184 0.297 0.283
13 2 11 0.304 0.233 0.247
24 3 11 0.049 0.099 0.064
2 1 21 0.198 0.042 0.021
25 3 21 0.106 0.028 0.021
1 1 12 0.191 0.134 0.120
12 2 12 0.177 0.163 0.141
23 3 12 0.106 0.226 0.127
3 1 22 0.127 0.226 0.240
14 2 22 0.021 0.064 0.092
26 3 22 0.120 0.212 0.219
4 1 23 0.205 0.049 0.071
27 3 23 0.375 0.283 0.474
Average SD Upper Anterior 0.168 0.162 0.171
16 2 33 0.332 0.339 0.375
33 3 33 0.120 0.255 0.156
21 2 43 0.007 0.021 0.014
9 1 31 0.035 0.021 0.035
18 2 31 0.064 0.099 0.064
19 2 41 0.113 0.106 0.113
8 1 32 0.297 0.325 0.247
17 2 32 0.014 0.000 0.021
10 1 42 0.219 0.297 0.276
20 2 42 0.219 0.226 0.212
Average SD Lower Anterior 0.142 0.169 0.151
5 1 24 0.134 0.106 0.106
28 3 24 0.120 0.148 0.184
6 1 25 0.127 0.163 0.170
29 3 25 1.407 1.336 1.379
Average SD Upper Premolars 0.447 0.438 0.460
15 2 34 0.191 0.233 0.247
32 3 34 0.212 0.269 0.212
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34 3 44 0.148 0.127 0.113
Average SD Lower Premolars 0.184 0.210 0.191
7 1 26 Mesial 0.212 0.198 0.276
30 3 37 Distal 0.014 0.085 0.085
31 3 37 Mesial 0.191 0.290 0.304
Average SD Upper Molars 0.139 0.191 0.222
35 3 46 Mid 0.049 0.064 0.078
36 3 46 Distal 0.028 0.198 0.177
37 3 47 Mesial 0.148 0.233 0.219
38 3 47 Distal 0.148 0.170 0.148
Average SD Lower Molars 0.094 0.166 0.156

Table 4.13 - Standard Deviation in millimetres for the US inter-rater reliability measurements,
grouped by regions of the mouth

4.3 Accuracy Statistical Analysis

Table 4.14 shows the Intraclass Correlation Coefficient and the 95% confidence interval
(CI) of Rater 1 measurements of US and uCT, at Time 2. The Intraclass Correlation of 0.894
(0.804, 0.944) indicates the accuracy of US compared to uCT is good.

Intraclass 95% Confidence Interval
Correlation Lower Bound Upper Bound
0.894 0.804 0.944

Table 4.14 - ICCR1 T2 US vs Rl T2 uCT

Figure 4.15 shows positive relationship between Rater 1 measurements of US and pCT,

at Time 2.
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Figure 4.15 - 45° Scatter Plot R1 T2 uCTvsR1 T2 US
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Table 4.15 shows the Standard Deviation in millimetres for the Accuracy measurements.

The standard deviation value for the 38 samples, measured by Rater 1 at Time 2 by US and pCT,

varies between 0.001 mm at the lowest value to 1.201 mm at the highest value, with an average

value of 0.330 mm.

Sample | Cadaver | R1_T2 | R1_T2 Standard
US pnCT Deviation
R1_T2,

US vs uCT

1 1 7.84 8.771 0.658

2 1 8.69 8.750 0.043

3 1 7.26 8.076 0.577

4 1 8.03 8.263 0.164

5 1 7.17 7.106 0.045

6 1 5.76 6.532 0.546

7 1 5.93 6.147 0.153

64



8 1 6.23 6.138 0.065
9 1 5.54 5.932 0.277
10 1 8.46 8.948 0.345
11 2 5.37 5.565 0.138
12 2 7.7 8.155 0.321
13 2 7.42 7.863 0.314
14 2 4.59 5.063 0.334
15 2 6.96 7.671 0.503
16 2 4.01 4.265 0.181
17 2 4.28 4.530 0.177
18 2 4.88 4.907 0.019
19 2 5.14 4.842 0.211
20 2 5.45 4.848 0.426
21 2 4.52 4.567 0.033
22 3 6.91 6.909 0.001
23 3 3.96 3.874 0.061
24 3 5.19 4.983 0.146
25 3 4.85 5.531 0.481
26 3 5.44 4.542 0.635
27 3 4.68 4.858 0.126
28 3 543 6.297 0.613
29 3 7.41 7.162 0.176
30 3 6.12 6.512 0.277
31 3 5.53 6.967 1.016
32 3 5.74 6.063 0.228
33 3 5.12 5.154 0.024
34 3 6.85 6.153 0.493
35 3 5.16 5.039 0.086
36 3 3.9 5.509 1.138
37 3 6.38 4.682 1.201
38 3 5.19 4.742 0.317

