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PREFACE

It was a privilege to be the keynote speaker for the 49™ Robert E. Moyers Symposium. Just
as we were all hoping that the cloud of COVID-19 was finally lifting, so too | hoped that we could
lift some of the clouds surrounding two orthodontic topics that are seldom addressed at our
conferences: anterior deep bite and posterior open bite. And just as my keynote lecture was
intended to create a framework for the Moyers Symposium lecturers, this preface is intended to
present a framework for the chapters that follow. | hope you will enjoy these lecture summaries,
and I would like to thank Dr. Park and Dr. Kim-Berman for their excellent assistance as co-editors.
It was a pleasure working with both of you.

Anterior deep bite isa common problem, and we are usually successful in managing mild-to-
moderate deep bites. However, very severe deep bites are less common and can be a significant
challenge to treat, especially when they are accompanied by the loss of posterior teeth.

Some of the questions that | posed to the audience regarding anterior deep bite included:

- What is the prevalence of deep bite for various age categories?

- What are the different “flavors” of deep bite?

- What is the natural history of deep bite from mixed dentition to adolescence to
adulthood?

- Do different mechanics result in different mechanisms of deep bite correction in
adolescents and adults?

- How can deep bites be prevented/corrected with aligners?

- Can loss of vertical dimension be restored prosthetically?

- How stable is deep bite correction?

The following chapters address many of these questions, and also address esthetic and
functional considerations, as well as correction with temporary anchorage devices.

Regarding posterior open bite, | have never been to a meeting where this was the primary
topic. This is probably because posterior open bites are so challenging to correct, and we should
be very thankful that they are extremely rare. Most of us only treat a handful of them in our
entire careers.

For posterior open bites, many questions come to mind:
- What is the etiology of a particular posterior open bite?
- How can posterior open bites be diagnosed and managed?
- How stable is posterior open bite correction?
- How can we prevent posterior open bite and anterior deep bite in aligner patients?

Once again, in the chapters that follow, you will find the answers to some of these difficult

guestions. In particular, Dr. Frazier-Bowers presents information regarding ankylosis and failure
of eruption that is extremely helpful in identifying the etiology of posterior open bites.
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Additional chapters touch on many interesting topics, including the role of cilia on bone
remodeling, machine learning, 3D printing, mandibular asymmetry, anterior open bite
treatment, maxillary expansion, impacted canines, and clefts. As you can see, an impressive panel
of experts shared their knowledge with all the attendees.

This annual symposium honors the career and accomplishments of Dr. Robert Moyers, who
continues to have a profound influence on the orthodontic profession. On behalf of my co-
editors, we thank him for his contributions to Orthodontics. We also give our sincerest thanks to
the speakers who participated, and the doctors who attended. Although our numbers may have
been down slightly due to COVID-19, it was a great meeting with an unrivaled enthusiasm and
passion for learning!

The 49% Annual Moyers Symposium and the 47" Annual International Conference on
Craniofacial Research (Presymposium) were held at the University of Michigan on Friday, March
4, 2022, through Sunday, March 6, 2022. This meeting was sponsored by the Department of
Orthodontics and Pediatric Dentistry, School of Dentistry, University of Michigan. The proceeding
of this annual meeting is memorialized in the 58" volume of the Craniofacial Growth Series and
contains reports, original research, case series, and review articles from internationally
renowned experts, scientists, and clinicians. The 58™ volume and the entire Craniofacial Growth
Series are made available to the public through the University of Michigan Deep Blue Repository
https://deepblue.lib.umich.edu/handle/2027.42/146667.

As in previous years, the Symposium honored the late Dr. Robert Moyers, Professor Emeritus
of Dentistry and Fellow Emeritus and Founding Director of the Center for Human Growth and
Development at the University of Michigan.

We thank Michelle Jones of the Office of Continuing Dental Education for coordinating and
managing the Presymposium and the Symposium. We also thank Dawn Bielawski, PhD for her
invaluable work as Copy Editor and Katelyn Lee and Vanessa Mitchell for verifying all citations
and references.

We acknowledge Dr. Nan Hatch, the Chair of the Department of Orthodontics and Pediatric
Dentistry for her support of the meeting and this publication.

Finally, we thank the speakers and participants of the Symposium and the Presymposium and
appreciate their attendance and support throughout the 49 years of history of the meeting.

Greg Huang, Editor

Jae Hyun Park, Co-Editor

Hera Kim-Berman, Co-Editor and University Liaison
February, 2023
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TSADs to Correct Deep Overbite in Class I Park

KEY FACTORS WHEN USING TSADs TO CORRECT DEEP OVERBITE IN
CLASS Il PATIENTS

Jae Hyun Park

ABSTRACT

Class Il patients with a severe, deep overbite present some of the most challenging conditions clinicians face.
Appropriate biomechanics such as intrusion of the anterior teeth, extrusion of the posterior teeth, or a
combination thereof should be used to avoid negative side effects that have been common with
conventional treatment in the past. During diagnosis and treatment planning, the vertical position of the
maxillary anterior teeth should be considered for an esthetic incisor display; then, an adequate makxillary
occlusal plane angle must be obtained for both esthetic and functional reasons. This paper presents some
important considerations such as mandibular growth rotation, sagittal correction of Class Il patients, and
the use of TSADs to correct deep overbite in Class Il patients. Then it examines factors that affect the long-
term stability of anterior deep overbite treatment.

KEY WORDS: Class Il patients, Deep Overbite, TSADs, Mandibular Growth Rotation, Distalization

INTRODUCTION

Anterior deep overbite is an excessive vertical overlapping of the mandibular anterior teeth by the
maxillary anterior teeth. The condition represents one of two categories: skeletal or dental. Skeletal deep
overbite can be caused by a clockwise rotation of the maxilla, a counterclockwise rotation of the mandible,
or the combination thereof, while dental deep overbite can be the result of infraeruption of the molars
or supraeruption of the incisors, or a combination thereof [1]. Either way, correction of the condition is
very difficult to maintain after treatment because of the tendency for relapse [2].

Alhammadi et al. reported that the prevalence of deep overbite decreases from mixed to permanent
dentition because of both occlusal stabilization involving full eruption of premolars and second molars,
and a more pronounced mandibular growth [3]. They also found a reduction in the instance of Class Il as
well as an increase in Class lll during the transitional dentition.

The etiologies of anterior deep overbite include tooth morphology (length of the anterior crowns),
skeletal pattern (frequently found with Class || malocclusion), condylar growth pattern (counterclockwise
growth of the condyle), muscular differences (short-faced individuals generally exhibit increased
masticatory muscle mass and thus have greater molar bite force), and lateral tongue thrust habits (habits
will cause an infraocclusion of posterior teeth which leads to a deep bite) [1, 4, 5].
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When deep overbite is diagnosed during an extraoral exam, it is common for the patients to exhibit
short, square faces, short upper lips, and prominent chins with a deep mentolabial fold. Also, they often
have a toothless appearance (due to their decreased lower anterior facial height), and their maxillary
incisors may be hidden behind their upper lips when they speak or smile, especially in the case of Class Il
Division 2 [1, 4, 6].

During an intraoral examination, deep overbite patients are usually found to have anterior crowding,
constricted mandibular intercanine widths, widened transverse maxillae, supraeruption of mandibular
incisors, and excessive curve of Spee in their mandibular arches. Radiographic examinations typically show
a decreased lower anterior facial height, reduced gonial angle, low mandibular plane angle, prominent
pogonion, and increased posterior ramus height [1, 4, 7].

Treatment options depend on the patient’s stage of development. Since dentoskeletal responses to
bite opening efforts will be minimal-to-none with adults, it is necessary to determine whether it would be
better to correct their deep overbite with dentoalveolar compensation or orthognathic surgery [8].

Because anterior deep overbite often occurs in Class Il patients and is related to their growth pattern,
we will examine the basic considerations in Class Il treatment using temporary skeletal anchorage devices
(TSADs).

PRIMARY INDICATORS FOR MANDIBULAR GROWTH ROTATION
IN CLASS Il PATIENTS

Facial growth and development are important considerations in orthodontic treatment planning.
Many investigators have concluded that mandibular morphology can be used to predict the direction of
facial growth, while some have identified the ratio of posterior facial height to anterior facial height as a key
indicator [9-11]. This ratio can be determined by comparing mandibular inclination to facial height (the
Jarabak quotient) [11].

Skieller and Bjork conducted one of the most widely recognized classic studies on the key parameters
determining the direction and degree of mandibular growth rotation [9]. They analyzed 44 morphologic
variables with a multivariate statistical method to identify the variables that showed the highest predictive
value on mandibular rotation (alone or in combination). They identified four relevant parameters:
mandibular inclination, intermolar angle, the shape of the lower border of the mandible, and inclination
of the symphysis (Figure 1) [9, 10]. When these parameters were combined, the prognostic estimate was
at its highest (86%). Of these four parameters, mandibular inclination was the most important in predicting
the direction and amount of mandibular rotation. In their report, the mandibular inclination was
represented by Index I. The ratio between the posterior and anterior facial height ranged from 57% to
70%. Index | was the most significant indicator of rotation because it explained 62% of mandibular growth
rotation when used alone and as much as 86% when combined with the three other values [9].
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INDEX |
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Figure 1. A) Mandibular inclination: Index I, B) intermolar angle, C) shape of the lower border of the mandible, D)
inclination of the symphysis.
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Siriwat and Jarabak categorized facial morphology based on three distinct patterns as defined by the
facial height ratio, or the Jarabak Quotient [11]. They reported these patterns were commonly associated
with rotational growth changes that tend to accentuate the pattern characteristics with growth, so these
static evaluations were used in terms of growth, as shown in Figure 2 [10]. When the ratio is between 59%
and 63%, the mandible can be expected to follow a neutral growth pattern of downward and forward
movement, which is the most prevalent. If the ratio is less than 59%, mandibular growth may be
hyperdivergent, while greater than 63% may be hypodivergent. Thus, both the mandibular inclination as
represented by Index | and the facial height ratio (Jarabak quotient) are expressions of the ratio of
posterior facial height to anterior facial height, which is the most important parameter for predicting the
direction of rotation in orthodontic treatment planning. As with Index |, this parameter is also the ratio of
posterior facial height to anterior facial height and is measured by the equation (S-Go/N-Me)/100.

Facial Height Ratio (Jarabak Quotient)

Ratio of Posterior Facial Height to Anterior Facial Height
FHR=S-Go/N-Me x 100

54 - 58%

Hyperdivergent

Figure 2. Facial height ratio (Jarabak quotient).

In my book, Temporary Anchorage Devices in Clinical Orthodontics, Buschang and Tadlock [12] listed
seven indicators of growth patterns in skeletal Class || malocclusion that can be used to predict whether
patients with skeletal Class Il malocclusions will have favorable or unfavorable growth patterns (Figure 3),
with one of these being the ratio of posterior to anterior facial height [10].
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Factors Favorable Unfavorable
Mandibular plane Small Large
angulation
Gonial angulation Small Large
Post./Ant. facial height Large Small
ratio
Antegonial notching Little/none Increased
Condylar growth Anterior/slightly posterior Posterior
direction
Symphyseal Short and broad w/chin Long and narrow
morphology
Condylar summit to FH Below Above

Figure 3. Seven determining factors of favorable or unfavorable growth patterns.

SIDE EFFECTS OF CONVENTIONAL CLASS Il CORRECTORS

Since the beginning of contemporary orthodontics, various removable and fixed appliances have
been used to treat Class Il patients. When the goal was to treat maxillary dentoalveolar protrusion, molar
distalizing appliances were used, but mandibular enhancing appliances were adopted when the goal was to
correct mandibular skeletal retrusion.

As early as the 1950s removable appliances such as headgear were being used to hold or distalize
maxillary molars, while various removable appliances such as Bionator and Twin Block have been used in
mandibular skeletal retrusion cases. Unfortunately, these removable appliances were often not very
effective due to a lack of patient compliance. To overcome this shortcoming, various fixed appliances were
developed that did not require compliance. Over the years, many fixed maxillary molar distalizing
appliances have been used, including pendulum appliances, Jones jigs, and distal jets. Also, there have
been several fixed mandibular enhancing appliances such as Forsus, Herbst, and MARA.

While these appliances successfully corrected overjet and molar occlusal relationships, they often
caused anterior anchorage loss, leading to incisor proclination and increased overjet, forward movement of
distalized molars during the anterior retraction phase, and distal tipping and extrusion of molars (Figure
4) [10]. Consequently, there was an increase in the mandibular plane angle and a corresponding increase
in the lower anterior facial height. Also, because orthodontists were widely using Class |l elastics for
dentoalveolar correction of Class Il patients, lingual tipping and extrusion of the maxillary incisors, labial
tipping and intrusion of the mandibular incisors, and mesialization and extrusion of the mandibular molars
occurred [13], similar to the negative effects associated with the other fixed maxillary distalizing
appliances. In terms of the long-term effectiveness, both the maxillary molar distalizing fixed appliances
and Class Il elastics are similar to all other functional appliances.
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A Conventional Molar Distalizing Appliances |

Side Effects
» Tipping and Rotation of Molars
» Molar Extrusion
» Anchorage loss (Flaring of Incisors)

Anchorage
Loss
(Flaring of

Incisors)

Round
tripping

Problems in
Molar
Distalization

Tipping and | Molar
Rotation of

Molars

Extrusion

Relapse of mandible

Open bite '
Clockwise rotation

Figure 4. A) Side effects of conventional molar distalizing appliances, B) side effects of conventional molar distalizing
appliances.

USING TSADs TO TREAT CLASS Il PATIENTS

An effective way to overcome some of the negative effects mentioned is to use TSADs or miniscrews
in the palate combined with molar distalizers [14]. The TSADs create a stable anchorage which means
there is no proclination of the incisors and no posterior anchorage loss during the retraction phase when
the same TSADs are reused as absolute retraction anchorage.
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Unfortunately, TSADs in the palate still do not resolve distal tipping and extrusion of the maxillary
molars, which causes an unfavorable clockwise rotation of the mandible. For this reason, some clinicians
have started placing TSADs in different anatomical sites in the maxilla in combination with traditional
types of fixed molar distalizers or simultaneously with only fixed appliances for retraction of the posterior
segments or entire arches in nonextraction Class Il patients. They have achieved intrusive retraction of
the molars with TSADs in the buccal interradicular bone [15], zygomatic buttresses [16, 17], thereby
eliminating the extrusive side effects on the maxillary molars.

This process only works when the force vector is carefully aligned with the center of resistance (CR)
and proper biomechanical principles are applied, but even then, there are still some limitations with these
techniques. For instance, the buccal interradicular approach can potentially cause root perforations
because of the limited space between the roots (only 3 mm of distalization is possible without distal
repositioning of the TSADs) [15]. Additionally, the stability of the TSADs is likely to be compromised when
the cortex is thin due to the low density of the trabecular bone in the maxillary buccal area.

The zygomatic buttress or zygomatic crest approach allows for molars to be distalized beyond 3 mm
without repositioning the TSADs, but there is still a risk of sinus perforations, even more so than with the
buccal interradicular approach, and it involves surgical procedures. Also, the zygomatic approach makes
TSADs more prone to cause soft-tissue irritation, so cone-beam computed tomography imaging is
necessary to place them properly. In most cases, there is still a chance for molar tipping and extrusion of
the maxillary molars.

USING MODIFIED C-PALATIAL PLATES FOR
NONEXTRACTION TREATMENT OF CLASS Il PATIENTS

Dr. Yoon-Ah Kook and our research team introduced a new palatal anchorage device called the
modified palatal anchorage plate (MPAP) in 2014. It is an alternative to the previously reported types of
palatal anchorage molar distalization appliances [18]. It has been found to effectively distalize the
posterior teeth in adults and adolescents alike. A finite element analysis suggested that distalization with
palatal plates provides bodily molar movement without tipping or extrusion and a simultaneous
orthopedic effect similar to headgear. Dr. Kook and | collaborated to publish a case study on modified C-
palatal plates (MCPPs) that showed better results compared to those of the original MPAP (Figure 5) [10,
19].

o

Figure 5. A) Total arch distalization with a modified C-palatal plate. B) If the palatal plate fails, it still can work for
distalization by adding two palatal slope TADs. It also can control the vertical dimension by intruding the maxillary
molars.
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With MCPPs, it is now possible to effectively retract the maxillary dentoalveolar complex while
efficiently directing the vertical force vector (Figure 6)[10, 20] to pass through the CR of the makxilla. In this
way, it is possible to achieve translational tooth movement parallel to the occlusal plane while distalizing
the maxillary dentition, so orthodontists can now actively prevent molar tipping and extrusion that used to
cause unfavorable clockwise rotation of the mandible with other types of maxillary molar distalization
strategies in the past [21, 22]. The application of MCPPs has produced a significant amount of total arch
distalization without undesirable effects on the transverse dimensions or changes to the oropharynx
airway space [23].

Force Direction

4dmm 10mm

Bodily Movement and Intrusion

Figure 6. MCPP creates three different force systems; by applying the forces to the 10-mm notches, these forces
pass through the center of resistance of the maxilla, allowing bodily movement of teeth during intrusive retraction.

From our study on the retention phase that was recently published in the American Journal of
Orthodontics & Dentofacial Orthopedics [24], patients treated with palatal plates showed minimal dental,
skeletal, and soft-tissue changes at 3 years posttreatment, resulting in just a 12% relapse of distalization
and 35% of intrusion from the initial changes achieved on the maxillary first molar. Thus, palatal plates
are a viable treatment option for maxillary total arch distalization (Figure 7) [10, 24].
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Figure 7. Total arch distalization using an MCPP.

In adolescent patients, the amount of distalization of the maxillary first molars was 20% greater when
the second molar was unerupted than after the second molar had erupted [25]. However, the presence
of a third molar follicle did not affect the distalization. If the maxillary second molar should tip back due
to distal movement of the maxillary first molar, a marginal ridge discrepancy could be created. A second
molar mesial marginal ridge elevation could be a clinical sign of tipping. To prevent such distal tipping
during distalization, the second molars should be included in the distalization, and sufficiently stiff wires
should be used [26].

