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ABSTRACT
Objective: To investigate and develop an appropriate measurement protocol
possessing adequate precision in both intra- and inter-rater reliability for in vivo
maxillary first molar volume measurements using cone beam computed
tomography (CBCT) images. To assess in vivo through the use of CBCT imaging
whether the type of maxillary expansion appliance [BAME versus tooth-anchored
maxillary expander (TAME)] impacts the amount of external root resorption in
maxillary first molars as compared to a no treatment control group.
Methods: 62 adolescents requiring maxillary expansion were randomly allocated
to groups: TAME, BAME, and control. CBCT images were acquired at baseline
and approximately 12-months. Segmentation procedures were investigated and
developed to quantify maxillary first molar ERR. Dental volumes were measured
on the CBCT images at both time points to assess maxillary first molar dental
volume changes.
Results: Excellent intra- and inter-rater agreement for segmentation. Automated
thresholding with manual refinements on a 2D slice-by-slice basis, yielded the
highest intra- and inter-rater reliability statistics. There lacked statistically
significant evidence (p>0.05) of differences in external root resorption (both
percentage and absolute volume) between TAME, BAME, and control groups.
Conclusion: Whole tooth CBCT segmentation employing grayscale thresholding
with 2D slice-by-slice manual refinements possesses excellent intra- and interrater reliability. There is no statistically significant evidence supporting increased
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ERR with TAME or BAME versus control.
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STATEMENT OF PROBLEM
Maxillary deficiency is a common pre-treatment issue in orthodontic
patients and is usually accompanied by unilateral or bilateral posterior crossbite,
narrow nasal cavity, and crowding (1,2). The most common, standard of care,
treatment modality in transverse maxillary deficient adolescents is rapid maxillary
expansion (RME) performed with a tooth-anchored expander (Hyrax type) (3-6).
There are disadvantages that have been identified with this approach as direct
tooth-anchored appliances can, in some instances, result in root volume loss (5,7)
and have the added potential for undesirable tooth movement (4). An alternative
approach to attempt mitigation of the adverse dental effects is the use of a boneanchored maxillary expander (BAME). BAME move the point of force
application away from the teeth, with the goal of reducing unwanted dental effects
associated with direct, heavy force application delivered through the teeth.
Topics such as the external root resorption (ERR) associated with various
appliances and stages of orthodontic treatment have yet to be fully investigated.
Historically, the in vivo detection of changes to dental root morphology and ERR
during the course of orthodontic treatment has been mainly through use of 2D
radiographs, most notably periapical radiographs (8-10). Conventional 2D
radiographs have in general proven inaccurate for the reliable detection of small
ERR defects (11). The essence of accurate in vivo detection of ERR is based upon
accurate 3D dental volume measurements.
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Advances in 3D medical imaging technologies, particularly the
introduction of CBCT in the late 1990’s, have equipped the medical and dental
community with improvements in visualization, diagnosis, and treatment planning
for their patients. The improvement in certain diagnostic abilities is difficult to
quantify given the unfamiliar accuracy with which volumes in a CBCT image
may be computed due to the challenges associated with image segmentation
techniques.
Investigation into the adverse effects, particularly ERR, that bone-borne
and tooth-borne expanders may have on the teeth due to the differences in the
point of application of the lateral expansion force seem warranted. Establishing
precise and repeatable dental volume measurement protocols for CBCT imaging
to assess the appliance related effect of maxillary expansion on ERR will enable
clinicians to confidently monitor ERR and adapt treatment plans to minimize the
negative effects associated with ERR.

STUDY OBJECTIVES
The objectives of this study are twofold. The first objective is to
investigate and develop an appropriate measurement protocol possessing adequate
precision in both intra- and inter-rater reliability for in vivo maxillary first molar
volume measurements using CBCT images. The second objective is to assess in
vivo through the use of CBCT imaging whether the type of maxillary expansion
appliance [BAME versus tooth-anchored maxillary expander (TAME)] impacts
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the amount of external root resorption in maxillary first molars as compared to a
no treatment control group.
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Chapter 1 - Radiographic Assessment of External Root Resorption
Associated with Jackscrew-Based Maxillary Expansion Therapies: A
Systematic Review
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1.1 INTRODUCTION
External root resorption (ERR) can be considered to be an important
negative sequelae of orthodontic treatment as in severe cases it can have an
impact on the long-term viability of the affected dentition. ERR is defined as
either a physiologic or a pathologic process resulting in the loss of cementum and
dentin in the dental roots. (12) The etiology of ERR appears multifactorial in
nature with numerous potential elements at play including, but not limited to,
individual genetic factors and orthodontic mechanical or iatrogenic factors. (13)
The orthodontic factors that are associated with ERR are complex and not fully
understood.
There exists a lack of agreement in the literature regarding the specific
incidence of ERR. (14) There is evidence that heavy forces are particularly
harmful. (14) Numerous studies have displayed a correlation between increased
ERR and heavy orthodontic forces as compared to light forces or controls. (15-18)
In both tension and compression force areas, direct heavy orthodontic forces have
been shown to produce significantly more ERR than in regions under light
compression and light tension forces. (18) However, there is a need for more
evidence to identify those teeth/individuals at higher risk for ERR and to
determine ways to manage its severity and prevalence in orthodontic patients. (14)
Historically, the in vivo detection of ERR has been mainly through use of
2-dimensional (2D) radiographs. There are geometric limitations associated with
2D imaging of a 3-dimensional (3D) phenomenon; therefore, the quantitative
value of 2D radiographs to measure ERR is questionable. (17,19,20) Given that
5

the lateral pressures created on the dentition during rapid maxillary expansion
(RME) create hyalinization and an associated necrotic periodontal ligament,
(21,22) buccal resorption is intuitively expected to be the predominant site of root
resorption, an area not directly visible in conventional 2D radiographs. The
distortion in both tooth position and angulation in a panoramic film combined
with varying magnification in different parts of the image (23) leads to limitations
in the use of panoramic films to assess ERR (24-26). Consequently, although 2D
radiography may be a good diagnostic tool, its use in the quantification of ERR
should be avoided. (17) The quantification and measurement of ERR using 3D
volumetric imaging as compared to periapical radiographs has been found to be a
method with a high level of accuracy and repeatability (17,27,28); however,
patient movement during scans can reduce the accuracy of measurements (28).
Maxillary deficiency is a common pre-treatment condition in orthodontic
patients and is usually accompanied by unilateral or bilateral posterior crossbite,
narrow nasal cavity, and crowding. (1,2) The most common, standard of care,
treatment modality in transverse maxillary deficient adolescents is rapid maxillary
expansion performed with a tooth-anchored expander (Hyrax type). (3-6) There
are disadvantages that have been identified with this approach as direct toothanchored appliances can, in some instances, result in root volume loss (5,7) and
have the added potential for undesirable tooth movements (4).
Therefore, the objective of this study is to critically analyze the literature
to evaluate in adolescents and young adults if jackscrew-based maxillary
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expansion therapies result in ERR as measured in vivo via any radiological
method.
1.2 METHODS
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement checklist (29) was used as a template.
Protocol and Registration
Neither a protocol nor review registration was completed.
1.2.1 Eligibility Criteria
The PICOS (population, intervention, comparison, outcome, study design)
format was used to formulate a clinical question with defined inclusion criteria.


Population. Adolescents or young adults with transverse maxillary
deficiency.



Intervention. Non-surgical maxillary expansion therapy through use of a
jackscrew-based maxillary expander.



Comparison. Pre-treatment permanent tooth root length or volume
measurements.



Outcome. Post-treatment permanent tooth ERR as measured in vivo by any
method of radiological evaluation.



Study Design. Randomized or non-randomized clinical trials, cohort
studies, case control studies or consecutively-treated series of cases.
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Exclusions. Animal studies, individuals with craniofacial syndromes,
individual case reports or consecutively-finished series of cases,
histological evaluations of external root resorption, studies that evaluate
internal root resorption. Studies evaluating teeth with anomalies in form,
shape or structure. Studies evaluating transplanted or re-implanted teeth.
Studies with orthodontic appliances in place in addition to the jack-screw
based maxillary expander.

