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ORTHODONTICALLY INDUCED EXTERNAL APICAL ROOT RESORPTION
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STUDY.
Jaykishan P. Patel, M.S.
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Purpose of this study was to evaluate orthodontically induced external apical root resorption using
cone beam computed tomography in patients receiving orthodontic treatment with or without
extractions. Records of 188 consecutively treated patients who received orthodontic treatment with
or without extractions were evaluated. Pre-and post-treatment root lengths of maxillary incisors,
volumes of maxillary central incisors, and apex displacement of either right or left maxillary central
incisors were measured using Invivo 5.4 or ITK-SNAP 3.8.0 software. After adjusting for initial
length, treatment duration, tooth, sex, race, bracket type, and malocclusion, maxillary incisor
reduction of root length in extraction group was 0.37 mm greater than patients without extraction
(p = 0.003). The difference in volume change in maxillary central incisors between extraction and
non-extraction treatment was not significant (p = 0.29). There was no statistically significant
difference in the number of incisors exhibiting root length or volume loss of greater than 25%
between the extraction and non-extraction groups. Significant change in the angle between the long
axis of the incisor and palatal plane (PP) during orthodontic treatment demonstrated a large
difference between the extraction and non-extraction groups. This study shows that there is a
greater root resorption observed in the maxillary incisors during extraction treatment. However,
from the clinical perspective this amount of loss may not be of clinical significance and
noncontributory for periodontal health.
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CHAPTER 1: INTRODUCTION
Orthodontic treatment is the most common iatrogenic cause of root resorption in the
modern world (Samandara et al. 2019). External apical root resorption (EARR) is defined as the
loss of root structure mediated by the inflammatory process involving the apical region of a tooth
(Hartsfield et al. 2004). Reported incidence of EARR is 15% ad up to 73% before and after
orthodontic treatment, respectively. Maxillary incisor region has the highest prevalence of EARR
(Lupi et al. 1996). Maxillary incisors risk for severe localized resorption is much greater, 3%
affected versus <1%, than any other tooth in the oral cavity (Kaley and Phillips 1991). Severity of
EARR is categorized as either mild, less than 25%, or severe, defined as clinically significant
apical root resorption greater than or equal to 25% loss of original pretreatment length. (Figure 1).
Clinically relevant long term sequelae of EARR includes poor crown to root ratio, mobility,
devitalization, and eventual tooth loss. Even though a defined etiology of EARR is unknown, risk
factors such as extraction treatment have shown to increase the prevalence of EARR in
orthodontically treated patients (Deng et al. 2018; Samandara et al. 2019; Weltman et al. 2010).
Using contemporary technology, confirming extraction treatment as an EARR risk factor will aid
clinicians in their diagnostic and orthodontic treatment decisions.
Extraction treatment has linked to increase the risk of EARR (Deng et al. 2018; Segal et
al. 2004; Weltman et al. 2010). Independent of which teeth are extracted, or extent of other pretreatment diagnostic factors, extractions have been shown to be a contributing risk factor
(Sameshima and Sinclair 2001a). In a study by Curado de Freitas et al., CBCT images showed
that the teeth involved in orthodontic treatment with extraction present higher EARR frequency
long term. Additionally, prolonged treatment duration has also shown to be significantly
associated with EARR due to the remodeling cycle limitations a root can withstand (Deng et al.
2018; Samandara et al. 2019; Segal et al. 2004). As a tooth is displaced in orthodontic treatment,
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the supporting cementum undergoes a resorption-repair process. If risks factors exceed the
resorption-repair threshold, irreversible EARR will occur (Graber et al. 2013).
Inherent limitations exist when using two-dimensional (2-D) imaging to assess changes
on three-dimensional structures. (Baumrind et al. 1976; Peck et al. 2007; Sameshima and
Asgarifar 2001). Conventional two-dimensional radiographs include periapical, panoramic, and
lateral cephalograms. Orthodontically induced EARR has used two-dimensional periapical
radiographs as the standard for root loss measurements since Ottolengui et al. first reported in the
orthodontic literature in 1914. Moreover, panoramic radiographs are routinely used in clinical
practice due to their convenience and versatile use for diagnostics. Consequently, panoramic
films have been shown to overestimate the amount of root resorption by 20% or more when
comparing pre- and post-treatment images (Sameshima and Asgarifar 2001). Additionally, lateral
cephalometric radiographic superimpositions have been used to quantify the displacement of
maxillary central incisors. A known disadvantage to this technique is the superimposition of right
and left sided structures leads to unreliable results (Baumrind et al. 1976). Inability to see in
various planes of space, variability in technique, and image distortion are all limitations that
present challenges in assessing the dentition, especially in the maxillary incisor region.
In response, the recent advent of cone-beam computed tomography (CBCT) in
orthodontics allows for root morphology and changes to be assessed in greater detail. With the
dawn of CBCT in orthodontics; linear, volumetric, and root apex displacement measurements of
maxillary incisor roots in pre- and post-treatment CBCT images has been approved as an
indication of CBCT use (Kapila et al. 2011). This technology allows for more optimal
visualization of the teeth in multi-planar dimensions before and after orthodontic therapy.
Orthodontic diagnostic uses of CBCT imaging will allow radiation to be focused on the area of
anatomical interest, while encompassing all hard and soft tissues in three dimensions, providing
greater information with a potential decrease in cumulative radiation exposure for patients.
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The rationale for this project is that its successful completion would help to determine the
effects of extraction therapy as a risk factor on EARR. CBCT analysis of maxillary incisors root
resorption will allow for assessing the root loss in three dimensions, a short-coming of previous
conventional radiographic studies. Additionally, co-variate risk analysis will be completed to
determine effects of other potential risk factors on EARR. This research is potentially innovative
because EARR viewed in three-dimensions with the specific additional risk factor limitations, as
presented in the extraction treated sample, has yet to be explored in regards to these treatment
differences. The primary impact of our anticipated findings would be determining the amount of
EARR that occurs in the extraction versus non-extraction therapy can determine the full effects of
EARR and aid in diagnostic evaluations.
The purpose of this study is to evaluate orthodontically induced external apical root
resorption from cone beam computed tomography in orthodontic patients with or without
extractions modalities while minimizing the influence of additional risk factors.
The null hypothesis is that orthodontic patients with extractions will not have a
significant increase in external apical root resorption relative to patients without extractions.
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Figure 1.1: Severity of External Apical Root Resorption. Pretreatment; illustration of average
root length of a maxillary incisor before orthodontic treatment. Mild resorption; less than 25% of
apical root resorption from orthodontic treatment. Severe resorption; clinically significant apical
root resorption as defined as greater than or equal to 25% loss of original pretreatment length.
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CHAPTER 2: LITERATURE REVIEW
2.1. Biology of Orthodontic Tooth Movement
Orthodontic tooth movement (OTM) is displacement of tooth and its surrounding
periodontal tissues. OTM involves physiologic responses to externally applied forces. OTM is the
produced by application of light continuous force to a tooth which leads to modeling and
remodeling of alveolar bone (Proffit et al. 2019).
Three models have been proposed to date to explain how orthodontic forces are translated
to biological reactions and tooth movement: the pressure-tension model (Reitan 1951; Schwartz
1932), the bond bending model (Baumrind 1969; Heller and Nanda 1979) and the loadingunloading model (Melsen 2001).
The clinical picture of OTM consists of three phases: an initial and almost instantaneous
tooth displacement; a lag phase; and a period of linear tooth movement (Burstone 1962). The
pressure-tension model is based on results from histological studies of tooth movement
(Oppenheim 1911; Reitan 1951; Schwartz 1932). The central theme of this model is that a tooth
moves in the periodontal space by generating a pressure side and tension side. According to this
model, the mechanical load applied to a tooth is transduced by the PDL cells. PDL cells exist
between teeth and alveolar bone. PDL cells respond to mechanical load and control the resorption
and apposition of bone matrix by signaling to the progenitor cells in the periodontium which then
differentiate into compression-associated osteoclasts and tension-associated osteoblasts
(Davidovitch 1991; Long et al. 2001; Shimizu et al. 1998). Results from in vitro and in vivo
studies clearly indicate that, in PDL cells subjected to mechanical load, expression of cytokines
such as PGE2, TNF-α, IL-1beta, IL-6, and interferon-gamma is upregulated (Basaran et al. 2006;
Garlet et al. 2007; Karacay et al. 2007; Ren et al. 2007; Ren and Vissink 2008; Uematsu et al.
1996; Yamasaki et al. 1980).
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Activated osteoclasts and cementoclasts remove alveolar bone and cementum in areas of
compression at a relatively equal rate, respectively. Simultaneously, osteoblasts, cementoblasts,
and fibroblasts, recruited locally from progenitor cells in the periodontal ligament space, remodel
bone, cementum, and ligaments in areas under tension (Proffit et al. 2019). This process of
resorption-apposition continuously occurs until the desired tooth position is achieved (Reitan
1953). If this equilibrium is altered, external apical root resorption will occur leading to a clinical
observance.

2.2. External Apical Root Resorption
During orthodontic treatment, external apical root resorption (EARR) is an unavoidable
iatrogenic effect due to the physiologic process that leads to tooth movement. During this
process, certain areas of the periodontal ligament become over compressed resulting in occluded
blood vessels, and degradation of cells. These sterile necrotic areas are termed hyalinization due
to their glasslike appearance histologically (Rygh et al. 1986). In these necrotic areas, osteoclasts
progenitor cells cannot be recruited which results in lack of bone resorption, thus tooth movement
halts. Several days later, osteoclasts from adjacent bone marrow areas resorb the underside of the
lamina dura which is described undermining resorption (Graber et al. 2013) . Eventually,
osteoclasts and macrophages remove the necrotic bone in the hyalinized areas to allow tooth
movement. During removal of the necrotic hyalinized tissue, the cementoid layer of root surfaces
are exposed and readily attacked by resorptive cells (Brudvik and Rygh 1993). Initially, these
resorptive cells will make resorption lacunae adjacent to the hyalinized tissues areas (Brudvik and
Rygh 1994). These early resorption lacunae are small and have the potential for repair if the tooth
movement is discontinued (Brudvik and Rygh 1995b). Sustained pressure will result in continual
resorption leading to significant and clinically appreciable EARR.
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2.2.1. Etiology
Etiology of EARR is multifactorial and currently not well understood. Risk factors
associated with the onset and extent of EARR are categorized, but are not limited to, as either
patient or treatment related. Patient related factors include genetics, gender, sex, ethnicity, tooth
morphology, malocclusions, medical history, and habits (Al-Qawasmi et al. 2003; Deng et al.
2018; Newman 1975; Parker and Harris 1998; Samandara et al. 2019; Sameshima and Sinclair
2001a; Weltman et al. 2010). Treatment factors include mechanical, magnitude of applied force,
intermittent versus continuous force, early treatment, expansion, extractions, prolonged treatment
time, and apical displacement (Ballard et al. 2009; Deng et al. 2018; Lombardo et al. 2013;
Samandara et al. 2019; Sameshima and Sinclair 2001b; Segal et al. 2004; Weltman et al. 2010)
Reported incidence of EARR is 15% and 73%, before and after orthodontic treatment,
respectively. The most affected tooth by EARR are maxillary incisors (Lupi et al. 1996).
Maxillary incisors, regardless of other predisposing risk factors, consistently average more EARR
than any other teeth (Lupi et al. 1996; Sameshima and Sinclair 2001a; Weltman et al. 2010). In
most cases EARR is usually clinically insignificant, but severe resorption compromises tooth
longevity, leads to tooth mobility, and ultimately tooth loss. The prevalence of severe root
resorption, defined as root loss greater than 25%, has been reported at least 3% in previous
studies (Kaley and Phillips 1991).