With traditional types of molar distalizers, third molars can be impacted when there is distal tipping
of the second molars, and their presence can also impede the distal movement of the first and second
molars. For this reason, the third molars are usually extracted whenever possible prior to molar
distalization treatment. In a recent study, we concluded that maxillary total arch distalization caused the
unerupted third molars to move backward and upward [25]. In contrast, they moved downward and
forward in the control group, but the difference in the posttreatment volume of maxillary tuberosity was
insignificant. We also found that unerupted third molars tend to move buccally, allowing easier access for
future extraction. Considering the favorable eruption of the maxillary third molars in the long term, these
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findings suggest that their extraction before molar distalization in Class Il adolescents could be optional
[27].

CONSIDERATIONS OF GROWTH WHEN TREATING
CLASS Il DIVISION 2 PATIENTS WITH TSADs

Treating adult patients with a severe deep overbite is clearly one of the most challenging orthodontic
treatments, even though its prevalence is relatively low compared to other malocclusions. The stage of a
patient’s development is a significant factor when considering treatment options for Class Il Division 2
patients. For some growing patients, extrusion of the posterior teeth can be an option to increase the
vertical dimension and to correct the deep overbite of their anterior teeth. Still, it is not indicated for
patients with normal incisor display or increased lower anterior facial height.

Fortunately, many studies have reported the successful use of TSADs as absolute anchorage to
intrude the maxillary incisors without extrusion of the maxillary molars or an undesirable clockwise
rotation of the mandible [28-34]. Treatment of deep overbite needs to include intrusion of the anterior
teeth, extrusion of the posterior teeth, or a combination thereof [35-38]. Extrusion of the posterior teeth
can be effective for some growing patients since it results in increased lower anterior facial height due to
a clockwise rotation of the mandible [39]. However, clinicians recognize that deep overbite correction by
extrusion of posterior teeth is difficult to accomplish and is less stable when performed on adult patients
[40, 41].

Numerous factors such as the patient’s smile line, incisor display, occlusal plane angle, vertical
dimension, lip competence, and stability can affect the choice of treatment mechanics [42-44]. Proper
vertical correction is critical when treating these patients, and various treatment techniques and
biomechanical approaches have been suggested. For instance, intrusion arches have been widely used to
correct deep overbites in adults [35-37], but these mechanics frequently cause labial tipping of the
anterior teeth and extrusion of the anchorage posterior teeth. Moreover, the later distal movement of
labially tipped anterior teeth might also cause uncontrolled root resorption [45]. Furthermore, this
technique does not guarantee stability, especially in adult patients and those with average-to-low
mandibular plane angles [35-37]. Therefore, the absolute intrusion of the anterior teeth is recommended
in some deep overbite cases [40, 46].

When establishing treatment plans for patients with Class Il Division 2 malocclusions, the vertical and
sagittal position of the maxillary incisors should be determined first, and the treatment goals should be
set accordingly. The inclination of the maxillary occlusal plane also significantly influences masticatory
function and facial and smile esthetics [44]. If a patient has a flat maxillary occlusal plane, for example,
they will show a reverse smile arc, which is likely to have a negative effect on their facial esthetics [42].
Therefore, to achieve proper function and esthetics through orthodontic treatment, it is important to
determine the vertical position of the maxillary anterior and posterior teeth correctly, and this should be
decided strategically according to the visual treatment objective (VTO) [43, 47].

The first step of the VTO is to determine the anteroposterior and vertical positions of the maxillary incisors.
The anteroposterior position of the maxillary incisor is determined according to the lip prominence,
whereas the vertical position is set where the maxillary incisor tip is exposed by 3 mm below the superior
stomion in the resting position. Then, the vertical position of the maxillary posterior teeth should be
positioned such that the inclination of the maxillary occlusal plane to the true vertical line is about 100°
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to optimize the function and esthetics. The vertical position of the posterior teeth will be determined in
consideration of changes in overjet, overbite, and the anteroposterior position of the chin point (Figure 8)
[38, 48].

VTO of the Orthodontic Camouflage Treatment

Figure 8. Result of VTO of the orthodontic camouflage treatment. Black, pretreatment; red, expected result after
orthodontic treatment involving anterior and posterior teeth intrusion using TSADs after maxillary first premolar
extractions.

The use of TSADs placed beneath the anterior nasal spine (ANS) has helped us and others to
overcome these side effects. Many successful cases have been reported where labial crown tipping and
the palatal root torque of the maxillary anterior teeth have produced an effective intrusive force [28, 30].
Meanwhile, Kim et al. reported on the treatment of a Class Il Division 2 patient with severe deep bite and
retroclined maxillary incisors in which they placed TSADs in the maxillary buccal alveolar bone and
achieved reliable and effective treatment modality for torque control and intrusion of maxillary anterior
teeth [49].

For the treatment of Class Il Division 2 patients with severe deep overbite, intrusion and palatal root
movement of the maxillary incisors are essential. For intrusion of the maxillary incisors, some studies have
proposed that TSADs be installed underneath ANS [28, 30] or between the maxillary lateral incisor and
canine roots [46]. However, if TSADs are placed in the position where mainly intrusive vertical forces are
applied, the vector of the orthodontic force tends to cause labial tipping of the crown rather than palatal
root movement on the maxillary incisors [50]. Therefore, in the treatment of Class Il Division 2 patients
with a severe deep overbite, a distointrusive force vector is required to prevent proclination of the
maxillary incisors and to induce pure intrusion with palatal root movement (Figure 9) [38].
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Figure 9. Treatment mechanics for intrusion: A) A single TSAD installed underneath the ANS for the intrusion of
maxillary anterior segments tends to produce labial proclination and round tipping of the anterior teeth, as the
intrusion force passes through the anterior point of the center of resistance (Center of resistance A; CR A); B) When
the entire dentition is connected with a continuous archwire, counterclockwise rotation of the full maxillary
dentition occurs on the rotation axis (Center of resistance T; CR T), which leads to extrusion of the maxillary molars;
C) To prevent labial proclination and induce a genuine intrusion of the anterior teeth, a distointrusive force must
pass through the center of resistance of the full dentition (CR T).

As in Figure 9 (B and C), since a continuous archwire connected the anterior and posterior segments
of the dentition, the target segment was the whole arch, and the center of resistance (CR) would be localized
around the premolars [49]. Therefore, the distointrusive force of the TSADs installed between the second
premolars and first molars, passing close to the imaginary center of resistance of the maxillary dentition,
leads to the intrusion of the maxillary molars as well as the incisors [38, 49].

When a large amount of intrusion is required, obtaining an optimized incisor display is essential, as
the biomechanics necessary to accomplish this tend to produce a flat smile arc [42-44, 51]. In the
treatment of a patient who shows a gummy smile or steep inclination of their maxillary occlusal plane,
massive intrusion of maxillary incisors can be an effective treatment option from the esthetic point of view,
but the intrusion of maxillary incisors must be carefully controlled in patients with a normal or flat
maxillary occlusal plane inclination. Sarver stated that maxillary intrusion arches or maxillary archwires
with an accentuated curve could result in a flattening of the smile arc [51]. Sabri also reported that if the
maxillary incisors are overintruded to correct an overbite or if the maxillary occlusal plane is canted upward
anteriorly, the smile arc may be flattened [44]. Therefore, when treating Class Il Division 2 malocclusion
patients, we should create an appropriate smile arc not only by the intrusion of the maxillary incisors but
also by the intrusion of the maxillary molars.

FACTORS THAT AFFECT THE LONG-TERM STABILITY
OF ANTERIOR DEEP OVERBITE TREATMENT

One of the most important considerations when treating Class Il Division 2 malocclusion is the long-
term stability of the overbite, and therefore the treatment mechanics should be selected on this basis.
Deep overbite correction by extrusion of the posterior teeth can be an effective option for some growing
patients. However, it is known that the stability is questionable when adult patients with average-to-low
mandibular plane angles are treated due to masseteric muscle force, so the intrusion of the anterior teeth
should accompany extrusion of the posterior teeth [35-38]. Furthermore, maintaining the original
mandibular plane angle can be beneficial for long-term stability in the treatment of adult Class Il Division 2
patients [41].

12



TSADs to Correct Deep Overbite in Class I Park

It has been reported that the pretreatment severity of an anterior deep bite correlates with the long-
term stability of the treatment results [52]. Late adolescents might experience some overbite reduction and
seem to be slightly more stable after deep bite treatment. Patients with more divergent facial patterns
exhibit less deep overbite relapse. In other words, high-angle subjects tend to have less relapse in overbite
than low-angle and normal-angle subjects [53-55]. Riedel reported that a large interincisal angle at the
end of treatment was associated with a greater chance of relapse of deep overbite [56]. A proper
interincisal angle and effective incisal stops must be produced to achieve the best stability possible [40].

Previous studies have reported that absolute intrusion and lingual root torque of the anterior teeth
increased the possibility of unwanted root resorption [57-60]. Parker and Harris suggested that incisor
intrusion, together with an increase in lingual root torque, were the strongest predictors of external apical
root resorption [59]. However, Aras and Tuncer reported interesting data suggesting that the rates of root
resorption were higher when incisor intrusion was achieved with TSADs placed at the CR of the maxillary
anterior teeth between the makxillary lateral incisor and canine as compared with anterior intrusion
accompanied with root torque control [61]. The results of their study suggested that when the intrusion
mechanics used to move incisor roots toward the palatal cancellous bone avoided any contact with labial
cortical bone, there was less root resorption.

No significant differences were seen in the amount of correction or relapse when comparing
extraction versus nonextraction treatment results from different Angle malocclusion groups [52].
Likewise, there were no significant differences between treatment techniques using sectional versus
continuous wires [62,63]. Finally, intruding maxillary incisors to avoid excessive contact with the lower lip
lessens relapse in patients with Class Il Division 2 malocclusion [64].

Unfortunately, the studies we reviewed did not completely detail the types and regimens they used
when reporting their retention results. Furthermore, there was an inconsistency in how the various
studies defined postretention, and they did not include important information about patient
compliance/noncompliance. There was no clear pattern at the time of follow-up nor any indication of
whether retainers were still in place or used at the posttreatment follow-up [52]. This lack of credible
scientific evidence makes it extremely challenging to assess the retention results.

CONCLUSIONS

Many methods have been used to treat deep overbite. When treating adult Class Il Division 2
patients, properly placed TSADs can enable a remarkable amount of intrusion of the maxillary anterior
teeth and help establish proper inclination of the occlusal plane. Using this treatment modality with the
proper biomechanics will minimize root resorption. It can be helpful in achieving improvement of facial
esthetics and a pleasing smile arc with long-term stability when treating Class |l deep overbite patients.
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CLINICAL MANAGEMENT OF DEEP BITE:
PERSPECTIVE OF THE CLINICAL ORTHODONTIST

Steven J. Lindauer

ABSTRACT

Deep overbite is a common characteristic that accompanies many presentations of malocclusion treated
by orthodontists throughout the world. Despite its high prevalence, deep bite alone is not usually the
primary motivator for patients to seek orthodontic care. Orthodontists know, however, that correction of
deep overbite is necessary during the course of orthodontic treatment in order to create the space needed
to align maxillary and mandibular teeth and position the arches into a functional and esthetic Class |
relationship necessary to achieve ideal overjet. Patients, parents, and orthodontists themselves expect
high-quality outcomes, and achieving those results often requires mechanics dedicated to improving
overbite. Excessive overbite can be corrected by the true intrusion of maxillary or mandibular incisors,
relative intrusion, or by opening the bite to allow eruption of posterior teeth. While more than one
mechanism may be used to contribute to overbite correction during treatment, orthodontists should
intentionally plan the means of deep bite correction for each patient individually, based on relevant
diagnostic information and their knowledge of the effects of the mechanics they choose to employ.
Utilizing the so-called “side-effects” of deep bite correction mechanics advantageously can improve
treatment efficiency, shorten the duration of treatment, and lead to better patient outcomes.

KEY WORDS: Overbite, Intrusion, Mechanics, Esthetics

INTRODUCTION

Deep overbite is a common malocclusion trait, with prevalence reported at about 22%
worldwide, and over 30% in the United States, in the permanent dentition [1, 2]. Nearly all
orthodontic treatment plans include achieving normal overbite as one of the primary objectives.
Reducing deep overbite is usually attained early in the course of orthodontic treatment with fixed
appliances and may take between 3.5 and 5.5 months or longer during an average overall treatment
time that extends over 23 to 29 months [3-5].

The website of the American Association of Orthodontists (AAO) explains to potential patients that
there are important reasons why a deep bite should be fixed [6]. One reason given is that overerupted
lower incisors tend to wear down more quickly. In severe cases, a patient may be occluding on palatal
tissue, resulting in painful sores and ulcers that could impair mastication. For those instances, overbite
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correction might serve as a preventive measure to avoid future harm. Previous studies have reported
some associations between deep bite and attrition [7-9] as well as periodontal damage [10, 11]; however,
the cause-and-effect relationships and whether orthodontic treatment can prevent or reverse these
conditions remain unclear [10]. Lastly, the AAO website explains that deep bite correction is often needed
to provide space to align crowded, malaligned teeth. In their classic paper on stability of orthodontic
treatment results, Bishara et al. stated that “overbite correction is mechanically desirable to obtain the
bracket clearance needed to complete the retraction of maxillary anterior teeth” [12]. Orthodontists know
that normalization of the overbite is required to achieve ideal overjet with well-aligned maxillary and
mandibular arches in a Class | relationship.

PATIENT PERCEPTIONS OF DEEP BITE

Common orthodontic treatment objectives include aligning the teeth and achieving ideal overbite
and overjet with the maxillary and mandibular arches in a Class | (canine) relationship. While the oral
health benefits of treatment in terms of caries prevention [13, 14], avoiding future periodontal disease
[15, 16], and preserving temporomandibular joint function [17-19] have been shown to be minimal or non-
existent on a population basis [20], it is widely accepted that there are social advantages derived from
having an attractive smile. Both general dentists and orthodontic specialists rated the psychosocial
improvements from orthodontic treatment more highly than the oral health benefits [21]. Several studies
have demonstrated that individuals derive social benefits from improved smile esthetics [22-24]. A
negative impact of malocclusion on oral health-related quality of life has been demonstrated along with
significant improvements in those measures resulting from orthodontic treatment [25-27].

Patient motivation to seek orthodontic treatment is consistent with the perceived benefits. A study
in the United Kingdom reported that the prime motivating factor for adolescents seeking orthodontic
treatment was improved esthetics, but, for their parents, it was preventing future problems [28].
However, a study performed in the US around the same time found that over 90% of both adolescents
and their parents rated improved esthetics as the most important factor [29]. A more recent report,
conducted by observing online chat discussions, confirmed earlier findings of esthetic improvement as
the most frequent motivator, followed by functional concerns and then psychosocial reasons [30].
Interestingly, the findings also reported esthetic motivation as the most negative factor, with the
sentiment expressed that people should be able to accept themselves as they are without undergoing
cosmetic alterations.

If esthetic improvement is the prime motivator, it is unlikely that deep bite is an important factor
influencing patients to seek orthodontic treatment. Studies evaluating esthetic smile characteristics have
not found increased overbite to be a characteristic that experts and lay raters consider as one of the most
important unpleasing factors. In a comprehensive study examining thresholds of tolerance for 54 different
smile characteristics by 243 laypeople, Kerr et al. reported that study participants were “...tolerant of a
deeper bite which enables the creation of a congruent smile arc” [31]. Of all the characteristics examined,
overbite had the most variability and was the least reliable to assess, with tolerances reported up to 5.7
mm. In another study specifically evaluating the esthetic tolerance for overbite variations compared to
other malocclusion characteristics, only about half of the lay evaluators were able to detect deep bite
compared to almost universal recognition of other occlusal deviations, including protrusion (98%),
crowding (97%), spacing (96%), openbite (94%), and crossbite (78%) [32].
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Even though the appearance of deep bite is not considered as particularly objectionable to patients,
as previously pointed out by Bishara et al. [12], overbite correction is essential for achieving other goals
of orthodontic treatment, including tooth alignment with ideal overjet. Although it might be assumed that
patients seek treatment merely to achieve well-aligned teeth, previous studies confirm that other occlusal
relationships, as well as placement of the teeth in proper positions in all three dimensions relative to
the soft tissues, are important for achieving patient satisfaction [31, 32]. Despite research showing
that patients, parents, and orthodontists desire shorter treatment times [33], it was also found that
parents and orthodontists generally would agree to extending treatment duration to achieve better
occlusal outcomes [34]. In most cases, parents recommended extending treatment times more
often and for longer periods than orthodontists, by up to 7 months on average. Parents were less
willing to terminate treatment early if it meant accepting outcomes they did not consider to be
ideal [34]. The outcomes expected by patients, parents, and orthodontists, including good
intercuspation with normal incisor overjet, would almost always require deep overbite to be
corrected as part of the overall orthodontic treatment plan.

METHODS FOR CORRECTING DEEP BITE

Conceptually, there are three basic ways to correct deep overbite: true intrusion of anterior teeth,
flaring of anterior teeth (relative intrusion), and erupting posterior teeth (which also rotates the mandible
open). True intrusion can be achieved in the maxillary or mandibular incisors by applying intrusively
directed forces by archwires, such as intrusion arches [3, 35-37], or by elastics extended from temporary
anchorage devices inserted into the alveolar bone [38]. This results in true vertical movement of the
centers of resistance of the incisors to correct overbite. Flaring of anterior teeth occurs by inserting a
leveling archwire or clear aligners on crowded teeth or using curved archwires to correct the overbite
[39]. This may or may not also result in vertical movement of the centers of resistance of the incisors, but
the primary mechanism of overbite correction during flaring is due to vertical intrusive movement of the
incisal edges. Lastly, bite planes or bite turbos can be used to cause posterior disclusion, thereby allowing
for eruption of posterior teeth, reducing anterior overbite, and rotating the mandibular plane
open [3, 37, 39]. Of course, the method chosen should be different for various patients, depending on
the initial presentation and specific goals of treatment [37]. Intruding maxillary incisors will result in
less incisor show at rest and during smiling, which may or may not be desirable depending on the
original patient characteristics [37]. Flaring of incisors may be contraindicated in patients with thin
gingival biotype or for stability concerns [40]. Lastly, increasing vertical facial height may be unfavorable
in patients with vertical facial excess and may also be unstable long-term.