Average in mm 0.330

Table 4.15 - Standard Deviation in millimetres for the accuracy measurements for Rater 1 at
Time 2

Table 4.16 shows the Standard Deviation in millimetres for the accuracy measurements,
grouped by regions of the mouth: upper anterior (from canine to canine), lower anterior, upper
premolars, lower premolars, upper molars and lower molars respectively. From the data, it
appears that the lower anterior region has the highest accuracy with the lowest SD at 0.176 —
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0.251 mm, followed by the upper anterior region with an SD range of 0.286 — 0.348 mm, lower
premolars with an SD range of 0.304 — 0.408 mm, upper premolars with an SD 0.345 — 0.572
mm, upper molars with SD 0.398 — 0.518 mm and the lower molars having the lowest accuracy
with an SD range of 0.685 — 0.748 mm. Although only the upper and lower anterior regions have
enough samples for a more meaningful statistical significance, the general trend that could be
observed in that data available is that the US is more accurate in the anterior regions of the
mouth, followed by the premolar regions with the molar regions having the least accuracy.

However, since only the upper and lower anterior regions have enough samples in all the groups
for a meaningful statistical significance, the available data is not conclusive in order to compare
the US accuracy by regions of the mouth.

Sample | Cadaver Tooth Standard Standard Standard Standard
Number Deviation Deviation Deviation Deviation
R1 T1, R1 T2, R1 T3, R2,
USvs uCT | USvs uCT | USvs pCT | US vs nCT
11 2 13 0.081 0.138 0.209 0.144
22 3 13 0.168 0.001 0.000 0.448
13 2 11 0.327 0.314 0.407 0.118
24 3 11 0.195 0.146 0.127 0.255
2 1 21 0.191 0.043 0.096 0.007
25 3 21 0.401 0.481 0.522 0.596
1 1 12 0.630 0.658 0.659 0.858
12 2 12 0.289 0.321 0.320 0.163
23 3 12 0.222 0.061 0.171 0.354
3 1 22 0.481 0.577 0.679 0.516
14 2 22 0.301 0.334 0.442 0.377
26 3 22 0.750 0.635 0.550 0.825
4 1 23 0.292 0.164 0.137 0.005
27 3 23 0.206 0.126 0.329 0.209
Average SD Upper Anterior 0.324 0.286 0.332 0.348
16 2 33 0.158 0.181 0.335 0.163
33 3 33 0.087 0.024 0.052 0.181
21 2 43 0.098 0.033 0.136 0.052
9 1 31 0.255 0.277 0.334 0.337
18 2 31 0.063 0.019 0.009 0.179
19 2 41 0.230 0.211 0.189 0.299
8 1 32 0.147 0.065 0.071 0.323
17 2 32 0.149 0.177 0.188 0.212
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10 1 42 0.137 0.345 0.245 0.054
20 2 42 0.436 0.426 0.397 0.712
Average SD Lower Anterior 0.176 0.176 0.196 0.251
5 1 24 0.052 0.045 0.000 0.038
28 3 24 0.629 0.613 0.775 0.504
6 1 25 0.491 0.546 0.577 0.464
29 3 25 0.238 0.176 0.123 1.282
Average SD Upper Premolars 0.352 0.345 0.369 0.572
15 2 34 0.397 0.503 0.544 0.292
32 3 34 0.112 0.228 0.204 0.123
34 3 44 0.476 0.493 0.417 0.497
Average SD Lower Premolars 0.329 0.408 0.388 0.304
7 1 26 Mesial 0.129 0.153 0.222 0.120
30 3 37 Distal 0.177 0.277 0.281 0.257
31 3 37 Mesial 0.943 1.016 1.052 0.816
Average SD Upper Molars 0.416 0.482 0.518 0.398
35 3 46 Mid 0.074 0.086 0.074 0.148
36 3 46 Distal 1.058 1.138 1.083 0.929
37 3 47 Mesial 1.329 1.201 1.259 1.454
38 3 47 Distal 0.345 0.317 0.337 0.462
Average SD Lower Molars 0.702 0.685 0.688 0.748