2.2.2. Monitoring External Apical Root Resorption
EARR is best evaluated by periapical radiographs throughout the progress of orthodontic
treatment. Patients with detectable root resorption during the first six months of treatment are 3.8
times more likely to experience resorption in the following six month period (Artun et al. 2005).
In addition to the typical diagnostic records taken for orthodontic evaluation or treatment,
periapical radiographs or limited-field CBCT images are essential to monitor the status of EARR.
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Periapical radiographs have been shown to be far superior to panoramic radiographs to detect and
monitor EARR (Sameshima and Asgarifar 2001).
With the recent advent of CBCT, limited-field images have allowed the ability to
thoroughly examine the root structures in all 3 planes of space. For example, commonly resorbed
maxillary lateral incisors, would benefit from three-dimensional views due to their variant root
morphologies.
Although less common; genetic tests, salivary markers, and gingival crevicular fluid tests
are available as alternatives to detect patients predisposed to EARR (Al-Qawasmi et al. 2003;
Mah and Prasad 2004; Yoshizawa et al. 2013) . These novel methods are in response to a lack of
understanding of the true etiology of EARR. Ideally, advantages to these approaches include
speed, expense, and lack of invasiveness. Unfortunately, no current practical methods have been
developed for clinical use.

2.2.3. Management of External Apical Root Resorption
Currently, no single treatment or approach exists for management of EARR; rather, general
recommendations have been attempted to stop the progress of root resorption. During treatment,
managing EARR includes temporary or permanent termination of orthodontic treatment. Progress
radiographs are compared to baseline images and management should follow appropriately. On a
non-periodontally compromised tooth with normal pre-treatment root length, greater than 2mm or
25% of original root loss is an indication for removal of active forces on the tooth for 4 months
prior to evaluation for continuation of treatment.
If EARR is greater than 4mm or 1/3 of the pretreatment root length, termination of
treatment should be considered (Graber et al. 2013). Additionally, if severe EARR occurs on
more than two adjacent teeth, treatment should be concluded immediately as this may be a sign of
presence of a larger issue.
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In patients who begin with shortened roots, special attention should be given throughout
orthodontic treatment. During treatment planning, teeth with shortened roots should be planned to
be moved minimally. With regards to treatment sequence, delaying orthodontic forces for as long
as possible on the predisposed teeth is essential. Throughout treatment, tooth movements such as
torque and large apical displacements should be avoided (Graber et al. 2013). Ultimately,
balancing compromised orthodontic goals with the health of the teeth should be an ongoing
discussion between the treating orthodontist and general dentist.

2.3. External Apical Root Resorption caused by Patient Factors
2.3.1. Sex, Age, Ethnicity
In a study of adult patients, where participants were greater than 20 years of age, men
have been shown to be affected by EARR than females (Baumrind et al. 1996). In contrast, other
studies did indicate that females having greater EARR than males (Levander and Malmgren
1988). Lack of agreement between different studies could be due to sample selection and lack of
variable isolation. Since, most large-scale studies could not demonstrate a difference between
males and females, it is unlikely that gender has an effect on incidence or severity of root
resorption (Sameshima and Sinclair 2001a). Currently, no clear sex predilection has been
correlated with EARR (Sameshima and Sinclair 2001a).
Increasing age is a greater risk for EARR. Tissues involved in the root resorption process
change with age. Bone becomes more dense and avascular, the periodontal membrane becomes
less vascular and narrow, and the cementum becomes wider and aplastic (Brezniak and
Wasserstein 1993). These changes all culminate in a general increase in root resorption in the
adult population.
Furthermore, Hispanics are found to have an increased risk of EARR relative to other
ethnicities (Sameshima and Sinclair 2001a). Asians had significantly less root resorption than
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Caucasian or Hispanic patients. It remains to be seen the exact correlation between ethnicity and
EARR, but size, shape, and developmental processes are potential hypotheses.

2.3.2. Malocclusion
Currently, there is no evidence available to indicate that an association exist between
EARR and Angle’s classification, cephalometric measurements, or amount of crowding
(Sameshima and Sinclair 2001a). It has been postulated that, patients with Class II, division 1
malocclusion with moderate to severe overjet, have an increased risk for maxillary incisor EARR
due to the treatment duration, apical displacement, and force levels to complete treatment.
Retraction of maxillary incisors in Class II, division 1 patients resulted in 84% and 83% root
resorption in maxillary central and lateral incisors, respectively (DeShields 1969).
Anterior open bite malocclusions have been shown to increase the risk for EARR.
Sustained intrusive and torqueing forces created by tongue pressures in open bite patients have
been thought to be the cause of periodontal ligament space disturbances (Harris and Butler 1992).
Hypofunctioning periodontal ligament and the amount of the distance incisors roots have to travel
are additional theories why anterior open bites seem to be associated with EARR (Graber et al.
2013). In a study evaluating open bite and matched deep bite patients, maxillary central incisors
showed significantly more apical resorption in the open bite population (Harris and Butler 1992).
On the contrary, the amount of pretreatment overbite or closure of the openbite with anterior
extrusion was not correlated to the amount of root resorption (Sameshima and Sinclair 2001a).

2.3.3. Root Morphology
Another patient related factor to consider diagnostically is pretreatment root morphology.
Teeth with variant root morphologies have a higher risk than teeth with normal shaped roots.
Dilacerated, followed by pointed, blunted, and then pipette-shaped roots of incisors are most
commonly resorbed during active tooth movement, respectively (Sameshima and Sinclair 2001a).
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Irregular contour was found in conjunction with many other studies indicating a correlation with
severe root resorption (Levander and Malmgren 1988; Linge and Linge 1991; Mirabella and
Artun 1995). In addition to untreated roots, teeth exhibiting prior resorption from treatment or
trauma does not necessarily predisposed to additional EARR (Brin et al. 1991). A recent study
using finite element model analysis has shown that maximum stresses occur at the root apex,
reaffirming the potential cause of resorption at abnormal areas on maxillary lateral incisors (Shaw
et al. 2004).

2.4. External Apical Root Resorption caused by Treatment Factors
2.4.1. Extractions
The effect of extraction treatment on increased risk for EARR is controversial.
Extraction therapy has been reported to be a significant risk factor for EARR. Independent of the
premolar extraction pattern, the risk of EARR is increased in extraction treatment compared to
non-extraction treatment (Sameshima and Sinclair 2001b). Incisors typically exhibit the most
amount of root resorption due to the amount of displacement that occurs. In a CBCT study,
EARR was calculated to be significantly more in the extraction group compared to the nonextraction group when examined after treatment (Lombardo et al. 2013). CBCT evaluation allow
for a more superior view relative to the previous standard or periapical radiographs. Overjet and
apical displacement in maxillary incisors are covariates typically analyzed with extractions due to
these teeth receiving the most movement during extraction treatment. In accordance, Class II
patients with increased overjet were observed to have approximately 1mm more EARR than
when compared to Class I counterparts (Taner et al. 1999).

2.4.2. Root Apex Displacement
A lack of consensus exists on the effect of displacement of root apex and its relationship
to EARR. Treatment that requires large displacement of root apices is considered as a major risk
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factor for EARR (Sameshima and Sinclair 2001b; Segal et al. 2004) . Correction of overjet’s,
extensive intrusion, excessive root torque, or closing extraction spaces are examples of situations
where large apical displacements have potentially occurred. Quantifying the displacement of root
apex is very difficult, especially on two-dimensional images. Conventionally, lateral
cephalograms superimpositions of the maxillary dentition are used to measure the vertical and
horizontal displacement of the central incisor apex. Limitations of this method involve accuracy
of measuring the same central incisor, as well as, reproducing the stable structures involved in
superimpositions (DeShields 1969). Three-dimensional imaging could allow for more accurate
measurement of root apex in all three planes of space.
2.4.3. Cortical Plate Proximity
The relationship of the roots of maxillary incisors to the cortical plate has been proposed
to increase the incidence of EARR (Horiuchi et al. 1998). The palatal cortical plate was originally
found to be the only area effecting the severe resorption. For example, Class III patients
overrepresented the malocclusion with severe resorption due to proclined maxillary incisors. Over
tipping maxillary incisors for Class III skeletal compensation forces the roots against the palatal
cortical plate and subsequently apical root loss (Kaley and Phillips 1991). In a recent CBCT
study, root apex proximity to the maxillary labial, palatal, and incisive canal cortical plates were
associated with apical root resorption (Nakada et al. 2016). The increased bone density at any of
these sites was found to increase the resistance incisors respond to during treatment. Anecdotally,
movements such as buccal root torque of maxillary incisors and molar has caused thinning of the
roots.

2.4.4. Treatment Duration
Prolonged treatment duration is the most agreed upon risk factor of EARR (Deng et al.
2018; Samandara et al. 2019; Sameshima and Sinclair 2001b; Segal et al. 2004; Weltman et al.

13
2010). With the resorption-repair theory of cementum repair, it is comprehendible to imagine the
excessive cycles of this process can lead to irreversible damage (Al-Qawasmi et al. 2003).
Innately, longer treatment durations are in tandem with extraction treatment, correction of severe
overjet, and increased root apex displacement. On the contrary, magnitude of force has been
mistakenly categorized as being of similar correlation to EARR as treatment duration. It has been
suggested that stress duration has a larger effect than magnitude of force (Harry and Sims 1982).
Clinically, this information serves to assist orthodontists in diagnosis and efficient treatment
planning.