It is likely that all three of these mechanisms: true intrusion, relative intrusion, and posterior tooth
eruption, occur during the course of most orthodontic treatment when patients start with excessive
overbite. A retrospective study involving 31 adult patients treated with and without four premolar
extractions examined differences in overbite correction contributions between maxillary and mandibular
incisors due to intrusion and flaring [41]. Pre- and post-treatment lateral cephalometric superimpositions
were used to evaluate tooth movements and rule out mandibular plane inclination changes. Mean
overbite reduction was about 2 mm on average. There were no significant differences in changes recorded
between extraction and non-extraction cases. Mandibular incisor movement contributed a significantly
greater amount toward overbite correction than maxillary incisor movement. Despite there having been
no specific mechanics directed toward achieving true incisor intrusion in the cases analyzed, true intrusion
of both maxillary and mandibular incisors contributed more to overbite correction than did flaring.
Overall, the greatest contribution to overbite correction in these adult patients was true intrusion of the
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mandibular incisors. This finding was in contrast to a previous study conducted in growing 11 — 16-year-
olds, in which the mandibular incisors erupted by 0.2 mm to 0.9 mm on average during treatment
involving deep overbite correction [42]. The differences in results between these two studies may be

attributable to substantial mandibular growth having occurred in the sample consisting of young
adolescents.

The degree of deep bite present in a patient at the start of treatment likely has an influence
on whether an extraction or non-extraction treatment plan will be chosen by an orthodontic provider.
Since extractions are expected to result in space to relieve crowding and allow retraction of the
incisors, clinicians anticipate that incisor uprighting will cause increased overbite during the course of
treatment, and this is calculated into the overall treatment plan. A study was designed to determine the
influence of lip profile, incisor inclination, and amount of overbite present on the extraction/non-
extraction decision-making process [43]. Records of an adolescent Class | patient with a borderline
amount of crowding were altered to show flat/average/full lips (facial photos), upright/average/

flared incisors (cephalometric radiograph and measures), and deep/average/open bite (study models)
(Figure 1).
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Figure 1. Digitally altered records distributed to orthodontic evaluators as a part of a study evaluating the influence
of lip fullness, incisor inclination, and amount of overbite on the extraction/non-extraction decision. A) Maxillary and
mandibular arch crowding was the same for every case presented. B) Case example with the highest proportion of
non-extraction recommendations. In this case, the lips were flat, the incisors were upright, and the overbite was
deep. C) Case example with the highest proportion of extraction recommendations. In this case, the lips were full,
the incisors were flared, and the bite was open.

All combinations (27 variations) were sent to 128 orthodontists around the US, and, for each case, they
were asked to decide if they would treat the case with or without extractions. The response rate was
77%. The amount of intra-arch crowding was the same for each case (Figure 1A). Of all combinations, the
case with the lowest number of extraction recommendations was the one with flat lips, upright incisors,
and deep bite (2:96, extraction:non-extraction decision; Figure 1B). The case with the highest number of
extraction recommendations was the one with full lips, flared incisors, and openbite (7:90,
extraction:non-extraction decision; Figure 1C). Lip profile, incisor inclination, and overbite all significantly
affected extraction/non-extraction decision-making (P<0.05), with lip profile being the most influential.

PLANNING AND TREATMENT FOR DEEP BITE CORRECTION

The decision of whether to treat a patient with deep bite using intrusion mechanics (true
intrusion), flaring of anterior teeth (relative intrusion), or inserting a bite plate or bite turbos (posterior
extrusion) depends on initial presentation and provider preference. For each patient, diagnostic
information including skeletal, dental, and facial characteristics, and specific contributing factors such as
growth status, periodontal conditions, and other considerations should be taken into account.
Additionally, the duration of treatment might be different depending on which method of overbite
correction is chosen.
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Overbite correction by true intrusion

Deep bite can be corrected by intrusion of either maxillary or mandibular incisors or both. However,
in this paper, only intrusion of maxillary incisors will be discussed. General indications for choosing to
intrude maxillary incisors to correct deep bite include excessive, or at least adequate, initial incisor show
at rest and during smiling, and having a Class |l tendency is also favorable, though not required. Classically,
an intrusively activated rectangular wire (intrusion arch) is placed into auxiliary tubes on the maxillary first
molars and tied anteriorly to a rigid segment of wire, including the anterior teeth to be intruded (anterior
segment). The intrusive force is derived by curving or bending the wire to create a tip-back couple at the
molar tube, and because the wire is not inserted into the anterior brackets, no couple is expressed
anteriorly. Two equal and oppositely directed forces are created: intrusive anteriorly and extrusive
posteriorly. More information regarding the appliances and force systems can be found in previous
publications [35, 36, 44, 45]. Generally, increasing the size of any segment will increase its anchorage so,
if less molar tip-back is desired, the molar can be connected to more posterior teeth. If less
intrusion is desired, the anterior segment can be extended posteriorly to include the canines.

Some of the advantages of using an intrusion arch to reduce deep overbite include: 1) Maxillary molar
tipback is helpful for Class Il correction, 2) Tipback couple at the molar is helpful for increasing posterior
anchorage for retraction [46], and 3) Since the extrusive side effect is concentrated on the maxillary molar,
vertical side effects can be more easily controlled in vertically sensitive patients. Potential disadvantages
of intrusion arch mechanics include: 1) Intrusion occurs slowly, so overbite correction may take longer
than other methods, 2) Incisor display will decrease with intrusion, 3) Incisor root resorption is a potential
side effect; hence force levels should be low, about 60 g for a four tooth segment, and this may reduce
risks of molar extrusion and incisor root resorption [44].

Figure 2A shows the initial intraoral photos of a 12.5-year-old male who presented with Class Il
malocclusion and deep bite. He was full step Class Il on the right and end on Class Il on the left. The
treatment plan included using a transpalatal arch (TPA) to rotate the maxillary first molars mesiobuccally
to improve molar positioning, followed by an anterior intrusion arch from the maxillary first molars to an
anterior segment from canine to canine. A canine-to-canine segment was chosen to maximize molar
tipback during anterior intrusion to help correct the Class Il molar relationship during a period of active
mandibular growth. The intended force system is depicted in Figure 2B on the starting models. Figure 2C
shows the intraoral photographs at the end of the overbite correction phase, which took 9 months. At this
point, the deep overbite was corrected, and the buccal occlusion was Class | without bonding the maxillary
premolars or the lower arch. Mandibular growth was partially responsible for the favorable response.
Figure 2D shows the final occlusion and the post-treatment panoramic radiograph demonstrating parallel
root positioning.
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Figure 2. Case presentation of a 12.5-year-old male patient with deep bite treated with intrusion mechanics. A) Initial
intraoral photos showing deep overbite, full step Class Il on the right and end on Class Il on the left. B) Mechanics of
the force system generated by an intrusion arch showing tip-back couples at the maxillary molars, intrusive force
anteriorly, and extrusive force posteriorly. C) Intraoral photos at the end of intrusion (9 months) show reduction of
overbite and correction of the buccal occlusion to Class | without bonding the premolars or the lower arch. D) Final
occlusion and panoramic radiograph showing root parallelism.

Overbite correction by relative intrusion

Deep bite correction by relative intrusion happens whenever crowding is resolved by aligning the
teeth without creating additional space. When the anterior teeth flare, additional arch circumference is
created [47], and the incisal edges relatively intrude to reduce overbite. Since excessive flaring of the
anterior teeth is considered to be inherently unstable [48], relative intrusion to reduce overbite should
generally be used as the primary source of overbite correction only in cases with minimal initial crowding
and in which the initial deep bite is not severe. Figure 3 shows the frontal view of a patient with about
40% overbite at the start of treatment and after alignment of the teeth. Flaring of the anterior teeth
resulted in reduction of the deep bite without any additional mechanics specifically directed toward
overbite correction.
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'\

Figure 3. Overbite correction by relative intrusion. Pretreatment photo (above) shows minor crowding and 40%
overbite. After alignment (below), the overbite is corrected.

Overbite correction by posterior tooth eruption

For patients in whom posterior tooth eruption is indicated for the correction of a deep bite, a bite
plate or anterior bite turbos can be used to prop the bite open, thereby allowing for eruption of the
posterior teeth. Indications for posterior tooth eruption include: 1) Patients with short lower anterior
facial height and a flat mandibular plane, 2) Competent lips, and 3) Usually growing patients, since some
adult patients may be less tolerant of facial height changes. The greatest advantage of this method is that
bite opening is immediate, allowing the mandibular arch to be bonded and aligned as soon as the bite is
opened and, therefore, expediting treatment efficiently. A possible disadvantage is that the long-term
stability of the facial height increase is uncertain.

Pretreatment photos and the cephalometric radiograph of a 13-year-old male with a Class Il deep
bite malocclusion are shown in Figure 4A. After 3 months of alignment, maxillary first premolars were
extracted, and a fixed anterior bite plate was inserted to disclude the posterior teeth (Figure 4B). The
bite plate was used as anchorage for 7 months to retract the maxillary canines while the posterior
teeth erupted into occlusion (Figure 4C). Then, the bite plate was removed, and the anterior teeth
were retracted (Figure 4D). Final photos and the cephalometric radiograph are shown in Figure 4E.
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Figure 4. Deep bite correction by posterior tooth eruption enabled by an anterior bite plate. A) Pretreatment
intraoral photographs and lateral cephalometric image. The plan was to open the bite using a bite plate and correct
the Class Il relationship by extracting maxillary premolars and retracting anterior teeth. B) A fixed bite plate was
placed, discluding the posterior teeth. C) The bite plate was used as anchorage to retract the canines and, during
those 7 months, the posterior teeth erupted into occlusion. D) The bite plate was removed to retract the incisors.
E) Final occlusion and cephalometric radiograph.

Figure 5A shows the pretreatment photos and cephalometric radiograph of a 12-year-old female with
a Class I molar relationship and deep bite. She was congenitally missing both maxillary lateral incisors. The
treatment plan was to extract maxillary primary canines and protract the posterior segments into a Class
Il relationship, using the permanent canines to substitute for the missing lateral incisors. The bite was
opened using stainless steel bite turbos bonded on the lingual surfaces of the maxillary central incisors,
and a Forsus appliance (3M Orthodontics, USA) was configured to protract the posterior teeth using a K
module (3M Orthodontics, USA) (Figure 5B). Once the posterior segments were protracted, the bite turbos
and Forsus appliance were removed (Figure 5C). Final photographs and a cephalometric radiograph are
shown in Figure 5D.
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Figure 5. Deep bite correction by posterior tooth eruption enabled by anterior bite turbos. A) Pretreatment intraoral
photographs and cephalometric radiograph. The patient had a Class | molar relationship but was missing permanent
maxillary lateral incisors. The plan was to extract primary canines and protract the maxillary posterior teeth to enable
canine substitution for the missing lateral incisors. B) Anterior bite turbos bonded on the lingual surfaces of the
maxillary central incisors opened the bite and a Forsus appliance was configured to protract the maxillary posterior
teeth. A K-module connecting the appliance to the maxillary molar enabled protraction. C) After the posterior teeth
were protracted, the bite turbos were removed. D) Final photos and cephalometric radiograph.

DIFFERENCES IN OUTCOMES BETWEEN DEEP BITE CORRECTION METHODS

Depending on which method is chosen to achieve deep bite correction, different outcomes would
logically be expected. For example, intrusion of maxillary incisors should result in decreased incisor display
and minimal vertical facial changes. However, posterior tooth eruption would be anticipated to increase
vertical facial height without appreciable changes in incisor show at rest or during smiling. A prospective,
non-randomized clinical trial was undertaken to investigate whether these expected differences actually
occurred during the overbite correction phase and also whether they were maintained at the conclusion
of orthodontic treatment. Details of the selection criteria, methods used, and outcomes have
been reported previously [3, 37].

Changes observed in 18 patients who had deep bite corrected by maxillary incisor intrusion were
compared to those seen in 14 patients who wore fixed anterior bite plates. Initial overbite was a little over
4 mm on average and was successfully resolved to under 2 mm with both methods. Time to achieve deep
bite correction was significantly faster in the bite plate group (3.7 vs 5.3 mos; P<0.05). However, total
treatment duration was not different between groups. The upper incisor incisal edge significantly intruded
in both groups during overbite correction, but this effect was greater in the intrusion arch group by 1 mm.
The difference was also maintained through to the end of active treatment. However, at the end of
treatment, there was no difference in incisor tooth display at rest between the groups. Therefore, the
data confirmed that the mechanism of overbite correction was different between the methods when
measured cephalometrically, but incisor display differences could not be distinguished clinically.

Similarly, the changes in mandibular plane inclination between groups were not statistically

significant or clinically relevant. This may have been because most of the patients involved were growing
adolescents and due to the changes in overbite required being only about 2 mm on average. It is likely
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that the small differences observed in this clinical trial would be more important when more substantial
deep bite correction is needed for individual patients. Therefore, careful consideration of the theoretical
differences between incisor intrusion and posterior eruption methods of deep bite correction for patients
with substantial amounts of overbite are still recommended.

Ackerman et al. previously observed that 33% of patients experienced flattening of the smile arc
during orthodontic treatment [49]. In the clinical trial comparing incisor intrusion to bite plate correction
of deep bite, 29% of intrusion arch patients and 38% of bite plate patients had flattening of the smile arc
during treatment, consistent with the findings of Ackerman et al. Bracket positioning is probably more
important than the choice of deep overbite correction method for creating and maintaining a pleasing
smile arc appearance [50-52]. When trying to produce a consonant smile arc, use of reverse curve and
accentuated curve wires for overbite correction should be avoided, since the force systems applied result
in geometries that are unfavorable for esthetic outcomes (Figure 6) [53].

Figure 6. Reverse curve wires for overbite correction should be avoided due to force systems that are unfavorable
for achieving esthetic smile outcomes. Before treatment (left) and after reverse curve wires were used to reduce
overbite (right). Note the reverse smile arc created in the maxillary anterior teeth.

USING INTRUSION MECHANICS CREATIVELY

Deep overbite correction using an intrusion arch results in molar tip-back, intrusive force anteriorly,
and extrusive force posteriorly. It is possible to dissect these mechanical components and use them
advantageously to resolve unique problems in individual patients depending on the initial characteristics
of their malocclusion. For example, the anterior intrusive force can be applied asymmetrically to correct
a cant of the anterior occlusal plane during overbite correction. In contrast, if a patient presents with a
Class Il subdivision malocclusion, the tip-back couple can be used on the Class Il side to help correct molar
position, while a transpalatal arch (TPA) activated asymmetrically can be used to cancel out the unwanted
tip-back on the Class | molar.

Intrusion to correct a maxillary anterior occlusal plane cant

The pretreatment intraoral frontal photograph of a patient with a maxillary anterior occlusal plane
cant (down on the patient’s left) is shown in Figure 7A. The treatment plan included intruding the maxillary
incisors to reduce overbite. By applying the intrusive force left of the midline (white arrows), rather than
symmetrically, it will cause intrusion of the incisors and rotate the occlusal plane up on the left (yellow
arrows) simultaneously (Figure 7B). Extrusive force is present at the molars (white arrows), while both
molars experience a tip-back couple (not shown). In this case, a light continuous wire was present in the
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brackets and the intrusion arch was a heavier rectangular stainless-steel wire. Figure 7C shows the final
intraoral frontal view.

7A

7B

7C

Figure 7. Anterior intrusion arch applied asymmetrically to correct a cant of the anterior occlusal plane. A)
Pretreatment intraoral photograph showing maxillary anterior occlusal plane canted down on the left. B) The
intrusion arch was tied to the maxillary left central and lateral incisors. White arrows show the vertical forces applied
by the intrusion arch. Yellow arrows show that the anterior occlusal plane will intrude and rotate up on the left
(counterclockwise). C) Final occlusion.

Using tip-back to correct asymmetric Class Il

An asymmetrically activated transpalatal arch (TPA) can be used to augment the tip-back couple
exerted on one of the first molars when an intrusion arch is used to correct deep bite. Tip-back would be
increased on the Class Il side to enhance Class Il correction, and decreased on the Class | side to prevent
tip-back. Second order TPA activations are always equal and opposite, with tip-back on one side balanced
by tip-forward on the other side (Figure 8).
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Class | side Class Il side

3
-

Class | side

Figure 8. Second order activation of a transpalatal arch (TPA). The arch is activated to tip back the Class Il molar (left
photo) and tip forward the Class | molar (right photo). Second order activations of a TPA are always equal and
opposite.

In a Class Il subdivision patient with deep bite, an intrusion arch may be used to reduce overbite,
resulting in tip-back of molars bilaterally (Figure 9A). Simultaneously, a TPA with second order activation
can be added to increase tip-back on the Class Il side and reduce or even cancel out tip-back on the Class
| side (Figure 9B). Together, the two appliances result in anterior intrusion, posterior extrusion, and tip-
back of the Class Il molar with no tip-back of the Class | molar (Figures 9C and 9D).
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Figure 9. Mechanics from combining an anterior intrusion arch and asymmetrically activated TPA. A) Force system
from an activated intrusion arch. B) Force system from a second order activation of a TPA. C) Combined force systems
from an intrusion arch (red) and asymmetric TPA (green). D) Net force system from the two appliances together
(blue).
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Initial intraoral photos and study models of an adolescent female before treatment are shown in
Figure 10A. She had about 50% overbite. The maxillary midline is left of the face and the mandibular
midline is on with the facial midline. The right side is Class Il end on, and the left side is Class I. The
treatment plan included using an intrusion arch to reduce overbite, along with an asymmetrically
activated TPA to enhance tip-back of the Class Il molar and reduce tip-back of the Class | molar. Alignment
of the maxillary canine to canine segment was initiated to consolidate those teeth prior to inserting the
intrusion arch (Figure 10B). Use of a canine-to-canine anterior segment, rather than just including the
incisors, was done intentionally to increase anterior anchorage during intrusion. This would slow intrusion
of the anterior segment to maximize the tip-back effect observed on the molars.