1.2.2 Information Sources and Search
With the assistance of a senior health-sciences librarian, a computerized
search was conducted of numerous electronic databases. Searches were conducted
through use of Medical Subject Headings (MeSH), series of key words, and key
word combinations with appropriate truncations and word combinations to
account for differences in controlled terminology in different databases. The
investigated databases were MEDLINE (OvidSP), EMBASE (OvidSP), PubMed,
Scopus (Elsevier), CINAHL (EBSCO), Evidence Based Medicine Reviews via
OvidSP (includes Cochrane Database of Systematic Reviews, The Database of
Abstracts of Reviews of Effectiveness, Health Technology Assessments, NHS
Economic Evaluation Database, ACP Journal Club, and Definitive Controlled
Trials), and LILACS (IAH) (Latin American and Caribbean Health Sciences
Literature) database from their earliest records to August 25th, 2013.
Manual searches of reference lists of the relevant articles were also
completed to identify additional publications. In addition, limited grey literature
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searches were conducted along with Google Scholar searches to identify any
relevant publications that may have been missed by the electronic database
searches.
The specific search strategies used for each database are outlined in Table
1.1. No limits were applied to any of the search strategies.
1.2.3 Study Selection
Given the previously defined study inclusion and exclusion criteria, a twophase search of the articles was conducted. In the first phase, two reviewers (D.F.,
Y.K.) independently reviewed the article titles and available abstracts of the
electronic search results with full articles obtained for those without available
abstracts or inadequate information in the abstract. Any articles, except for
individual case reports, that radiographically assessed ERR in humans in vivo as a
consequence of maxillary expansion therapy were considered for phase 1
inclusion. Discrepancies in the selection of the articles were discussed between
the reviewers until consensus was reached prior to progressing to phase 2. In the
second phase, the same reviewers evaluated the full text articles selected from
phase 1 independently by critically applying the remaining inclusion/exclusion
criteria. Again, discrepancies in article choices were resolved via discussion until
a consensus was achieved. In addition, the reference lists of the selected articles
were screened for any articles that may have been omitted. If any article
information was deemed to be unclear following full evaluation the authors were
contacted for clarification.
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1.2.4 Data Items
The data extracted from the studies that met the inclusion criteria included
study design, sample size, teeth evaluated, mean (range) age in years, type of
maxillary expander, expander activation protocol, type of radiographic image
used for analysis, method used to measure ERR in vivo, and related results.
1.2.5 Data Collection Process
The same two reviewers extracted data independently, in duplicate. The
extracted data were combined and compared for accuracy with discrepancies
resolved by re-examination of the literature until consensus was achieved.
1.2.6 Risk of Bias in Individual Studies
Both reviewers methodologically appraised all the selected studies
according to The Cochrane Risk of Bias criteria (RoB) (30) for assessing
individual studies.
1.2.7 Data Synthesis
If the available collected information was found to be adequate, a metaanalysis was considered.
1.3 RESULTS
1.3.1 Study Selection
Searches of electronic databases, Google Scholar and limited grey
literature yielded 83 original articles (189 before removal of duplicates). After
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review of the titles and available abstracts, 11 satisfied the phase 1 inclusion
criteria and were retrieved in full for further article review. Hand searching of
their bibliographies was performed, however no additional articles were
identified.
The application of the aforementioned inclusion/exclusion criteria as a
phase 2 review process resulted in the rejection of 8 articles as either the articles
involved a surgically assisted rapid palatal expansion (SARPE) approach (31,32),
utilized a quad-helix rather than a jackscrew-based maxillary expander (33,34),
studied an adult patient population (32,35), involved premolar extraction and
histological, with no radiographic evaluation of root resorption (33,36,37), or
assessed ERR on deciduous rather than permanent teeth (38). After the phase 2
review process, only three articles (7,39,40) fully satisfied the selection criteria.
Figure 1.1 details the methodological flowchart for both the phase 1 and phase 2
selection process.
1.3.2 Study Characteristics
A summary of key methodological data and results of the studies can be
found in Table 1.2.
1.3.3 Risk of Bias
Methodological appraisal of selected studies according to the RoB criteria
for assessing individual studies (30) is outlined in Table 1.3 and in an abbreviated
form in Table 1.4. We found the quality of reported methodology to range from
moderate to high bias. Common weaknesses identified in all studies (7,39,40)
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were: failure to justify or calculate sample sizes, failure to report inter-rater or
intra-rater reliability, failure to identify limitations in study design, failure to
implement allocation concealment and blinding of both the assessors and the
particular outcome assessment.
1.3.4 Synthesis of Results
A meta-analysis was not possible owing to the heterogeneity in study
designs and collected information (qualitative radiographic results in the 2D
studies (39,40) and quantitative results in the 3D study (7)). Therefore, assessment
of the risk of bias across the studies was not feasible, and the reported results of
this review are descriptive in nature.
1.4 DISCUSSION
1.4.1 Summary of Evidence
This systematic review sought to critically analyze the literature to
evaluate in adolescents and young adults if jackscrew-based maxillary expansion
therapies result in ERR as measured in vivo via any radiological method.
Following rigorous database searches it was determined that the available
literature, which radiographically assessed ERR associated with jackscrew-based
maxillary expansion therapy, in vivo, is scarce. The results of this review suggest
inconsistencies regarding the radiographic detection of ERR associated with RME
therapy, mainly correlated with the imaging techniques of 2D versus 3D
radiography. The 2D radiographic studies reported no radiographic signs of ERR
(39) or isolated buccal root resorption (40), with Barber et al stating “the clinician
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has no way of accurately estimating the full extent of in situ root surface
resorption caused by expansion treatment.”. The only 3D radiographic study (7)
reported statistically significant mean root volume loss following maxillary
expansion.
It is of value to note that Barber et al (40) visualized frank apical root
resorption of approximately 4mm on one anchor premolar in his study. The
significance of this was not emphasized and the radiographic results were
qualitatively summarized from only the perspective of buccal root resorption. This
possibly suggests the exclusion of the significance of the apical root resorption
that is readily visible on 2D radiography if of sufficient magnitude.
Both 2D studies (39,40) evaluated radiographic ERR only as a secondary
assessment, as both were primarily premolar extraction studies, which
investigated topographic and histologic findings utilizing scanning electron
microscopy (SEM) (40) or light microscopy (39). One study (40) in regards to
ERR evident on the extracted maxillary premolars suggested all anchored
premolars exhibited ERR, mostly confined to the buccal surface, but also to some
extent on the mesial, distal, and apical portions of the roots. The largest resorptive
areas were noted on the premolars extracted shortly after the end of expansion
(39) as detected via light microscopy. These findings display disagreement with
the 2D radiographic findings in the studies. In one study (40) no evidence of ERR
was reported on unattached premolars. There are potential limitations as the
quantitative value of histological evaluation of ERR has been reported as
questionable (17) and can be subject to limitations due to the destruction and loss
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of material during preparation (41). However, given the frank differences in the
histological findings between anchored and non-anchored premolars (40) it
appears likely a valid qualitative outcome more so than a quantitative outcome
given the limitations within the technique. Therefore, ERR likely was partially
undetected or underestimated in the 2D radiographic studies.
It has been hypothesized that moving the point to force application away
from the teeth for rapid maxillary expansion therapy leads to a reduction of ERR.
Odenrick et al (39) concluded the maximum anchorage of the expansion device
(tissue-borne acrylic appliance) appeared preferable as it produced smaller and
more shallow resorption lacunae as compared to the all wire framework
alternative with solely dental anchorage. This finding is interesting in comparison
to the study by Baysal et al (7) who determined that it was not possible to say the
anchor teeth were more severely affected from RME. In addition, an animal study
(42) that histologically assessed ERR at teeth distant from the expansion
apparatus (maxillary incisors), noted a 750-fold increase of ERR in the incisors of
treated versus non-treated groups. This perhaps lends support to findings (7,39,40)
of ERR evident on teeth not directly attached to the expansion apparatus. Postexpansion records were taken immediately after completing the active expansion
phase. Therefore those records will not account for additional post-expansion
resorptive processes that may happen. It has also to be considered that the metallic
components of the expansion appliance will generate imaging artifacts in their
surroundings. These artifacts were reportedly ‘clipped manually with great
caution’ by the study authors. (7)
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The patient ages investigated in all three of the included studies ranged
from 9.9 to 15.3 years. Given the stage of maxillary premolar root development, it
is expected in some of the younger patients that the roots are not fully formed,
especially in the maxillary second premolars. Given the findings by Baysal et al
(7) that all roots displayed a decrease in mean root volume, there may be the
consideration that root development may be disrupted by the applied force. It
would be beneficial for further 3D studies to address whether RME results in
shorter/decreased volumes of roots on average as compared to a control group
being subjected to no active treatment.
Retention periods and timing of radiographic assessment are another
variable that potentially has an effect on the extent of ERR and associated repair
processes. Barber et al (40) established that iatrogenic ERR is sustained long after
termination of the active phase of RME with residual loads stored in the appliance
contributing to continuing resorption. They found (40) anchor premolars that were
extracted either after RME alone, or RME and a short retention period, revealed
small areas of active ERR confined mainly to the cervical regions of their buccal
root surfaces as opposed to large resorption bays scattered along their entire
buccal surface for anchor premolars held in longer retention periods. Significant
relapse forces extending later into treatment (up to 9 months) may additionally
contribute to forces on the dentition with the expansion devices operating as
retainers. Alternatively, the reparative processes can also have an effect on the
visualized extent of ERR as in the other included study (39), where the size of
ERR lacunae was instead found to decrease with increasing retention periods due
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to repair. Additional literature on the subject is similarly divided as one study (43)
found no direct relationship between total area of resorption and the retention
period, but found repair to advance with longer retention periods. The
discrepancies reported could be due to a variety of factors including patient age
and the force required for midpalatal suture separation, as well as the degree of
lateral expansion required, both of which could result in variations in the relapse
forces experienced. The amount of time that relapse forces are sufficient to cause
ERR are similarly variable with one study reporting strong relapse forces causing
significant ERR up until 3 months after RME (44), while another reported 5-7
weeks before relapse forces decayed (45). It is therefore both case and patient
dependent and hence difficult to determine the timing of the most significant ERR
to accurately assess the extent of ERR associated with expansion. The temporal
balance between resorptive and reparative processes in various patients can lead
to difficulties in assessing the true extent of ERR.
A potential alternative approach to attempt mitigation of the adverse
dental effects is the use of bone-anchored maxillary expanders (BAME), which
move the point of force application away from the teeth, with the goal of reducing
unwanted dental effects associated with direct, heavy force application delivered
through the teeth. This approach does however present its own potential adverse
outcomes of increased risk of infection due to its invasiveness. (46,47) A
randomized clinical trial (48) reported similar results between tooth-borne and
bone-borne expanders in the assessment of dental and skeletal transverse, vertical,
and anteroposterior changes as evaluated through cone beam computed
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tomography (CBCT) and reported dental expansion to be greater than skeletal
expansion for both appliances.
Another potentially significant issue identified in the histologic assessment
portions of both non-randomized clinical trials (39,40) is the reparative process
and subsequent deposition of hard tissue within the resorption lacunae and its
effects on periodontal fiber attachment in the area. Both studies failed to show
periodontal fiber reattachment in the areas of reparative cementum deposition.
Similarly, a study (43) investigating anchor teeth during retention periods of 14 to
53 weeks revealed sparse and inconsistent Sharpey’s fibers depression into the
cellular cementum that was different from that of normal cellular cementum. This
perhaps can lead to an underestimation of the detrimental effects associated with
ERR as repair of a root defect by cellular cementum is not necessarily
synonymous with principal periodontal fiber reattachment in those areas. Simply
visualizing the surface area or volume of hard tissue in the root may not provide a
corresponding accurate estimation of viable surface area with periodontal fiber
attachment. Hence, although the root volume may not decrease significantly, the
resorptive and subsequent reparative processes may have a more substantial and
detrimental effect on the surface area for periodontal ligament support. Perhaps
the most accurate indication of the long-term support and viability of teeth having
undergone resorption is the determination of the resorptive process at its most
progressive with the assumption of a loss of periodontal attachment fibers in these
areas. Further investigation is warranted both on a histological and an in vivo 3D
radiographic approach.
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In addition, there were limited sample sizes of nine as part of the two
included non-randomized clinical trials (39,40). When these limited samples were
further subdivided into two different appliance groups, the results were sample
groups of four or five for each appliance. This has potential to limit the
information that may be drawn statistically from the studies and the results of this
review are likely restricted due to the limited sample sizes in the 2D radiographic
detection studies (39,40). In addition, due to the prime focus of the 2D studies to
be on histologic detection of ERR, the majority of the 2D radiographic findings
were simply glossed over with lack of detailed descriptions.
In summary, the literature is inconclusive in the broad sense regarding the
radiographic in vivo effects of jackscrew-based maxillary expansion therapy on
ERR. The conclusions appear to indicate the limitations of 2D radiographs in
assessing the full extent of in vivo ERR. However, frank apical resorption appears
to be in the realm of identification by 2D radiographs. In interpreting the
significance of the non-randomized clinical trials that utilized 2D radiography in
this review (39,40), it is of value to note that Chan et al (17) stated the use of 2D
radiographic evaluation of ERR to have quantitative limitations and suggested its
use only as a diagnostic screening tool. Severe ERR can be detected using
conventional 2D radiographs (49-52), however, ERR at the mesial, distal, midapical, or buccal aspects is hardly visible (39,40,53). The limited 3D evidence
presented by Baysal et al (7) represents the first documented attempt at the 3D
visualization of external root resorption with maxillary expansion, as it displays
the in vivo detection capabilities of a previously limited diagnostic process.
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Further studies employing 3D evaluation of root resorption with control groups,
various appliance designs, retention periods and timing of radiographic
assessment seem indicated to further elucidate the effects. However, extreme
caution should be exercised regarding an indiscriminate use of these ‘idealized’
3D radiographs as there is an associated increase in the radiation exposure risks in
young patients (54).
1.5 CONCLUSION


2D periapical radiographs do not reveal external root resorption associated
with maxillary expansion therapy, except for frank apical root resorption.



3D CBCT radiography displays statistically significant root volume loss
associated with maxillary expansion therapy. However, when considering
volume loss percentages, no statistical significance was found.
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Table 1.1 Systematic review literature search strategies
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Figure 1.1 Methodology flowchart
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Table 1.2 Summary of study characteristics of included articles
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Table 1.3 Detailed risk of bias assessment

25

Table 1.4 Abbreviated risk of bias assessment

26

1.6 REFERENCES
(1) Harrison JE, Ashby D. Orthodontic treatment for posterior crossbites. Cochrane
Database Syst Rev 2001(1):000979.
(2) Ramires T, Maia RA, Barone JR. Nasal cavity changes and the respiratory standard
after maxillary expansion. Rev Bras Otorrinolaringol (Engl Ed) 2008 Sep-Oct;74(5):763769.
(3) Shapiro PA, Kokich VG. Uses of implants in orthodontics. Dent Clin North Am 1988
Jul;32(3):539-550.
(4) Smalley WM, Shapiro PA, Hohl TH, Kokich VG, Branemark PI. Osseointegrated
titanium implants for maxillofacial protraction in monkeys. Am J Orthod Dentofacial
Orthop 1988 Oct;94(4):285-295.
(5) Erverdi N, Okar I, Kucukkeles N, Arbak S. A comparison of two different rapid
palatal expansion techniques from the point of root resorption. Am J Orthod Dentofacial
Orthop 1994 Jul;106(1):47-51.
(6) Parr JA, Garetto LP, Wohlford ME, Arbuckle GR, Roberts WE. Sutural expansion
using rigidly integrated endosseous implants: an experimental study in rabbits. Angle
Orthod 1997;67(4):283-290.
(7) Baysal A, Karadede I, Hekimoglu S, Ucar F, Ozer T, Veli I, et al. Evaluation of root
resorption following rapid maxillary expansion using cone-beam computed tomography.
Angle Orthod 2012 May;82(3):488-494.
(8) de Freitas MR, Beltrao RT, Janson G, Henriques JF, Chiqueto K. Evaluation of root
resorption after open bite treatment with and without extractions. Am J Orthod
Dentofacial Orthop 2007 Aug;132(2):143.e15-143.e22.
(9) Levander E, Malmgren O, Eliasson S. Evaluation of root resorption in relation to two
orthodontic treatment regimes. A clinical experimental study. Eur J Orthod 1994
Jun;16(3):223-228.
(10) Levander E, Bajka R, Malmgren O. Early radiographic diagnosis of apical root
resorption during orthodontic treatment: a study of maxillary incisors. Eur J Orthod 1998
Feb;20(1):57-63.
(11) Chapnick L. External root resorption: an experimental radiographic evaluation. Oral
Surg Oral Med Oral Pathol 1989 May;67(5):578-582.
(12) Blake M, Woodside DG, Pharoah MJ. A radiographic comparison of apical root
resorption after orthodontic treatment with the edgewise and Speed appliances. Am J
Orthod Dentofacial Orthop 1995 Jul;108(1):76-84.

27

(13) Brezniak N, Wasserstein A. Root resorption after orthodontic treatment: Part 1.
Literature review. Am J Orthod Dentofacial Orthop 1993 Jan;103(1):62-66.
(14) Weltman B, Vig KW, Fields HW, Shanker S, Kaizar EE. Root resorption associated
with orthodontic tooth movement: a systematic review. Am J Orthod Dentofacial Orthop
2010 discussion 12A; Apr;137(4):462-476.
(15) Harris DA, Jones AS, Darendeliler MA. Physical properties of root cementum: part
8. Volumetric analysis of root resorption craters after application of controlled intrusive
light and heavy orthodontic forces: a microcomputed tomography scan study. Am J
Orthod Dentofacial Orthop 2006 Nov;130(5):639-647.
(16) Barbagallo LJ, Jones AS, Petocz P, Darendeliler MA. Physical properties of root
cementum: Part 10. Comparison of the effects of invisible removable thermoplastic
appliances with light and heavy orthodontic forces on premolar cementum. A
microcomputed-tomography study. Am J Orthod Dentofacial Orthop 2008
Feb;133(2):218-227.
(17) Chan EK, Darendeliler MA. Exploring the third dimension in root resorption. Orthod
Craniofac Res 2004 May;7(2):64-70.
(18) Chan E, Darendeliler MA. Physical properties of root cementum: part 7. Extent of
root resorption under areas of compression and tension. Am J Orthod Dentofacial Orthop
2006 Apr;129(4):504-510.
(19) Sameshima GT, Sinclair PM. Predicting and preventing root resorption: Part I.
Diagnostic factors. Am J Orthod Dentofacial Orthop 2001 May;119(5):505-510.
(20) Katona TR. Flaws in root resorption assessment algorithms: role of tooth shape. Am
J Orthod Dentofacial Orthop 2006 Dec;130(6):698.e19-698.e27.
(21) Brudvik P, Rygh P. Non-clast cells start orthodontic root resorption in the periphery
of hyalinized zones. Eur J Orthod 1993 Dec;15(6):467-480.
(22) Brudvik P, Rygh P. Root resorption beneath the main hyalinized zone. Eur J Orthod
1994 Aug;16(4):249-263.
(23) Bouwens DG, Cevidanes L, Ludlow JB, Phillips C. Comparison of mesiodistal root
angulation with posttreatment panoramic radiographs and cone-beam computed
tomography. Am J Orthod Dentofacial Orthop 2011 Jan;139(1):126-132.
(24) Mckee IW, Williamson PC, Lam EW, Heo G, Glover KE, Major PW. The accuracy
of 4 panoramic units in the projection of mesiodistal tooth angulations. Am J Orthod
Dentofacial Orthop 2002 quiz 192; Feb;121(2):166-175.
(25) Mckee IW, Glover KE, Williamson PC, Lam EW, Heo G, Major PW. The effect of
vertical and horizontal head positioning in panoramic radiography on mesiodistal tooth
angulations. Angle Orthod 2001 Dec;71(6):442-451.