2.4.5. Bracket Type
Many claims have been made with the advent of the self-ligation orthodontic bracket,
including the reduction of EARR. The claim arose from the theory of the ease of tooth movement
due to improved ligation, less friction, and less jiggling forces relative to the conventional twin
bracket configuration. Current evidence suggests that self-ligation brackets do not outperform
conventional brackets in reducing EARR in maxillary lateral and mandibular incisors (Yi et al.
2016). Maxillary central incisors showed less EARR in patients that received self-ligation
brackets as compared to conventional (Chen et al. 2015). When studying some of the upgraded
self-ligation brackets versus conventional the amount of resorption, 3.0% and 4.5% respectively,
were found, (Jacobs et al. 2014). Further investigation is needed to identify the discrepancy noted
between the various findings. In addition, different bracket types, overall treatment philosophy,
slot size, archwire composition, and auxiliaries have not been found to be significant risk factors
(Sameshima and Sinclair 2001b; Segal et al. 2004)

2.5. Use of Cone-Beam Computed Tomography in Evaluation of Root Resorption
Within the last decade, the dental and orthodontic fields adopted the use of CBCT for
diagnosis, treatment planning, and reduction of radiation dose compared to conventional
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tomography (Ludlow et al. 2015). The majority of EARR studies have been conducted using twodimensional radiographs, such as periapical, panoramic and lateral cephalometric radiographs,
and do not accurately quantify the EARR of maxillary incisors (Sameshima 2001, Kaley 1991).
CBCT clearly shows the root structure with no amplification error resulting in an more accurate
quantitative assessment of orthodontically-induced root resorption (Deng et al. 2018).
Furthermore, the sensitivity and specificity of CBCT, regardless of the field of view, has
been shown to be significantly better at detecting EARR than periapical radiographs (da Silveira
et al. 2007). Liedke and group found that a 0.3 mm voxel resolution is best in diagnosing EARR
while limiting patient exposure (Liedke et al. 2009). Yet they also confirmed a 0.4mm voxel
resolution was deemed diagnostically acceptable in detecting EARR.
Another advantage in three dimensional imaging is the ability to segment and isolate
individual teeth. This overcomes the superimposition limitation of certain conventional
radiographs. Various software have been reported and used in identification, segmentation, and
quantification of EARR. Software such as Dolphin Imaging, Anatomage Invivo, and ITK-SNAP
have been reported throughout the dental and orthodontic literature in regards to evaluating
EARR (Anatomage invivo ; Dolphin imaging ; Itk snap).
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CHAPTER 3: RESEARCH HYPOTHESIS & SPECIFIC AIMS
3.1. Statement of the Problem
External apical root resorption (EARR) of maxillary incisors has been shown to occur
during orthodontic treatment and is thought to be found more often with extraction treatment
modalities. Traditionally, EARR has been quantified by the linear measurements made in 2dimensional images. However, determination of volumetric changes associated with EARR,
which is clinically more relevant, have yet to be studied in detail. With the use of threedimensional CBCT radiography, one can determine the volumetric changes in the root that is
associated with EARR. Since this technology is readily available and reliable, it could be utilized
to investigate what occurs locally in the maxillary incisor region during orthodontic therapy. This
knowledge is essential to be able to foresee what changes will occur in the maxillary incisor
region in patients who are being treated with orthodontic extraction treatment modalities. This
information can be used to aid practitioners in treatment planning produce predicable orthodontic
treatment outcomes and prevent negative sequelae.

3.2. Central Research Hypothesis
The central research hypothesis is that the incidence and amount of external apical root
resorption in maxillary incisors of patients receiving orthodontic treatment with extractions is
more than that of patients receiving orthodontic treatment without extractions.

3.3. Specific Aims
1) To determine the incidence of external apical root resorption of maxillary incisors in
patients who have received orthodontic treatment with and without extractions.
2) To determine the loss of root volume of maxillary incisors in patients who have
received orthodontic treatment with and without extractions.
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CHAPTER 4: MATERIALS & METHODS
4.1. Study Design
This study is a retrospective, comparison evaluation of pretreatment and post-treatment
CBCT data from patients who underwent fixed appliance orthodontic therapy from one of four
offices of Trimmel and Anders Orthodontics in Wichita, Kansas. This study protocol was
reviewed and approved by the University of Nebraska Medical Center Institutional Review Board
(#542 -18-EX).

4.1.1. Data Collection
At the offices of Trimmel and Anders Orthodontics, in Wichita, Kansas, it is routine for
all new patients to complete a set of records prior to beginning orthodontic treatment. The records
appointment includes an extraoral and intraoral exam, extraoral and intraoral photographs, digital
study models, and a large field of view cone-beam computed tomographic image. The
information from the records appointment is used to diagnose problems, create treatment
objectives, and formulate a comprehensive treatment plan. All patients are diagnosed, treatment
planned, and treated by one of the four practioners at the offices of Trimmel and Anders; Drs.
Justin Trimmel, Paul Anders, Kelsey White, and Grant Snider. Diagnostic evaluations, treatment
appliances, and completion of treatment are based on the discretion of the orthodontist and
patients’ decision. Additionally, records are taken during and after treatment to monitor the
progress and assess the health of the oral and craniofacial tissues.
Consecutive patients, who received orthodontic treatment with fixed appliances, with or
without extractions, from June 1, 2016 to August 8 2018, were selected for this study. Inclusion
criteria for this study included age of the patient between 10-40 years at the start of orthodontic
treatment and available CBCT images within 6 months of beginning and ending orthodontic
treatment. Exclusion criteria included any patients who had previous orthodontic therapy
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(including interceptive or comprehensive), missing maxillary incisors, obvious pre-treatment root
resorption, impacted maxillary lateral incisors or maxillary canines, previous history of trauma,
orthognathic surgically treated, and cleft lip/palate patients. 188 patients were included in this
study, 92 received orthodontic treatment with teeth extraction and 96 received orthodontic
treatment without teeth extractions.
CBCT images were acquired using an I-CAT FLX imaging system (Imaging Sciences
International, Hatfield, Pa). The anterior symphyseal region of the mandible of each patient was
stabilized by a chin holder; horizontal and vertical alignment lights were adjusted to the occlusal
plane and anterior to the condyle respectively. A scout scan was taken to ensure proper patient
positioning—patient position was adjusted as needed for discrepancies between bilateral
structures. Scan settings were set to 120 kVp, 5mA with the dose area product of
623.9mGy/.cm2. Scans were taken with one 360 degree rotation lasting 8.9 seconds comprising
300 basis images frames of 0.3mm voxel size with a 16 Dx 13 Hcm field of view. DICOM data
from the CBCT scan was uploaded directly into Dolphin 3-dimensional imaging software
(Dolphin Imaging and Management Solutions, Chatsworth, Ca) for storage and interpretation.
DICOM data, demographic data, and clinical notes, were exported via an encryption
protected external hard-drive. All data was uploaded to the university protected database to
ensure patient confidentiality. DICOM data were imported to Precision Workstation T3600
desktop computer (Dell, Round Rock, TX) with appropriate imaging software as described in
subsequent sections. All images were viewed on a 60.47 cm LED widescreen display monitor
screen (Dell) having a resolution of 1920 x 1080 pixels.
Demographic and treatment factors were recorded for each patient based on the
information obtained from the patient’s chart and progress notes. Treatment duration, sex,
ethnicity, malocclusion, and bracket type will be related within the entire sample and specific
subgroups. Treatment duration will be collected in months. Sex and ethnicity will be collected
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based on the indication filled out on the new patient form by the patient or legal guardian. Sex
will be classified as male or female. Ethnicity will be categorized as Hispanic, Caucasian, or
other. Malocclusion was categorized by the molar relationship described by the Angle
Classification. Bracket type will be categorized as either conventional or self-ligation.
Patients who have been treatment planned to receive orthodontic treatment without
extractions were treated with fixed appliances and auxiliaries when indicated. All the patients
who have been treatment planned to receive orthodontic treatment with extractions had two to
four of their premolars removed in different configurations; according to the treatment plan.
Patients that received extraction of any tooth besides a premolar were not considered in the study.
4.2. Linear Measurements
Root lengths of maxillary central and lateral incisors were measured in CBCT images
taken at the following time points: pretreatment and post-treatment. Linear root measurements
were recorded using Invivo 5.4 (Anatomage Software, San Jose, CA) similar to a methodology
described elsewhere. (Aman et al, 2018).
Images were reoriented to standardize the pretreatment and post-treatment image
measurements. The axial view was reoriented to have the crosshairs go through the widest part of
the tooth in the bucco-lingual and mesio-distal dimensions (Figure 4.2.1 A.). The coronal and
sagittal views were reoriented to have the crosshairs go through the middle of the apical foramen
(Figure 4.2.1 B. and C.). After the image was oriented, a line from labial CEJ to palatal CEJ was
used to establish a perpendicular reference line (Figure 4.2.2). Linear root length measurements
were made from the CEJ-CEJ reference line to the most apical portion of the tooth and recorded
to the hundredth decimal value.
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Two researchers (J.P. and J.M.) each completed one-half of the measurements of the total
sample. After at least 4 weeks, 10% of the sample (every 10th consecutive patient) was remeasured to determine the intra-examiner and inter-examiner reliability of the measurements.
4.3. Volumetric Measurements
Tooth volumes of maxillary central incisors were determined from the pre and post
treatment CBCT images using the open source segmentation software ITK-SNAP 3.8.0.
Tooth volumes were collected using the semi-automatic, or “active contour segmentation
mode”, feature in ITK-SNAP. The region of interest was set in the axial, coronal, and sagittal
planes to encompass the desired tooth while eliminating as many surrounding structures as
possible (Figure 4.3.1). The pre-segmentation mode was used to adjust the contrast and instruct
the software algorithm to separate tooth voxels from bone voxels. Within the inverted image,
upper threshold limit was increased to the maximum to limit variability between pretreatment and
post-treatment images. The lower threshold limit was chosen by the examiner based on adequate
tooth-bone separation (Figure 4.3.2). The initialization mode allowed the examiner to place preset bubbles to communicate areas of interest to the software (Figure 4.3.3). Evolution parameters
were changed to the highest region competition force (1.0) and smoothing (curvature) force (1.0)
to allow for the most precise segmentation (Figure 4.3.4). Distinct labels, green for #8 and blue
for #9, were selected to differentiate the teeth and the segmentation algorithm was completed.
Automatic segmentation was allowed to proceed until the raw segmentation began to involve
adjacent structures. After the initial raw segmentation was displayed, manual detail segmentation
was needed to complete the volume segmentation (Figure 4.3.5). Both examiners were calibrated
to eliminate any adjacent tooth structure and manually fill in any pulpal tissues. These
calibrations were used to minimize the human error presented in the potential artistic
interpretation. After the final segmentation was achieved, the volumetric value was recorded
(Figure 4.3.6).
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Two researchers (JP and JM) each completed one-half of the measurements of the total
sample. After at least 4 weeks, 10% of the sample (every 10th consecutive patient) was remeasured to determine the intra-examiner and inter-examiner reliability of the measurements.
4.4. Root Apex Displacement Measurements
Root apex displacement of the maxillary incisor root was determined using the
methodology described elsewhere (Parker and Harris 1998). Briefly; vertical, horizontal, and
angular measurements were made along various points along the maxillary central incisor and
maxillary palate (Figure 4.4.1). Root apex displacement measurements of a maxillary central
incisor were made on pretreatment and post-treatment CBCT’s for all patients using Invivo 5.4
(Anatomage Software, San Jose, CA).
All patients, independent of group, were labeled numerically upon the collection of data
from the offices of Trimmel and Anders. Randomization was based on the number assigned to the
patient file. For each patient, either the right or left maxillary central incisor, tooth #8 or tooth #9
respectively, was randomly chosen to be measured. Even-numbered patients had #8 measured
while odd-numbered patients had #9 measured.
Initially, the palatal plane was oriented in the axial and sagittal views using the anterior
nasal spine (ANS) and the posterior nasal spine (PNS). In the coronal view, the apical foramen
midpoint and the midpoint of the incisal edge were used to establish the long axis of the tooth to
be measured. Lastly, all measurements were made in sagittal view as follows (Figure 4.4.1):
-facial CEJ concavity to palatal plane (CEJ-PP)
-apex to palatal plane (Apex-PP)
-apex to palatal plane perpendicular, through the PNS point (Apex-Perp)
-incisal tip of maxillary central incisor to the apical foramen to the palatal plane (LA-PP)

21
Root apex displacement measurements were recorded to the hundredth decimal value for linear
measurements and to the tenth degree for angular measurements.
One researcher (JP) completed all of the root apex displacement measurements. After at
least 4 weeks, 10% of the population (every 10th consecutive patient) was re-measured to
determine the intra-examiner reliability of the measurements.