10A &

10C |

Figure 10. Using combined mechanics from anterior intrusion with an asymmetric TPA to treat a Class Il subdivision malocclusion
with asymmetric mechanics in the maxillary arch. A) Initial photographs showing a patient with 50% overbite, Class Il end on
occlusion on the right and Class | on the left. The maxillary midline is left of the facial midline. B) Initial alignment of the anterior
segment canine to canine. Maxillary premolars are not bonded. C) Maxillary intrusion arch is used to correct overbite and tip-
back the molars (white arrows). The TPA is used to enhance tip-back on the Class Il side and reduce tip-back on the Class | side
(green arrows). Note that the right premolars have drifted distally into a Class | relationship. D) Final intraoral photographs. E)
Start (above) and finish (below) panoramic radiographs showing that maxillary molar root positions have been corrected after
tip-back mechanics.
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After consolidating the anterior canine to canine segment, the intrusion arch was used for overbite
correction (white arrows) and to apply a tip-back couple (white curved arrows) to maxillary molars (Figure
10C). The TPA was used to enhance tip-back on the right molar and reduce tip-back on the left molar
(green arrows). Tip-back of the right molar is evident by the spacing seen in the right maxillary segment,
while the left side has no spacing and remains intercuspated in a Class | relationship. Tip-back of the right
molar enabled drifting of the unbonded right premolars into a Class | relationship (Figure 10C). After
achieving a Class | molar occlusion bilaterally, the remaining teeth (premolars and second molars) were
bonded and the TPA was removed, leaving the intrusion arch in place to maintain overbite correction. The
intrusion arch was removed once full-sized wires were in place and final detailing was accomplished. Total
treatment time was 17 months (Figure 10D). Pre- and post-treatment panoramic radiographs show that
the maxillary molar inclinations were normalized during the detailing and finishing stage (Figure 10E).

CONCLUSIONS

Deep bite correction is a necessary component of orthodontic treatment and is usually accomplished
in the early stages before the maxillary and mandibular arches can achieve good intercuspation in a Class
| relationship with ideal overjet. Reduction of excess overbite can be accomplished by true or relative
incisor intrusion, or by posterior tooth eruption enabled by insertion of an anterior bite plate or anterior
bite turbos. Using anterior intrusion mechanics may provide other benefits by using the side effects of
intrusion advantageously to correct Class Il relationships or reinforce posterior anchorage during space
closure. Posterior tooth eruption strategies, however, may be a more efficient and faster means of
correcting deep overbite, allowing orthodontists to proceed earlier to other planned treatment
procedures. The choice of mechanism should depend on specific patient characteristics and the
individualized goals of treatment determined by the treating provider along with the patient.
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ESTHETIC AND FUNCTIONAL CONSIDERATIONS
WHEN TREATING ANTERIOR DEEP BITE

Flavia Artese, José Augusto Mendes Miguel, Juliana Mendes Nascimento,
Luciana Quintanilha, Eduardo Semedo

ABSTRACT

Deep bite is an excessive overlap of incisors and should be treated in cases with gingival impingement or
with long incisor guidance that can lead to incisor wear. It is multifactorial in nature and can be associated
with a decreased mandibular angle, incisor extrusion, and/or posterior underdevelopment. Posterior
tooth wear or erosion can also lead to deep bite due to loss of occlusal vertical dimension, mandibular
counterclockwise rotation, and bite deepening. Many treatment approaches are available, which may
include incisor intrusion, molar and premolar extrusion or posterior prosthodontic build ups. Esthetic and
functional aspects will determine which treatment approach to use and should be considered in treatment
planning, most specifically upper incisor display at rest and occlusal vertical dimension. To illustrate and
discuss different treatment approaches, a series of cases are presented, pointing out important diagnostic
criteria to define how different varieties of deep bite can be addressed.

KEY WORDS: Deep Bite, Tooth Intrusion, Tooth Extrusion, Orthodontic Anchorage Technique, Dental
Esthetics

INTRODUCTION

Deep bite can be defined as an overlap greater than 5mm, or greater than one third of the crown,
and include mild, moderate, or severe levels. According to Moyers, defining what truly is considered an
excessive overlap is difficult [1]. Wide variations of bite depths may be found, but with no harm to the
teeth or surrounding tissues. The importance of an adequate overbite is to establish anterior guidance,
which is the disocclusion of the posterior teeth during protrusive mandibular excursion. This protects the
posterior teeth from protrusive and lateral stress, decreases jaw muscle activity, and decreases the force
on the anterior teeth. Anterior guidance basically depends on three factors - interincisor angle, amount
of overbite, and the inclination of the anterior articular eminence [2]. Therefore, different amounts of
incisor overlap can result in anterior guidance depending on the variation of the other two factors, but a
pathological deep bite can happen in two situations: gingival impingement or incisor wear.

Gingival impingement will generally be associated with an overjet and consequently, over eruption
of lower incisors. Bite marks can easily be seen on the palate. On the other hand, incisor wear due to deep
bite can happen in long anterior excursion with no posterior disocclusion or parafunction. These are the
situations in which deep bites must be corrected (Figure 1).
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Figure 1. Clinical situations in which deep bites can lead to tissue damage: gingival impingement and incisor wear.
Cases with increased overjet (A) and extruded lower incisors (B) can have bite marks in the palate (C). Incisor wear
will happen in cases with a long anterior guidance, with extruded (D) and upright (E) upper and lower incisors, with
protrusive movement that leads to incisor wear (F).

The frequency of deep bite as measured in static occlusion ranges from 11% to 25% in the permanent
dentition and 15% to 37% in the mixed dentition, with no differences in regions of the world [3]. It is more
prevalent in the mixed dentition and is a normal trait during the development of occlusion [4].

Various dental and skeletal factors are associated with the presence of a deep bite. In a retrospective
study, 125 non-treated deep bite patients were evaluated for the most common dento-skeletal
components of this malocclusion. The contributing skeletal factor was a reduced gonial angle and the
dental factors were a deep curve of Spee, the overeruption of lower or upper incisors, and undereruption
of posterior teeth [5]. Regarding these structural factors, in general, deep bite treatments involve
intrusion of anterior teeth or extrusion of posterior teeth, and consequently a clockwise rotation of the
mandible or a combination of both [6]. Incisor intrusion can be performed by specific mechanics, such as
the Burstone intrusion arches [7], arches with built-in curve of Spee, or skeletal anchorage. Molar
extrusion can be achieved with bite plates by spontaneous eruption of posterior teeth [8], or bite turbos
with fixed appliances [9, 10], and most recently, with aligners [11].

But, before getting carried away with the enthusiasm of performing such movements and solving
deep bites, it should be remembered that intruding anterior teeth will affect esthetics and extruding
posterior teeth will affect function, most specifically occlusal vertical dimension. These two aspects will
be discussed and their impact in treatment planning will be demonstrated and illustrated with clinical
cases.

SMILE ESTHETICS AND DEEP BITE CORRECTION

The concept of smile esthetics was a consequence of prosthodontists wishing to reproduce a natural
smile with full dentures. The classic publication which described esthetic requirements for midlines, tooth
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proportions, vertical allocation of incisors and gradation of posterior teeth was published in the 1950s.
But it was only because of the interdisciplinary demands of adult treatment and of orthognathic surgery
that smile esthetics was included in the orthodontic scenario in the 1970s [12]. Cephalometric methods
were described to establish the vertical allocation of the upper incisors [13, 14], later photographic
methods of upper incisor display [15, 16] and the smile line were diagnosed with specific phonemes and
the importance of speech and smile dynamics were also included [17, 18]. All of these diagnostic methods
are now a fundamental part of contemporary orthodontics.

Incisor intrusion

Various approaches can be used to intrude upper incisors. The most common are intrusion archwires
[7], arches with curve of Spee, and the use of skeletal anchorage. Much theory surrounds the intention of
true versus relative intrusion, in which true intrusion is a bodily movement and relative intrusion is a
change in incisor inclination. Independent of what intrusion mechanism will be used, the most important
diagnostic factor, which allows upper incisors to be intruded, without jeopardizing smile and speech
esthetics, is the amount of incisor display at rest. Normal upper incisor display at rest varies from 2 to
4.5mm, when measured from the incisor border to the upper lip [15-18]. Reducing this measurement will
lead to reduced or lack of exposure of these teeth at smiling, but also during speech, which is considered
a sign of aging. So, in other words, patients with deep bites can only have upper incisors intruded if there
is excessive upper incisor display at rest.

The clinical situation presented in Figures 2 through 6 describes a case in which upper incisor
intrusion is indicated for deep bite correction. The patient presented with a hyperdivergent facial pattern,
lip incompetence, a broad and gummy smile, and a Class Il tendency. A clear excessive smile curvature
and increased upper incisor display at rest were present, which are fundamental characteristics to indicate
upper incisor intrusion.

Figure 2. Initial facial (A-C) and intra oral (D-H) photographs of a young female adult patient presenting a
hyperdivergent facial profile, with an increased lower facial third, protrusive lips, lack of passive lip seal and a broad
smile with excessive curvature and anterior gingival exposure. She also exhibited a Class Il tendency, overexpanded
arches, deep bite, and reverse curve of Spee in the upper arch due to overerupted upper incisors.

Upper incisor display at rest can be evaluated on cephalometric radiographs or in clinical
photographs. The distance from the lower border of the upper lip to the border of the upper incisor should
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measure from 2 to 4.5mm [13]. Any value greater than this allows upper incisor intrusion. This patient
presented with 10mm of upper incisor exposure and an excessive smile curvature (Figure 3), therefore
deep bite correction could be performed by intruding upper incisors.

Sl
curvature

Figure 3. Cephalometric and photographic evaluation of upper incisor display at rest. The distance from the lower
border of the upper lip to the upper incisal edge measured 10mm, demonstrating excessive incisor display at rest
(A). The same feature was observed in a close-up photograph with interlabial gap at rest (B). The smile close-up
shows an excessive smile curvature, which is advantageous in cases that need upper incisor intrusion, which
generally flattens the smile curve (C).

Due to bimaxillary protrusion, a four first premolar extraction treatment was performed, which
began with an upper intrusion archwire, associated with indirect skeletal anchorage on upper molars to
avoid extrusion and lengthening of the lower facial third. Upper arch retraction was also performed with
a distal and intrusive direction with the aid of mini-implants (Figure 4).

Figure 4. Intrusion (A-C) and retraction (D-F) mechanics used for upper incisor intrusion and space closure. Indirect
skeletal anchorage was used to avoid molar extrusion as well as retract upper incisor with an intrusive force vector.
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Final results (Figure 5) presented a harmonious facial profile and a significant improvement of smile
esthetics. This was due to the incisor retraction associated with intrusion (Figure 6), resulting in a more
esthetic smile line and adequate lip seal. A Class | occlusion was established, with sufficient reduction of
the deep bite.

Figure 5. Final facial (A-C) and intra oral (D-H) photographs presenting a harmonious facial profile, with passive lip
seal and good smile line. A Class | malocclusion was established with upright upper and lower incisors and an
adequate overbite.

Figure 6. Initial (A) and final (B) cephalometric radiographs depicting the amount of incisor intrusion (5mm). Initial
(C) and final (D) smile close ups shows the improvement of smile esthetics after incisor intrusion, reducing excessive
smile curvature, as well as gingival display.

Conversely, in patients with minimum upper incisor display, deep bite correction cannot be
performed by intruding upper incisors. In this situation, the deep bite should generally be addressed by
intruding lower incisors. Figures 7 through 11 illustrate this clinical condition, a hypodivergent patient
with good lip seal, a flat smile line, a Class | occlusion with multiple diastemas, and a deep bite (Figure 7).
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Initial

Figure 7. Initial facial (A-C) and intra oral (D-H) photographs of a young female adult patient presenting a
hypodivergent facial profile, good lip seal, and a shallow smile with reduced dental exposure. She had a Class |
malocclusion with generalized spacing and a deep bite.

Upper incisor display at rest was only 1 mm, therefore, her treatment plan included a reverse curve
of Spee in the lower arch (which would lead to lower incisor intrusion) followed by upper incisor extrusion,
with the intention of improving smile esthetics (Figure 8). What seemed to be an easy case, was not, since
an extra amount of lower incisor intrusion was needed to allow upper incisor extrusion, and at the same
time correct the deep bite.

Initial
. Reverse
curve of
Spee in the
lower arch

. Lower incisor
intrusion

3. Upper
incisor
extrusion

Figure 8. Cephalometric evaluation for upper incisor display at rest with 1mm (A). Due to the reduced incisor
exposure (B), the treatment plan included a reverse curve of Spee in the lower arch, so that lower incisors would be
intruded (C). Overcorrection of the deep bite was planned, so that upper incisors could be extruded to improve smile
esthetics (arrows).
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A reverse curve of Spee in the lower archwire proclined the lower incisors, leading to relative
intrusion of these teeth. Lower premolars were extruded, and some bite opening was achieved. This
created enough vertical space for upper incisor extrusion and improvement of incisor display (Figure 9).
No facial changes were expected, but an improved smile line was achieved. An adequate final occlusion
was reached and gingivoplasty was performed to correct tooth proportions (Figure 10).

Figure 9. Initial (A) and final (B) cephalometric radiographs showing the changes in the occlusal plane created by
reverse curve of Spee in the lower arch. (C) Superimposition of initial (white) and final (blue) digital models illustrates
the amount of lower incisor proclination and relative intrusion, lower premolar extrusion and upper incisor
extrusion.

Figure 10. Final facial (A-C) and intra oral (D-H) photographs presenting a harmonious facial profile, with passive lip
seal and good smile line. A Class | malocclusion was maintained, with spaces closed and overbite corrected.
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Consonant
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B Adequate
upper
incisor
display
at rest

Figure 11. Final esthetic result, with a consonant smile line (A, B) and adequate upper incisor exposure at rest (C).
Incisor intrusion and posterior extrusion

Most deep bite cases will need a combination of anterior and posterior vertical tooth movements,
since a deep curve of Spee is frequently present in the lower arch. When continuous wires are used, to
level deep curves of Spee, there is a combination of premolar extrusion and incisor intrusion [19].

In cases where the vertical allocation of incisors does not permit enough intrusion to correct the deep
bite, extrusion of the posterior segment will also be necessary, such as in the case presented in Figures 12
through 17. This young patient presented with a concave facial profile, consonant smile line, Class |
malocclusion, deep bite, and retroclined upper and lower incisors.

Figure 12. Initial facial (A-C) and intra oral (D-F) photographs of a young female adult patient presenting a
normodivergent and concave facial profile, with good lip seal, and a consonant smile with adequate dental exposure.
A Class | malocclusion with significantly retroclined upper and lower incisors and a deep bite was present.
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Upper incisor display at rest was 6mm, which allowed approximately 2mm of upper incisor intrusion.
Care was taken not to flatten the smile line with incisor intrusion, since the patient presented with a
consonant smile line, as can be seen in Figure 13.

Figure 13. Cephalometric evaluation for upper incisor display at rest (6mm), with consonant smile line.

Therefore, it was initially planned to level the upper arch, including second molars. The step between
first and second molars opens the bite approximately 3 mm (20), which allows the placement of the lower
arch appliance. The curve of Spee was levelled by continuous archwires and adequate torquing was
performed to procline upper and lower incisors. This resulted in enough relative incisor intrusion in both
arches to obtain an adequate final occlusal and esthetic result (Figures 14 and 15).

1. Alignment and
levelling upper
arch with second
molars

2. Levelling the

curve of Spee in
the lower arch

3. Incisor
proclination in
both arches

Figure 14. Overbite correction was planned by extrusion of upper second molars, followed by levelling of the curve
of Spee in the lower arch and relative incisor intrusion by proclination in both arches.
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Figure 15. Final facial (A-C) and intra oral (D-F) photographs presenting a pleasant facial profile, with passive lip seal
and good smile line. A Class | malocclusion was achieved, with adequate incisor inclination and corrected overbite.

When comparing initial and final digital model superimpositions (Figure 16), extrusion of the upper
second molar can be noticed, which caused bite opening and therefore space to place the lower brackets.
Lower posterior teeth were also extruded, and upper and lower incisors were proclined, which promoted
relative intrusion of these teeth. The deep bite was corrected and a significant proclination of upper and
lower incisor was achieved. Upper incisor proclination was sufficient to perform relative intrusion of upper

incisors without flattening the smile line and maintaining adequate upper incisor display at rest (Figure
17).

M nitial

Figure 16. Initial (A) and final (B) cephalometric radiographs showing the changes in upper incisor display at rest
(3mm). Superimposition (C) of initial (white) and final (blue) digital models illustrates the amount of extrusion of
posterior teeth in both arches, especially the upper second molars, and proclination of upper and lower incisors.
Posterior extrusion and incisor proclination were the main mechanisms used for overbite correction.
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Figure 17. Final smile esthetic result with good upper incisor inclination (A), consonant smile line (B) and upper
incisor exposure at rest greater than 2mm (C).

Many other combinations of treatment possibilities can be devised based on diagnosis. Due to the
multifactorial nature of malocclusions, different combinations of features can be the origin of deep bites.
Therefore, customized treatment planning is necessary, always considering smile esthetics, especially the
vertical allocation of anterior teeth. The case shown in Figures 18 through 24 demonstrates a clinical
situation in which a deep bite presented good position of upper incisors, and all the deep bite correction
was achieved by moving the upper posterior teeth and lower incisors. This young man presented with a
straight facial profile and good gingival exposure when smiling. He was a Class Il division 2, with a small
overjet and a deep bite (Figure 18). Despite the gingival exposure, upper incisor display was good, and
upper incisor intrusion was not desired (Figure 19).