28

(26) Garcia-Figueroa MA, Raboud DW, Lam EW, Heo G, Major PW. Effect of
buccolingual root angulation on the mesiodistal angulation shown on panoramic
radiographs. Am J Orthod Dentofacial Orthop 2008 Jul;134(1):93-99.
(27) Darendeliler MA, Kharbanda OP, Chan EK, Srivicharnkul P, Rex T, Swain MV, et
al. Root resorption and its association with alterations in physical properties, mineral
contents and resorption craters in human premolars following application of light and
heavy controlled orthodontic forces. Orthod Craniofac Res 2004 May;7(2):79-97.
(28) Ponder SN, Benavides E, Kapila S, Hatch NE. Quantification of external root
resorption by low- vs high-resolution cone-beam computed tomography and periapical
radiography: A volumetric and linear analysis. Am J Orthod Dentofacial Orthop 2013
Jan;143(1):77-91.
(29) Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA G. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. J Clin Epidemiol 2009
Oct;62(10):1006-1012.
(30) Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The
Cochrane Collaboration's tool for assessing risk of bias in randomised trials. BMJ
2011;343:5928.
(31) Verlinden CR, Gooris PG, Becking AG. Complications in transpalatal distraction
osteogenesis: a retrospective clinical study. J Oral Maxillofac Surg 2011 Mar;69(3):899905.
(32) Hansen L, Tausche E, Hietschold V, Hotan T, Lagravere M, Harzer W. Skeletallyanchored rapid maxillary expansion using the Dresden Distractor. J Orofac Orthop 2007
Mar;68(2):148-158.
(33) Sismanidou C, Lindskog S. Spatial and temporal repair patterns of orthodontically
induced surface resorption patches. Eur J Oral Sci 1995 Oct;103(5):292-298.
(34) Lilja E, Odenrick L. Root resorption following slow maxillary expansion. Swed
Dent J Suppl 1982;15:123-129.
(35) Handelman CS. Nonsurgical rapid maxillary alveolar expansion in adults: a clinical
evaluation. Angle Orthod 1997 discussion 306-8;67(4):291-305.
(36) Erverdi N, Okar I, Kucukkeles N, Arbak S. A comparison of two different rapid
palatal expansion techniques from the point of root resorption. Am J Orthod Dentofacial
Orthop 1994 Jul;106(1):47-51.
(37) Timms DJ, Moss JP. An histological investigation into the effects of rapid maxillary
expansion on the teeth and their supporting tissues. Trans Eur Orthod Soc 1971:263-271.
(38) da Silva Filho OG, Caldas RS, de Freitas PZ, Ferrari Junior FM. Influence of rapid
maxillary expansion on the root resorption of primary canines used as anchorage. Rev
Dent Press Ortod Ortop Facial 2009;14(5):53-61.

29

(39) Odenrick L, Karlander EL, Pierce A, Kretschmar U. Surface resorption following
two forms of rapid maxillary expansion. Eur J Orthod 1991 Aug;13(4):264-270.
(40) Barber AF, Sims MR. Rapid maxillary expansion and external root resorption in
man: a scanning electron microscope study. Am J Orthod 1981 Jun;79(6):630-652.
(41) Amano M, Agematsu H, Abe S, Usami A, Matsunaga S, Suto K, et al. Threedimensional analysis of pulp chambers in maxillary second deciduous molars. J Dent
2006 Aug;34(7):503-508.
(42) Vardimon AD, Levy T, Weinreb M. Maxillary incisor root resorption after rapid
palatal expansion in Felis catus. Eur J Oral Sci 2005 Feb;113(1):41-46.
(43) Langford SR, Sims MR. Root surface resorption, repair, and periodontal attachment
following rapid maxillary expansion in man. Am J Orthod 1982 Feb;81(2):108-115.
(44) Langford SR. Root resorption extremes resulting from clinical RME. Am J Orthod
1982 May;81(5):371-377.
(45) Zimring JF, Isaacson RJ. FORCES PRODUCED BY RAPID MAXILLARY
EXPANSION. 3. FORCES PRESENT DURING RETENTION. Angle Orthod 1965
Jul;35:178-186.
(46) Gerlach KL, Zahl C. Transversal palatal expansion using a palatal distractor. J
Orofac Orthop 2003 Nov;64(6):443-449.
(47) Mommaerts MY. Transpalatal distraction as a method of maxillary expansion. Br J
Oral Maxillofac Surg 1999 Aug;37(4):268-272.
(48) Lagravere MO, Carey J, Heo G, Toogood RW, Major PW. Transverse, vertical, and
anteroposterior changes from bone-anchored maxillary expansion vs traditional rapid
maxillary expansion: a randomized clinical trial. Am J Orthod Dentofacial Orthop 2010
discussion 304-5; Mar;137(3):304.e1-304.12.
(49) Beck BW, Harris EF. Apical root resorption in orthodontically treated subjects:
analysis of edgewise and light wire mechanics. Am J Orthod Dentofacial Orthop 1994
Apr;105(4):350-361.
(50) Linge L, Linge BO. Patient characteristics and treatment variables associated with
apical root resorption during orthodontic treatment. Am J Orthod Dentofacial Orthop
1991 Jan;99(1):35-43.
(51) Levander E, Malmgren O. Evaluation of the risk of root resorption during
orthodontic treatment: a study of upper incisors. Eur J Orthod 1988 Feb;10(1):30-38.
(52) Dermaut LR, De Munck A. Apical root resorption of upper incisors caused by
intrusive tooth movement: a radiographic study. Am J Orthod Dentofacial Orthop 1986
Oct;90(4):321-326.

30

(53) Maltha JC, van Leeuwen EJ, Dijkman GE, Kuijpers-Jagtman AM. Incidence and
severity of root resorption in orthodontically moved premolars in dogs. Orthod Craniofac
Res 2004 May;7(2):115-121.
(54) Halazonetis DJ. Cone-beam computed tomography is not the imaging technique of
choice for comprehensive orthodontic assessment. Am J Orthod Dentofacial Orthop 2012
405, 407 passim; Apr;141(4):403.