4.5. Cortical Plate Proximity
Qualitative assessment of the relationship between the maxillary incisors and their
approximation to the labial or palatal cortical plate was evaluated. Assessment was made on
pretreatment and post-treatment radiographs in the corrected sagittal view orientation described
for linear measurements (Section 4.2). Classification was based on a modified rating scale
published by Aman et al (Aman et al. 2018). The classification was as follows (Figure 4.6.1):
Class I (Figure 4.6.1 A), the apical third of the root is positioned against the labial cortical plate;
Class II (Figure 4.6.1 B), the apical third of the root is centered and not touching the labial or
palatal cortical plates; Class III (Figure 4.6.1 C), the apical third of the root is positioned against
the palatal cortical plate; Class IV (Figure 4.6.1 D), at least two thirds of the root is engaging both
the labial and palatal cortical plates.

4.6. Root Morphology
Root morphology is a major risk factor in evaluating root resorption (Sameshima et al.,
2001). Maxillary incisor root morphology for pretreatment and post-treatment images for all
patients was determined based on evaluation in all three planes. (Section 4.2). Each root was
classified in one of the following categories (Figure 4.7.1): Normal, root presents with slight
cemento-enamel junction bulge followed by gradual taper towards apex; Dilacerated, root
presents with apical curve; Blunted, root presents with flattening at apex or lack of apical point;
or Pointed, root presents straight taper from cemento-enamel junction to apex with or without
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lateral concavity. General estimating equation and linear models were formulated to assess the
effect of various discrete and continuous variables on volumetric, linear, and root apex
displacement measurements.
4.7. Statistical Analysis
All data was entered into Excel (version 2016; Microsoft, Redmond, Wash). Statistical
analysis was performed using SPSS software, version 23 (IBM Corp., Armonk, NY). Sample size
and power analysis were calculated from data provided in a recently published article from Aman
et al.(Aman et al. 2018). The sample size was based on our primary question for comparing preand post-treatment volumetric root loss as this measurement has been the most novel when
evaluating external apical root resorption. A total sample size of 78 (39 in the extraction group
and 39 in the non-extraction group) was needed to be able to find a difference of 2.0 mm in root
length reduction between the two groups, with a power of 80.8% and an alpha level of 0.05.
Root resorption means for volumetric, linear, and root apex displacement continuous
values were calculated in both extraction and non-extraction groups. To assess the relationship
between root resorption, cortical plate proximity, root morphology, linear root loss 95%
confidence intervals were correlated. General estimating equation and linear models were
formulated to assess the effect of various discrete and continuous variables on volumetric, linear,
and root apex displacement measurements.
To assess the reliability of the measurements in this study, duplicate measurements were
taken on every 10th consecutive patient. For absolute agreement two-way fixed effect intraclass
correlations models were calculated for intra-examiner and inter-examiner reliability,
respectively, using SPSS software, version 23 (IBM Corp., Armonk, NY).

23
4.8. Intra-examiner and Inter-examiner Reliability
Intra-examiner reliability was measured by repeating volumetric, linear and root apex
displacement measurements of 10% of the sample by the original researcher (JP or JM) at least 4
weeks after initial measurements on pretreatment and post-treatment images. Inter-examiner
reliability was determined by measuring the same subject selected for the intra-examiner
reliability test. Single measures intraclass correlations (ICCs) for absolute agreement were
calculated using two-way mixed effects models for each of the areas, using SPSS software,
version 23 (IBM Corp., Armonk, NY).
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Figure 4.2.1: Orientation of Root Length Measurement in Invivo 5.4. Maxillary right
central incisor oriented in various planes in preparation for root length measurements. A. Axial
View oriented with crosshairs going through the widest bucco-lingual and mesio-distal parts. B.
Coronal View oriented with crosshairs going through the apex. C. Sagittal View oriented with
crosshairs going through apex. D. Volume Render.
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Figure 4.2.2: Root Length Measurement in Invivo 5.4. Sagittal cross section of maxillary
central incisor root length measurement from CEJ-CEJ Reference Line (orange) to apex in
millimeter.
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Figure 4.3.1: Region of Interest in ITK-SNAP 3.8.0. Upper left panel: axial view
delineating maximum mesio-distal and bucco-lingual dimensions of tooth #8. Upper right
panel: sagittal view delineating the facial surface anteriorly, incisal edge inferiorly, and apex
superiorly/posteriorly. Lower right panel: coronal view delineating the mesio-distal contacts
of the tooth.
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Figure 4.3.2: Pre-segmentation mode in ITK-SNAP 3.8.0. Speed image (shown in blue and
white) with thresholding settings maximized for upper threshold value, and lower threshing
value set to delineate between adjacent teeth.
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Figure 4.3.3: Initialization mode in ITK-SNAP 3.8.0. Segmentation bubbles manually
placed to within tooth structure to initialize contour on speed image in axial, sagittal, and
coronal planes.
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Figure 4.3.4: Active Contour Evolution Parameters in ITK-SNAP 3.8.0. Upper left panel:
region competition force pushes the contour inwards or outwards on the speed image (value set at
1.0 for all patients). Upper right panel: smoothing (curvature) force makes the contour boundary
smoother (value set at 1.0 for all patients). Lower right panel: combined regional competition
and smoothing forces.
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Figure 4.3.5: Raw Semi-automatic Segmentation Image in ITK-SNAP 3.8.0. Palatal view of
Maxillary right (green) and left (blue) central incisors prior to manual detail recontouring. Notice
capture of mandibular incisor excess that will be removed manually.
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Figure 4.3.6: Final Volumetric Segmentation Image in ITK-SNAP 3.8.0. Facial view of
maxillary right (green) and left (blue) central incisors after detail manual segmentation.
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Figure 4.4.1: Root Apex Displacement Measurements. Illustration depicts root apex
displacement measurements taken on CBCT images of pretreatment and post-treatment
maxillary central incisors. 1. Vertical (CEJ-PP and A-PP) from facial cementoenamel junction
to palatal plane. 2. Vertical (Apex-PP) from apical peak to palatal plane. 3. Horizontal (ApexPerp) from apex to palatal plane perpendicular, through the PNS point. 4. Angular from incisal
tip of maxillary central incisor to the apical foramen to the palatal plane.
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Figure 4.6.1: Classification of Cortical Plate Proximity. A. Class I; root is positioned against
the labial cortical plate. B. Class II root is centered and not touching the labial or palatal cortical
plates. 3. Class III root is positioned against the palatal cortical plate. 4. Class IV at least two
thirds of the root is engaging both the labial and palatal cortical plates.
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Figure 4.7.1: Root Morphology Classification of Maxillary Incisors. Normal, root presents
with slight cemento-enamel junction bulge followed by gradual taper towards apex; Dilacerated,
root presents with apical curve; Blunted, roots presents with flattening at apex or lack of apical
point; or Pointed, root presents straight taper from cemento-enamel junction to apex with or
without lateral concavity.
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CHAPTER 5: RESULTS
5.1. Subjects
Records of 215 consecutively treated patients, from June 1, 2016 to August 8 2018, were
obtained from an orthodontic office for this retrospective study. Records of 27 patients were
eliminated from the study due to the unavailability of quality radiographic images. Of the
remaining 188 patients included in the study, 92 received orthodontic treatment with teeth
extractions and 96 received orthodontic treatment without teeth extractions (Table 5.1.1). The
average age of the patients in the extraction group was 15.87±6.00 years (range: 10.00-38.25) and
the mean orthodontic treatment duration was 25.07±5.65 months (range: 13.48-53.48). In the
non-extraction treatment group, the average age was 16.18±7.26 years (range: 9.58-41.58) and
the mean treatment duration of 21.29±7.25 months (range: 10.98-53.41).
The extraction group consisted of 38 males and 54 females, representing 41% and 59% of
the total, respectively (Table 5.1.2). Non-extraction group had 34% (n= 33) males, and 66% (n=
63) females. Forty percent of patients in the extraction treatment group belonged to the Hispanic
ethnic group (40%), while the majority of the patients in the non-extraction treatment group were
Caucasians (75%).
Patients with Class II malocclusions were more frequent than other types of
malocclusions in both treatment groups. Forty five percent and 47% of the patients in the,
extraction and non-extraction groups, respectively presented with Class II malocclusions. Among
patients with Class II malocclusions, extraction treatment was more frequent in Division 1
compared Division 2 (Table 5.1). Orthodontic treatment without extractions is more frequent in
Class I and Class II Division 2 compared to Class II Division 1 malocclusion. Use of self-ligation
brackets was more common in non-extraction treatment (80%), while in the extraction group,
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there was no difference in the number of patients treated using self-ligation and conventional
brackets (Table 5.1.2).

5.2. Linear Root Resorption in Orthodontic Treatment
Root length of maxillary incisors were measured to compare the root resorption between
extraction and non-extraction treatment groups. Both maxillary central and lateral incisors in the
extraction treatment group displayed a greater change in the root length during orthodontic
treatment compared to that of in the non-extraction treatment group (Table 5.2.1). Maxillary
lateral incisors in the extraction treatment group exhibited the greatest change in root length
during orthodontic treatment.
There was no statistically significant difference in the numbers of maxillary incisors
experiencing greater than 25% linear root loss and less than 25% linear root loss. (Table 5.2.2). In
the extraction treatment group, 7 lateral incisors (5 right and 2 left) and 11 central incisors (5 right
and 6 left) exhibited severe root resorption, while in the non-extraction group treatment showed 4
lateral incisors (1 right and 3 left) and 4 central incisors (2 right and 2 left) did exhibit severe root
resorption, defined as greater than 25% loss in root length (Table 5.2.2).