Initial

Figure 18. Initial facial (A-C) and intra oral (D-H) photographs of a young adult male patient presenting a
normodivergent and straight facial profile, with good lip seal, and a consonant smile with minor gingival exposure.
He had a Class ll, division 2 malocclusion with normal overjet and a deep bite.
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Figure 19. Esthetic analysis with smile (A), smile close up (B) and upper incisor exposure (C) photographs, showing a
consonant smile line, with gingival exposure and good upper incisor display at rest.

Since the patient had good upper incisor inclination and vertical position, these teeth should be
minimally changed. For Class Il correction, distalization of the upper posterior teeth was needed without
changing upper incisor position. Finally, to correct the deep bite, extrusion of upper posterior teeth during
leveling, extrusion of lower posterior teeth, and lower incisor intrusion and proclination were required
(Figure 20).

ze upper

e >4mm
4. Intrude and

procline lower
incisors

Figure 20. Cephalometric evaluation for upper incisor display at rest with 4mm and good upper incisor inclination
(A). Due to the adequate incisor exposure and inclination, the treatment plan included distalization of the upper
arch for Class Il correction, extrusion of upper and lower posterior teeth, and intrusion of lower anterior teeth for
overbite correction (B).

A first phase of treatment was performed with a Carriere® Motion 3D™ appliance to achieve Class Il
correction (Figure 21). When comparing digital models at the beginning of treatment and after the
Carriere appliance (Figure 22), we can notice the distalization of upper posterior teeth as well as extrusion.
The lower arch moved mesially promoting relative intrusion of lower incisors. The patient was then
treated with aligners to an adequate final occlusion, with a harmonious facial result and a pleasing smile
line, despite the gingival exposure (Figure 23). Upper incisor display at rest was maintained and levelling
of the upper arch happened by posterior extrusion, which helped correct the deep bite associated with
lower incisor position (Figure 24).
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Initial

Figure 21. Intraoral photographs of Carriere appliance in use with Class Il elastics (A-C) and occlusal result (D-F) after
9 months of use with complete sagittal correction. Improvement of upper arch levelling is observed due to extrusion
of the upper posterior segment.

Distal movement of
r teeth

Extrusion of upper
posterior teeth

lower inci

M nitial
W After Carri

Figure 22. Superimposition of initial (white) and after Carriere appliance (blue) digital models illustrates the amount
of distal movement of the upper arch, extrusion of the upper posterior teeth, mesial movement of the lower arch
and relative intrusion of the lower incisors.
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Final

Figure 23. Final facial (A-C) and intraoral (D-H) photographs presenting a good facial profile, with passive lip seal,
adequate smile line and gingival exposure. A Class | malocclusion was achieved, with proper incisor inclination and
corrected overbite.

Figure 24. Initial (A) and final (B) cephalometric radiographs showing no significant changes in upper incisor display
at rest (4mm). Overbite correction was obtained by extrusion of posterior teeth and relative intrusion of lower
incisors, when levelling the curve of Spee (C-D).

What these two previous cases have in common is that part of the overbite correction was obtained
by levelling the curve of Spee. When levelling the curve of Spee, space is necessary and lower incisor
proclination is unavoidable, no matter what technique you use [19, 21]. Bite raising mechanisms can also
be useful in treating overbites, but there is no defined protocol in the literature on where to place bite
raising devices [10]. Some orthodontists believe that high angle cases would benefit from posterior bite
raising to avoid extrusion of posterior teeth, but this seems paradoxical, since deep bite correction is
dependent on extrusion of the midsegments of the lower arch [21] On the other hand, low angle cases
should have anterior bite raisers to enhance posterior extrusion. Bite raisers placed in the anterior region
would be preferable, mostly due to the deprograming effect that it has in the musculature, but the
orthodontic literature is inconclusive at this time.
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Posterior underdevelopment

Another contributing factor for deep bites is the vertical underdevelopment of the posterior region.
These patients have a short anterior facial height which leads to inverted and pouched lips, as if there was
excessive soft tissue in the anterior region [22]. The patient in Figures 25 through 29 was in the final phase
of mixed dentition, when a deep bite is a relatively normal physiologic trait. Nevertheless, the reduced
anterior facial height associated with reduced incisor display at rest, as well as in smiling, could be
improved to a more harmonious facial appearance (Figures 25 and 26).

Figure 25. Initial facial (A-C) and intra oral (D-H) photographs of a young girl presenting with a hypodivergent and
straight facial profile, excessive lip seal, and a consonant smile with minor dental exposure. She had a Class |
occlusion in the mixed dentition with a deep bite.

Reduced
incisor
exposure

at smile

B and
B at rest

Figure 26. Esthetic analysis with cephalometric radiograph (A), smile close up (B) and upper incisor exposure
photographs (C), showing a consonant smile line, with minimal upper incisor display at rest.

With the intention of promoting posterior disocclusion and spontaneous extrusion of posterior teeth,
a removable bite plate was installed. Facial differences can be noticed immediately, with improvement of
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the lower anterior facial height (Figure 27). This bite plate was used throughout the final phase of mixed
dentition for 12 months. A second bite plate was needed one year later and used until full eruption of
permanent second molars (Figure 28). Final results show a good facial profile, adequate lip seal, and
improved upper incisor exposure. The shape of the lips at rest also improved considerably, as well as the
increase in lower facial height.

Initial with bite plate 2017

Figure 27. (A-C) Facial photographs immediately after bite plate placement. An increase in anterior facial height is
seen due to posterior disocclusion.

-
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Figure 28. Intraoral photographs immediately after bite plate was installed (A-C), 12 months later (D-F), after a
second bite raise when treatment was discontinued (G-1), and 2 years follow up with no treatment (J-L). Note the
improvement of the deep bite due to posterior vertical alveolar growth.
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Figure 29. Facial photographs before bite plate was installed (A,D,G), 24 months later, when bite plate use was
discontinued (B,E,H), and 24 months later with no treatment (C,F,l). Note the increase in lower facial third and the
improvement of the lip seal, as well as the dental exposure.
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Despite the successful results of this treatment, some questions arise when analyzing these final
results. Was the increase in vertical alveolar growth caused using the bite plate? To the best of our
knowledge there are no studies on this subject, but it has been observed that patients with anterior
rotation growth pattern tend to worsen [23]. When is the ideal time to begin treatment? Some evidence
has shown there is no difference in early versus late treatment for deep bite [24], but overbite was the
only outcome evaluated, rather than incisor display and lower anterior facial height. And finally, what is
the limit for alveolar growth by bite opening? That is another factor still to be answered in future clinical
research.

Stability of vertical tooth movement

Even though successful results were obtained in the previously presented cases, how will they
behave in the long term? Regarding stability of overbite treatment, not much is known. The systematic
review published by Huang and collaborators [25] is the best compilation of information on the subject.
The variation of deep bite relapse is very large, ranging from 0 to 82%, but in what areas relapse occurs is
not known. Is it in the anterior region or the posterior region? When we extrude posterior teeth, we
change occlusal vertical dimension, a concept also described by prosthetic dentistry which can be very
useful in deep bite correction. This will be illustrated in the next section.

Occlusal vertical dimension and deep bite correction

Occlusal Vertical Dimension (OVD) is the vertical relationship between maxilla and mandible when
the teeth are occluded in maximum intercuspation. Interocclusal distance is the difference between rest
vertical dimension and OVD, also known as freeway space. Rest vertical dimension is the distance from
nose to chin when the mandible is in rest position [26]. These concepts are extremely useful in cases with
loss of occlusal vertical dimension with deep bites.

Loss of occlusal vertical dimension

Loss of occlusal vertical dimension occurs when there is vertical reduction of occlusal tooth surface,
leading to a counterclockwise rotation of the mandible and bite closure. It can basically happen in two
situations by carious and non-carious tooth destruction [27].

Carious tooth destruction

Clinical situations with severe carious destruction of posterior teeth can be particularly challenging,
as demonstrated in Figures 30 through 34. A 60-year-old woman who had been treated orthodontically
in the past for a Class Il with premolar extractions was having difficulty restoring her posterior teeth. The
patient presented with a Class Il malocclusion, severe deep bite, a large overjet, a severe hyperdivergent
facial pattern with chin prosthesis, and good upper incisor display. The deep bite was associated with an
increased curve of Spee.
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Initial

Figure 30. Initial facial (A-C) and intra oral (D-H) photographs of a 60-year-old woman presenting with a
hyperdivergent facial profile, adequate lip seal, and a consonant smile with adequate dental exposure. She had a
Class I, division 1 malocclusion with a large overjet and a deep bite. Cephalometric radiograph (l) shows a high
mandibular plane angle, a chin prosthesis, a very deep curve of Spee, and upper incisor exposure at rest of 3mm.

During the consultation, she complained of a persistent lesion that had not healed since the
extraction of her lower third molars three months ago. Due to treatment for osteoporosis with sodium
risendronate, there was a suspicion of osteonecrosis. It was confirmed by the oral pathologist and treated
with hydrogen peroxide rinses and medication until complete healing occurred.

Osteonecrosis is a medication-related condition of the jaws that can occur with Intravenous or oral
bisphosphonates or Receptor activator of nuclear factor-kB (RANK) ligand inhibitor (denosumab), which
are generally used for osteoporosis or bone cancer. Treatment is usually conservative with hydrogen
peroxide rinses to debride dead oral cells and a suspension of osteoporosis medication. Orthodontic
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treatment has a small risk of triggering osteonecrosis, but tooth movement may be slower in patients
taking antiresorptive drugs. Most importantly, dentoalveolar surgery at any level is considered a major
factor for developing osteonecrosis and should be avoided [28, 29].

Figure 31. Persistent lesion in the lower right retromolar area that occurred after third molar removal with lack of
healing.

Therefore, dentoalveolar surgery was absolutely contraindicated in this patient, despite her facial
characteristics. Since no invasive procedure could be used, her treatment began with 5 mm of prosthetic
raising of the vertical occlusal dimension on both sides (Figure 32), followed by regular alignment and
levelling with fixed orthodontic appliances. Obviously, no major facial improvement was expected, but an
adequate occlusion was achieved. Comparing initial and final records, the prosthetic increase in OVD led
to a clockwise rotation of the mandible. Lower incisors were significantly proclined due to the levelling of
the curve of Spee, which led to relative intrusion of lower incisors. But what do we know about the long-
term effects of such treatments?

Figure 32. Posterior occlusal bite raising to restore occlusal caries and gain occlusal vertical dimension (A, C). A
significant improvement in deep bite can be observed (B).
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Figure 33. Final facial (A-C) and intraoral (D-H) photographs presenting a hyperdivergent and retrognathic facial
profile, with passive lip seal and consonant smile line with significant gingival exposure. A Class | malocclusion was
achieved, with adequate incisor inclination and corrected overbite.

Minor extrusion of anterior teeth

Figure 34. Initial (A) and final (B) cephalometric radiographs showing no changes in upper incisor display at rest
(3mm). Superimposition (C) of initial (white) and final (blue) digital models illustrates the amount of posterior
prosthetic build up in the lower arch, significant lower incisor proclination, and therefore relative intrusion and minor
changes in the upper arch. Posterior build ups and incisor proclination were the main mechanisms for overbite
correction.

There is very little evidence evaluating long term results of prosthetic build ups. The best piece of

available evidence using modern diagnostic methods was a preliminary study published in 2019 that
evaluated 6 patients with CBCTs treated with bite raising who were followed for 2 years. The results
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demonstrated that the increased OVD did not relapse to baseline and that relapse was mostly in the
occlusal dental height rather than in the alveolar process heights [30].

Non-carious tooth destruction

Non-carious tooth destruction can happen in four different ways: abrasion, attrition, erosion and
abfraction. Attrition and erosion are the two processes that can reduce the occlusal surface of posterior
teeth and therefore cause loss of occlusal vertical dimension and consequently bite closure [27].

Perimolysis is the consequence of gastric acid flowing into the mouth from the dorsum of the tongue,
onto the palatal surfaces of the upper teeth, the occlusal surfaces of both arches, and the buccal surface
of lower teeth (Figure 35). Treatment demands a multidisciplinary approach with immediate referral to a
gastroenterologist and dental treatment can only be started after gastric reflux has ceased [31], as shown
in the case in Figures 36 through 41.

Figure 35. Arrows show erosion areas on the path of regurgitated hydrochloric acid over the dorsum of the tongue
that characterize perimolysis: palatal surfaces of the maxillary teeth (A), occlusal surfaces of both arches (A-B) and
buccal surfaces of posterior mandibular teeth (B).

This patient presented with a Class Il malocclusion and deep bite due to significant occlusal erosion
of his teeth. Erosion lesions were present on the lingual and occlusal surfaces of upper teeth and on the
occlusal and buccal surfaces of lower teeth, which characterizes perimolysis. After referral to the
gastroenterologist, treatment began with temporary composite restorations of the posterior teeth. This
promoted bite raising, which allowed bracket placement in the lower arch, but worsened the sagittal
relationship due to the counterclockwise mandibular rotation (Figure 37).
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Figure 36. Initial facial (A-C) and intra oral (D-H) photographs of a young male adult presenting a normodivergent
and straight facial profile, with adequate lip seal, and a consonant smile with adequate dental exposure. He had a
Class Il, division 2 malocclusion with a small overjet and a deep bite. Occlusal anterior and posterior wear can be
seen, characterizing perimolysis due to silent gastric reflux.

Figure 37. Po
improvement in deep bite can be observed (B), as well as worsening of the sagittal relationship due to clockwise
mandibular rotation (A,C).

The orthodontic treatment plan included levelling the upper gingival margins by upper incisor
intrusion, despite the poor upper incisor display and short upper incisor crowns (Figure 38). This created
vertical occlusal anterior dimension for upper incisor restorations and improvement of the proportions of
clinical crowns, which also improved upper incisor display with minimal invasiveness. A straight facial
profile was maintained, with good lip seal and a significantly improved smile line. This was due to both
the posterior bite raising and upper incisor intrusion. Posterior restorations helped in gaining anterior
vertical dimension and lower incisor intrusion (Figure 39).
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Figure 38. Esthetic analysis with cephalometric radiograph, smile close up and upper incisor exposure photographs,
showing a flat smile line, with minor upper incisor display at rest (1mm), but small upper incisor crowns due to
occlusal wear (A). Therefore, upper incisor intrusion was needed to gain vertical anterior dimension for incisor
restoration and improvement of dental proportions (B).

Figure 39. Final facial (A-C) and intraoral (D-H) photographs presenting a normodivergent and straight facial profile,
with passive lip seal and consonant smile line with adequate dental exposure. A Class | malocclusion was achieved,
with adequate overbite, as well as improvement of tooth proportions.

In this case, overbite correction was obtained by recovering occlusal vertical dimension by restoring
the eroded occlusal surfaces of posterior teeth. This led to bite opening with mandibular clockwise
rotation. Upper and lower incisor intrusion provided vertical dimension to restore eroded incisors and
improve smile esthetics, as well as upper incisor display at rest from 1 to 4mm (Figures 40 and 41).
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andibular clockwise rotation

Figure 40. Initial (A) and final (B) cephalometric radiographs showing improvement in upper incisor display at rest
from 1 to 4mm. Superimposition (C) of initial (white) and final (blue) digital models illustrates the amount of
posterior prosthetic build ups in both arches, which led to a clockwise rotation of the mandible and bite opening.
Upper and lower incisor intrusion was needed to create vertical space for restorations and improvement of incisor
proportions.

Figure 41. Initial (A, B) and final (C, D) incisor display and smile esthetics.

CONCLUSIONS

Orthodontic tooth movement for overbite correction includes incisor intrusion, molar and premolar
extrusion, or a combination of both. When anterior teeth are intruded, smile esthetics will be impacted,
most especially upper incisor display at rest. When posterior teeth are extruded, function will be affected,
i.e., occlusal vertical dimension. The vertical position of upper incisors will be a paramount diagnostic
factor to determine if they can be intruded. If not, other ways of correcting the deep bite should be
considered, such as extruding posterior teeth and opening the bite by clockwise rotation of the mandible.
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In cases with posterior underdevelopment, posterior eruption is indicated by using bite raisers.
Nevertheless, not much is known about this treatment modality in growing patients and how much dento-
alveolar vertical increase is really obtained. On the other hand, patients with loss of occlusal vertical
dimension due to occlusal wear or erosion should be restored before orthodontic treatment. Despite
prosthetic increase in OVD being traditionally performed in dentistry, not much is known regarding
muscular adaptability and stability [32]. Even though the level of evidence is low, patients must be treated
to the best standard of care. The changes we cause by intruding or extruding molars are not yet clear, and
need to be investigated, especially regarding muscular adaptability and stability, for more predictable and
long-lasting results.
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DEEP BITE TREATMENT WITH CLEAR ALIGNER TECHNIQUE

Sandra Khong Tai

ABSTRACT

Diagnosis is key to the treatment of any malocclusion. The biomechanics of deep bite correction would
depend on the etiology of the deep bite. These would include correcting maxillary and mandibular incisor
inclination where the incisors are retroclined, intruding makxillary incisors if they are hypererupted and
levelling the curve of Spee with mandibular incisor intrusion or a combination of mandibular incisor
intrusion and premolar extrusion. Innovations specifically designed for the treatment of deep bite
malocclusions include pressure areas, optimized deep bite attachment, precision bite ramps and the
power ridge feature. Adequate anchorage is required for levelling the curve of Spee in the lower arch and
this means that attachments are required on the first and second premolars. If posterior extrusion has
been requested, these attachments may be active in order to facilitate premolar extrusion. Staging the
sequence of maxillary and mandibular incisor tooth movements to first procline, then intrude, and finally
to retract is key to achieving clinical predictability in deep bite treatment. A review of the literature shows
a difference between the amount of intrusion programmed into the digital treatment plan and the actual
amount of intrusion achieved. Therefore, over-treatment of the deep bite malocclusion is recommended
when designing the tooth movements in the digital treatment plan. The more severe the deep bite in the
initial malocclusion, and the older the patient, the more over-treatment is recommended for the digital
treatment plan. Finally, two clinical cases, one teen and one adult patient, are presented as case reports
for deep bite treatment.