Table 4.16 - Standard Deviation in millimetres for the accuracy measurements, grouped by
regions of the mouth

4.4 Statistical Analysis Summary

Table 4.17 is an aggregate of the results for the Intraclass Correlation Coefficient (ICC)
and the 95% Confidence Interval for the Intra-Rater reliability statistical analysis for Rater 1. All
Intraclass Correlation Coefficients for Rater 1 when measuring the samples with pCT and US are

excellent with a value well over 0.9.
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Tele 95% Confidence Interval
I ing M lit
maging Modality Intra-Rater
Lower Bound Upper Bound
pnCT
R1 T1vsR1 T2vsRI1 T3 0.998 0.997 0.999
UusS
R1 T1vsR1 T2vsRI1 T3 0.997 0.995 0.999

Table 4.17 - Aggregate of the Intra-Rater Intraclass Correlation Coefficient and the 95%
Confidence Interval for Rater 1

Table 4.18 is an aggregate of the average Standard Deviation for the Intra-Rater
reliability statistical analysis, for all the measurements performed by Rater 1, for all 38 samples,
grouped by imaging modality: uCT and Ultrasound. All Standard Deviation averages for Rater 1

are below 0.1 mm.

Average Standard Deviation

puCT 0.050 mm
R1 T1,R1_T2,R1 T3

Average Standard Deviation

US 0.057 mm
R1_T1,R1_T2,R1_T3

Table 4.18 - Average of the Standard Deviation for Rater 1 measurements

Table 4.19 is an aggregate of all the results for the Intraclass Correlation Coefficient
(ICC) and the 95% Confidence Interval for the Intra-Rater reliability statistical analysis for Rater
1 compared to Rater 2. All Intraclass Correlation Coefficients for Rater 1 compared to Rater 2

when measuring the samples with the pCT and Ultrasound are excellent with a value well over

0.9.

68



ICC 95% Confidence Interval
Imaging Modality Inter-Rater
Reliability Lower Bound Upper Bound
uCT
R1 T vs R2 0.996 0.993 0.998
puCT
R1 T2 vs R2 0.996 0.993 0.998
uCT
R1 T3 vs R2 0.996 0.992 0.998
Us 0.950 0.906 0.974
R1 TI vsR2
uUsS
. . 974
R1 T2 vs R2 0.950 0.902 0.97
uUsS
R1 T3 vs R2 0.947 0.896 0.973

Table 4.19 - Aggregate of the Intra-Rater Intraclass Correlation Coefficient and the 95%
Confidence Interval for Rater 1 compared to Rater 2

Table 4.20 is an aggregate of the average Standard Deviation for the Inter-Rater
reliability statistical analysis, for all the measurements performed by Rater 1 compared to Rater
2, for all 38 samples, grouped by imaging modality: uCT and US. All Standard Deviation

averages for Rater 1 compared to Rater 2 are below 0.1 mm for uCT and below 0.2 mm for US.
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Average Standard Deviation
uCT 0.069 mm

R1 T1,R2
Average Standard Deviation
uCT 0.068 mm

R1 T2,R2
Average Standard Deviation
uCT 0.069 mm

R1 T3,R2
Average Standard Deviation
US 0.182 mm

R1 T1,R2
Average Standard Deviation
UsS 0.199 mm

R1 T2,R2
Average Standard Deviation
US 0.200 mm
R1 T3,R2

Table 4.20 - Average of the Standard Deviation for Rater 1 measurements compared to Rater 2

Table 4.21 is an aggregate of the results for the Intraclass Correlation Coefticient (ICC)
and the 95% Confidence Interval for the Accuracy statistical analysis for Rater 1 at Time 1, 2
and 3. All Intraclass Correlation Coefficients when comparing the US measurements to uCT are

good with a value in between 0.885 and 0.894.
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Tele 95% Confidence Interval
I ing Modalit
maging Modality Accuracy
Lower Bound Upper Bound
R1 T1 US
\& 0.893 0.805 0.943
R1 T1 pCT
R1 T2 US
\& 0.894 0.804 0.944
R1 T2 pCT
R1 T3 US
\& 0.885 0.780 0.940
R1 T3 pCT

Table 4.21 - Aggregate of the Intra-Rater Intraclass Correlation Coefficient and the 95%
Confidence Interval for the Accuracy measurements

Table 4.22 shows an aggregate of the average Standard Deviation (SD) for all 38
samples, in millimetres for the accuracy measurements for Rater 1 at Time 1, 2 and 3 and for
Rater 2. When comparing the accuracy of the US to the uCT, the average standard deviation is
0.335 mm for Rater 1 at Time 1, 0.33 mm for Rater 1 at Time 2, 0.357 mm for Rater 1 at Time 3
and 0.389 mm for Rater 2.