5.3. Volumetric Root Resorption in Orthodontic Treatment
Loss of maxillary incisor root volume was compared between patients who have received
orthodontic treatment with and without teeth extractions. Mean loss of maxillary root volume in
the extraction treatment group was slightly higher than in the non-extraction treatment group.
However, root resorption in both treatment groups, was not severe in nature (Table 5.3.1).
There was no statistically significant difference in the number of maxillary incisors
exhibiting root volume loss of greater than 25% between the extraction and non-extraction groups
(Table 5.3.2). Volumetrically, the extraction treatment group had 3 central incisors (2 right and 1
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left) with severe root resorption, while the non-extraction treatment group exhibited 2 incisors (2
right) with loss of root volume greater than 25%.

5.4. Root Apex Displacement in Orthodontic Treatment
The amount of displacement of maxillary central incisor roots during orthodontic
treatment was compared between extraction and non-extraction treatment groups. Vertical
position of the maxillary central incisor as measured by the linear distance between CEJ-PP
demonstrated a greater change in the extraction treatment group than the non-extraction treatment
group. However, the position of the maxillary central incisor apex as measured by Apex-PP
measurement indicated a greater change in the non-extraction treatment group than in the
extraction treatment group (Table 5.4.1). With similar pre-treatment positions of maxillary
central incisors, the extraction treatment group showed relatively increased retraction posteriorly
in comparison to the non-extraction group (Table 5.4.1). Angular changes of maxillary central
incisors positions during orthodontic treatment demonstrated a large difference between the
extraction and non-extraction treatment groups (Table 5.4.1). The extraction treatment group
showed an average pretreatment position of 112.01° with a mean change of -2.54° ± 10.44°
(range of -33.00° to 22.60°). This, in comparison to the non-extraction treatment group (8.37°±
7.77°; range -14.20° to 28.10°), was the greatest change in all root apex displacement dimensions
measured.

5.5. Cortical Plate Proximity
Qualitative assessment of relative position of the maxillary incisor roots in relation to
labial and palatal cortical plates was carried out using a modified rating scale proposed by Aman
el al (Aman et al. 2018). Figure 5.5.1 shows the frequency of pre-orthodontic treatment maxillary
incisor approximation to either the labial or palatal cortical plates. Class I root relationship was
found to be by far the most frequent (477 incisors, 63.43%) root position prior to the initiation of
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orthodontic treatment. Figure 5.5.2 shows the frequency of post-orthodontic treatment maxillary
incisor position in relation to either labial or palatal cortical plates. Class III root relationship
(31.38%) was shown to be the highest, followed closely by Class I (24.47%), Class II (22.34),
and Class IV (21.81%) in both groups of patients.
Table 5.5.3 shows the changes in the maxillary incisor root position in the sagittal plane
between the labial and palatal cortical plates, before and after orthodontic treatment. In the
majority of the subjects, there was no change observed in the maxillary incisor root position in
the sagittal plane between before and after orthodontic treatment 32.98%). The most commonly
observed changes in the root position in the sagittal plane during the orthodontic treatment were:
from Class I to III (18.35%; 95% CI: -1.17, -0.87) and from Class I to IV (108 incisors, 14.36%;
95% CI: -0.98, -0.66) (Table 5.5.3).
5.6. Root Morphology
Qualitative assessment of the maxillary incisor root morphology was performed by
viewing the maxillary incisor roots in coronal, sagittal, and axial planes. Figure 5.6.1 shows the
frequency distribution of maxillary incisor root morphology before orthodontic treatment. Figure
5.6.2 displays the distribution of the morphology of maxillary incisor roots after orthodontic
treatment. In most of the subjects, root morphology was normal, before the orthodontic treatment
(75.13%). About 66% of the subjects who had orthodontic treatment displayed normal root
morphology after treatment. In most of the subjects, there was no change in the maxillary incisor
root morphology during orthodontic treatment (Table 5.6.3). Blunting of the roots occurred in
about 10% of the subjects who had orthodontic treatment (Table 5.6.3).

5.7. Additional Risk Factor Analysis
Linear root resorption between extraction and non-extraction groups were found to be
statistically significant when adjusting for other variables considered (Table 5.7.1). After
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adjusting for initial length, treatment duration, tooth, sex, race, bracket type, and malocclusion
status, reductions in patients with extractions were 0.37 mm greater (95% CI: -0.61, -0.13) than in
patients without an extraction (p = 0.003). After adjusting for all other variables in the model,
there was no association between treatment duration and change in length (p = 0.10).
No statistically significant differences were found between variables of treatment
duration tooth, sex, ethnicity, malocclusion and bracket type for volumetric root loss (Table 5.7.2)
After adjusting for initial volume, treatment duration, tooth, sex, race, bracket type, and
malocclusion status, the difference in volume change between extraction and non-extraction
patients is not significant (-7.06 (95% CI: -20.32, 6.19); p = 0.29). After adjusting for all other
variables in the model, there was no association between treatment duration and change in
volume (p = 0.15).
Root apex displacement measurements in the vertical and horizontal measurements did
not yield a statistically significant difference (Table 5.7.3-5). After adjusting for initial CEJ-PP,
sex, race, bracket type, and malocclusion status, the difference in change in CEJ-PP between
extraction compared to non-extraction patients was not significant (0.30 (95% CI: -0.22, 0.82); p
= 0.26) (Table 5.7.3). In addition, after adjusting for initial CEJ-PP, sex, race, bracket type, and
malocclusion status, the difference in change in CEJ-PP between extraction compared to nonextraction patients was not significant (0.30 (95% CI: -0.22, 0.82); p = 0.26) (Table 5.7.3).
Furthermore, after adjusting for initial Apex-Perp, sex, race, bracket type, and
malocclusion status, the difference in change in Apex-Perp between extraction compared to nonextraction patients was not significant (-0.37 (95% CI: -1.15, 0.40); p = 0.34). After adjusting for
all other variables in the model, the reduction in Apex-Perp was 1.18 units greater in women than
men ((95% CI: -1.86, -0.50); p = 0.001).
Angular root apex displacement changes between extraction and non-extraction groups
were found to be statistically significant when adjusting for other variables considered (Table
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5.7.6). After adjusting for initial angulation, sex, race, bracket type, and malocclusion status,
reductions in patients with extractions were 7.90mm greater (95% CI: -10.55, -5.25) than patients
without an extraction (p < 0.0001).
5.8. Intra-rater and Inter-rater Reliability
Intraclass correlations ranged from 0.79 to 0.99 within and between the two examiners
(Tables 5.8.1-4). Intra-examiner reliability was acceptable, as any intraclass correlations between
0.75 and 1.00 are considered excellent (Cicchetti 1994).

41

Group (n)
E (n= 92)

Parameter
Mean ± SD
Range
Age (y.mo)
15.87±6.00
10.00-38.25
Treatment Duration (mo)
25.07±5.65
13.48-53.48
Age (y.mo)
16.18±7.26
9.58-41.58
NE (n =96)
Treatment Duration (mo)
21.29±7.25
10.98-53.41
Table 5.1.1: Patient Demographics. Age and treatment duration were collected from patient
records for E (extraction) and NE (non-extraction) groups. Mean, SD (standard deviation) and
range were calculated for age in years and month (y.mo) and treatment duration in months
(mo).

Extraction
Group
Frequency
(%)

Non-Extraction
Group
Frequency (%)

Male
Female

38 (41)
54 (59)

33 (34)
63 (66)

71
117

Caucasian
Hispanic
Other

32 (35)
37 (40)
23 (25)

72 (75)
12 (12.5)
12 (12.5)

104
49
35

Class I
Class II, Division 1
Class II, Division 2
Class III

33 (36)
22 (24)
19 (21)
18 (19)

44 (46)
21 (22)
26 (27)
5 (5)

77
43
45
23

Self-Ligation
Conventional
Ligation

46 (50)

81 (84)

127

46 (50)

15 (16)

61

Parameter
Sex

Total

Ethnicity

Malocclusion

Bracket Type

Total
92 (100)
96 (100)
188
Table 5.1.2: Descriptive Sample Statistics for Continuous Parameters. Sample demographic
information was collected from patient charts and progress notes. Subgroups were made based on
statistical power within each parameter measured. Frequency of each subgroup was counted and
represented numerically and percentage of each parameter in extraction and non-extraction groups.
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Extraction
Pre-Root
Change in
Change in
(E) or NonLength
Root Length
Change
Root Length
Maxillary
extraction
(mm) (mean (mm) (mean ±
Range
(%) (mean ± Range
Incisor
(NE)
± SD)
SD)
(mm)
SD)
(%)
-8.63 ± 7.82
-37.93
Right Lateral
E
12.35 ± 1.60
-1.09 ± 1.09
-5.89-0.72
-5.72 ± 5.25
-25.04
NE
12.61 ± 1.29
-0.73 ± 0.68
-3.17-0.51
-7.94 ± 7.83
-38.93
Right Central
E
12.53 ± 1.63
-0.98 ± 0.94
-4.22-0.00
-6.37 ± 6.54
-35.65
NE
13.06 ± 1.64
-0.83 ± 0.81
-3.79-0.01
-7.87 ± 7.64
-34.78
Left Central
E
12.65 ± 1.63
-0.98 ± 0.91
-3.92-0.90
-5.99 ± 6.54
-31.39
NE
12.87 ± 1.51
-0.74 ± 0.74
-3.03-0.06
-8.49 ± 7.09
-31.47
Left Lateral
E
12.59 ± 1.38
-1.08 ± 0.93
-4.84-0.05
-5.88 ± 6.26
-35.59
NE
12.53 ± 1.42
-0.74 ± 0.79
-4.16-0.00
Table 5.2.1: Change in Maxillary Incisor Root Length during Orthodontic Treatment in Extraction and
Non-extraction Treatment Groups. Root lengths of maxillary incisors were measured from the cemento-enamel
junction (CEJ) to the root apex of cone beam computed tomography images using Invivo 5.4. The change in root
length was calculated by subtracting the post-treatment value from the pretreatment value. Mean, standard
deviation, and range were calculated as continuous values and percentages for each group. Positive values indicate
root gain while negative values indicate root loss.
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Group
Extraction

Maxillary
Incisor

<25%

≥25%

Right Lateral
Right Central
Left Central
Left Lateral

87 (94.57%)
87 (94.57%)
86 (93.48%)
90 (97.83%)