KEY WORDS: Aligners, Deep Bite, Intrusion, Invisalign, Staging

INTRODUCTION

The etiology of a deep bite malocclusion is multifactorial [1]. One key question in the diagnosis is
whether the deep bite is skeletal or dental in origin. Oftentimes, a deep bite malocclusion is a combination
of various factors both skeletal and dental. Skeletal patterns associated with deep bite malocclusion are
brachyfacial, short face height patients. Dental factors associated with deep bite malocclusion are
retroclined maxillary and mandibular incisors, hypererupted maxillary incisors, and a steep curve of Spee
in the lower arch (Figure 1).

Therefore, the biomechanics of deep bite correction would depend on the etiology of the deep bite
malocclusion [2]. These would include correcting maxillary and mandibular incisor inclination where the
incisors are retroclined, intruding maxillary incisors if they are hypererupted and levelling the curve of
Spee with mandibular incisor intrusion or a combination of mandibular incisor intrusion and premolar
extrusion. Maxillary incisor intrusion would have the advantage of correcting an unesthetic smile with
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excessive gingival display. If the etiology of the deep bite has a skeletal component, then it may be
desirable to increase the lower face height in brachyfacial patients with posterior extrusion. A very severe
deep bite would require a combination of both anterior intrusion and posterior extrusion to resolve the
malocclusion.

Figure 1. Dental factors associated with deep bite malocclusion: retroclined maxillary and mandibular incisors,
hypererupted maxillary incisors, steep curve of Spee in lower arch.
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Figure 2. Innovations for deep bite treatment. A) Pressure areas that redirect the intrusive force along the long axis
of the tooth, B) Optimized deep bite attachments, C) Optimized support attachments on the maxillary lateral incisors
to support intrusion of the maxillary central incisors, D) Precision bite ramps. (Reproduced with permission from
Align Technology Inc).

CLEAR ALIGNER INNOVATIONS FOR DEEP BITE TREATMENT

The Invisalign® system by Align Technology [3] has several innovations specifically designed for the
treatment of deep bite malocclusions [4] (Figure 2). These are:

Pressure areas
Pressure areas are concavities on the lingual surface of the maxillary and mandibular incisors and

canines. They function to redirect the intrusive force along the long axis of the tooth for more efficient
intrusion, where 0.5 mm or more of intrusion has been programmed into the digital software plan.
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Optimized deep bite attachments

Optimized deep bite attachments are usually placed on first or second premolars, or both.
Optimization refers to an activation built into the aligners, so if posterior extrusion is requested, when the
aligners are fabricated, they exert an active force on the active surface of the attachments for extrusion
and occlusal clearance is provided for the tooth to extrude into. In this case, the optimized deep bite
attachments would be ‘active’. These attachments may also be passive if no posterior extrusion was
required. In that case, they would function as anchorage attachments to facilitate lower anterior intrusion.

Precision bite ramps

Precision bite ramps are protuberances built into the aligner on the palatal surface of upper incisors.
They are dynamic, and their positions on the aligner change to maintain occlusion with the mandibular
incisors as they align. Precision bite ramps function to disclude the posterior teeth as well, so the posterior
teeth would be free to extrude if posterior extrusion was requested.

Conventional bite ramps

Conventional bite ramps may also be requested on the maxillary canines. There may be several
scenarios where conventional bite ramps on the maxillary canines may be requested. If there is excessive
overjet, the mandibular incisors may be not be occluding on the palatal surface of the maxillary incisors.
In this case, bite ramps may be requested for the maxillary canines to assist in discluding the posterior
occlusion to assist in deep bite correction. Since both the pressure areas and precision bite ramps occupy
the palatal surface of the maxillary incisors, a clinician may choose to prioritize pressure areas for maxillary
incisor intrusion, instead of precision bite ramps. In this scenario, conventional bite ramps may also be
placed on the maxillary canines. Finally, there may be some patients with excellent buccal interdigitation
prior to treatment and conventional bite ramps may be placed on the makxillary canines as a preventive
measure to disclude the posterior occlusion where a patient may clench down on the aligners and
inadvertently exert a posterior intrusive force creating a posterior open bite.

Optimized support attachments

These attachments may be placed on maxillary and mandibular lateral incisors as anchorage to
support the intrusion of central incisors or canines. They are automatically placed by the software when
there is 0.5 mm or more of intrusion programmed on either the adjacent canine or central incisor.
Power ridge feature

The power ridge feature is not specifically one of the innovations for deep bite treatment. It is

designed for lingual root torque of maxillary and mandibular incisors and are useful for correcting incisor
inclination where the incisors are retroclined.

A BRIEF REVIEW OF THE LITERATURE

A study by Khosravi et al. in 2017 [5], found that the Invisalign® appliance was effective for correcting
deep overbites. The primary mechanism of action was proclination of the mandibular incisors, intrusion
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of the maxillary incisors and extrusion of mandibular molars. There was a 1.5 mm median opening of the
overbite in deep bite patients. On average mandibular first and second molars extruded 0.5 mm. However,
this study was carried out on patients before the innovations for deep bite correction was launched,
meaning these patients were treated without precision bite ramps, pressure areas or optimized deep bite
attachments.

Since intrusion is one of the primary mechanisms of deep bite correction, it is important to consider
the clinical predictability of intrusion designed into the digital software plan. In a study by Grunheid et al.
on non-extraction cases [6], it was found that anterior teeth were positioned more occlusally than
predicted, and maxillary incisors had more lingual crown torque than predicted. Even though these
differences were not large enough to be clinically relevant, the authors recommended building in the
necessary compensations into the virtual treatment plan. Another study by Haouili [7] found a marked
improvement in overall accuracy of tooth movement with the Invisalign® system since 2009. They stated
that incisor intrusion remained a challenge with an overall accuracy of 35%. A study by Kravitz [8] found
an accuracy in intrusion of 41.3%. Krieger [9] compared intra-oral scans with the digital ClinCheck plan
set-up and found a difference of 0.71 mm in overbite correction. Blundell’s findings were that 39.2% of
intrusion was expressed and the deeper the initial overbite, the more challenging it would be to achieve
the overbite reduction [10]. When evaluating studies on deep bite correction with aligners, it would be
helpful to assess when the study was done and what features for deep bite correction were incorporated
into the aligner design.

A more recent study published by Henick et al. [11] looked at the effect of Invisalign G5 (Align
Technology Inc) with virtual bite ramps for skeletal deep bite correction in adult patients and found that
although fixed appliance treatment had more apparent skeletal change, both fixed appliances and clear
aligners were effective in opening deep bites at the dentoalveolar and skeletal levels.

Intrusive Force

Aligner lifts up in the posterior

Figure 3. Intrusive force anteriorly with reciprocal extrusive force posteriorly.
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ANCHORAGE DESIGN FOR LEVELLING THE CURVE OF SPEE

When intruding mandibular incisors to level the curve of Spee, an intrusive force is directed in the
anterior segment of the arch. Concurrently, there will be a reciprocal extrusive force in the posterior
segment. Therefore, the aligner will tend to lift up in the posterior (Figure 3). There needs to be sufficient
posterior retention or anchorage, to prevent the lifting up of the aligner. Attachments are required for
the first and second premolars and sometimes first molars as well for anchorage. This prevents the aligner
from lifting up and provides the anchorage needed for the intrusive force to be directed in the anterior
segment for incisor intrusion. The preferred attachment design would be the optimized deep bite
attachments due to the ability for extrusive forces to be incorporated where posterior extrusion is desired.
For other aligner systems, where optimized deep bite attachments are not available, a horizontal
rectangular attachment, bevelled on the gingival may be placed (Figure 4).

Intrusive Force

Optimized deep bite attachment -
may be Active (Extrusion) or Passive (Anchorage)

Figure 4. Optimized deep bite attachments on premolars.

No attachments are required on the lower incisors as attachments may interfere with the intrusion.
More importantly, attachments will negate a more recent innovation by Align Technology known as
SmartForce® aligner activations that are unique to the Invisalign® system [12]. With SmartForce® aligner
activations, the shape of the aligner itself is adjusted for activation that is calibrated individually to provide
sufficient and balanced intrusion for the anterior teeth. SmartForce® aligner activations apply to both
maxillary and mandibular incisor intrusion (Figure 5).
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Intrusive Force

'

NO attachments
on teeth that are
to be intruded -
not necessary and
negates
SmartForce
aligner activations

Over-correct reverse Curve of Spee
Mild over-extrusion of lower premolars

Figure 5. Superimposition showing anterior intrusion, posterior intrusion.
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Intrude

SR5606e

Retract

Figure 6. Staging incisor movements to procline, intrude, retract.
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STAGING TOOTH MOVEMENTS FOR DEEP BITE TREATMENT

One important consideration in deep bite treatment is the sequence of tooth movements. Aligner
systems are designed for simultaneous tooth movement. If a tooth requires lingual root torque, intrusion
and rotation, every aligner would have all of these tooth movements built in. However, sometimes tooth
movements in more than one place of space are difficult to execute. For example, in the case of
retroclined, hypererupted incisors, it would be more clinically predictable to separate out the tooth
movements and stage them to first procline, then intrude, finally to retract [13] (Figure 6). Retroclined
maxillary incisors should first be proclined or mandibular incisors uprighted in the lower arch to correct
the incisor inclination. Once the inclination is corrected, the incisors may then be intruded along the long
axis of the tooth and any remaining spacing or overjet, may then be closed or the overjet decreased
through incisor retraction.

During the proclination stage, the power ridge feature may be used for lingual root torque in
combination with precision bite ramps. Once proclination is completed, there may now be excess overjet
with the mandibular incisors now occluding behind the bite ramps. The precision bite ramps may be
removed to allow pressure areas to be placed on the lingual of the incisors to assist with incisor intrusion.
Conventional bite ramps may be placed on the maxillary canines to continue to disclude the posterior
occlusion.

Box 1. Digital software plan design checklist.

Digital software plan design checklist

Bite ramps

Power ridges
* Anchorage attachments needed on first, second premolars and first molars
* Optimized deep bite attachments — largest possible — first choice
*Horizontal rectangular horizontal beveled in gingival — second choice
*If premolar rotations present, vertical rectangular attachment — third choice

*Avoid attachments on lower incisors as they interfere with intrusion

Staging tooth movements in the software plan

¢ Procline, Intrude, Retract for both upper and lower incisors - software defaults are simultaneous staging, separating out
such complex movements increase the clinical predictability of the programmed deep bite correction

* Program anterior (incisor) intrusion, as well as posterior (premolar) extrusion for severe deep bite cases

In setting up the virtual treatment plan in the software, it is imperative to have a checklist of the
features for deep bite treatment designed into the digital treatment plan. Adequate anchorage
considerations for levelling and intrusion, together with proper attachment design and staging patterns
will lead to clinically predictable correction of a deep bite malocclusion (Box 1).
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Since the literature shows that only a proportion of the intrusion programmed into the digital
software plan is expressed clinically, it is recommended to set up the final occlusion in the digital software
plan to over-treat the overbite, as well as the lingual root torque required for both upper and lower incisor
inclination. The amount of over-treatment would vary depending on the age of the patient. For teens and
younger, the final occlusion could be set up to ideal. For older adults, depending on the severity of the
deep bite in the initial malocclusion, it is recommended to over-treat the final occlusion to 0 mm overbite
or even to an anterior open bite.

CASE REPORT #1: TEEN CLASS Il DEEP BITE MALOCCLUSION

Diagnosis and treatment plan

A teen female patient aged 15 years and 6 months presented with a mild Class Il malocclusion with
deep bite and minor crowding. Both upper and lower dental arches are squarish in arch form, and upper
and lower incisors are retroclined. There is a steep curve of Spee in the lower arch. Cephalometric analysis
revealed a Class | skeletal pattern (Figures 7-11).

-

Figure 7. Pre-treatment facial photographs. A) Profile, B) Smiling, C) Relaxed lips.

Figure 8. Pre-treatment anterior and buccal intra-oral views. A) Pre-treatment right buccal intra-oral view,
B) Pre-treatment anterior intra-oral view, C) Pre-treatment left buccal intra-oral view.

Figure 9. Pre-treatment upper (A) and lower (B) occlusal views.
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Figure 10. Pre-treatment cephalometric radiograph.

Figure 11. Pre-treatment panoramic radiograph.
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Digital software plan

The digital software plan integrated a number of features for deep bite treatment. The power ridge
feature was placed on maxillary and mandibular incisors. Precision bite ramps were placed on the lingual
surfaces of the maxillary incisors. Although optimized deep bite attachments were not used in this case,
both first and second premolars had attachments that also functioned for anchorage purposes to enable
mandibular incisor intrusion to level the curve of Spee in the lower arch. Precision cut hooks for Class Il
elastics were placed on the maxillary canines and mandibular molars. A simulation jump was added in the
software plan to simulate the effect of Class Il elastic wear (Figures 12-15).

Figure 12. Precision bite ramps.

Figure 13. Power ridge feature on maxillary incisors.

74



Clear Aligner Deep Bite Treatment Tai

Figure 14. Levelling curve of Spee with anterior intrusion.

Figure 15. Precision cut hooks for Class Il elastics.

Treatment summary

There were only 16 aligners in the treatment plan. Although it is the norm to change aligners every
7 days, this patient was advised to change the aligners every 14 days to allow the Class Il elastics time to
work, in order to correct the occlusion from Class Il to Class I. % inch, 4 oz elastics were worn full time.
Treatment completed in 7 months without requiring additional aligners. The deep bite was corrected.
Maxillary and mandibular incisor inclination were also corrected, and the curve of Spee was levelled in
the lower arch. Both dental arches were aligned into an ovoid arch form. A comparison may be made
between the pre and post treatment cephalometric radiographs. The patient was retained with Vivera®
retainers from Align Technology Inc with bite ramps on the lingual of the maxillary incisors (Figures 16-
19).
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Figure 16. Post-treatment facial photographs. A) Profile, B) Smiling, C) Relaxed lips.

: £ : ) )
Figure 17. Post-treatment anterior and buccal intra-oral views. A) Post-treatment right buccal intra-oral view, B)
Post-treatment anterior intra-oral view, C) Post-treatment left buccal intra-oral view.

e b % A
Figure 18. Post-treatment upper and lower occlusal views. A) Post-treatment upper occlusal view, B) Post-
treatment lower occlusal view.
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Figure 19 Post-treatment cephalometric radiograph.

CASE REPORT #2: ADULT CLASS Il DEEP BITE MALOCCLUSION

Diagnosis and treatment plan

A 27-year-old female presented with a Class Il subdivision malocclusion with 100% deep bite.
Maxillary and mandibular incisors were retroclined with incisor rotations. There was moderate lower arch
crowding with the lower left first premolar erupted lingually. A steep curve of Spee was present. The
buccal occlusion was Class | on the right and half cusp Class Il on the left. Adding to the complexity of the
case, the maxillary left second molar had erupted into buccal crossbite. Cephalometric analysis showed a
Class | brachyfacial skeletal pattern with upright maxillary and mandibular incisors (Figures 20-24).

1 } 1 ;

Figure 20. Pre-treatment facial photographs. A) Profile, B) Smiling, C) Relaxed lips.
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Figure 21. Pre-treatment anterior and buccal intra-oral views. A) Pre-treatment right buccal intra-oral view, B) Pre-
treatment anterior intra-oral view, C) Pre-treatment left buccal intra-oral view.

Figure 22. Pre-treatment upper and lower occlusal views. A) Pre-treatment upper occlusal view, B) Pre-treatment
lower occlusal view.

Figure 23. Pre-treatment panoramic radiograph.
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Figure 24. Pre-treatment cephalometric radiograph.

Digital software plan

The digital software plan incorporated features for deep bite correction such as precision bite ramps
on the maxillary incisors. Power ridge features were placed on the maxillary incisors. Optimized deep bite
attachments were placed on several premolars with root control and rotation attachments on the
remaining premolars. The moderate crowding in the lower arch was resolved through a combination of
interproximal reduction and expansion.

Class Il correction was achieved through maxillary molar distalization on the maxillary left quadrant.
This was supported by Class Il elastics facilitated by precision cut hooks on maxillary canines and button
cutouts on the mandibular first molars. To assist with the buccal crossbite correction of the maxillary right
second molar, button cutouts were placed on the lingual surface of the maxillary right second molar and
the buccal surface of the mandibular right second molar. The maxillary incisors were staged according to
the procline, intrude, retract protocol (Figures 25-28).
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Optimized Deep Bite Power Ridge
Attachment Feature

Optimized Deep Bite Attachment

Figure 25. Optimized deep bite attachments, power ridge feature and precision cuts for Class Il elastics.

Precision
Bite Ramps

Figure 26. Precision bite ramps.
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Figure 27. Lower arch interproximal reduction.

Button Cut outs for cross elastics

Figure 28. Button cutouts for cross elastics for the second molars on the right side.
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Treatment summary

The initial series comprised 37 aligners. At the end of the first series of aligners, the deep bite had
corrected 50%. There was still a residual curve of Spee in the lower arch. Maxillary and mandibular incisors
were still fairly upright. The left buccal occlusion was a mild Class Il. The crossbite of the maxillary right
second molar had been successfully corrected.

Additional aligners were made. In the additional aligner stage, more maxillary molar distalization was
programmed in the upper left quadrant, supported by Class Il elastics. There was more levelling of the
curve of Spee in the lower arch. The power ridge feature was again placed on the makxillary incisors for
further lingual root torque. There were 31 aligners. Treatment completed in 27 months. The deep bite
was successfully corrected. Maxillary and mandibular dental arches were aligned. And the buccal
occlusion was corrected to Class |. The patient wore Vivera® clear retainers from Align Technology Inc with
bite ramps (Figures 29-32).

Figure 29. Post-treatment facial photographs.