Average SD 0.335
R1 T1, US vs pCT

Average SD 0.330
R1 T2, US vs uCT

Average SD 0.357
R1 T3, US vs pCT

Average SD 0.389

R2, US vs uCT

Table 4.22 - Aggregate of the average Standard Deviation (SD) for all the accuracy
measurements
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CHAPTER 5 -DISCUSSION

The alveolar bone assessments through images play a key role in the evaluation of
general periodontal conditions and are a fundamental adjunct to the diagnostic process. It allows
the clinician to assess the amount of bone present, the condition of the alveolar ridges, bone loss
in the furcation region, thickness of the periodontal ligament space, local irritating factors that
may increase the risk of periodontal loss (such as calculus, under-contoured or overextended
restorations, mismatched prostheses), root length, morphology and crown-root relationship, lack
of point of contact, pathological considerations (carious lesions, periapical lesions, resorptions
root) and anatomical considerations (position of a periodontal deformity in relation to the
maxillary sinus, missing teeth, supernumerary teeth, impaction and/or dental inclination (White
& Pharoah, 2009). Two-dimensional radiographs such as periapical and bitewings have been

used to image alveolar bone, however, they can only access interdental alveolar bone.

Computed Tomography became popular in dentistry after the development of CBCT that
allowed the cost and radiation dose reduction of the technique. Thanks to this new technology,
the measurement of the alveolar bone height, which was previously limited when performed
through 2D radiographs or when done through periodontal probing, was finally achievable in an
accurate manner (Sun et al., 2011; Swennen & Schutyser, 2006). The correct assessment of
alveolar bone levels is of fundamental importance for treatment planning in a great variety of
dental specialties (Fuhrmann, 2008). In orthodontics, for example, it is often necessary to make
use of controlled projection of lower incisors to correct malocclusions, as this region presents

greater frequency of dehiscence and thinner bone thickness.

Studies have been published on the assessment of the reproducibility and accuracy of the
measurement of the height of the alveolar border through CBCT images with results
demonstrating good reproducibility and good accuracy in measuring this distance (Leung,
Palomo, Griffith, & Hans, 2010; Loubele et al., 2008; Sun, Zhang, Shen, Wang, & Fang, 2015;
Walter et al., 2020). However, both cone beam and spiral tomography devices still have some
limitations related to spatial resolution, impairing the visualization of the alveolar bone when it is
thinner than 0.6 mm (Sun et al., 2011; Leung, Palomo, Griffith, & Hans, 2010). Some of the

limitations were addressed by the advent of uCT, as it allows the measurement of structures at a
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micro scale, going from millimetres to micrometers. Alveolar bone level in animals have been
measured and distances from CEJ to alveolar bone crest as low as 100um can be accurately
assessed (Monasterio, Castillo et al. 2018, Lubcke, Ebbers et al. 2019, Catunda et al., 2021). This
great advantage came also with the burden of increased doses of radiation and a machine that
only fits small specimens (Marciano et al., 2012). Hence the need of further investigation on
accurate methods of assessing the alveolar bone level that cause less harm to the patient and can

be used clinically.

The use of US to evaluate periodontium has been studied in the attempt to evaluate its
potential as a diagnostic tool. US is a painless imaging device that uses sound waves produced in
a device called transducer, responsible for sending the ultrasonic waves to the tissue to be
evaluated. In dentistry, it has been gaining more and more space in the analysis of the
temporomandibular joint (TMJ) and in the field of oral and maxillofacial surgery, being also of
great value in the diagnosis of salivary gland disorders. US can be used on any patient, such as
children or pregnant women, as it is a safe tool, performed in real-time, non-invasive, and
repeatable whenever necessary without producing deleterious effects to the patient. However, it
is an operator-dependent device, meaning that the radiologist experience is considered of great
value (Chandak et al., 2011, Ferreira et al., 2002). The present study found excellent reliability
and good accuracy of US to evaluate the facial alveolar bone height compared to the pCT gold
standard. Salmon et al. (2012) developed an ultrasound prototype (25 MHz) adapted for the
periodontal evaluation of the oral cavity, similarly to our study. They assessed effectiveness of
ultrasound in determining the bone level around implants, which is inaccessible by radiography.
The authors suggested that the use of the US device is safe, and its dynamism makes it suitable
for bone level assessment. Mahmoud et al. (2010) investigated the use of high-frequency
ultrasound (30-60MHz) to obtain 3D images of bone defects present in cadavers’ jawbone, as the
present study. The authors concluded that the system is accurate in detecting bone defects,
superior to conventional radiographs and demonstrating great potential for the diagnosis of
periodontal defects. This reinforces our findings that point at this new device as a new modality