5 (5.43%)
5 (5.43%)
6 (6.52%)
2 (2.17%)

p-value
0.11
0.27
0.16
1

NonExtraction
Right Lateral
95 (98.96%) 1 (1.04%)
0.11
Right Central
94 (97.92%) 2 (2.08%)
0.27
Left Central
94 (97.92%) 2 (2.08%)
0.16
Left Lateral
93 (96.88%) 3 (3.13%)
1
Table 5.2.2 Number of Maxillary Incisors Experiencing ≥25% Loss of Root Length.
Frequency of maxillary incisors experiencing greater than or equal to 25% root length
loss (≥25%) and less than 25% root loss (<25%). (P value <0.05 considered significant).
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Extraction
Change in
(E) or
Pre-Root
Root
Change in
NonVolume
Volume
Change
Root
Maxillary
extraction (pixels) (mean
(pixels)
Range
Volume (%)
Incisor
(NE)
± SD)
(mean ± SD)
(pixels)
(mean ± SD)
Range (%)
Right
E
705.94 ±155.51 -60.22±48.02 -217.60- -1.60
-8.20± 6.00
-29.41- -0.30
Central
NE
649.31±127.46 -50.48±45.89 -210.90- -1.00
-7.63± 6.30
-27.31- -0.16
687.22±145.22 -57.97±49.16 -217.80- -0.90
-8.34± 6.62
-25.53- -0.14
Left Central E
NE
619.06±120.38 -47.17±38.22 -212.00- -0.70
-7.55± 5.73
-24.55- -0.15
Table 5.3.1: Changes in Maxillary Central Incisor Root Volume between Extraction and Non-extraction
Groups. Volumes of either right or left maxillary central incisors were collected for each patient in the extraction
and non-extraction treatment groups before and after orthodontic treatment. The change in root volume was
calculated by subtracting the post-treatment value from the pretreatment value. Mean, standard deviation, and range
were calculated as continuous values and percentages for each group. Positive values indicate root gain while
negative values indicate root loss.
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Group
Extraction

Maxillary
Incisor

<25%

≥25%

Right Central
Left Central

90 (97.83%)
91 (98.91%)

2 (2.17%)
1 (1.09%)

p-value
1
0.49

Non-Extraction
Right Central
94 (97.92%) 2 (2.08%)
1
Left Central
96 (100.0%) 0 (0.00%)
0.49
Table 5.3.2: Number of Maxillary Central Incisors Experiencing ≥25% Volumetric Loss.
Frequency of maxillary central incisors experiencing greater than or equal to 25% volume loss
(≥25%) and less than 25% root loss (<25%). (P value <0.05 considered significant).
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Pretreatment
Change in
Extraction (E)
Position
Position
or Non(mm or °)
(mm or °)
extraction
(mean ±
Range (mm or
(mean ±
Direction
(NE)
n Parameter
SD)
°)
SD)
Range (mm or °)
E
92
CEJ-PP
16.36 ± 2.42
10.81-22.22
0.77±1.75
-6.33-5.28
Vertical
NE
96
CEJ-PP
15.29±2.69
10.06-22.83
0.30±1.28
-3.47-2.71
E
92 Apex-PP
6.26 ± 2.52
1.23-13.45
1.41±2.22
-2.97-11.36
Vertical
NE
96 Apex-PP
4.85±2.51
1.12-14.06
1.93±1.90
-3.03-7.26
92 Apex-Perp 40.25 ± 3.44
33.42-49.11
-0.29±2.67
-6.70-10.10
Horizontal E
NE
96 Apex-Perp 41.45±3.04
34.46-49.59
-1.17±2.43
-9.68-4.78
E
92
LA-PP
112.01±8.25
89.70-130.40
-2.54±10.14
-33.00-22.60
Angular
NE
96
LA-PP
109.57±7.53
94.10-133.80
8.37±7.77
-14.20-28.10
Table 5.4.1: Changes in the Position of Maxillary Central Incisor Root Apex during Orthodontic Treatment.
Position of maxillary central incisor root apices were measured on pretreatment and post-treatment cone beam
computed tomography using Invivo 5.4 in extraction and non-extraction treatment groups. CEJ-PP (facial CEJ
concavity to palatal plane) and Apex-PP (apex to palatal plane) were measured to assess the vertical change in root
apex position. Positive values indicate intrusion and negative values indicate extrusion. Apex-Perp (apex to palatal
plane perpendicular, through the PNS point) was used was measured to assess the horizontal change in root apex.
Positive values indicate retraction and negative values indicate protraction. LA-PP (incisal tip of maxillary central
incisor to the apical foramen to the palatal plane) was measured to assess the angular change in root apex. Positive
values indicate proclination and negative values indicate retroclination.
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7%
1%
28%
64%

477

212

10

53

Figure 5.5.1: Frequency Distribution of Cortical Plate Proximity of Maxillary Incisor Roots
in Relation to Cortical Plates before Orthodontic Treatment. Frequency of maxillary incisors
were classified based on the apical third of the root into Class I (blue) against the labial cortical
plate, Class II (orange) centered and not touching the labial or palatal cortical plates, Class III
(grey) against the palatal cortical plate, or Class IV (yellow) at least two thirds of the root is
engaging both the labial and palatal cortical plates on cone beam computed images prior to
orthodontic treatment.

184

22%

25%

31%

22%

168

236

164

Figure 5.5.2: Frequency Distribution of Cortical Plate Proximity of Maxillary Incisor Roots
in Relation to Cortical Plates after Orthodontic Treatment. Frequency of maxillary incisors
were classified based on the apical third of the root into Class I (blue) against the labial cortical
plate, Class II (orange) centered and not touching the labial or palatal cortical plates, Class III
(grey) against the palatal cortical plate, or Class IV (yellow) at least two thirds of the root is
engaging both the labial and palatal cortical plates on cone beam computed images after
orthodontic treatment.

48

Change in
Mean Change In
95%
Classification
Frequency Percentage (%)
Length
Confidence Interval
-0.82
-0.99 -0.64
88
11.7
I to II
-1.02
-1.17 -0.87
138
18.35
I to III
-0.82
-0.98 -0.66
108
14.36
I to IV
-1.05
-1.31 -0.79
34
4.52
II to I
-1.01
-1.20 -0.81
70
9.31
II to III
-1.06
-1.32 -0.81
32
4.26
II to IV
-1.04
-2.40
0.32
1
0.13
III to I
-2.55
-3.57 -1.53
2
0.27
III to IV
-0.61
-1.15 -0.07
6
0.8
IV to I
-1.21
-1.88 -0.55
4
0.53
IV to II
-1.02
-1.34 -0.70
21
2.79
IV to III
-0.78
-0.91 -0.65
248
32.98
No Change
Table 5.5.3: Frequency Distribution of Changes in Cortical Plate Proximity Position of Maxillary Incisor
Roots in Relation to Cortical Plates before and After Orthodontic Treatment.
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2.79

1.2

20.88

75.13

9

157

565

21

Figure 5.6.1: Frequency Distribution of Root Morphology of Maxillary Incisor Roots
in Relation to Cortical Plates before Orthodontic Treatment. Frequency of maxillary
incisor root morphology were classified as blunted (blue), dilacerated (orange), normal
(grey), or pointed (yellow) prior to orthodontic treatment.

5.05
13.96
14.36
66.62

105

108

501

38

Figure 5.6.2: Frequency Distribution of Root Morphology of Maxillary Incisor Roots
in Relation to Cortical Plates after Orthodontic Treatment. Frequency of maxillary
incisor root morphology were classified as blunted (blue), dilacerated (orange), normal
(grey), or pointed (yellow) prior to orthodontic treatment.
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Root
Percentage
Mean Change in
95% Confidence
Morphology
Frequency
(%)
Length
Interval
-1.80
-2.15
17
2.26
D to B
-0.81
-1.04
35
4.65
D to N
-0.79
-2.08
1
0.13
D to P
-1.99
-2.19
78
10.37
N to B
-0.85
-1.49
4
0.53
N to D
-0.80
-1.06
29
3.86
N to P
-0.69
-1.94
1
0.13
P to B
-0.70
-1.09
12
1.6
P to N
-0.73
-0.81
575
76.46
No change
Table 5.6.3: Frequency Distribution of Change in Maxillary Central and Lateral Incisor Root
Morphology Before and After Orthodontic Treatment.

-1.45
-0.58
0.50
-1.80
-0.21
-0.53
0.56
-0.31
-0.65
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Initial Length
Group

95%
Confidence
Interval
-0.18
-0.23

Model
Estimate

Variable
(Average = 12.65)†

P-Value
-0.13

<.0001

Extraction
No Extraction

-0.37
Reference

-0.61

-0.13

0.003

Extraction
No extraction

-0.01
Reference

-0.03

0.00

0.10

-0.01
0.05

-0.13
-0.09

0.11
0.19

0.38

9
10

0.09
Reference

-0.03

0.21

Female
Male

-0.15
Reference

-0.36

0.06

0.17

Hispanic
Other
Caucasian

0.05
-0.03
Reference

-0.21
-0.32

0.31
0.26

0.88

C1
C2D1
C2D2
C3

-0.14
-0.14
-0.09
Reference

-0.48
-0.51
-0.46

0.21
0.22
0.29

0.86

Self-Ligation
Conventional Ligation

-0.17
Reference

-0.40

0.06

0.15

Treatment
Duration

Tooth
7
8

Sex

Ethnicity

Malocclusion

Bracket Type

Table 5.7.1: General Estimating Equation Model Results for Variables in Relation to Change
in Length. Different variables such as group, treatment duration, tooth, sex, ethnicity,
malocclusion, and bracket type were related to the outcome of change in root length. Within each
variable, one subgroup was considered a reference group to which the others were compared. 95%
confidence intervals were calculated. (P value <0.05 considered significant).
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Model
Estimate

Variable
Initial Volume
Group

(Average = 664.72)†

-0.17

95%
Confidence
Interval
-0.21

-0.12

<.0001

PValue

Extraction
No Extraction

-7.06
Reference

-20.32

6.19

0.29

Extraction
No extraction

0.62
Reference

-0.23

1.47

0.15

8
9

1.09
Reference

-5.03

7.21

0.73

Female
Male

-10.07
Reference

-22.25

2.12

0.10

Hispanic
Other
Caucasian

-2.16
8.42
Reference

-16.08
-7.56

11.76
24.39

0.45

C1
C2D1
C2D2
C3

6.39
12.71
9.19
Reference

-12.26
-7.00
-11.01

25.04
32.42
29.39

0.62

Treatment
Duration

Tooth

Sex

Ethnicity

Malocclusion

Bracket Type
Self-Ligation
-14.16
-26.45
-1.87
0.02
Conventional Ligation Reference
Table 5.7.2: General Estimating Equation Model Results for Variables in Relation to
Change in Volume. Different variables such as group, treatment duration, tooth, sex,
ethnicity, malocclusion, and bracket type were related to the outcome of volume change.
Within each variable, one subgroup was considered a reference group to which the others were
compared. 95% confidence intervals were calculated. (P value <0.05 considered significant).n
Volume
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Model
Estimate