31

Chapter 2 - Comparison of in vivo 3D Cone Beam Computed Tomography
Tooth Volume Measurement Protocols
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2.1 INTRODUCTION
Historically, the in vivo detection of changes to dental root morphology
such as those associated with external root resorption (ERR) during the course of
orthodontic treatment or related to trauma has been mainly through use of 2dimensional (2D) radiographs, most notably periapical radiographs (1-3).
Although histological studies have identified a relatively high incidence of apical
ERR, 2D radiographic studies have been less definitive (4,5) and have in general
proven inaccurate for the reliable detection of small ERR defects (6). In fact, 2D
periapical radiographs do not reveal external root resorption to an appreciable
extent, except for frank apical root resorption, which appears to be in their realm
of identification (7). In addition, there are geometric limitations associated with
2D imaging of a 3-dimensional (3D) phenomenon; therefore, the quantitative
value of 2D radiographs to measure ERR is questionable (8-10). When
considering panoramic films, the distortion in both tooth position and angulation
combined with varying magnification, distortion, superimposition, and imaging
artifacts in different parts of the image (11,12) leads to similar limitations in the
use of panoramic films to assess ERR (13-15). Therefore, although 2D
radiography may be a good screening tool, its use in the quantification of ERR
remains controversial (9).
Advancements into 3D imaging techniques have facilitated volumetric
imaging capabilities not previously available on an in vivo basis; however,
accurate dental volume measurement procedures are required in order to fully
utilize the technology. The resulting use of 3D imaging has enabled the
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quantification and measurement of ERR to be completed with a high level of
diagnostic accuracy and repeatability when compared to periapical radiographs
(9,16-18). The strength of CBCT for accurate dental volume measurements in
vivo has been shown not to be statistically significantly different as in vitro
measurements in one study (19) and even when comparing its accuracy to in vitro
micro-CT imaging methods (20); however, there may exist machine specific
variations. The feasibility of in vivo dental volume measurements using CBCT
imaging has similarily been reported by Liu et al; however, their use of postprocessing surface smoothing has been shown to decrease 3D volume
measurements. (21) Conversely, increasing the voxel size has been shown in vitro
to actually increase volume measurements.(22) It is intuitively apparent that the
accuracy of the 3D segmentation procedure is related to the voxel size during
acquisition (23) with 0.25mm voxel size an appropriate compromise between
diagnostic accuracy and patient radiation dose.(22) An additional factor is
development of a clearly defined measurement protocol, which appears lacking in
the literature as the study currently employing CBCT as a means of determining
root volume loss with maxillary expansion lacks a clearly defined measurement
protocol involving incorrectly utilized Hounsfield units with the teeth of interest
“segmented cautiously” (24). There exists a potential limiting factor inherent in
the use of CBCT scans to measure accurate volumetric information as the time
period required to capture the radiograph as patient movement during scans can
reduce the accuracy of measurements (15,25).
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The validation of CBCT as a tool for measurement of both root lengths
and volumes has been focused on in numerous studies (15-17,19,21,26-33). The
investigation of in vivo volumetric determination utilizing CBCT images has
been shown to yield slight differences from actual physical volumes within -4% to
+7% (21). However, there lacks a clearly defined gold-standard 3D segmentation
protocol in the literature.
Given the inconsistencies of the techniques reported in the literature, the
development of an appropriate CBCT measurement protocol possessing accuracy
and precision in both intra- and inter-rater reliability for in vivo dental volume
measurements is desired. Due to the relative infancy of the area of 3D dental
volume segmentation, with lack of a gold-standard technique, the need to employ
and evaluate segmentation techniques to identify which measurement protocol is
most superior is a necessity. Through the establishment of precise and accurate
dental volume measurement protocols, clinicians can more confidently employ
the available tools to monitor such phenomena as ERR during the orthodontic
process and ERR related to dental trauma.
The objective of this study is therefore to analyze a set of developed and
proposed image segmentation protocols for precision in both intra- and inter-rater
reliability for in vivo tooth volume measurements using cone beam computed
tomography (CBCT) images.
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2.2 MATERIALS AND METHODS
2.2.1 Cone Beam CT Images
The radiographic data set used for the analysis of dental volume was
previously acquired as part of a randomized clinical trial at the University of
Alberta, Edmonton, Alberta, Canada. Subjects were recruited during an 18-month
period. Inclusion criteria for selection included transverse maxillary deficient
adolescents with no previous orthodontic treatment. The age range of patients
selected for this study ranged from 11 to 17 years old. Subjects were not
excluded based on the presence or absence of coronal restorations. Informed
consent from the patients’ parents and ethical approval from the Ethics Committee
at University of Alberta was obtained.
All CBCT images were taken with the NewTom 3G (QR, Verona, Italy)
device at 110 kV, 6.19 mAs, and 8-mm aluminum filtration with the patient in
maximum intercuspation following common CBCT imaging protocols. Images
were converted to DICOM format by using the NewTom software to a voxel size
of 0.25 mm. The DICOM-formatted images were volume rendered with Avizo 3D
analysis software (Visualization Sciences Group, Berlin, Germany).(34) Patient
images were acquired at two timepoints during the trial: T1 (before treatment) and
T2 (after treatment, approximately 12 months).
2.2.2 Tooth Volume Measurement Protocols
Three protocols for dental tooth volume determination were investigated
using Avizo 3D analysis software:
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1. Manual human segmentation on a repeated 2D basis.
2. Automated segmentation without human refinement.
3. Automated segmentation with manual human refinement on a repeated
2D basis.
In addition, two methods for tooth volume selection were simultaneously
investigated. These involved the entire tooth structure including the crown, and
only the dental root structure apical to the cemento-enamel junction (CEJ). All
three protocols and two methods were applied to determine the technique
producing greatest intra- and inter-rater reliability. The dental pulp chamber and
canals were included in the volume measurements. The investigator was blinded
to whether they were T1 (before treatment) or T2 (after treatment) radiographs. In
all, a total of 6 different approaches (combination of three protocols and two tooth
volumes) to tooth volume segmentation were investigated. Ten randomly selected
maxillary first molars (selected from both T1 and T2 patient images) were
measured in vivo in random order three times with 10 days separation between
measurements.
The threshold value for image segmentation was set for each tooth. This
same threshold value was used in all protocols to assess the particular tooth of
interest to limit variability between methods. The first protocol did not require a
threshold value to be explicitly set as the protocol was strictly manual human
tracing of the image on a 2D slice-by-slice basis.
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No image orientation adjustments were completed prior to testing of the
protocols. The sagittal plane was utilized for initial evaluations for each
technique, as it appeared most useful in the visualization and evaluation of the
tooth structure of the crown and root simultaneously.
1. Manual human segmentation on a repeated 2D basis.
The first protocol involved manual image segmentation procedures on a
2D slice-by-slice basis through the use of Avizo’s ‘lasso’ tool, which allows one
to define an area freehand by generating a closed contour curve in 2D. The
delineation of tooth structure from surrounding alveolar and cortical bone was
first determined on a slice-by-slice basis in the YZ (sagittal) plane (Figure 2.1)
based upon visual inspection only. Refinements in the XY (axial) plane (Figure
2.2) were then manually completed for the observation of tooth anatomy from a
different perspective. An axial view enabled root structure and interproximal
contact point refinements. Finally, additional refinements in the XZ (coronal)
plane (Figure 2.3) were again manually completed. A coronal view enabled
refinements to root structure that was in close proximity to the buccal and palatal
cortical plates. The 3D resultant tooth was evaluated for approximately normal
maxillary first molar dental anatomy to limit gross misidentification of dental
structures (Figure 2.4). Once segmentation was completed, the software
automatically computed the tooth’s radiographic volume. No smoothing functions
were applied to the 3D tooth structure to prevent smoothing of minor root
defects/imperfections or possible resorption lacunae. Both the complete tooth
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volume (Figure 2.5 A), and the dental root volume, defined as the anatomical root
apical to the CEJ, (Figure 2.5 B) were measured.
2. Automated segmentation without human refinement.
The second protocol involved the use of the ‘magic wand’ tool in Avizo
3D imaging software as a ‘region-growing’ tool. The ‘magic wand’ tool allows
one to perform so-called ‘region-growing’ in either 2D or 3D. Selecting an
individual ‘seed voxel’ of a tooth root or crown selects the largest connected area
(either 2D or 3D) that contains the voxel itself and all voxels with gray values
contained within a user-specified range. The range can be chosen to represent
absolute gray values or gray values relative to that of the seed voxel. For the
purposes of our investigation, absolute gray values were chosen to limit
variability in selection of the seed voxel gray value. Segmentation was performed
using strictly an automated approach after minor operator input to the selection of
the seed voxel in the enamel of the tooth without focused manual refinements in
an attempt to test an efficient measurement procedure. The user input to select the
seed voxel proved to be a necessity given the software. The rest of the procedure
required no operator input for the actual segmentation procedure. A visually
defined optimal threshold value was set for each tooth in the YZ (sagittal) plane
(Figure 2.1). The threshold level was set to most clearly show the tooth anatomy
with minimal interference from the surrounding bone and adjacent structures. The
3D resultant tooth was evaluated for approximately normal maxillary first molar
dental anatomy to limit gross misidentification of dental structures. Once
segmentation was completed, the software automatically computed the tooth’s
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radiographic volume. As in protocol 1, no smoothing functions were applied and
both the complete tooth volume and dental root volume were measured.
3. Automated segmentation with manual human refinement on a repeated 2D
basis.
The third protocol also involved the use of the ‘magic wand’ tool in Avizo
3D imaging software as a ‘region-growing’ tool, similar to that utilized in the
second protocol; however, in this case segmentation was performed using a
mixture of an automated approach with manual localized visual refinements to the
tooth structure. For the purposes of our investigation, absolute gray values were
chosen to limit variability in selection of the seed voxel gray value. The same
absolute gray value range was selected as in the second protocol to limit
variability between methods for each tooth. Segmentation was performed using a
mixture of an automated approach with manual localized visual refinements to the
tooth structure. A visually defined optimal threshold value was set for each tooth
in the YZ (sagittal) plane (Figure 2.1). The threshold level was set to most clearly
show the tooth anatomy with minimal interference from the surrounding bone and
adjacent structures. Manual refinements were processed on a slice-by-slice basis
to enhance accuracy by correcting for over- and under-contoured voxels in the
tooth volume. Initial refinements occurred in the YZ (sagittal) plane. Secondary
refinements were performed in the XY (axial) plane (Figure 2.2) to refine root
structure and interproximal dental contact points. Tertiary refinements were
performed in the XZ (coronal) plane (Figure 2.3) to verify tooth anatomy and
focus on the delineation of dental root structure from the buccal and palatal
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cortical plates. The 3D resultant tooth was evaluated for approximately normal
maxillary first molar dental anatomy to limit gross misidentification of dental
structures. Once segmentation was completed, the software automatically
computed the tooth’s radiographic volume. As in protocols 1 and 2, no smoothing
functions were applied and both the complete tooth volume and dental root
volume were measured.
2.2.3 Statistical Analysis
The volume data was manually entered into Microsoft Excel 2011 for
MAC (Microsoft, Redmond, WA). SPSS for MAC (version 21, IBM, Armonk,
New York) was used to run all statistical tests. For all tests, statistical significance
was set at an α value of 0.05.
Intraclass Correlation Coefficient (ICC) was used to measure agreement
between the measurements for the continuous dependent variable (dental tooth
volume) taken on the three separate days. A single measures with consistency
under two-way mixed model was chosen, thus removing the rater’s variation, and
the subjects/teeth were chosen randomly with the rater fixed. The technique that
produced the highest ICC value and lower bound of the 95% confidence interval
was chosen as the preferred measurement protocol.
To assess inter-rater reliability for the two approaches, the second rater
(S.N.) was trained directly by the initial rater step-by-step in the use of the
software and chosen measurement technique as determined from the intraexaminer reliability assessment. The general use of the software, visualization of
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the tooth of interest in all 3 planes of space, automated segmentation procedures,
manual refinements, and 3D visualization of the resultant volume were reviewed
in training. The second rater (S.N.), who possessed a dental background and
knowledge of normal dental anatomy, measured the same ten randomly selected
maxillary first molars as measured by the principal investigator (both the whole
tooth method and the dental root apical to the CEJ method). Intraclass Correlation
Coefficient (ICC) was used to measure agreement between the principal
investigator’s second measurement, as determined randomly, and the additional
investigator’s single measurement. A single measures with absolute agreement
under two-way mixed model was chosen to account for rater variation and the
subjects/teeth were chosen randomly with the raters fixed.
2.3 RESULTS
2.3.1 Intra-Rater Reliability
2.3.1.1 Protocol 1: Manual human segmentation on a repeated 2D basis.
The ICC demonstrated agreement, ICC(Single Measures) = 0.885, 95% CI
(0.707,0.967), within rater for the whole tooth measurement. The ICC
demonstrated agreement, ICC (Single Measures) = 0.904, 95% CI (0.749,0.973),
within rater for the root measurement apical to the CEJ.
2.3.1.2 Protocol 2: Automated segmentation without human refinement.
The ICC demonstrated agreement, ICC(Single Measures) = 0.826, 95% CI
(0.697,0.952), within rater for the whole tooth measurement. The ICC
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demonstrated agreement, ICC (Single Measures) = 0.899, 95% CI (0.742,0.953),
within rater for the root measurement apical to the CEJ.
2.3.1.3 Protocol 3: Automated segmentation with manual human refinement on
a repeated 2D basis.
The ICC demonstrated excellent agreement, ICC(Single Measures) =
0.996, 95% CI (0.989,0.999), within rater for the whole tooth measurement. The
ICC demonstrated agreement, ICC (Single Measures) = 0.904, 95% CI
(0.751,0.973), within rater for the root measurement apical to the CEJ.
Therefore, the whole tooth measurement utilizing protocol 3 was selected
as the measurement method as it possessed the highest ICC value and lower
bound of the confidence interval (ICC(Single Measures) = 0.996, 95% CI
(0.989,0.999)) when compared to all other measurement protocols investigated.
The summary of intra-rater reliability via the ICC is presented in Table
2.1. In addition, a summary of the largest volume differences for intra-rater
repeated measures are presented in Table 2.2.
2.3.2 Inter-Rater Reliability
Looking strictly at the variability on an intra-rater basis was the focus of
our determination of appropriate methods to be evaluated on an inter-rater basis.
Therefore, the method with highest intra-rater reliability was chosen to further
address inter-rater reliability. Given that protocol 3, automated segmentation with
manual human refinement on a repeated 2D basis, yielded the highest intra-rater
reliability statistics, the inter-rater reliability was computed utilizing measurement
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protocol 3. The ICC demonstrates excellent agreement, ICC (Single Measures) =
0.990, 95% CI (0.961,0.998), between raters for the whole tooth measurement.
However, the ICC demonstrates less powerful agreement, ICC (Single Measures)
= 0.728, 95% CI (0.198,0.926), between raters for the root measurement apical to
the CEJ. The inter-rater analysis results are in agreement with the chosen
measurement protocol as determined via intra-rater ICC values.
The reliability readings for protocol 3 are included in Table 2.3. It serves
to display the differences in absolute volume measurements for the repeated
measures and inter-rater values.
One subject had coronal restorative material present in the evaluated tooth.
The presence of this restorative material did not have significant effects on the
segmentation results, as it was not an outlier in the data set.
2.4 DISCUSSION
The method involving automated segmentation with manual human
refinement on a repeated 2D basis for the whole tooth proved to be the most
reliable measurement protocol both within and between observers. Essentially, the
intra- and inter-rater analysis results are in agreement with measurement protocol
3 as determined via ICC values. For excellent agreement, the ICC 95%
confidence interval should be above 0.750 (35,36), which is the case for the
results obtained for protocol 3 using the entire tooth volume. It is of value to note
that the protocol developed possesses similarities to studies investigating the
accuracy of dental volume measurement in vivo using CBCT (21) and condylar
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head volume measurement (37) and hence lends to our segmentation technique’s
credibility.
The greatest difference across intra-rater repeated measures for the whole
tooth approach utilizing protocol 3 was 17.76 mm3 (approximately 1.50% of the
average whole tooth volume measured), whereas for the roots only approach
utilizing protocol 3 was 64.79 mm3 (approximately 11.45% of the average root
volume apical to the CEJ measured). The intra-rater variability was thus
approximately 3.6 times greater in absolute volume (64.79 mm3 versus 17.76
mm3) and 7.6 times greater in proportion of structure measured (11.45% versus
1.50%) when measuring roots only as compared to measuring the entire tooth
volume.
Visualization of the respective maximum volume difference as displayed
in Table 2.3 applied to a single tooth in various scenarios is displayed in Figure
2.6. The maximum volumetric discrepancy between repeated intra-observer
measurements for the whole tooth was 17.76 mm3. The maximum volumetric
discrepancy for inter-observer measurements for the whole tooth was 30.39 mm3.
The effects of these measurement variations can be shown visually in a number of
ways as displayed in Figure 2.6. Removal of the maximum inter-observer volume
difference (30.39 mm3) strictly from the most apical portion of the palatal root
(Figure 2.6B), from the apical portions of all 3 roots (Figure 2.6C), and from the
buccal surfaces of the mesiobuccal and distobuccal roots are displayed (Figure
2.6D). Nearly imperceptible changes when differences are distributed across all
roots and on the buccal surfaces of the mesiobuccal and distobuccal roots visually
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display the inter-observer errors with which tooth volumes may be determined.
Visualizing the maximum volumetric discrepancy between repeated intraobserver measurements for the whole tooth of 17.76 mm3 is displayed visually in
Figure 2.7. The volume displayed is the mesiobuccal cusp tip of the maxillary
right first molar. The occlusal-apical dimension of the cusp tip volume measures
only 1.2mm, thus providing an approximate clinical interpretation and
visualization of the volume differences. In addition, when considering the
measurements of ERR with tooth-anchored maxillary expander (TAME) for the
maxillary first molars completed by one rater, average maxillary first molar ERR
volume changes of 42.67mm3 have been previously reported in the literature (24),
which is approximately 2.4 times greater than the intra-rater reliability protocol
established for this technique.
The method resulting in the worst reliability was automated segmentation
without human refinement. There are numerous reasons why this protocol was
flawed. The determination of the boundaries between the tooth roots and the
buccal and palatal cortical plates is sometimes indistinct given the very close
proximity of the roots. The furcation area of the tooth possesses a large surface
area of lamina dura, the dense surrounding cortical bone, which can lead to
unclear tooth furcation anatomy. The proximity of the erupting second molar in
some patients, as well as the interproximal contacts with adjacent teeth, often led
to over-contouring of the volume of the crown of the maxillary first molar. In
addition, the presence of dense bone islands of increased radiopacity can also
result in misidentification of the proper root morphology. Given the limitations
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associated with a strictly automated method, it is still not possible, at least at a
0.25 mm voxel size, to automate the segmentation procedure. To be precise, the
process must still involve manual human refinements with proper knowledge and
interpretation of the 3D anatomy. As such, the process is extremely labor
intensive given the slice-by-slice refinements that are required in all 3 planes of
space.
In the approaches investigated, the pulpal tissue was included in the
volumes as additional errors in delineating dentin from pulpal tissue would be an
added source of variation. The additional dentin/soft tissue border, which is likely
more challenging anatomy than the tooth to surrounding bony support to identify,
due to intricate pulpal canal architecture of small dimension, would require
identification. Therefore, since our area of interest is only ERR, internal pulpal
changes are irrelevant. Consequently, both the hard and soft tissues within the
cementum of the tooth were calculated as a part of the total tooth volume.
Due to the retrospective nature of the study, certain limitations were
imposed on our ability to verify the accuracy of the volume measurements. To
address this concern, focus was turned to the precision of volume measurements
from both an intra- and inter-examiner perspective. The limitations from the
retrospective nature of the study are two-fold. Firstly, the CBCT machine used to
capture the initial images was no longer functional or available for additional
measurements such as in vitro dental volume comparisons. Secondly, due to the
non-extraction orthodontic treatment of these patients, and that investigation of
maxillary first molar volume was desired, the true value of the molar volumes is
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unknown and is unlikely to be known in future studies as maxillary first molars
are not commonly extracted for orthodontic purposes except in rare
circumstances. However, there appears no obvious reason for not being able to
extrapolate the measurement protocol identified to other teeth. Therefore, with the
inability to focus on the validity of the data, the approach was chosen to identify a
measurement protocol to give highly precise results, both in intra- and inter-rater
conditions.
The desire and ability to verify the true volumes or accuracy for this
particular CBCT machine brings into question the capability to replicate an in
vivo scenario. Numerous factors could not be addressed in a post hoc replicated
model including the lack of a periodontal ligament, cortical bone, soft tissues, and
patient movement to name a few. In addition, the imaging of a model as opposed
to an in vivo dental volume followed by extraction and in vitro dental volume
measurement would lead to the introduction of several errors and inaccuracies.
The validation of CBCT as a tool for measurement of both root lengths
and volumes has been addressed in a number of studies with a multitude of image
segmentation techniques. (16,17,19-21,27-33) The weaknesses of the studies
include the lack of investigation into more than one image segmentation protocol
to provide the most precise experimental data. As an example, the study assessing
ERR with maxillary expansion using 3D CBCT images (24) utilizes a
segmentation procedure employing a root only approach (apical to the CEJ for
maxillary premolars and apical to the deepest point of the furcation for maxillary
molars). The results of our study yielded the greatest intra-rater variability when
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using a similar method. Therefore, assessment of the root volume only appears to
be wrought with errors in identification of the desired volume. Although an
identical CBCT machine was not utilized in our own study, the voxel size and
imaging parameters were similar to that of another (21). In general, a change of
software or CBCT machine appears to not be significantly clinically important
given voxel sizes are held constant. There exist other 3D software programs for
analyzing CBCT data with similar functions as the software is being utilized only
as a tool to compute a volume. What does appear important however is voxel size
and segmentation protocol, not the particular software used, as long as there is
segmentation functionality.
Due to the uniqueness of our data set and limited access to the original
CBCT machine because of the retrospective nature of the study, validation of our
method, was sought in the literature. After the independent development,
reliability testing, and subsequent comparison with existing published literature
employing image segmentation protocols for dental volumes, some conclusions
were reached. With numerous segmentation protocols in the literature, the volume
measurement techniques in one CBCT volume validation study (21) were
identical (in so far as can be determined from their reported methods) to our
Protocol 3 (whole tooth), which possessed the most precise volume segmentation
results. Given the similarity of our measurement protocols, we feel confident in
the validity of our results obtained to the study that verified the accuracy and
validity of the dental tooth volume to within -4% to 7% (21).
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Traditionally, as reported in the literature, bicuspids were routinely
measured in vivo and subsequently extracted for physical volumetric
determination (21). There is an inherent tooth type limitation likely to be present
in all studies due to the rarity of maxillary first molar extractions associated with
orthodontic treatment. In our study, investigation of the maxillary first molar was
chosen for a number of reasons including its complex root anatomy, early
eruption and completion of root development in orthodontic aged adolescent
patients, and its use as an anchorage unit for initial phase orthodontic care. The
potential for incomplete root development would be a limitation in evaluating any
permanent tooth in adolescents, but given the comparatively early eruption of the
permanent first molars, this limitation is mitigated as much as possible. An
additional reason for this decision is because utilizing CBCT to assess ERR
associated with maxillary expansion appliances is the ultimate goal. With
maxillary first molars being the most commonly banded teeth that are attached to
a maxillary expansion appliance, it makes inherent sense to assess the resorptive
changes occurring within the anchor teeth themselves.
A strength of our reliability investigation lies not only in the numerous
image measurement protocols investigated, but also in the investigation of the
entire maxillary first molar tooth volume versus the volume of the roots apical to
the CEJ for each protocol as different segmentation cutoff points have been
reported in the literature with no justification (24) or mention of technique
accuracy or reproducibility. The reason two volumes were investigated is
numerous. If the entire tooth volume was used, this adds the potential for patient
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coronal tooth volume variability between time points due to possible attrition,
decay, loss of coronal tooth structure, and the placement or adjustment of new
fillings or occlusion, in addition to other unidentified sources. This coronal tooth
structure variability was not directly investigated in this particular paper, as the
volume measurements for reliability were repeated measures on the same teeth at
the same point in time. However, the identification and attention to the possible
sources of variability aids in deciding whether the variability present in the root
volume only measurements apical to the CEJ approach is more favorable due to
the absence of the coronal variability. To address this from a visual perspective,
Figure 2.8 displays the coronal changes that would have to be present on the cusp
tips of the maxillary first molars to represent the maximum difference in
additional variability of the root versus whole tooth (64.79 mm3 – 30.39 mm3 =
34.40 mm3) in the repeated measures. With visualization of the hypothetical
coronal changes, it appears clear that measuring the whole tooth appears superior
when compared to the roots only given the additional variability associated with
measuring the roots only is more than can be expected from coronal changes over
the short term (1-2 years). Support for the use of the whole tooth measurement
protocol comes from a study exploring crown and root length of teeth using
CBCT images. The study found a wider range of limits, and hence more
variability, in measuring root lengths as opposed to crown lengths (26). This
increased error can perhaps be extended to root volumes due to difficulties in
determining the CEJ location as the enamel is at its thinnest in this area. The CEJ
is anatomically not a straight line; however, in many images, the lack of definition
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of the apical extent of the enamel resulted in a nearly straight-line resultant 3D
segmentation. The best suggested method considers all the tooth structure not just
the root in order to eliminate CEJ identification. For instance, an error in
identification of one axial 2D slice was found to introduce root volume changes
between 40-65mm3 depending on tooth size. The increased variability appears to
occur due to the fact that the CEJ represents quite a large 2D axial volume. In
contrast, attrition at the molar cusp tips leads to almost imperceptible changes in
tooth volume. The differences between a cusp tip axial slice area versus a CEJ
slice area are displayed in Figure 2.9. Therefore, due to the increased difficulties
in CEJ identification, the role of external coronal volume changes from T1 to T2
were judged to be minimal compared to the effects of an error in CEJ
identification.
In general, the presence of radiodense restorative materials, such as
amalgam and some highly filled composites, which greatly inhibit the passage of
electromagnetic radiation, has the potential to introduce further variability into
dental volume determination and result in imaging artifacts. These artifacts can
result in the inability to predictably identify the true extent of the radiodense
material or adjacent structures and thus affect volume segmentation.
There exists the obvious issue of resolution of a CBCT image in
determining the volume of a tooth. Given the voxel size of 0.25 mm in each
dimension, there are concerns regarding the potential that the border of a tooth
versus bone could be contained within a voxel. A limitation in computed
tomography imaging is the so called ‘partial volume effect’. In essence, this
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phenomenon can present issues in the differentiation of different tissue types. For
example, a large amount of periodontal ligament (PDL) space and a thin layer of
compact bone such as the lamina dura can cause the same attenuation in a voxel
as the dentin of a tooth alone. The issue of resolution is complex as improved
resolution can be acquired, but at the expense of increased patient radiation dose
(30). Although improved volumetric determination and ERR detection can be
obtained with smaller voxel sizes and increased scan times (28), there exists a
limit, which has to be established between patient radiation dose and resolution
required for appropriate diagnostics. However, early detection of root changes
may modify treatment mechanics and thus limit the progression of ERR and the
long-term impact on the affected teeth. Using a voxel size of 0.125 mm has the
potential to yield in vivo volume measurement of teeth comparable to Micro-CT
in vitro analysis (20), but understandably has the disadvantage of increased
patient radiation dose. A study, which investigated the influence of voxel size on
the diagnostic ability of CBCT to evaluate ERR, concluded CBCT to be a reliable
method of ERR detection with a voxel size of 0.3mm as the ‘best protocol’ when
balancing patient dose and diagnostic performance. (38) Given the voxel size of
0.25mm used in this study, there appears to be more than adequate resolution
required to measure dental tooth volumes while balancing patient radiation dose.
A limitation of the study involves the use of only one CBCT model to
capture the patient images. There exists the potential issue of variation between
different CBCT models that may possibly possess varying image quality and grey
value distributions for the aforementioned segmentation methods.
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Through the establishment of precise and accurate dental volume
measurement protocols, clinicians can more confidently employ the available
tools to monitor such phenomena as external root resorption (ERR) at various
stages throughout the orthodontic process and ERR related to dental trauma.
However, patient radiation exposure and diagnostic imaging needs require a
careful balance to be established. The uses of CBCT imaging are to maximize the
diagnostic information available to the clinician while limiting patient radiation
exposure to make individualized treatment decisions while considering as many
patient specific factors as possible.
2.5 CONCLUSION