Figure 30. Post-treatment anterior and buccal views. A) Post-treatment right buccal intra-oral view, B) Post-
treatment anterior intra-oral view, C) Post-treatment left buccal intra-oral view.

Figure 31. Post-treatment occlusal views. A) Upper occlusal view, B) Lower occlusal view.
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Figure 32. Post-treatment cephalometric radiograph.

CONCLUSIONS

In conclusion, deep bite malocclusion may be successfully treated with clear aligners. Proper
diagnosis of the etiology of the deep bite malocclusion is critical in deciding what type of tooth movements
should be programmed into the digital software plan. A checklist of the desired features such as pressure
areas, optimized deep bite attachments, precision bite ramps, optimized support attachments, and power
ridge feature should be developed. In reviewing the tooth movements in the digital software plan, proper
staging protocols such as procline, intrude, and retract should be followed. Finally, based on the current
evidence on predictability of tooth movements with aligners, over-treatment should be built into the final
projected occlusion.
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COMPARISON OF OUTCOMES IN DEEP BITE CASES TREATED WITH
BRACES, TEMPORARY ANCHORAGE DEVICES (TADS),
AND INVISALIGN

Toru Deguchi

ABSTRACT

Deep bite cases are some of the most difficult malocclusions to correct with orthodontic treatment. There
are basically three ways to correct deep bites: 1) absolute intrusion of incisors, 2) relative intrusion of
incisors, and 3) extrusion of molars. The treatment method used should be selected according to the
patient’s condition such as high angle or low angle deep bite, the patient’s requests and the clinician’s
preferences. In this presentation, | introduce 3 different types of orthodontic treatment: 1) fixed
appliances, 2) miniscrews, and 3) Invisalign therapy for treating deep bite cases. | compare the treatment
outcomes and discuss the difference in the mechanics and limitations of each treatment option. With
fixed appliances, the use of reverse curve of Spee (RCOS), utility arches, and the Burstone segmented
archwire techniques will be discussed. With miniscrews, both maxillary and mandibular miniscrews are
used to intrude incisors, and for Invisalign cases, the key factors for successful intrusion of the incisors will
be indicated. In addition, some deep bite clinical cases treated by these treatment methods will be
presented along with a discussion of the pros and cons for each option.

KEY WORDS: Deep Bite, Fixed Appliance, Miniscrew, Invisalign

INTRODUCTION

Approximately 15-20% of the population has deep bite (overbite > 5mm) in the United States [1].
Some of the suggested problems with severe deep bite include esthetic and functional problems. During
mixed dentition or at early permanent stage, deep bite with impinging mandibular incisors may cause
damage to the palatal tissue. In the long-term, some have suggested that there may be a correlation
between the presence of deep bite and occurrence of temporal mandibular disorder (TMD) [2]. According
to the severity and type of deep bite, esthetics also could be a concern such as overexposure of maxillary
incisors during smile, concave type of profile due to decreased mandibular plane angle or increased
overjet in high angle deep bite cases. Thus, orthodontists should know what type of appliances or
biomechanics is required to treat specific type of deep bite cases.

Besides orthognathic surgery, incisor intrusion and/or molar extrusion would be the typical
treatment goal to treat deep bite. The type and the amount of tooth movement is determined by dental
and skeletal severity of the deep bite. In case of low angle deep bite, in general, molar extrusion is allowed
by using treatments such as reverse curve of Spee wires [3], bite plate appliances [4], and elastics [5]. On
the other hand, in high angle cases, intrusion wires [6], head gears [7], and temporary anchorage devices
(TADs) [8] are commonly used for the correction of deep bite. However, in any of these appliances, there
will be always a reciprocal force resulting in the opposite teeth (anterior teeth vs posterior teeth). One of
the keys for successful treatment is to figure out how to control the reciprocal force.
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Before the TADs were introduced, intrusion archwire was one of the main methods to treat deep bite
cases. However, one of the disadvantages on using this intrusion wire is that there is a tendency to extrude
molars or flare the incisors. To cancel these reciprocal forces, 3-piece segmented techniques, transpalatal
arch (TPA), and headgear were used [6, 7]. After the introduction of TADs, the mechanics seemed to be
less simple, however, surgical procedure is required and miniscrew failure or root proximity became a
concern with the use of TADs [9]. In recent years, aligners have been used to correct deep bite from
esthetic reasons, especially in adult patients. Although, it is suggested that molar intrusion could be
successful, but intrusion of incisors was suggested to be one of the limitations with aligner therapy [10].

Therefore, in this presentation, | would like to introduce the pros and cons of different appliances
and techniques regarding the treatment of deep bite from an evidence-based point of view by introducing
past articles and some of our data.

DEEP BITE CORRECTION WITH CONVENTIONAL EDGEWISE THERAPY

There are three main methods for treating patients with deep bite using braces: 1) Reverse curve of
Spee (RCOS) [3,11], 2) Utility Arch [12, 13], and 3) Burstone segmented arch wire [3, 14].

I-1 Correction of deep bites with RCOS

One of the most common methods for correcting deep bite is by leveling the curve of Spee in the
mandibular arch. In general, RCOS is added to a rectangular stainless steel (SS) or beta titanium (TMA)
wire (.016x022 or .017x.025). The result of the tooth movement is intrusion of the incisors with labial
crown tipping and extrusion of premolar and molar with distal tipping. In this way, the amount of deep
bite is decreased by intrusion of the mandibular incisors. However, there is also labial crown tipping, which
is an undesirable movement. A past study compared the efficacy of deep bite correction between
continuous arch wire (n=25, mean age 23.3) and the segmented arch Burstone technique (n=25, mean
age 25.6) [15]. With the continuous wire, the mandibular incisors intruded by about 1.0mm with 5.7° of
labial flaring and 1.3mm of molar extrusion. The molar extrusion was significantly greater than with the
Burstone technique. Thus, continuous wire should be avoided in high angle cases, or when the mandibular
incisors are already flared.

One of the easiest ways to avoid incisor flaring is to chinch back or tie back the wire. With the
Alexander technique, they recommend that the wire be cinched back when applying the RCOS [16]. A
study that analyzed the effect of continuous RCOS wire (n=31, mean age 12.6) with cinch back or tie back
basically resulted in 1.3mm of premolar extrusion (considering the amount of growth was 1.5mm, so the
total was 2.8mm), 0.5mm of intrusion of the incisors (considering that the amount of growth was 1.4mm,
so the total was 0.9mm), and a 0.9mm extrusion of the mandibular molars (considering the amount of
growth was 1.4mm, so the total was 2.3mm). The mean increase of mandibular incisor inclination was
0.8° and distal tipping of molars resulted in about 6°. This indicates that with cinch or tie back mechanics,
incisor labial flaring can be mostly prevented and treatment will result in extrusion of premolars and distal
tipping of the molars. The only consideration with cinch or tie back mechanics may be extrusion of molars,
especially in adult patients due to substantial distal tipping of molars. In this study, there was only about
1mm of extrusion because of growth.
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I-1l Correction of deep bites with the use of utility arches (U-arches)

The use of the U-arch technique was introduced by Ricketts, who suggested that extrusion of
premolars by RCOS would increase the lower facial height that may negatively affect the stability [17]. A
past study that analyzed the outcome of U-arches (n=30, mean age 10.4) resulted in 1.3mm of intrusion
with 5.3° of labial flaring [12]. This study also used a U-arches in the maxillary arch that resulted in -1.1mm
of intrusion and 1.7° of labial flaring. In addition, the maxillary molars extruded by 2.9mm, however, since
these cases still had future mandibular (vertical) growth, no significant clockwise rotation of the mandible
was observed. In another study that compared the effects of mandibular incisors intrusion between the
U-arch and TAD supported intrusion, the U-arch group (n=13, mean age=16.3) resulted in 1.5mm of
intrusion of the mandibular incisors and 8° of labial flaring [13]. Mandibular molars also tipped 9° with
0.5mm of extrusion. Since they also used U-arches in the maxilla, the incisors flared 8.9°, and the molars
tipped 4.3° distally. Thus, with the use of U-arches, there was still substantial incisor flaring and molar

tipping.
I-11l Correction of deep bite with the use of Burstone segmented archwires

The third method for correcting deep bite by a conventional edgewise method is the Burstone
segmental arch wire. Burstone segmental arch wires consist of three parts: 1) a posterior anchorage unit,
2) an anterior segment, and 3) an intrusive arch spring [15]. A sectional wire of at least .018x.018 SS,
progressing to .018x.025 SS is used as a buccal stabilizing segment. In general, the intrusive arch is made
with a.018x.022 or .025 SS with a helix placed mesial of the auxiliary tube. When the intrusion arch is tied
to the level of the incisors, an intrusive force, ideally about 25-50 gm, is delivered. In addition, a TPA is
used in the maxilla, and a lingual arch (LA) is used to control the anchorage and torque. A past study that
compared the effects of overbite correction using a continuous arch versus a segmented arch technique
(n=25, mean age 25.6) indicated that the Burstone segmented arch wire technique resulted in an average
of about -1.7mm of mandibular incisor intrusion and an increased labial inclination of 4° [3]. Mandibular
molars extruded by about 0.6mm. Maxillary incisors also intruded by about -1.5mm with no flaring, and
molars were hardly extruded at all. They concluded that the Burstone segmented technique is superior to
the conventional continuous arch wire techniques if arch leveling by incisor intrusion is indicated.
Moreover, since minimum extrusion of molars was observed, this method should be ideal for high angle
cases.

In conclusion, with conventional intrusion arch wire techniques: 1) maxillary incisors can be intruded
by approximately 1.5mm, 2) mandibular incisors can be intruded by approximately 2.0mm, and 3) molars
can be extruded by approximately 1.5mm. However, with the use of sectional archwire mechanics,
extrusion can be minimized.

DEEP BITE CORRECTION WITH TEMPORARY ANCHORAGE DEVICES (TADs)

1I-1 Maxillary incisor intrusion with miniscrews

TADs have been utilized in recent decades as one the major ways to effectively move teeth and
control anchorage. With deep bite, TADs are mainly used to intrude incisors [18, 19]. One study that
compared the intrusion effect of maxillary incisors between intrusive arch (n=15, mean age 22.6) and
miniscrew supported intrusion (n=15, mean age 19.5) resulted in a mean intrusion of about 2.6mm with
miniscrews and 2.3mm with intrusive arches [18]. There was significantly more labial tipping of incisors
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with the intrusive arch (7.7°) compared to miniscrews (2.3°). No significant movement in the molars was
observed.

We published a study that compared the intrusion effects of maxillary incisors with miniscrew versus
J-hook headgear in maxillary first premolar extraction cases [19]. One of the reasons that we were
interested in analyzing the effect of maxillary incisor intrusion with J-hook headgear was probability of
less anchorage loss and side effects in the posterior teeth compared to other wire intrusion mechanics.
The results in the miniscrew groups (n=8, mean age 21.5) was an average of 3.5mm with 6° of incisor
retraction, whereas in the J-hook group (n=10, mean age 20.7) there was -1.5mm of intrusion with 8.5° of
incisor retraction. There was significantly more intrusion effect with miniscrews than with J-hook
headgear. However, miniscrews tend to flare the incisors more than when J-hook headgear is used.

1I-1l Correction of excessive gingival display (gummy smile) with miniscrews

Since miniscrews seem to successfully intrude maxillary incisors without reciprocal force to the
molars, it is possible to successfully correct excessive gingival exposure (gummy smile) that is related to
extruded maxillary incisors. One of the important aspects for effectively intruding incisors is the location
of the miniscrews. Some authors prefer placing them between the centrals and laterals [20, 21] whereas
others place them between laterals and canines [22]. From my experience, since placing miniscrews
between the lateral and canine creates a line of force close to the center of the resistance (CR) of six
anterior teeth, there will be less labial flaring compared to miniscrews that are placed between the central
and lateral. However, intrusion force (vertical vector) will be less, and more force will be required to
effectively intrude the four incisors.

Figure 1. Pretreatment photos 17Y 5M.
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Case One

This was a gummy smile case treated with miniscrews in the maxillary anterior region between the
central and lateral incisors (Figure 1). From the facial photograph, this patient (17 years and 5 months,
female) had a convex profile, hyper mentalis, acute nasolabial angle, decreased mentolabial angle, and
excessive gingival display. From an oral photograph, Class | molar and Class Il canine relationships with
increased overjet were observed. Cephalometric analysis (Figure 2) resulted in Skeletal 1 (ANB 4.1°), high
angle (SN/MP 39.2°), and increased axial inclination of the mandibular incisors (L1/MP 96.3°). This case
was diagnosed as Skeletal 1, Angle Class I, high angle with increased overjet and excessive gingival display.
The treatment plan called for extraction of the maxillary first premolars and mandibular second premolars
and the use of 4 miniscrews, 2 in the maxillary anterior nasal spine region (1.3mm diameter x 5mm,
Absoanchor Dentos, Daegu, Korea) and another 2 (1.3mm diameter x 6mm, Absoanchor Dentos, Daegu,
Korea) between the maxillary second premolars and first molars as an anchorage device.

Figure 2. Pretreatment radiographs.

After 6 months of treatment, there was noticeable incisor intrusion during canine retraction (Figure
3). T-loops were used to effectively intrude the incisors, but the intrusion could have been done with a
ligature wire or power chain. After 10 months, the overbite almost had an edge-to-edge relationship, and
after 12 months, the incisors had an edge-to-edge relationship so up-down elastics were used from the
hook of the maxillary incisors to the hook of mandibular incisors to maximize the intrusion of maxillary
incisors.

Figure 3. Progress photos.
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Figure 4. Post-treatment photos at 19Y 9M.

A post-treatment facial photograph (Figure 4) shows improved gummy smile and a convex profile.
However, there was still a slight strain in the mentalis. The total treatment time was 28 months. From the
intra-oral photos (Figure 4), Class | canine and decreased overjet can be seen. Post-treatment
cephalometric analysis showed a slight increase of the mandibular plane angle (SN/MP +0.3°), increases
in the axial inclination of the maxillary incisors (SN/U1 5.2°), uprighted mandibular incisors (L1/Mp 8.2°),
and -4.8mm of intrusion of the maxillary incisors (Figure 5). However, substantial root resorption was
observed in the maxillary incisors from the panoramic radiographs.

Figure 5. Post-treatment radiographs.
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Overall superimposition of pre (17Y 5M) to post (19Y 6M) treatment images indicated an improved
soft tissue profile due to flatting of the lips (Figure 6). By maxillary superimposition, a significant amount
of incisor intrusion with bodily retraction was observed. From mandibular superimposition, controlled
tipping of the incisors can be observed. Note that there was hardly any change in the vertical. These
photos (Figure 7 A, B) show substantial improvement of the gummy smile after about 15 months of
intrusion. Also, from CBCT images (Figure 7 C, D), significant change in the morphology in the anterior
region of the maxilla after intrusion and retraction is observed. However, as indicated earlier, a large
amount of incisor intrusion can cause severe root resorption.

— 17Y05M

Figure 7. A) Pre-treatment, B) post-treatment intraoral photos and C) pre-treatment and D) post-treatment CBCT
images.
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Case Two

A second gummy smile case was treated by using miniscrews between the lateral incisor and the
canine (Figure 8). Facial photographs show a bi-maxillary profile, acute nasolabial angle, decreased
mentolabial angle, and some excessive gingival display. Intra-oral photographs indicate Class | molar and
Class Il canine relationship with moderate crowding on both arches. Cephalometric analysis revealed
Skeletal 2 (ANB 6.2°), a short mandible, and bi-maxillary protrusion (Figure 9). The case was diagnosed as
a Skeletal 2 Angle Class I, bi-maxillary case. We noticed some excessive gingival display, but the patient
was not concerned about it at the time. The treatment plan was to extract the maxillary and mandibular
first premolars and use two miniscrews in the posterior for absolute anchorage.

Figure 8. Pre-treatment photos at 28Y 3M.

Figure 9. Pretreatment radiographs.
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15 mos after

Figure 10. CBCT images of the location of miniscrews (yellow arrows) in A) right and B) left side between maxillary
second premolar and first molar. C) Intraoral photos after 15 months of treatment.

Eight months after the start of treatment, we placed miniscrews (1.3mm diameter x 5mm,
Absoanchor Dentos, Daegu, Korea) between the maxillary second premolar and first molars (Figure 10 A,
B) and immediately started en masse retraction after the miniscrews were placed. Fifteen months after
the start of treatment (7 months after retraction), the mandibular incisors were almost retracted (Figure
10 C), but a month later, the patient expressed concern over the appearance of the gummy smile (Figure
11 A). After taking a panoramic radiograph (Figure 11 B), we noticed there was more space between the
lateral and canine, so we decided to place the miniscrews in those areas (Figure 12 A), and were able to
intrude the incisors from them with the use of a T-loop to control vertical and torque while retraction
(Figure 12 B).

Figure 11. A) Intraoral photo showing a gummy smile during treatment, and B) a panoramic radiograph at the same
time.
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Figure 12. A) Panoramic radiograph after placement of miniscrews between the lateral and canine. B) Intraoral
photos during intrusion and retraction of incisors.

Post-treatment facial photographs (Figure 13) indicated improved gummy smile and a flattened
profile. Intra-oral photos show Class | molar and canine relationship with ideal overjet and overbite. The
total treatment duration was 26 months. Cephalometric analysis indicated an increased mandibular plane
angle (SN/Mp +3.5°), retracted maxillary incisors (U1/FH -6.9°) and mandibular incisors (L1/Mp -3.9°), and
intrusion of the maxillary incisors by -2.9mm (Figure 14). However, there was some problem with root
paralleling in the maxillary right first premolar, canine, and left lateral with some root resorption on the
maxillary incisors, as seen in the panoramic radiograph.

Post-treatment

Figure 13. Post-treatment photos at 30 Y 5M.
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Figure 14. Post-treatment radiographs.

Overall superimposition (Figure 15) shows retraction of upper and lower lips and slight clockwise
rotation of the mandible. Maxillary superimposition indicates approximately 3.0mm of incisor intrusion
with a slight loss of anchorage of the molars due to the extrusion. From the mandibular superimposition,
some controlled tipping of the incisors and a slight loss of anchorage was observed in the molars.