Variable

-0.05

Initial CEJPP
Group

95%
Confidence
Interval
-0.14
0.04

P-Value
0.30

Extraction
No Extraction

0.30
Reference

-0.22

0.82

0.26

Female
Male

0.07
Reference

-0.38

0.53

0.75

Hispanic
Other
Caucasian

0.27
0.14
Reference

-0.31
-0.51

0.84
0.78

0.65

C1
C2D1
C2D2
C3

-0.63
-0.04
-0.78
Reference

-1.40
-0.87
-1.62

0.14
0.78
0.06

0.06

Sex

Ethnicity

Malocclusion

Bracket
Type
Self-Ligation
-0.07
-0.58
0.44
0.78
Conventional Ligation Reference
Table 5.7.3: Linear Fixed Model for Vertical Displacement (CEJ-PP). Different
variables such as group, sex, ethnicity, malocclusion, and bracket type were related to the
outcome of vertical root apex displacement (CEJ-PP). Within each variable, one
subgroup was considered a reference group to which the others were compared. 95%
confidence intervals were calculated. (P value <0.05 considered significant).n
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Model
Estimate

Variable
Initial ApexPP
Group

(Average = 5.54)

0.00

95%
Confidence
Interval
-0.13

0.13

0.99

PValue

Extraction
No Extraction

-0.13
Reference

-0.83

0.57

0.72

Female
Male

-0.24
Reference

-0.86

0.38

0.44

Hispanic
Other
Caucasian

-0.51
-0.99
Reference

-1.29
-1.86

0.27
-0.11

0.08

C1
C2D1
C2D2
C3

-1.08
-1.09
-0.64
Reference

-2.11
-2.20
-1.78

-0.05
0.01
0.51

0.14

Sex

Ethnicity

Malocclusion

Bracket Type
Self-Ligation
0.77
0.09
1.44
0.03
Conventional Ligation Reference
Table 5.7.4: Linear Fixed Model for Vertical Displacement (Apex-PP). Different
variables such as group, sex, ethnicity, malocclusion, and bracket type were related to the
outcome of vertical root apex displacement (Apex-PP). Within each variable, one
subgroup was considered a reference group to which the others were compared. 95%
confidence intervals were calculated. (P value <0.05 considered significant).n
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Model
Estimate

Variable

-0.30

Initial
Apex_Perp
Group

95%
Confidence
Interval
-0.40

-0.20

<.0001

P-Value

Extraction
No Extraction

-0.37
Reference

-1.15

0.40

0.34

Female
Male

-1.18
Reference

-1.86

-0.50

0.001

Hispanic
Other
Caucasian

0.97
0.15
Reference

0.12
-0.80

1.82
1.10

0.07

C1
C2D1
C2D2
C3

-1.11
-0.71
-1.82
Reference

-2.23
-1.91
-3.04

0.01
0.48
-0.59

0.02

Sex

Race/Ethnicity

Malocclusion

Bracket Type
Self-Ligation
-0.90
-1.64
-0.15
0.02
Conventional Ligation Reference
Table 5.7.5: Linear Fixed Model for Horizontal Displacement (Apex-Perp). Different
variables such as group, sex, ethnicity, malocclusion, and bracket type were related to the
outcome of horizontal root apex displacement (Apex-Perp). Within each variable, one
subgroup was considered a reference group to which the others were compared. 95%
confidence intervals were calculated. (P value <0.05 considered significant).n
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Model
Estimate

Variable

-0.50

Initial LAPP
Group

95%
Confidence
Interval
-0.68

-0.32

<.0001

PValue

Extraction
No Extraction

-7.90
Reference

-10.55

-5.25

<.0001

Female
Male

-0.87
Reference

-3.19

1.45

0.46

Hispanic
Other
Caucasian

-2.56
-0.56
Reference

-5.49
-4.02

0.38
2.90

0.09

C1
C2D1
C2D2
C3

0.89
-2.45
1.90
Reference

-2.98
-6.59
-2.57

4.76
1.70
6.37

0.65

Sex

Ethnicity

Malocclusion

Bracket
Type
Self-Ligation
2.37
-0.23
4.97
0.07
Conventional Ligation Reference
Table 5.7.6: Linear Fixed Model for Angular Displacement (LA-PP). Different
variables such as group, sex, ethnicity, malocclusion, and bracket type were related to
the outcome of angular root apex displacement (LA-PP). Within each variable, one
subgroup was considered a reference group to which the others were compared. 95%
confidence intervals were calculated. (P value <0.05 considered significant).n
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Parameter
ICC
Pretreatment Volumetric
0.84
Post-treatment Volumetric
0.79
Overall Volumetric
0.82
Pretreatment Linear
0.97
Post-treatment Linear
0.98
Overall Linear
0.98
Table 5.8.1: Examiner 1 (J.P.) Intraclass Correlation Coefficients (ICC) between volumetric
and linear repeated measurements. After at least 4 weeks, 10% of the sample (every 10th
consecutive patient) was re-measured to determine the intra-examiner of the measurements.

Parameter
ICC
Pretreatment Volumetric
0.82
Post-treatment Volumetric
0.85
Overall Volumetric
0.84
Pretreatment Linear
0.98
Post-treatment Linear
0.97
Overall Linear
0.98
Table 5.8.2: Examiner 2 (J.M.) Intraclass Correlation Coefficients (ICC) between
volumetric and linear repeated measurements. After at least 4 weeks, 10% of the sample
(every 10th consecutive patient) was re-measured to determine the intra-examiner reliability of
the measurements.
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Parameter
ICC
Pretreatment Volumetric
0.83
Post-treatment Volumetric
0.84
Overall Volumetric
0.84
Pretreatment Linear
0.98
Post-treatment Linear
0.98
Overall Linear
0.98
Table 5.8.3: Interclass Correlation Coefficients (ICC) between two examiners (J.P. and
J.M.) for repeated volumetric and linear measurements. After at least 4 weeks, 10% of the
sample (every 10th consecutive patient) was re-measured by the opposite examiner to determine
the inter-examiner reliability of the measurements.

Parameter
ICC
Pretreatment CEP-PP
0.96
Post-treatment CEP-PP
0.98
Overall CEP-PP
0.97
Pretreatment Apex-PP
0.98
Post-treatment Apex-PP
0.96
Overall Apex-PP
0.97
Pretreatment Apex-Perp
0.99
Post-treatment Apex-Perp
0.99
Overall Apex-Perp
0.99
Pretreatment LA-PP
0.99
Post-treatment LA-PP
0.99
Overall LA-PP
0.99
Table 5.8.4: Intraclass Correlation Coefficients (ICC) between root
apex displacement repeated measurements. After at least 4 weeks, 10% of
the sample (every 10th consecutive patient) was re-measured to determine
the intra-examiner reliability of the root apex displacement measurements.

59

CHAPTER 6: DISCUSSION
6.1. Root Resorption in Orthodontic Treatment
6.1.1. Linear Root Changes in Orthodontic Treatment
The results indicate that there was a significant difference between extraction and nonextraction groups in linear root resorption (Table 5.7.1). The mean change in length was more
severe in the extraction group with an average of 1.04mm (95% CI: -1.18, -0.89) relative to the
non-extraction group with 0.62mm (95% CI: -0.82, -0.42). Our findings were similar to
Sameshima et al. who reported 1.43mm and 1.58mm of root resorption for maxillary central and
lateral incisors, respectively, in patients receiving 4 premolar extractions. In the same study, it
was compared to 1.09mm and 1.37mm of maxillary central and lateral incisors in the respective
non-extraction group (Sameshima and Sinclair 2001b). Additionally, studies that used CBCT
images have recently reported similar findings. Lombardo et al. found a significant difference
between maxillary incisors in extraction groups with 1.53mm of linear resorption relative to
0.93mm in non-extraction groups. While the difference between the groups was determined to be
significant in our study, it was not clinically significant (Table 5.7.1).
6.1.2. Volumetric Root Changes in Orthodontic Treatment
With the significant difference in linear root resorption, we anticipated an increased
consequence to be shown volumetrically. Our results indicate no significant differences between
extraction and non-extraction groups in volumetric assessment (Table 5.7.2). The lack of severity
in the volumetric data could be due to the concentration of the resorption occurring only at
specific locations along the root. After removal of orthodontic forces, the root repair process
allows the formation of new tooth supporting structures seen in the periphery of the resorption
lacunae (Brudvik and Rygh 1995a). The process described is thought to occur very similarly to
early cementogenesis during tooth development. Since post-treatment records were taken on
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average of at least 30 days after orthodontic force removal, it is plausible that cementum repair
could explain the findings in this study. Additional analysis is needed to verify if the proposed
mechanism is accurate for our sample.
6.1.3. Root Apex Displacement Changes in Orthodontic Treatment
Our results show that an increased amount of intrusion in the non-extraction group
(1.93±1.90) relative to the extraction group (1.41±2.22) when using the apex to palatal plane
(Apex-PP) vertical distance. In a study which evaluated EARR in patients who had received four
premolar extractions, similar resorption rates for maxillary incisors were shown at 1.40±1.1
(Parker and Harris 1998). In comparison to, various studies that measured vertical displacement
of incisors in this manner, we added the facial CEJ to palatal plane (CEJ-PP) measurement (Table
5.4.1).
The facial CEJ to palatal plane distance was measured as an alternative approach to
determining vertical displacement. We found a distinct difference in results with the extraction
group (0.77±1.75) having an increased amount of extrusion relative to the non-extraction
(0.30±1.28) group. This novel approach was an effort to eliminate potential variables that occur
in association with the incisal edge and apex during orthodontic treatment. Incisal edges have the
potential to be reduced in length from wear or enameloplasty completed during treatment. Apices
that have undergone true resorption with intrusion could falsely represent a minimal displacement
measurement as with the previously used Apex-PP measurement. For the reasons mentioned, we
felt that the facial CEJ was a reproducible unaltered landmark suitable for measurement. We
hypothesize the difference in values between the Apex-PP and CEJ-PP measurements is for the
reasons mentioned previously.
Bodily retraction in the sagittal plane was predominant in both groups, with a greater
amount in the extraction group (Table 5.4.1). Previous studies support the correlation that the
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distance a root is moved through bone influences the amount of EARR that occurs. Various
studies have found a positive correlation with increased horizontal displacement and EARR
(DeShields 1969; Harris and Butler 1992; Kaley and Phillips 1991). In addition, studies with
patients receiving premolar extraction experienced more resorption of maxillary incisors as
opposed to non-extraction patients (Sharpe et al. 1987). Our findings are consistent with the
above-mentioned studies showing significantly more horizontal root apex displacement in the
extraction group.
Maxillary central incisor angulation changes, or tipping, was found to be the most
significant change between the two groups (Table 5.7.6). Overall, patients receiving extractions
reduced angulation by 2.54 degrees while non-extraction patients increased their angulation by
8.37 degrees (Table 5.4.1). Also, with the elimination of variables such as sex, ethnicity,
malocclusion, and bracket type, the significant difference between the two groups was even more
evident (Table 5.7.6). Concentration of pressure at the apex during lingual root torque, commonly
seen in extraction cases, is thought to be the cause of significant excess EARR (Parker and Harris
1998).