The proposed maxillary first molar dental volume measurement protocol
for CBCT images employing automated segmentation with manual human
refinement on a repeated 2D slice-by-slice basis in all 3 planes of space
possesses excellent intra- and inter-rater reliability and precision.



Maxillary first molar 3D volume measurements of the entire tooth
structure are more precise than 3D volume measurements of only the
dental roots apical to the CEJ.
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Figure 2.1 YZ (sagittal) plane

Figure 2.2 XY (axial) plane
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Figure 2.3 XZ (coronal) plane

Figure 2.4 3D sample view of maxillary first molar volume without smoothing
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A.

B.

Figure 2.5 Tooth Volumes A. Three-dimensional complete tooth volume. B. Three-dimensional tooth
volume apical to the cemento-enamel junction.
Table 2.1 Intra-Rater Intraclass Correlation Coefficient Values

*CEJ = Cemento-Enamel Junction
*CI = Confidence Interval
*ICC = Intraclass Correlation Coefficient

Table 2.2 Largest volume differences for intra-rater repeated measures

*CEJ = Cemento-Enamel Junction
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Table 2.3 Reliability readings for protocol 3. (All units in mm3)

*CEJ = Cemento-Enamel Junction

A.

B.

C.

D.

Figure 2.6 Three-dimensional visualization of inter-observer volume differences for the whole tooth
measurement.
A. Entire tooth volume. B. Entire tooth volume with maximum inter-observer variability removed
from palatal root. C. Entire tooth volume with maximum inter-observer variability removed from
apical portion of all three roots. D. Entire tooth volume with maximum inter-observer variability
removed from buccal surfaces of the mesiobuccal and distobuccal roots.
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Figure 2.7 Three-dimensional visualization of the intra-observer volume difference for the maxillary
right first molar mesio-buccal cusp tip

A.

B.

Figure 2.8 Cusp tip attrition that would have to be present to represent the maximum difference in
additional variability between roots only and whole tooth in the repeated measures. A. Normal 3D
volume. B. 3D volume representing maximum difference in additional variability of the roots versus
the whole tooth (64.79 mm3 – 30.39 mm3 = 34.40 mm3) in the repeated measures removed from cusp
tips.

A.

B.

Figure 2.9 Axial slice area at the cement-enamel junction (CEJ) versus cusp tip. A. Axial slice area at
the molar CEJ. B. Axial slice area at the molar cusp tips.
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Chapter 3 - External Root Resorption Associated with Bone-Anchored
Maxillary Expansion versus Tooth-Anchored Maxillary Expansion as
Evaluated in vivo via Cone Beam Computed Tomography: A Retrospective
Randomized Clinical Trial
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3.1 INTRODUCTION
Maxillary transverse deficiency is a common pre-treatment issue faced by
many orthodontic patients and is usually accompanied by unilateral or bilateral
posterior crossbite, narrow nasal cavity, and crowding (1,2). The standard of care,
treatment modality in maxillary transverse deficient adolescents is rapid maxillary
expansion (RME) performed with a tooth-anchored expander (Hyrax type) (3-6).
There are disadvantages that have been identified with this approach as direct
tooth-anchored appliances can, in some instances, result in root volume loss (5,7)
and have the added potential for undesirable tooth movement (4). An alternative
approach to attempt mitigation of the adverse dental effects is the use of boneanchored maxillary expanders (BAME). BAME move the point of force
application away from the teeth, with the goal of reducing unwanted dental effects
associated with direct, heavy force application delivered through the teeth. The
BAME approach however presents its own potential adverse outcomes of
increased risk of local infection due to its invasiveness(8,9) and mild bony palatal
indentations assessed to be of no clinical significance(10). The clinical outcomes
appear similar between tooth- and bone-anchored approaches with similar results
in the assessment of the dental and skeletal changes evaluated via cone beam
computed tomography (CBCT) images with dental expansion greater than skeletal
expansion in both(11).
Orthodontically induced external root resorption (ERR) can be considered
to be an important negative sequelae of orthodontic treatment as in severe cases it
can impact the long-term viability of the affected dentition. ERR is defined as
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either a physiologic or a pathologic process resulting in the loss of cementum and
dentin in the dental roots(12). The specific incidence of ERR is unknown and its
etiology appears multifactorial in nature and is not fully understood with
numerous potential elements at play including, but not limited to, individual
genetic factors and orthodontic mechanical or iatrogenic factors(13,14). There is
evidence that heavy forces are particularly harmful with numerous studies
displaying a correlation between increased ERR and heavy orthodontic forces
(14-18). Although, if ERR is identified in a timely manner, and the applied
orthodontic forces are suspended, the extent of ERR can be reduced (19).
Therefore, the early identification of resorptive defects penetrating the cementum
appears crucial to minimizing the irreversible loss of external root dentin (20).
Accordingly, it would be useful to identify the true amount of ERR associated
with various aspects of orthodontic treatment in order to ascertain at which stages
or with which mechanics a patient is most susceptible to resorptive defects. There
is a need for more evidence to identify those teeth/individuals at higher risk for
ERR and to determine ways to manage its severity and prevalence in orthodontic
patients (14).
Historically, in vivo detection of changes to dental root morphology and
ERR during the course of orthodontic treatment has been mainly through use of 2dimensional (2D) radiographs, most notably periapical radiographs (19,21,22).
Although histological studies have identified a relatively high incidence of apical
ERR, 2D radiographic studies have been less definitive(13,23) and have in
general proven inaccurate for the reliable quantitative detection of small ERR
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defects(17,24-26). There are geometric limitations associated with 2D imaging of
a 3-dimensional (3D) phenomenon; therefore, in reference to 2D detection of
ERR associated with maxillary expansion, Barber et al stated “the clinician has no
way of accurately estimating the full extent of in situ root surface resorption
caused by expansion treatment.” (27)
The validation of CBCT as a tool for measurement of both root lengths
and volumes has been the focus of numerous studies(28-40) and found to be an
effective method with a high level of diagnostic accuracy and
repeatability(1,2,17,20,29,31) not significantly different from corresponding in
vitro measurements(35). In fact, in vivo volumetric determination utilizing CBCT
images has been shown to be accurate in the detection of resorption cavities larger
than 3.47 mm3(41). In addition, a well-defined CBCT segmentation protocol with
excellent intra- and inter-rater reliability and precision has been identified in the
literature(42).
Due to the additional 3D information that is available through CBCT
imaging, investigation appears warranted into the adverse effects that bone-borne
and tooth-anchored maxillary expanders (TAME) may have on the anchor teeth
due to the differences in the point of application of the lateral expansion force. As
sustained heavy forces on the dentition are noted to be particularly harmful from a
root resorption perspective, (14) one would intuitively expect that moving the
point of force application away from the dentition would mitigate or even
eliminate the potential adverse effects of ERR. Knowing the potential side effects
associated with an early phase of orthodontic treatment for a maxillary transverse
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deficient individual may alter treatment mechanics and goals if a second,
prolonged phase of orthodontics is anticipated. However, the knowledge of the
side effects and their severity are first required, on an in vivo basis, if possible.
The objective of this study is to assess through the use of CBCT imaging
whether the type of maxillary expansion appliance (BAME versus TAME) has
impact on the external root resorption of maxillary first molars.