for diagnosis.

The first step for the creation of a new method of assessment is defining what is being

measured and how it can be measured. The answers for those questions can be obtained by
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performing exploratory research with the objective of finding out the best way to acquire reliable
measurements. Reliable measurements are replicable and consistent, meaning they can generate
the same results. This leads us to the first challenge that had to be overcome in this research
project: the difference between nCT and US imaging techniques and the principles on which
they operate. US uses sound echoes that are decoded into a digital signal, through a computer
coupled to the transducer. These are observed on the monitor as a grayscale with different shades
of grey. Ultrasound waves are reflected by structures with different impedances acoustics - the
biological tissues - thus obtaining the desired information (Chandak et al., 2011). In contrast,
pUCT uses ionizing radiation (Steiner, Synek, & Pahr, 2020) , and the result is a computer
generated three-dimensional (3D) image that can be fully manipulated by the operator. The
resulting computer images shown as the shades of grey that are used as a visual interpretation for
CT and US are fundamentally different, therefore they require specific training for operators
without previous US experience. In addition, uCT ionizing radiation fully penetrates the samples
and we can save a digital representation in full of a particular sample, whereas the US echoes
only penetrate the tissues superficially; if the alveolar bone plate is buried under a thick layer of
gingiva, it might not be detected at all by the transducer. Therefore, the digital representation of

an US scan only displays the superficial surface of a sample, only a few millimetres deep.

Another difference between pCT and US is that while the uCT scans an anatomical
structure and exports data in 3D, the US scan of the same anatomical structure exports the data
only in 2D but with an unknown degree of volumetric averaging and superimposition. As a
result, a pCT data file can be viewed and measured in 3D (sagittal, axial, coronal) while a US
data file can only be viewed and measured in 2D (equivalent of sagittal and coronal with no
measurable transverse dimension). This is the main reason why the gold standard measurement
on the pCT for each sample was considered and analyzed by the averaging of three
measurements that span transversally across the diameter of a given notch (almost Imm), and not
just using a single measurement in the centre of the notch. In the uCT recorded and analyzed for
each measured sample, the distance from the inferior border of the reference notch in the tooth,
to the tip of the bone, was calculated as the average of 3 measurements: from the tip of the bone
to the inferior border of the notch in the centre of the notch, from the tip of the bone to the
inferior border of the notch towards the mesial edge of the notch and from the tip of the bone to

the inferior border of the notch towards the distal edge of the notch.
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These key physical and digital representation differences between pCT and US imaging
made comparing the two imaging techniques quite challenging, and the methodology of this
study had to have been conceived in such a way that it still allowed a reliable direct comparison
between the two. In the current literature of periodontal assessment, we have values that can vary
up to Imm when probing methods are used (Badersten et al., 1984). For assessing the clinical
attachment level by using a regular 2D x-ray, that value is very similar, up to Imm of
underestimation of true alveolar bone level of infra-bony defects, with the lowest variation for
periodontal assessments was seen with digital calipers when used to measure gingival recession
(0.7mm) (Fageeh et al., 2019). Regarding the clinical relevance, some literature points that
errors for loss of attachment assessment should be maintained at 0.13 mm for whole-mouth
average and 0.54 mm for individual sites (Kingman et al., 1991), while others say that the
number for clinical attachment level variability should remain under 2 mm (Fageeh et al., 2019).
Therefore, our results can also be considered clinically relevant as our average SD values, when

comparing the US to the pCT (gold standard), ranged from 0.330 to 0.399 mm.