6.2. Cortical Plate Proximity in Orthodontic Treatment
Maxillary central incisor root contact with the labial cortical plate was the most common
finding pre-treatment amongst our entire sample population (Table 5.5.1). Our sample shows a
relatively equal distribution of post-treatment root positions (Table 5.5.2). A modification of the
protocol established by Aman et al. to classify sagittal root position was used (Aman et al. 2018).
No change in position was the most frequently encountered when comparing the starting and
ending position of the roots in relationship to the cortical plate. The greatest amount of resorption
took place when pretreatment Class III root positions moved to a post-treatment Class IV
position. This was in conjunction with previous studies that found a 12% variance related to the
root approximation to the palatal cortical plate (Horiuchi et al. 1998). Additionally, clinically
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significant apical root resorption increased 20 times when the maxillary incisors were in close
proximity to either the labial or palatal cortical plate (Kaley and Phillips 1991). The rationale
behind the increased resorption related to root approximation is thought to be the amount of
distance the root has to travel through dense bone. For example, a pre-treatment Class I root
relationship (contact with the labial cortical plate) is thought to have the most resorption if
changed to a Class III root relationship (contact with the palatal cortical plate). This is similar
with our findings as our second most frequent occurrence (Table 5.5.3).

6.3. Root Morphology Changes in Orthodontic Treatment
Root morphology changes have been investigated as a risk factor in many studies and
evidence has been shown for and against its correlation to EARR (Sameshima and Sinclair
2001a). Some believe patients with any one dental anomaly had a significantly higher degree of
root shortening compared with patients with no dental anomaly (Thongudomporn and Freer
1998). The concentration of pressure combined with the decreased surface area on abnormal root
morphologies have been theorized to be the cause of the root loss. It has been reported that
maxillary incisor roots with narrow, pointed, or dilacerated roots are at high risk for EARR
(Mirabella and Artun 1995). These findings from periapical radiographs provided valuable but
limited information in assessing root morphology. CBCT visualization of maxillary incisor root
morphology was used in our study to improve visualization from previous studies. Our findings
show the highest frequency of normal root morphology prior to and at the end of orthodontic
treatment (Table 5.6.1 and Table 5.6.2). The greatest amount of root resorption seemed to occur
when pre-treatment root morphology decreased 1.99mm from normal to blunted (95% CI: -2.19, 1.80) (Table 5.6.3).
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6.4. Additional Risk Factor Analysis
Due to sufficient sample size, general estimating equation model were calculated for
volumetric and linear measurement outcomes (Table 5.7.1. and Table 5.7.2). Similarly, linear
fixed models were used to represent root apex displacement vertical, horizontal, and angular
measurements (Table 5.7.3-6.). These analyses allow for a more in-depth representation of the
true population relative to previous studies (Sameshima and Sinclair 2001a). Statistically, the
models characterize the significance of a particular risk factor while adjusting for the constancy
of all other risk factors. For example, when adjusting for sex, ethnicity, malocclusion, and bracket
type, patients in the extraction group (1.04mm, 95% CI: -1.18, -0.89) had a significantly more
linear root loss than the non-extraction group (0.62mm, 95% CI: -0.82, -0.42, P-value <0.0001).
Additionally, angular change between the extraction and non-extraction groups was found to be
significant between the two groups when accounting for all other variables (Table 5.7.6). This is
thought to have occurred due to the nature of extraction treatment. Patients that receive extraction
treatment tend to begin treatment with normally inclined or excessively proclined maxillary
incisors. Maxillary incisors are typically retracted and retroclined during space closure to correct
this problem leading to a greater change between pre and post treatment angulations.
Our models did not show statistically significant differences between sex, ethnicity,
malocclusion, or bracket type in volumetric or linear outcomes (Table 5.7.1 and Table 5.7.2).
This is consistent with the consensus of findings throughout the literature. Various cohort studies
have found a predilection for increased resorption in a sex to infer a population difference
(Baumrind et al. 1996). But higher level studies have found no significant difference between
gender (Sameshima and Sinclair 2001a).
Clinically significant resorption due to root loss is still debated. Severe root resorption in
this study was defined as ≥25% loss of original value. Some believe, apical loss of the root is
trivial due it being the area with the smallest diameter (Jacobson 1952). In contrast, others believe
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that root loss and percentage of periodontal attachment are linearly related demonstrating the
importance of minor root loss (Kalkwarf et al. 1986).

6.5. Limitations of the Study
6.5.1. Radiographic Limitations
Perhaps the first limitation of the study that should be noted relates to CBCT imaging. It
is well documented that CBCT is a reliable tool for research and orthodontic treatment (Kapila et
al. 2011). However, some issues arise when attempting to accurately measure the most delicate
hard tissue samples, such as those seen around the apical region of maxillary incisors. (Molen
2010). The technology we used offers a diagnostic value of 0.2 mm voxels. In theory, this means
we could measure up to 0.2 mm reliably. However, research shows that the actual spatial
resolution is worse than the true voxel size, as factors such as artifacts and noise negatively affect
image quality (Molen 2010). Our spatial resolution is not entirely known, but past studies of older
CBCTs correlated a 0.3 mm voxel size to a spatial resolution closer to 0.6 mm (Brullmann and
Schulze 2015). A recent systematic review has proved that CBCTs with similar specification to
ours were reliable in determining the amount of orthodontically induced root resorption
(Samandara et al. 2019). Rather that statistical significance alone, it is important to also look at
the actual magnitudes of change and assess if they realistically can be measured or assessed based
off the voxel size, or more importantly, the true spatial resolution.
Image quality was another limitation that was noted in the process of data collection.
CBCT images of 215 patient images were collected strictly based on the inclusion and exclusion
criteria previously listed. Upon opening the images during data collection, 25 images were found
to have artifacts, distortions, or other image quality issues. These patients were removed from the
study and not replaced due to time constraints.
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6.5.2. Software Limitations
There are a few software limitations to this study that may have affected data collection
and statistical outcomes. Pixelation provided by the software determines the accuracy of
measurements. This restriction was most observed in volumetric data gathering. Volumetric
segmentation provided difficulties in obtaining a clear distinction between similar grey scale
pixels such as those seen in bone and adjacent root structure. Volumetric data for maxillary lateral
incisors was not collected due to the software’s inability to accurately detect the differences for
these teeth. To overcome these potential inaccuracies, volumetric thresholding parameters were
made comparable when measuring the same patient. Additionally, strict semi-automatic and
manual segmentation parameters were established between the two examiners. Lastly, change as
a percentage was reported to limit the variability in volumetric ranges. This limitation will exist
until future software updates are able to provide more accurate delineations between similar grey
values.

6.5.3. Sample Limitations
Representation of our sample to the true population can always in question. The patients
in our study were collected from an area that predominated with Caucasian, Hispanic, and Asian
patients, respectively. These demographics may not be representative of the ratio that are of
interest to all readers.
Inevitable sample limitations exist that were best addressed in various ways. First,
choosing patients for the study was dependent on the notes, images, and histories provided by in
the private practice offices. We tried to minimize the amount of variability in patient selection by
determining a specific set of inclusion and exclusion criteria. Additionally, a lack of consistent
treatment details in notes and pictures hindered the ability to correlate certain parameters. For
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example, overjet, extraction space closure amount, and dental midline coordination would have
provided valuable information to assess amongst our extraction subjects.
In our comparison study the lack of a true control group can always be argued. The focus
of this study, unlike prior studies, was to compare the non-extraction and extraction groups due to
the clinical implications made by practicing orthodontists. True randomization is impossible with
the nature of retrospective studies. Our study attempted to minimize the potential bias during data
collection and measurements. Patient records were collected consecutively with the specified
inclusion and exclusion criteria to reduce bias. Additionally, alternating maxillary central incisors
between root apex displacement measurements was performed due to time constraints and
randomization.

6.6. Conclusions
The data collected suggests that a significant difference in external apical root resorption
exists between orthodontic patients treated with extraction and non-extraction therapy.
Specifically, linear root loss in maxillary incisors was shown to be statistically significant in
patients receiving premolar extraction for orthodontic treatment relative to patients receiving no
extractions. Even with numerical evidence to show a difference, neither volumetric nor linear
changes were clinically significant. The observed changes coincide with what could also be
attributed to the existing theories regarding EARR. In addition, angular changes were noted to
demonstrate significant differences when evaluating the various root apex displacement
measurements between the two groups. Patients receiving extraction exhibited a larger change
from positive to negative maxillary central incisor angulation. This is presumed to be due to the
retraction and tipping that occurs with orthodontic treatment mechanics for extraction patients.
Among the variables studied; cortical plate proximity, root morphology, treatment duration, sex,
ethnicity, malocclusion or bracket type did not show significant differences in contributing to
orthodontically induced external apical root resorption.
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This study shows that there is a greater root resorption observed in the maxillary incisors
with extraction treatment. However, from the clinical perspective this amount of loss may not be
of clinical significance and noncontributory for periodontal health. Accurate diagnosis, treatment
planning, and execution of treatment mechanics should still be emphasized for the prevention of
iatrogenic effects on the roots of teeth during orthodontic treatment.
6.7. Future Research
Future research in this field could address some limitations of this current study. First and
foremost, we must improve upon the imaging that CBCT data provides us. Improved spatial
resolution is needed to accurately measure these areas. Additionally, improved volume rendering
software is needed to be able to more efficiently segment and obtain more accurate volumetric
data. Segmentation currently comes with significant manual intensive labor to create distinctions
between similar density areas such as bone and tooth structure. Superior volume software exists
and has been used, but with proprietary algorithms that are not verified or standardized. Studies
that use software that cleanly automates segmentation and volume parameters will allow for more
accurate assessments.
Prospective studies in which accurate records are taken during treatment could provide
valuable information. Standardization of treatment protocols could allow for the comparison of
patients with similar pre-treatment risk factors. While treatment progresses, information regarding
clinical outcomes could provide relevant information. Correlating what is seen clinically with
more accurate volumetric information could provide insight into the effect of various treatment
outcomes. Also, a broader patient demographic could be chosen to provide a more accurate
representation of the true population.
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