3.2 MATERIALS AND METHODS
3.2.1 Treatment Groups
The radiographic data set used for the analysis of root volume was
previously acquired as part of a randomized clinical trial at the University of
Alberta. Informed consent from the patients’ parents and ethical approval from
the Ethics Committee at University of Alberta was obtained (Appendix A).
“Subjects were recruited from the patients at the orthodontic clinic at the
University of Alberta in Edmonton, Alberta, Canada, during an 18-month period.
Inclusion criteria for selection included maxillary transverse deficient adolescents
with no previous orthodontic treatment. A total of 62 patients needing maxillary
expansion treatment were randomly allocated into one of three groups: traditional
hyrax tooth-anchored maxillary expander (hyrax with bands on the first
permanent molars and first premolars), bone-anchored maxillary expander (Hyrax
directly attached to the palatal bone), and a delayed treatment control (NO_TX).
Age and sex distributions for the three treatment groups can be seen in Table 3.1.
The control group had an age approximately 1 year younger than both treatment
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groups. This was judged to be a coincidental finding due to the randomization
procedure (a random number generated list) employed for patient assignment to
the three groups. CBCT images were taken at baseline (initial records to plan an
orthodontic treatment) [T1] and just before fixed bonding (12 months [T2]). The
T2 imaging in the control group was collected as a 2nd set of records to plan their
subsequent orthodontic treatment.”(11)
“The subjects in the first group received a traditional tooth-anchored
maxillary expander (TAME) (hyrax with bands on the first permanent molars and
first premolars) as seen in Figure 3.1, A. The expansion screw was activated twice
a day (0.25 mm per turn, 0.5 mm daily) until posterior dental crossbite
overcorrection was achieved. After active expansion treatment, the screw was
fixed with light-cured acrylic and kept in place passively for 6 months. The
appliance was then removed and left without retention for an additional 6
months.”(11)
“Subjects in the second group received a bone-anchored maxillary
expander composed of 2 custom-milled stainless steel onplants (diameter, 8 mm;
height 3 mm), 2 miniscrews (length, 12 mm; diameter, 1.5 mm; Straumann GBRSystem, Andover, Mass) and an expansion screw (Palex II Extra-Mini Expander,
Summit Orthodontic Services, Munroe Falls, Ohio), shown in Figure 3.1, B. This
appliance was placed on each side between the projection of the permanent first
molars and second premolar roots deep into the palatal vault and 6 mm laterally
from the suture. Before appliance placement, the patient was asked to rinse for 2
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minutes with chlorhexadine (0.12%). This was followed by local anesthesia
infiltration of the palatal mucosa between the first molars and second premolars.
An 8-mm diameter tissue punch was used to make a circular incision. Tissue
including the periosteum was removed, and the appliance was seated so that the
onplant would have maximum direct contact with the bone surface of the palate.
Guide drills were used to perforate the cortical plate of the bone, and miniscrews
were placed to secure the appliance. Acrylic resin was used to seal the head of the
screw to the stainless steel disc and prevent unwinding of the screw during
appliance activation. Patients were prescribed oral antibiotics and a chlorhexidine
rinse for 5 days to prevent infection. A healing period of 1 week was allowed
before activation of the expander. Activation consisted of 1 turn of the screw
(0.25 mm per turn) every other day until overcorrection was achieved. After
active expansion, the retention protocol was the same as in the TAME group.”(11)
“The two treatment groups employed slightly different activation
protocols due to the BAME appliance being in its trial period with lack of
agreement on an activation rate. The slower rate of activation of the BAME
appliance was employed to limit the possible risks of trauma to the palatal
shelves. The TAME treatment group employed the traditional 2 turns per day
activation protocol.”(11)
“The subjects in the third group had treatment delayed for 12 months to
serve as a control group. The delay of 12 months had no negative consequences
regarding the patients’ treatment outcome.”(11)
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The aforementioned detailed clinical experimental design was obtained
directly from a publication by Lagravere et al (11).

3.2.2 Cone Beam Computed Tomography Images
All CBCT images were taken with the NewTom 3G (QR, Verona, Italy)
device at 110 kV, 6.19 mAs, and 8-mm aluminum filtration in maximum
intercuspation following CBCT image protocol. Images were converted to
DICOM format by using the NewTom software to a voxel size of 0.25 mm. Avizo
3D analysis software (Visualization Sciences Group, Berlin, Germany) was used
to render the DICOM-formatted images into volumetric images(11). All
diagnostic records were coded and the principal investigator was blinded with
respect to treatment group and timing of each image when analyzing the
diagnostic records.
3.2.3 Tooth Volume Measurement Protocol
Avizo 3D analysis software (Visualization Sciences Group, Berlin,
Germany) was used to segment the CBCT images to measure the volume of
maxillary first molars. Measurements were made employing automated
segmentation procedures with manual human refinement on a repeated 2D sliceby-slice basis in all three planes of space with the entire tooth volume (crown and
entire root volume inclusive of the pulpal tissue and cementum) measured as per
the optimal volume measurement protocol, possessing repeatability and Intraclass
Correlation Coefficient (ICC) 95% confidence interval lower bounds of 0.989 for
intra-rater and 0.961 for inter-rater reliability, as identified in the literature(42).
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Only one investigator segmented and measured the volume of each maxillary first
molar tooth in all 62 patients at T1 and T2 given the segmentation technique’s
excellent intra- and inter-examiner reliability(42).
Root resorption associated with the different treatment modalities,
specifically the dental tooth volume of maxillary first molars, was measured for
each maxillary first molar tooth and compared between groups.
The maxillary first molar was chosen because of its complex root
anatomy, early eruption and completion of root development in orthodontic aged
adolescent patients, and its use as an anchorage unit for the maxillary expansion
process. Given the patient age range investigated, the completion of root
development of the maxillary first molars was assumed as this is highly likely
given its comparatively early completion of root development within the
permanent dentition.
Given that patient movement during CBCT image acquisition can
introduce distortion and significantly reduce the accuracy of volume
measurements(38), each patient image at both T1 and T2 was visually assessed
for patient movement that produced ‘double-images’, motion artifacts or blur in
the region of interest. If patient movement was evident in the image, the images
were not measured and were excluded from the analysis due to the significant
limitations and inaccuracies associated with measuring the indistinct borders.
Given the two time points investigated, temporal changes to the coronal
tooth structure by either the placement of restorations or fixed restorative
materials or advancing dental decay required consideration. Once the image

72

segmentation procedures were completed, the images were again reviewed and
the T1 image was visually compared directly with the T2 image for any evidence
of the placement of new dental restorative materials or advancing dental decay.
This was performed to ensure restorations were not placed in the interim or decay
did not grossly progress so as not to introduce an additional source of variability.
Patient movement in the scans was a significant factor affecting data
collection. In total, 62 patients were measured for the three treatment groups at
both T1 and T2. The BAME group, which originally contained 21 subjects had 2
subjects removed due to excessive patient movement during CBCT image
acquisition for a total of 19 BAME subjects remaining. The TAME group, which
originally contained 20 subjects, had 2 subjects removed due to excessive patient
movement during CBCT image acquisition for a total of 18 TAME subjects
remaining. The no treatment (NO_TX) group, which originally contained 21
subjects, had 6 subjects removed due to excessive patient movement during
CBCT image acquisition for a total of 15 NO_TX subjects remaining. Overall, 10
patients out of the 62 were removed from the analysis due to excessive movement
during CBCT image acquisition.
3.2.4 Statistical Analysis
The volume data was manually entered into Microsoft Excel 2011 for
MAC (Microsoft, Redmond, WA, USA). SPSS for MAC (version 21, IBM,
Armonk, New York, USA) was used to run all statistical tests. For all tests,
statistical significance was set at an α value of 0.05.
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A random selection of either the left or right maxillary first molar was
completed for each patient to include in the statistical analysis so as not to
artificially inflate the sample size or absolute amount of resorption as would occur
by including the total resorptive volumes from both teeth together.
Statistical Approach: Analysis of the percentage change scores across the groups
using one-way ANOVA.
Percentage of dental volume change [(T2volume – T1volume) / T1volume]
*100% is the continuous response (dependent) variable. Treatment group (BAME,
TAME, or NO_TX) is the categorical independent variable.
Descriptive statistics were generated for each group of independent
variables. When assessing the effect of treatment (BAME, TAME, NO_TX) on
dental tooth volume, an Analysis of Variance (ANOVA) in conjunction with a
post-hoc analysis as required was completed.
The ANOVA hypotheses tested were:
H0: all group means are equal (i.e., µBAME = µTAME = µNO_TX)
HA: at least one group mean is different (i.e., they are not all the same)
Prior to performing the ANOVA statistical analysis, the data was checked
to ensure the statistical test model assumptions were satisfied.


Independence of samples



Absence of outliers
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Normal distribution



Homogeneity of variances

Common methods of analyzing data with a pre-test/post-test design for
more than 2 independent treatment groups include the following:
1. Analysis of the difference scores across the groups using one-way
ANOVA.
2. Analysis of the percentage change scores across the groups using oneway ANOVA.
3. ANCOVA using the post-test score across the groups as the outcome
variable and the pre-test score as the covariate.
4. A variation of a repeated measures ANOVA in which the pre-test/posttest scores are represented as two levels of a within-subjects factor and
the groups as 3 levels of a between-subjects factor.
Given there is no single correct answer regarding which statistical test is better to
use, (43) it may be informative to analyze the data using several different
methods, while being cognizant of model assumption violations and results of
each statistical method in the ultimate interpretation of the data. This was
completed and will be stated in the results.

3.3 RESULTS
3.3.1 Preliminary analysis to assess left and right side for differences
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A paired t-test was used to assess the similarity of the left and right
molars.
The paired t-test hypotheses tested for both T1 and T2 were:
H0: mean difference between right and left molar volume change is zero
(i.e., µDifference = µR molar - µL molar = 0)
HA: mean difference between right and left molar volume change is not
zero.
Assumption checking:
Detecting Outliers: There were outliers present in all groups as assessed by
inspection of a boxplot (Figure 3.2) for values greater than 1.5 inter-quartile boxlengths from the edge of the box. The outliers were kept in the analysis, as they
were not extreme outliers. A sensitivity analysis was conducted by running the
test both with the outliers included and with the outliers removed and comparing
the results for similarity. There were no differences detected, therefore the outliers
were included in the statistical analysis.