In a study from Fageeh et al (2019), they compared the precision of US and a digital
caliper (calibration of 0.0lmm) for measurements of gingival thickness. Their results showed
that mean gingival thickness ranged from 0.56—1.02 mm and both techniques were considered
comparable, since the study did not yield any difference that was statistically significant. Digital
calipers are extremely accurate; however, they are invasive to use intra-orally to measure
gingival thickness. Even though this study did not attempt to compare US to alveolar bone
measurements and used a completely different device as gold standard (digital caliper), it showed
good accuracy of this imaging modality to measure another anatomical structure of the

periodontium coming to conclusions that are in agreement with our findings.

Studies that looked at utilizing CBCT for alveolar bone measurements such as CEJ-
alveolar bone crest, showed high reliability, good accuracy with varying precision (Timock et al,
2011, Cook et al., 2015). These studies compared periodontal measurements of cadavers using a
long scan (26.9 seconds; 619 projection images; 360° rotation; 0.2 mm voxel size), a default scan
(8.9 seconds; 309 projection images; 360° rotation; 0.3 mm voxel size), a short scan (4.8 seconds;
169 projection images; 180° rotation; 0.3 mm voxel size) and compared to a digital caliper. They

concluded that short and long scans were accurate but short scan had less precision than long
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scan. The SD varied from 0.12mm (long scan) to 0.32mm (short scan) (Timock et al, 2011, Cook
et al., 2015). Although CBCT has shown good accuracy and reliability and has been suggested as
a non-invasive method to precisely measure hard and soft tissues of the alveolar bone complex,
the radiation dose is an important issue to prevent this image modality to be used as a routine in
clinical practice for this purpose (Fu et al., 2010, Januario et al., 2008). The US accuracy and
reliability were shown in our study and the great advantage of this new technique is the lack of
radiation involved. According to the UNSCEAR 2000, diagnostic x-rays account for
approximately 1.2 mSv individual yearly radiation exposure. As previously mentioned, dental x-
rays vary from 0.005mSv to 0.024mSv whereas a CBCT can reach 0.1mSv. The maximum dose
as per Canadian Radiation Protection Regulations (SOR/2000-203) varies from 15-50mSv per
year (any individual), depending on the exposed area (i.e., eyes are more sensitive than skin).
Therefore, the strict control of the necessity of assessments that utilize ionizing radiation needs
to be carefully evaluated given their cumulative effect and the search for alternative methods of

alveolar bone assessment such as US should be encouraged.

Our study attempted to measure alveolar bone crest in different groups of teeth in the
cadavers. Those groups were: upper anterior (from canine to canine), lower anterior, upper
premolars, lower premolars, upper molars and lower molars. This was an important addition to
the literature since the previous clinical study by Nguyen et al. (2021) was only able to measure
incisors and canines (given the intra-oral limitations as their study was a clinical trial) and Chifor
et al (2012) looked at incisors, molars and premolars of a porcine mandible. Similar to our study,

however, Nguyen et al. (2021) did not establish differences between groups of teeth.

Regarding the use of notches as landmarks when comparing the two imaging modalities,
initially, the intent was to use the CEJ) since it is a landmark used in a clinical setting for
measuring the alveolar bone height. However, for this ex-vivo study, using the CEJ was not the
best landmark to use when comparing US to pCT for two reasons. Firstly, the CEJ as a landmark
is rather difficult to precisely locate on the cadavers since a lot of the teeth samples have
imperfections around the CEJ area; this in turn could have introduced an CEJ identification error
in the US measurements. Also, discarding the teeth with defects around the CEJ was not an
option either since it would have disqualified too many available samples from the study. In

comparison, visually identifying the notches by the operator on the US images is more consistent
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since the notches are round, placed in the superficial enamel and can be easily identifiable.
Secondly, the CEJ as a landmark does not offer the opportunity to replicate the US transverse
volumetric averaging on the pCT since the CEJ does not provide any transverse mesio-distal
landmarks that can be used. Instead, by using a notch with a mesio-distal diameter of almost 1
mm, this study averaged three pCT measurements for each sample and this would be the

equivalent of an US slice with the transverse thickness of almost 1 mm.

5.1 Limitations

The main limitation of this study was the number of viable samples available. Although
initially there were 58 teeth that could have been used, only 38 samples satisfied the selection
criteria for this project. Still, 38 samples represented a meaningful number of samples required
that had enabled us to investigate the new US reliability and accuracy.

Another limitation of this study is the direct applicability of cadaver results to live
humans. Although the results have shown the reliability and accuracy of the US on cadaver teeth
by using pCT as a gold standard, the methodology devised in this study does not directly
translate when attempting to measure on live humans. Notches can’t be placed on live teeth and
uCT can’t be used on live humans due to its small size and high radiation dose. However, the
methodology can be modified for it to be applicable on measuring on US on live humans. A
possible such change could be to use of the CEJ as a reference landmark for the US and the use

of an intra-oral measurement with calipers as a clinical reference standard.

5.2 Directions for Future Studies

Based on the challenges and the experience gained from this study comparing US to pCT,
the following recommendations can be made for future studies in order to minimize or eliminate

the effect of certain factors that had to be accepted as is in this study:

1. Investigate how to better replicate the Ultrasound volumetric averaging /
superimposition in the way the samples are measured on the pCT — as previously
explained, the main challenge of this study was the uCT and US differences on which

they operate and the way the imaging data is presented to the operator. When
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measuring a sample with the US transducer, some degree of volumetric averaging and
superimposition occurs. As a result, when measuring the bone height with the US
transducer, the highest bony peak will be visible on the 2D US image, however, there
is no precise way to determine where this highest bony peak is mesio-distally. The
uCT that was used as a reference gold standard imaging modality, had the resolution
of 0.03 mm and the pCT software is very precise in selecting a certain frame mesio-
distally, however, the pCT software lacks the ability to merge successive slices of a
sample in order to create a thicker superimposed structure on which the highest bony
peak will be measured. With the current devised methodology, the way to minimize
the effect of this limitation was to use the notches as landmarks that were roughly 1
millimetre in diameter and measure the bony peak on the pCT in three different
locations relative to the notch: in the centre of the notch, mesially and distally,
followed by averaging the three measurements that was used in the statistical
analysis. Therefore, a possible option worth exploring is if a bigger reference notch
that is used as a landmark makes a difference in comparing the US images to nCT or
if there is any commercial software available that would allow successive uCT slices
to be superimposed in order to create a thicker superimposed structure that will

approximate an US image that includes a certain degree of superimposition.

Minimize the biological constraint for US — For this project, the ex-vivo human
samples were sourced from three different cadavers. Although this might not be of
significance in case of imaging with uCT in which the radiation penetrates the
samples regardless of tissue density, it could theoretically make a difference in the
case of Ultrasound imaging since a certain degree of tissue density difference could
be theoretically expected among the three cadavers. For future testing, the impact of
tissue density on the Ultrasound measurements might be something worth

investigating.

The results of the present study show an excellent reliability and good accuracy of the

device; however, the study was performed on human cadavers in a controlled
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environment as a preclinical study. The next step in the research phase would be a

clinical trial.
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CHAPTER 6 - CONCLUSIONS

6.1 Research Question 1

Based on the information presented in this study, the intra examiner measurements done
by R1 for uCT have an ICC = 0.998 with a 95% confidence interval [0.997-0.999]. The US
measurements have an ICC = 0.997 with a 95% confidence interval [0.995-0.999]. Therefore, the
Research Question 1 null hypothesis was accepted as true.

Hol: The nCT and US measurements done by R1 are reliable with an excellent

degree of intra-rater reliability.

6.2 Research Question 2

Based on the information presented in this study, the inter examiner measurements done
by R1 compared to R2 for uCT have an ICC = 0.996 with a 95% confidence interval [0.992-
0.998]. The US measurements have an ICC = 0.947 — 0.950 with a 95% confidence interval
[0.896-0.974]. Therefore, the Research Question 2 null hypothesis was accepted as true.

Ho2: The pnCT and US measurements done by R1 are reliable compared to R2 with

an excellent degree of inter-rater reliability.

6.3 Research Question 3

Based on the information presented in this study, the US measurements compared to the
puCT gold standard have an ICC = 0.885 — 0.894 with a 95% confidence interval [0.789-0.944].
Therefore, the Research Question 3 null hypothesis was accepted as true.

H,3: The US device is accurate to determine alveolar bone crest height on the buccal
aspect of maxillary and mandibular human teeth with a good level of accuracy when

compared to the nCT gold standard.
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In conclusion, the intra examiner and inter examiner reliability for both the uCT and US
alveolar bone crest measurements was found to be excellent, and the accuracy of the US was
found to be good compared to pCT. Also, there aren’t enough samples available in all the groups

in order to compare the reliability and accuracy of the US across different regions of the mouth..
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