Testing for Normality: ERR volume difference (left minus right) was
approximately normally distributed for the BAME, TAME, and NO_TX groups at
both T1 and T2, as assessed by visual inspection of Q-Q Plots (Figure 3.3) and
boxplots (Figure 3.2).
Testing left versus right for differences:
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There was not a statistically significant (p = 0.088) difference between the left
and right maxillary first molars measured at T1 irrespective of groups (Table 3.2).
There was not a statistically significant (p > 0.05 for all three groups) difference
between the left and right maxillary first molars measured at T1 for each group
individually. (Table 3.2)
There was not a statistically significant difference (p = 0.065) between the left and
right maxillary first molars measured at T2 irrespective of groups (Table 3.2).
There was not a statistically significant (p > 0.05 for all three groups) difference
between the left and right maxillary first molars measured at T2 for each group
individually (Table 3.2).
3.3.2 Exploration of data at T1 to assess for initial group differences
Computation of an ANOVA for the random assignment of maxillary first molars
at T1 to assess for initial differences among the treatment groups yielded a
statistically non-significant result (p = 0.207) (Table 3.3). Therefore, there appears
to be no significant random tooth volume difference between groups at T1.
3.3.3 Analysis of the percentage change scores across the groups using oneway ANOVA (random assignment of maxillary first molars)

Detecting Outliers: There were outliers present in the TAME group as assessed
by inspection of a boxplot (Figure 3.4) for values greater than 1.5 inter-quartile
box-lengths from the edge of the box. The outliers were kept in the ANOVA
analysis, as they were not extreme outliers. A sensitivity analysis was also
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conducted by running a one-way ANOVA and post-hoc tests both with the
outliers included and with the outliers removed and comparing the results for
similarity.
Testing for Normality: Percentage of dental volume change [(T2volume – T1volume) /
T1volume] *100% was normally distributed for the BAME, TAME, and NO_TX
groups, as assessed by visual inspection of Q-Q Plots (Figure 3.5) and boxplots
(Figure 3.4). Additionally, ANOVA is inherently robust to departures from
normality. Although the data samples were not balanced, they were reasonably
close to equivalent sizes (19 vs 18 vs 15).
Testing for Homogeneity of Variances: The largest standard deviation (TAME
group standard deviation = 4.45) was less than twice (1.72 times) that of the
smallest standard deviation (NO_TX group standard deviation = 2.58) of the
factors analyzed. Given the sample sizes of each group were approximately
balanced, the homogeneity of variances is judged not to be violated for the
application of one-way ANOVA.
Descriptive statistics are provided in Table 3.4. Descriptive statistics for
the data is presented as mean ± standard deviation in units of percent. The
difference in percentage of dental ERR volume loss increased from the NO_TX (1.07 ± 2.56), to BAME (-2.67 ± 3.28), to TAME (-4.18 ± 4.45) groups, in that
order.
The dental ERR percentage volume loss as assessed by ANOVA was not
statistically significantly different between different groups F(2,49) = 3.104, p =

78

0.054 (Table 3.5). Therefore, we fail to reject the null hypothesis (H0) that all
group means are equal.
For a representation of the volume changes for the corresponding
percentage differences reported, descriptive statistics of the volume changes are
provided in Table 3.6. Descriptive statistics for the data is presented as mean ±
standard deviation in units of mm3. The difference in dental ERR volume loss
increased from the NO_TX (-13.15 ± 28.08), to BAME (-31.50 ± 37.31), to
TAME (-49.32 ± 53.02) groups, in that order.
The aforementioned sensitivity analysis, which computed an ANOVA
with the outliers omitted, yielded identical statistical conclusions as computing an
ANOVA with outliers included. Therefore, the outliers were judged not to have
an appreciable effect on the analysis and the results are reported with inclusion of
the outliers in the analysis.
3.3.4 Summary of comprehensive statistical results

Method of analysis of pre-test and post-test experimental designs:
1. Analysis of the difference scores across the groups using one-way ANOVA.
2. Analysis of the percentage change scores across the groups using one-way
ANOVA.
3. ANCOVA using the post-test score across the groups as the outcome variable
and the pre-test score as the covariate.
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4. A variation of a repeated measures ANOVA in which the pre-test/post-test
scores are represented as two levels of a within-subjects factor and the groups
as 3 levels of a between-subjects factor.

The statistical conclusions remain the same for each method analyzed at a
significance level of p = 0.05. There appears to be no statistically significant
difference in the volume of ERR loss in maxillary first molars among the three
treatment groups (BAME, TAME, NO_TX).
3.4 DISCUSSION
Due to the relatively heavy transverse forces applied to the maxillary
dentition in traditional tooth-anchored rapid maxillary expansion therapy, there
has been speculation regarding the effect this may have on ERR of the anchor
teeth, particularly the maxillary first molars. By moving the point of force
application away from the dentition itself, through use of a BAME appliance, the
detrimental effect of ERR associated with direct, heavy orthodontic force
application delivered through the teeth had wished to be mitigated. This study
indicates that there is not a statistically significant difference in the amount of
ERR experienced in the maxillary first molar teeth between the three groups both
on a percentage basis and on a volume difference. Equivalently it can be
extrapolated that neither active treatment approach produced more ERR than what
would be expected in a non-treatment/normal growth scenario.
The mean volume loss and corresponding standard deviation in mm3 as a
result of ERR, reported as (mean volume loss in mm3, standard deviation in mm3)
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for the TAME, BAME, and NO_TX groups were (49.32, 53.02), (31.50, 37.31),
and (13.15, 28.08) respectively. The reasons for the relatively large variability is
hypothesized to be the result of many factors including individual patient
susceptibility, degree of lateral expansion required, amount of force required for
lateral expansion, decay of expansion forces after activation, degree of midpalatal
suture interdigitation, incomplete dental root formation, imaging technology
limitations, and measurement variability. In particular, with respect to
measurement variability using the method defined in the literature (42), the
measurement error had a range of 1.67 to 17.09 mm3 with an average of 7.33 mm3
based on the optimal segmentation method identified.
A comparison of the analysis of the data using ANOVA for volume
difference and the percentage volume change was attempted for a few reasons.
From the perspective of the size of the tooth roots, there are two potential
competing hypotheses regarding the possible effects. Firstly, assuming a larger
tooth root volume initially, there exists potentially more surface area available as
well. This increased surface area could possibly be susceptible to more resorption
on strictly an absolute volume (mm3) basis, which could artificially increase the
absolute amount of resorption experienced when compared to an initially smaller
tooth root with potentially less surface area available for the resorptive process.
From that perspective, a percentage volume change analysis may be more
appropriate. Secondly, and conversely, looking at it from an alternative
perspective that assumes a larger tooth has more surface area to resist and
dissipate the heavy forces and hence potentially decrease the amount of ERR
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happening, absolute values may be better to analyze. Essentially, the larger
volumes may also serve to dissipate the forces over a larger surface area leading
to less resorption happening overall. Given the valid and competing
rationalizations on both sides, a decision was made to analyze the data using both
methods and assess if there was a difference. As mentioned previously, both
approaches to the analysis yielded similar, non-statistically significant (p > 0.05)
differences between the three groups.
There are a number of dental specific factors that were considered in the
design of the study including the presence or placement of restorations, advancing
dental decay, pulpal tissues, and tooth chosen to analyze. These will each be
addressed in turn.
The presence of radiodense restorative materials, such as amalgam and
some highly filled composites, which greatly inhibit the passage of
electromagnetic radiation, has the potential to introduce further variability into
dental volume determination. The ability of radiodense restorative materials to
completely extinguish the x-rays can result in imaging artifacts. These artifacts
are most commonly caused by sudden transitions between radiolucent and
radiopaque materials and can result in the inability to predictably identify the true
extent of the radiodense material or adjacent structures affected by the associated
line-artifacts. A few patients in the study possessed restorations on their maxillary
first molars, thus creating minor difficulties in identifying the true extent of the
coronal tooth structure. However, the differences for these select patients were not
identified as data outliers.
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The potential of temporal changes to the coronal tooth structure by either
the placement of restorations or fixed restorative materials or advancing dental
decay was assessed. There was no indication in any of the patient CBCT images
of changes in any of the maxillary first molars. Therefore, no omissions of patient
data were required from this perspective and no additional variability was
experienced as assessed by visual inspection.
In the approaches investigated, the pulpal tissue was included in the
volumes. The reason for its inclusion is threefold. Firstly, the additional error in
delineating dentin from pulpal tissue is an added source of variability, which
could increase measurement variation. An additional dentin/soft tissue border,
which is likely more challenging than the tooth to surrounding bony support to
identify, due to intricate pulpal canal architecture of small dimension, would
require identification (Figure 3.6). Secondly, since our area of interest is only
ERR, internal pulpal changes are irrelevant. Thirdly, during the phases of tooth
development and maturation, the deposition of secondary dentin has the ability to
change the hard tissue volume of a tooth. Secondary dentin is formed after dental
root formation is complete, and normally at a stage when the tooth has erupted
and is functional in the occlusion. To remove inherent variability due to this
phenomenon between time points T1 and T2, the pulpal tissue was included in the
tooth volume measurement. If secondary dentin was deposited, or pulpal anatomy
difficult to delineate, it would make no difference in our volume measurements as
the pulpal tissue was not considered individually. Therefore, both the hard and
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soft tissues within the cementum of the tooth were calculated as the total tooth
volume in agreement with published techniques(42).
The investigation of ERR was limited to maxillary first molars in this
study for a number of reasons. The maxillary first molars are the most common
point of force application in traditional rapid maxillary expansion techniques and
hence of interest to investigate the adverse effects on the anchor teeth. The earliest
imaging on any patient occurred at age 11 years 2 months. Given the usual root
completion time for the maxillary first molars is age 10.5(44) it is expected that
the majority of maxillary first molars are completed their root development at the
time of the image acquisition. Patient variations, specifically delays, in the
completion of maxillary first molars could possibly account for the few positive
changes noted in ERR between time points T1 and T2 as the root could
potentially still be completing its development. However, based on patient ages in
the study, a very significant developmental delay for the maxillary first molars
would have to be present to account for continued root elongation in the minority
of patients. The potential for incomplete root development would thus be a
limitation in evaluating any permanent tooth in adolescents, but given the
comparatively early eruption of the permanent first molars, this limitation is
mitigated as much as possible. Through visual inspection of the maxillary first
molars investigated, all appeared to have normally expected root anatomy and
completion of root development. The positive variation is more likely an issue of
measurement variability between time points. Other studies have focused on
maxillary premolar ERR associated with expansion(7,27,45). Given that maxillary
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first and second premolar root development is normally completed by age 13.5
and 14.5 years respectively(44), it is expected in some of the younger patients that
the premolar roots are not fully formed, especially the maxillary second
premolars. Given the findings by Baysal et al(7) that all roots displayed a
decrease in mean root volume, there may be the concern that the applied force
may disrupt root development; however, flaws in their segmentation procedures,
specifically a lack of a clearly defined segmentation protocol and the coronal
extent used for the root segmentation with questionable reproducibility, may limit
conclusions. With the narrow window for non-surgical maxillary expansion
therapies to be effective, it is unlikely studies will be able to rule out the
variability due to premolar root formation given the typical patient ages
investigated. An exception would be accomplishing maxillary expansion later in
life via a surgically assisted approach.
The effects of patient movement were larger than initially anticipated, but
the issue is intuitively obvious and not new to the literature(38). Movement in
either of the T1 or T2 images resulted in omission of all patient data for both their
maxillary first molars as there would be insufficient data to assess ERR from T1
to T2. In total, 10 patients were excluded due to movement during image
acquisition. These movements occurred in only one of the two time points for
each patient. Given the 124 images acquired in total (T1 and T2), only 10 images,
or roughly 8%, possessed patient movement affecting accurate volume
measurements of the maxillary first molars. This effect was amplified in our
patient data as movement in either T1 or T2 automatically excluded the
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companion image at the other time point. A stricter clinical imaging protocol with
patient education as well as apparatus in place to stabilize the patient’s head for
the scan duration seem applicable to further enhance the diagnostic strength of the
images.
When considering the current literature in the area, there are a number of
comparisons and critiques that may be made. The average amount of TAME ERR
(-49.32 mm3 per tooth) was found to be slightly less than a previous study, which
also used CBCT to volumetrically assess ERR, when performing intrusion of
maxillary molars using mini-screws (-58.39 mm3) (35). The reasons hypothesized
for this minor increase in the amount of ERR with intrusion mechanics as opposed
to expansion mechanics could stem from the concentration of forces at the small
root apices in intrusion, rather than on the broad buccal root surfaces as seen in
transverse maxillary expansion since the concentration of heavy forces has been
shown to increase resorption(14).
In general, the body of existing literature is inconclusive in the broad sense
regarding the radiographic in vivo effects of jackscrew-based maxillary expansion
therapy on ERR. Granted, most studies utilized 2D radiographs to assess
ERR(27,45) and the presence of CBCT studies(7) on the subject are limited. The
limited 3D evidence presented by Baysal et al(7) represents the first attempt at the
3D visualization of external root resorption with maxillary expansion; however,
their segmentation procedure employing a root-only approach (apical to the CEJ
for maxillary premolars and apical to the deepest point of the furcation for
maxillary molars) yields the greatest intra-rater variability when segmentation
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techniques are evaluated(42), so their results may be open to debate. The
contributing results of this study, with an improved segmentation approach(42)
indicate the lack of statistically significant ERR in anchor maxillary first molar
teeth in both traditional TAME and BAME appliances as opposed to the control
group. However, the variability in the timing of the active root resorption phase
and the reparative phase is unknown and therefore the greatest degree of
resorption present is difficult to accurately determine. Since the lateral forces
required and the decay of those expansion forces are individual to each patient,
the end of the active phase of root resorption is unlikely to be known definitively.
Further studies employing 3D evaluation of root resorption with control groups,
various appliance designs, retention periods, activation protocols, and timing of
radiographic assessment seem indicated to further elucidate the effects.
From a clinical perspective, the issue of individual patient susceptibility
requires further attention as the ERR measured in the treatment groups possessed
quite a degree of variability. Some experienced very little to no ERR whereas
others experienced significant ERR, which was mainly seen in the TAME group
due to the presence of several negative outliers in the data acquired (Figure 3.4).
These results parallel literature displaying the majority of ERR occurred in a
minority of patients(46). Although not statistically significant at a p value of 0.05,
the p value was very close at 0.054 and the data seems to display a trend of the
mean ERR increasing from the NO_TX (-13.15 mm3) to the BAME (-31.50
mm3), to the TAME groups (-49.32 mm3), possibly indicating there may be an
effect based on the expansion appliance used. A statistically significant difference
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appears to be masked by the relatively large standard deviations of the data, which
may potentially be explained by differences in individual patients’ physiological
response to the expansion forces.
Considerations regarding the time required for segmentation of the 3D
images to obtain a quantitative value require mention as a significant time
investment may be needed if multiple teeth are to be assessed. In general, an
average time requirement of 20 minutes was needed for a maxillary first molar
with 3 roots. When applied to a tooth with a single root, an average time of 8
minutes was required for the segmentation procedure. This provides an indication
of the time investment needed for accurate segmentation procedures.
The presence of ERR does not result in long-term morbidity for the
majority of orthodontic patients. However, the small subset of patients who
experience moderate to severe ERR encourage researchers to improve the
diagnostic tests that will identify the early stages of ERR in order to alter
treatment mechanics or goals. The complicated and elusive multifactorial etiology
of ERR susceptibility means clinicians must still rely on radiographic screening
tools available to them to detect ERR both before and during active orthodontic
treatment mechanics. With improvements in hardware and software imaging
technologies, alongside careful consideration to ionizing radiation exposure,
orthodontists may soon be able to routinely monitor ERR and, as a consequence,
be better equipped to respond to ERR progression and hence minimize
morbidities associated with root destruction.
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3.5 CONCLUSIONS


There exists no statistically significant difference of absolute values or
percentage change scores in the amount of ERR experienced in maxillary
first molar teeth between the BAME, TAME, and no treatment groups.
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Table 3.1 Age and sex distribution for the three groups.

Figure 3.1 Type of maxillary expansion appliances used. A. Tooth-anchored maxillary expander.
B. Bone-anchored maxillary expander.

(11)
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*Difference units in mm3

*Difference units in mm3

Figure 3.2 Boxplots to assess outliers

Figure 3.3 Q-Q plots to assess for normality of difference scores
Table 3.2 Paired samples tests p values
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Table 3.3 ANOVA of random maxillary first molars at T1

Figure 3.4 Boxplots of individual group percentage change scores

Figure 3.5 Q-Q plots to assess for normality of percentage change scores
Table 3.4 Descriptive statistics for individual group percent change
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Table 3.5 ANOVA of percent change scores

Table 3.6 Descriptive statistics for individual group volume changes

*Random_Difference units in mm3

Figure 3.6 Example of pulpal canal architecture
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4.1 GENERAL DISCUSSION
Cone beam Computed Tomography (CBCT), since its introduction in the
late 1990’s, appears likely to be the most significant imaging advancement related
to the field of dentistry. The technological advancements have progressed so
rapidly resulting in decreased size, cost, and patient radiation exposure that inoffice dental CBCT machines are now commonplace. The technological
advancements have indeed outpaced the knowledge of what phenomenon relating
to the field of dentistry we may accurately and reliably measure from the images
themselves.
The advent of CBCT imaging has equipped clinicians and researchers with
the ability to visualize in detail a patient’s hard and soft tissues in vivo with
reduced radiation dose compared to traditional medical CT imaging(1). In relation
to the field of orthodontics, CBCT has enhanced the detection and visualization in
areas such as external root resorption (ERR) (2-16), craniofacial growth patterns
and development(17), impacted teeth and eruption pathways(18) bony defects
including dehiscence and fenestration(19) and treatment related changes in
addition to numerous other areas of interest. The use of CBCT imaging has not
only improved diagnostic potential for certain dentistry-related phenomena, but
numerous studies have employed CBCT to measure volumes of a variety of
structures and materials in vivo. The highly accurate and reproducible volumetric
data that may be acquired from CBCT images ranging from information on sinus
graft materials(20) to condylar head morphological changes(21) to upper airway
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changes associated with treatment of obstructive sleep apnea(22-25) yields
potential for investigations into a variety of subjects.
The exponential increase in the amount of radiographic information
available from CBCT images is not without certain drawbacks. Additional patient
radiation dose compared to traditional 2D imaging, increased expense, and the
clinician’s diagnostic needs must be carefully evaluated(1). Simply the clinician’s
desire for additional information does not necessarily match their diagnostic need
for information as reviews have shown a lack of evidence supporting
improvements in orthodontic diagnosis and treatment planning decisions(26,27).
There exist certain areas where CBCT imaging proves useful such as impacted
teeth, supernumerary teeth, ERR detection, surgical treatment planning, airway
evaluation and additional areas where traditional 2D radiographs are unable to
provide sufficient information(26,27). The clinician should therefore be
responsible in assessing the patient’s diagnostic imaging needs to effectively treat
the presenting conditions with as low a radiation dose as possible.
The improvement in certain CBCT diagnostic abilities, including the
detection of ERR(26), is difficult to quantify given the unfamiliar accuracy with
which volumes in a CBCT image may be computed due to the challenges
associated with image segmentation techniques. In order to perform the ultimate
goal of in vivo detection of ERR in a retrospective study, a reliable CBCT image
segmentation protocol had to be established, and was hence the initial study of
this thesis(28). The initial study demonstrated that CBCT segmentation
procedures employed for volume measurement of maxillary first molars is a
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repeatable and reliable process both intra- and inter-examiner when utilizing
certain segmentation techniques. A maxillary first molar dental volume
measurement protocol for CBCT images employing automated grayscale
thresholding with manual human refinement on a 2D slice-by-slice basis in all 3
planes of space possessed excellent intra- and inter-rater reliability and
precision(28). The method resulting in the worst intra- and inter-examiner
reliability was the protocol that employed automated thresholding without human
refinement due to issues with determination of boundaries with the cortical plates,
adjacent dense lamina dura, proximity of erupting maxillary second molars, dense
furcation areas, interproximal contacts, and dense bone islands.
Maxillary first molar 3D volume measurements of the entire tooth
structure were more precise than 3D volume measurements of only the dental
roots apical to the CEJ. The entire maxillary first molar volume, both crown, root,
and pulpal tissues, was determined as the most accurate segmentation procedure.
The reasons for this were numerous and included difficulties in the identification
of the thin enamel of the CEJ as the anatomical crown transitions into the root, the
large axial dental volume at the CEJ, and difficulties in delineating intricate pulpal
canal architecture within the roots.
Given the usefulness of CBCT imaging in reliably measuring dental
volumes, the second study of this thesis utilized the image segmentation protocol
developed in the first study to retrospectively measure ERR in vivo associated
with various designs of transverse maxillary expansion appliances. It was
hypothesized that due to the relatively heavy transverse forces applied to the
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maxillary dentition in traditional tooth-anchored maxillary expansion (TAME)
therapy, that movement of the point of force application away from the dentition
itself and onto the bony skeletal base would serve to mitigate the adverse ERR
effects proposed to be associated more strongly with TAME.
The investigation of a traditional TAME contrasted with a bone-anchored
maxillary expansion (BAME) appliance was investigated against a control group
(NO_TX) receiving no treatment. Based on the results, a statistically significant
difference in the amount of ERR experienced in maxillary first molar teeth
between the BAME, TAME, and NO_TX groups was not observed. A great deal
of individual patient variability was present as seen in the spread of the data
captured. The variability in the timing of the active root resorption phase and the
reparative phase is unknown and therefore the greatest degree of resorption
present is patient and appliance dependent and hence difficult to accurately
determine.
A general summation of the conclusions reached from the aforementioned
chapters, including the systematic review, is as follows:


2D periapical radiographs do not reveal external root resorption associated
with maxillary expansion therapy, except for frank apical root resorption.



3D CBCT radiography displays statistically significant root volume loss
associated with maxillary expansion therapy. However, when considering
volume loss percentages, no statistical significance was found.
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The proposed maxillary first molar dental volume measurement protocol for
CBCT images employing automated segmentation with manual human
refinement on a repeated 2D slice-by-slice basis in all 3 planes of space
possesses excellent intra- and inter-rater reliability and precision.



Maxillary first molar 3D volume measurements of the entire tooth structure
are more precise than 3D volume measurements of only the dental roots apical
to the CEJ.



There exists no statistically significant difference of absolute values or
percentage change scores in the amount of ERR experienced in maxillary first
molar teeth between the BAME, TAME, and no treatment groups.

4.2 STUDY LIMITATIONS
1)

Due to the retrospective nature of the current study and lack of access to

the CBCT machine used to collect the data, limitations were imposed upon our
ability to verify the accuracy of the 3D dental tooth volume measurements. Focus
was turned to precision and reproducibility of the dental tooth volume and
measurements from both an intra- and inter-examiner perspective to address the
inherent limitation. The published literature confirmed our image segmentation
techniques were appropriate as utilized in studies that verified the volume
measurements(29). However, even if the CBCT machine had been available to
use, the maxillary first molars are teeth not commonly extracted for orthodontic
purposes, so validation of a molar tooth volume imaged in vivo would be
extremely challenging and be a significant limitation to determining measurement
accuracy. In addition, studies that validate volumes of extracted premolars have
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the issue of measuring a tooth with only a single root and no complex furcation
area as is present in maxillary first molars.
2)

The CBCT resolution of 0.25 mm, when balanced with patient radiation

dose appears adequate to measure ERR predictably(16). However, improved
CBCT resolution could have improved the visualization of smaller resorptive
defects not detected with a 0.25 mm resolution(15).
3)

The partial volume effect, a phenomenon associated with CBCT imaging

as a whole, limits the differentiation of different tissue types at the border between
materials. Increased resolution could limit the errors associated with the partial
volume effect; however, patient radiation dose would be sacrificed.
4)

Patient movement during CBCT image acquisition presented a larger

effect than initially anticipated. Movement in either of the T1 or T2 images
resulted in omission of all patient data for both maxillary first molars. A stricter
clinical image acquisition protocol with patient education as well as an apparatus
in place to stabilize the patient’s head for the scan duration seem indicated to
further enhance the diagnostic strength of future studies.
5)

There exists the potential for incomplete root formation of the measured

maxillary first molars resulting from delays in eruption. This was not apparent in
the results, but could not be confirmed.
6)

The collection of additional patient data at intermittent time points would

be advantageous from a research perspective. This would allow identification of
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additional periods of root resorption. When active resorption ceases and reparative
process begin are patient dependent, but additional imaging could supply more
information. However, this additional information would be unjustified at the
expense of increased patient radiation dose.
4.3 FUTURE RESEARCH
Additional topics of study that could complement the research completed
in this thesis are numerous. To remove the inherent variability that may be present
with continued dental root development during the expansion process, studies
employing adult patients requiring surgically assisted rapid palatal expansion
could be attempted. Given the findings by Baysal et al(2) that all roots
investigated (maxillary first premolars, second premolars, and first molars)
displayed a decrease in mean root volume with maxillary expansion; there may be
the consideration that the applied force may disrupt root development.
It would be beneficial for future 3D studies to address whether RME
results in shorter/decreased volumes of roots on average as compared to a control
group being subjected to no active treatment. Studies employing the collection of
additional patient radiographic data at intermittent time points would be
advantageous from a research perspective. This would allow identification of
additional periods of root resorption. When active resorption ceases and reparative
process begin are patient dependent, but additional imaging could supply more
information. However, patient radiation exposure and diagnostic imaging needs
require a careful balance to be established. The uses of CBCT imaging are to
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maximize the diagnostic information available to the clinician while limiting
patient radiation exposure to make individualized treatment decisions while
considering as many patient specific factors as possible.
In addition to investigating the effects of different maxillary expansion
appliances on ERR, the investigation of different expansion activation protocols
could be assessed. This would serve to establish if the expander activation
protocol, either slow or rapid palatal expansion, has any appreciable effects on the
amount or extent of ERR.
Similarly, investigating whether the amount of lateral expansion has an
influence on ERR could be assessed. This would allow investigation into whether
a longer period and distance of active expansion (at a controlled rate) has more
detrimental effects than a shorter period and distance of lateral expansion.
On a related note, given the effects of tooth apex displacement with
associated ERR, an assessment of ERR in relation to dental tipping of the tooth
within the alveolus could be investigated to determine its effect.
Another potential avenue for further research involves a combined CBCT
plus histological assessment of ERR associated with maxillary expansion. The
reason being is that the reparative processes for ERR with the subsequent
deposition of hard tissue within the resorption lacunae has been shown to have
effects on periodontal fiber attachment in the area of reparative cementum
deposition. (30,31) A study(32) investigating anchor teeth during retention
periods of 14 to 53 weeks revealed sparse and inconsistent Sharpey’s fibers
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depression into the cellular cementum that was different from that of normal
cellular cementum. This perhaps can lead to an underestimation of the detrimental
effects associated with ERR as repair of a root defect by cellular cementum is not
necessarily synonymous with principal periodontal fiber reattachment in those
areas. Simply visualizing the surface area or volume of hard tissue in the root
may not provide a corresponding accurate estimation of viable surface area with
periodontal fiber attachment. Hence, although the root volume may not decrease
significantly, the resorptive and subsequent reparative processes may have a more
substantial and detrimental effect on the surface area for periodontal ligament
support. Perhaps the most accurate indication of the long-term support and
viability of teeth having undergone resorption is the determination of the
resorptive process at its most progressive with the assumption of a loss of
periodontal attachment fibers in these areas. Further investigation is warranted
both on a histological and an in vivo 3D radiographic approach.
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