Figure 15. Superimposition of pre- and post-treatment.

As these two cases show, placing miniscrews between the central and lateral incisors may result in
more effective incisor intrusion than placing them between the lateral and canine. However, with more
intrusion, there is a greater risk of root resorption. This could be one of the disadvantages of using
miniscrews.
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Figure 16. Effect of mandibular incisor intrusion by miniscrews.
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Figure 17. A) Intraoral photographs, B) CBCT, and C) panoramic radiographs of mandibular incisor intrusion of
Cleidocranial Dysplasia.
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1I-1ll Intrusion of mandibular incisors with miniscrews

Not only in the maxilla, miniscrews are often used to intrude the mandibular incisors. As a matter of
fact, the first reported use of miniscrew was placement in the mandibular symphysis area to intrude
incisors by Kanomi, who placed three miniscrews and intruded the mandibular incisors by approximately
6mm [23]. In addition, we also used 2 miniscrews to intrude the mandibular incisors by about 4mm to
flatten the curve of Spee (Figure 16). Recently, we used just one miniscrew to intrude the mandibular
incisors by about 5mm in a cleidocranial dysplasia case. Effective mandibular incisor intrusion can be seen
in the intraoral photos (Figure 17 A), CBCT (Figure 17 B), and panoramic radiographs (Figure 17 C). Thus,
effective intrusion of mandibular incisors is also possible with miniscrews.

In conclusion, by using miniscrews as anchorage: 1) the maxillary incisors can be intruded about
3.0mm, 2) the mandibular incisors can also be intruded about 3.0mm, and 3) reciprocal tooth movement
such as molar extrusion should be minimal compared to other intrusion mechanics.

DEEP BITE CORRECTION WITH INVISALIGN THERAPY

Invisalign has been one of the optional treatment methods used in orthodontic treatment. However,
there has been some concern about the limitations of Invisalign treatment as we have reported in the
past [24]. Prediction of tooth movement is also a concern with Invisalign treatment. One aspect that is
difficult to predict is vertical incisor movement. There is less than a 50% likelihood that the predicted
intrusion can be achieved for central incisors [10, 25]. A study analyzed the effects of Invisalign on
correcting overbite including deep bite and open bite cases [26]. In the deep bite cases, they used 46 non-
extraction cases (mean age 40) in which there was more than 4mm of overbite and virtual bite ramps
were used with posterior elastics. Treatment results showed an average of 1.5mm of median opening,
proclination of the mandibular incisors (2.5°), 0.5mm of maxillary incisor intrusion, and mandibular molars
that were extruded by about 0.5mm. They concluded that Invisalign improves deep bite primarily by
proclination of the mandibular incisors. More on this later, but this observation is very important and is
one of the keys to correcting deep bite treatment with Invisalign therapy.

Another study recently analyzed the effect of Invisalign therapy (G5) in skeletal deep bite cases [27].
They compared Invisalign (n=24, mean age 37) with fixed appliances (n=24, mean age 27) for overbites of
4.5mm in Invisalign and 4.6mm in fixed appliance groups. In the fixed appliance groups, .018 slots with
reverse curve of Spee were used in the mandible along with Class Il elastics. There were significant
differences between the groups in ANB (Invisalign: -0.2° vs Fixed: -1.0°), ANS-Menton (Invisalign: +0.6mm
vs Fixed: +1.9mm), U1/SN (Invisalign: +0.6° vs Fixed: +4.1°), L1/MP (Invisalign: -1.3mm vs Fixed: -2.0mm),
IMPA (Invisalign: +0.3° vs Fixed: +3.5°), and overbite (Invisalign: -1.3mm vs Fixed: -2.0mm). In this study,
there was a greater increase in vertical and intrusion of mandibular incisors with fixed appliances
compared to Invisalign. They concluded that both systems were effective in opening the bite, but the fixed
appliances produced more apparent skeletal changes.

In our recent study, we also compared the treatment effects of deep bite cases (overbite with more
than 5mm and 60%) between Invisalign (n=25, mean age 23 years old) and fixed appliances (n=25, mean
age 23 years old) [28]. When comparing the results of another study [27], we did not observe any change
in the ANB of our fixed appliance group, but more change in the vertical (N-Me due to extrusion of the
mandibular molars (Table 1). In the Invisalign group of this study, there was more uprighting of the

97



Outcomes in Deep Bite Cases Deguchi

maxillary incisors, some flaring of the mandibular incisors with no change in the vertical, and more
overbite correction due to mandibular incisor intrusion (2.0mm).

Table 1. Comparison of cephalometric variables between Fixed and Invisalign groups study by Henick et al., and
Fujiyama et al.

Appliance Fixed Invisalign

Article Henick Fujiyama Henick Fujiyama
ANB(°) -1.0* -0.3 -0.2 0
U1/SN(°) 4.1* -0.3 0.6 -3.2
L1/Mp(°) 3.5% 4.8 0.3 3.2
N-Me (ANS-Me)(mm) 1.9 3.4% 0.6 -0.4
U1/NF(mm) -1.1 -0.5 -0.9 -1.1
UG6/NF (mm) 0.6* 0.4 0.4 0.7
L1/Mp(mm) -2.0% -1.9 -1.3 -1.4
L6/Mp(mm) 0.8 2.5% 0.6 0.8
OB -2.0* -3.8 -1.3 -3.6

*Statistical difference compared with Invisalign group

Figure 18. Intraoral photos of initial phase of deep bite treatment with fixed appliances, A) Pre-treatment, B) 2-3
months after, C) 4 months after.
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Figure 19. A) Pre-treatment and B) post-treatment intraoral photos.

One reason for the conflicted results between the past study and this one is the fixed appliance group
in which we placed bite plate type Nance appliances and used RCOS NiTi wires in the mandible with the
combination of posterior up-down elastics (Figure 18). This produced a substantial amount of extrusion
of the molars. For Invisalign cases, | will report on some typical cases that were used in our study.

Case One

The first Invisalign case is a patient (20Y 7M) with Class Il molars on one side, overbite of 5.9mm, with
ANB of 7.6° and FMA of 20.6° (Figure 19 A). After 18 months of treatment, Class | molar and canine was
achieved, with an FMA of 21.2 (+0.6)°, and reduced overbite of 2.3 (-3.6) mm due to 2.4mm of mandibular
incisor intrusion and 1.5mm of maxillary intrusion (Figure 19 B). Twenty-five trays were planned initially
with an additional 15 trays for refinement, for a total of 40 trays. Superimposition shows that deep bite
was basically corrected due to maxillary and mandibular incisor intrusion (Figure 20).
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Figure 20. Superimposition of pre-treatment and post-treatment images.
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Case Two

The second case is a patient (37Y 7M) with Class | molar relationship, uprighted maxillary incisors,
overbite of 6.0mm, ANB of 5.8° and FMA of 28.1° (Figure 21 A). After 21 months of treatment, no change
of vertical, with intrusion of maxillary (-1.1mm) and mandibular (-1.8mm) incisors resulted in reduction of
3.5mm of overbite (Figure 21 B). There were 17 initially planned trays with additional 18 trays for
refinement, for a total of 35 trays. Superimposition shows that deep bite was basically corrected by
maxillary and mandibular incisor intrusion with labial flaring (Figure 22).

Figure 21. A) Pre-treatment and B) post-treatment intraoral photos.

— 37Y07TM ’
— 39Y04M l

Figure 22. Superimposition of pre-treatment and post-treatment images.
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Figure 23. A) Pre-treatment and B) post-treatment intraoral photos.
Case Three

The last case is a patient (19Y 4M) with Class | molar with spaced makxillary arch, overbite of 5.2mm,
ANB of 3.8° and FMA of 23.4° (Figure 23 A). After 24 months of treatment, there was no change of vertical,
with intrusion of maxillary (-1.0mm) and mandibular (-1.8mm) incisors that resulted in reduction of
2.5mm overbite (Figure 23 B). Twenty trays were initially planned with an additional 10 trays for
refinement, for a total of 30 trays. However, there was a substantial amount of relapse after two years of
retention resulting in about 50% deep bite (Figure 24 B) compared with immediately after debond (Figure
24 A). Thus, since the main correction of deep bite with Invisalign relies on incisor intrusion, relapse is a
concern in these deep bite cases.

Figure 24. A) Intraoral photos of post-treatment and B) two years of retention.
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Consider the following aspects when Clincheck planning for deep bite cases with Invisalign: 1) expand
mandibular canine width by about 1.5-2.0mm, 2) space is required for absolute incisor intrusion, 3) try to
avoid unnecessary IPR in the mandible, 4) maxillary molars need to be distalized (sequential distalization),
5) after distalizing the second premolar, start using Class Il elastics, 6) use precision bite ramps if
necessary, 7) always coordinate maxillary and mandibular arch forms. These are not all the factors; there
are additional important features depending on the nature of the deep bite.

In conclusion, with Invisalign, 1) mandibular incisors can be intruded by about 2.0mm, 2) maxillary
incisors can be intruded by about 1.0mm, and 3) expect only a minimum amount of molar extrusion with
Invisalign therapy.

CONCLUSIONS

In conclusion, with the use of only wires, the correction of deep bite would be a combination of molar
extrusion and incisor intrusion. The use of 3-piece segmented technique, intraoral appliance, and
headgear could prevent reciprocal force during incisor intrusion in high angle deep bite cases. With the
use of TADs (miniscrews), the main correction is by intrusion of incisors. The location and the number of
miniscrews used in the anterior region could change the amount of flaring of incisors. Even with successful
intrusion of incisors, substantial amount of root resorption may be seen especially with miniscrews.
Aligner therapy could be an option to treat low angle deep bite cases with adequate ClinCheck prediction
and the use of attachments.
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AN ARTIFICIAL INTELLIGENCE APPROACH
TO DIAGNOSE ERUPTION DISORDERS?

Cristina Grippaudo, Rosalia Leonardi, Silvia Allegrini, Sylvia A. Frazier-Bowers

ABSTRACT

The management of eruption disorders provides a unique example of how the interplay between the
clinical characterization and the use of biological markers (i.e., mutational analysis) can comprise a
more sophisticated diagnostic rubric. As a result, the application of artificial intelligence software may
be quite useful in diagnosing and treatment planning for malocclusions involving eruption disorders.
In this overview, we explore advances made in the science of artificial intelligence and its applicability
in dentistry and orthodontics, specifically. We juxtapose the fruitful possibilities with the inevitable
challenges faced in definitively diagnosing eruption disorders such as ankylosis, impaction, primary
failure of eruption, and severe delayed eruption. Our current rubric for diagnosis and management of
eruption disorders remains a useful evidence-based approach to provide the best care for orthodontic
problems involving an eruption defect. But the promise of an artificial intelligence application may
improve our diagnostic acumen in the not-so-distant future.

KEY WORDS: Eruption, Primary Failure of Eruption, Al, Artificial Intelligence, Diagnostic Rubric

INTRODUCTION

One of the most consequential clinical situations in orthodontics is navigating anomalies in dental
eruption (i.e., timing, sequence, and spatial capacity). We certainly cannot treat teeth orthodontically
if they have not emerged into the dental arch. The resultant challenge extends from diagnosis to
management and retention. To arrive at the most accurate diagnosis, the clinician must gather
complete anamnestic data, including the position and development of the tooth or teeth with eruptive
problems and the corresponding bony substrate. This systematic approach necessarily allows for
distinguishing acquired problems of eruption from (e.g., obstruction of the eruptive path) from those
that are genetic in origin. A logical first step - for either genetic or acquired eruption problems — is
completing the clinical and radiographic examination. However, even prior to this step, it is critical
that the medical and dental history assessment asks the question, “Is there a family history of eruption
problems?” If there is compelling evidence of a family history, then a genetic origin must be
considered. If you are unsure but suspect a genetic origin, tests for gene variants in the PTHIR gene
should be performed. Finally, this systematic sequence must derive the proper therapeutic plan which
considers timing and expected outcomes of the treatment course. Hence, the paradigm - proper
diagnosis equals proper treatment.

A systematic approach that uses a diagnostic rubric undoubtedly offers effective management of
malocclusion due to eruption failure (Figure 1). But the notion of deploying artificial intelligence (Al)
to diagnose and treat eruption disorders offers an even more attractive possibility because it may
speed up the accuracy and comparison of knowledge [1]. The clinical spectrum of eruption disorders
is vast — ranging from rare genetic disorders to the more frequently observed impacted teeth.
Specifically, maxillary canines are notably the most frequently impacted teeth, and therefore the most
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studied among eruption disorders. Therefore, while many aspects of impacted canine diagnosis and
treatment have been described and vetted, other dental eruption problems, including ankylosis,
primary failure of eruption (PFE), and severe delayed eruption, are more rare, less diagnosed, and
therapeutically trickier. It raises the question of whether an Al approach might be the best solution
for increasing excellence in patient care and provider confidence.

Diagnostic Rubric for Eruption Disorders

Problem Diagnosis Treatment Decisions
solving
The eruption pathwayis No Mechanicalfailure ! Remove barrier to eruption
clear, i.e., alveolarbone, |=—>» of eruption ’ and treat entire dentition
adjacentteeth, cysts, etc.
v Yes ) Extract ankylosed tooth and
No Ankylosis —> . .
Affected permanent treat remaining dentition
1** molars
‘l' Yes Yes Segmental AW to treat

anteriorteeth. Add posterior

teeth sequentially until
Yes intrusionis noted. Single
No tooth osteotomies or

History of trauma

or pathology Primary failureof eruption

v

Familv hist restorations may help close
ATy Nisvory y posterior open bite
‘lr No es
- - Ankylosis Observation; most educated
Confirmed mutation - :
in PTH1R E) Idiopathicfailure of eruption > diagnosis based on other
common features. More

or Primary failure of eruption
research needed

Figure 1. A diagnostic and treatment rubric can be used as an aid for the systematic decision-making process for
eruption disorders. While there are limitations in the specificity, this tool is a necessary part of management of
eruption disorders and may serve as a precursor for the development of a future Al approach.

Al IN DENTISTRY AND ORTHODONTICS

The advancement of technologies via Al available to medicine and dentistry has the potential to
improve diagnostic and therapeutic processes. Before we explore the possibilities of Al and
management of eruption disorders, we must frame this possibility in the context of what Al is, and in
some cases —what Al is not. According to the Cambridge Dictionary, Al is defined as the study of how
to produce machines that feature some of the qualities that the human mind has, such as the ability
to understand language, recognize pictures, solve problems, and learn. Medicine has already taken up
the challenge of introducing Al to support assessments for diagnosis, therapy, prognosis, and patient
monitoring [2]. The introduction of computer science into the medical field was a decisive step that
led to radical changes in clinical practice. In the early days, computers represented an irreplaceable
means of managing archives, but their field of action now extends to operational procedures mainly
because of Al [3]. Changing the way of communicating with technological devices represented a
pivotal breakthrough in computer science. Now computers can be taught to learn according to
patterns that can be traced back to human decisions. On one hand, there are vast improvements in
training computers to think like humans. On the other hand, there was a sudden increase in the
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amount of available information, due to the broad diffusion of the internet and of internet-based
media such as social networks, cloud computing, and big-data platforms.

The orthodontic specialty would benefit from Al as we continue to witness an inflection point
transforming the way we practice orthodontics toward being completely digitally based. With the
advent of more archived digital data, we can expect advances in orthodontics to be based on the
processing and the correct interpretation of this vast information [4]. This unprecedented availability
of information will undoubtedly impact the logic underlying decision-making processes; computerized
systems designed to advise have gradually changed into systems providing ad-hoc information in
decision-based (intelligent) tasks [5, 6]. The prospect of implementing an Al based diagnostic and
treatment planning system in orthodontics that produces a responsible and reliable decision
comparable to that of a human mind is tempting [7]. But the question of the extent to which we can
expect the Al-derived decision to be equivalent to that of the orthodontic practitioner remains elusive.
Irrespective of our aspirational goals surrounding personalized and precision orthodontics, it is useful
to understand what components lead to the Al result. Al uses Machine Learning (ML) algorithms to
process the input data and evaluate it, giving back a value that can then be interpreted by the Al,
which processes the decision-making response [8, 9]. Realistically, we should always think about this
as an intelligent system that effectively supports the clinician — somewhat creating a synergy — to
implement their treatment options. ML, like human learning, ensures that the machine acquires
experience from processing information and uses it in calculating the data entered subsequently.
Depending on the type of data evaluated, there are different ML methods: supervised learning,
unsupervised learning, semi-supervised learning, reinforcement learning, and self-learning [10].

The models used by ML for learning include artificial neural networks (ANNs), decision trees,
support vector machines (SVMs), regression analysis, Bayesian networks, genetic algorithms (GA),
and fuzzy logic. The methods of ML used most frequently are supervised learning and unsupervised
learning. In the first case, which is used for classification, the machine compares the entered data
with other data provided with a well-specified meaning. In the second case, there is no known
reference for the input data, but the machine learns to organize the dataset by analyzing its structure
and by making associations according to the recorded characteristics. This method is used to solve
clustering or categorization problems.

In orthodontics, the classification systems have gradually acquired greater complexity due to the
introduction of many elements aiming for an increasingly individualized diagnosis, which makes
expected treatment outcomes more predictable. An example can be found in the classification of
diagnostic data for the determination of the facial appearance using automatic systems. In one study
of the 3D facial norms projects, genetic data and 3D images of the face were associated to identify the
normal values of the facial proportions [11]. As improvements in facial recognition evolve through
deep learning algorithms, we witness how these systems learn by recognizing a variety of shapes of
known objects and the identification of the objects’ individual characteristics. This forms the basis of
automatic recognition and definition of anatomical parts. The Al method that resembles human
reasoning, the expert system (ES) - based on a setting of pre-established rules (knowledge base), and
on the use of the interference engine - this system deduces added information [12].

Al systems also use artificial neural networks (ANNs) to mimic the connections of human neurons,
forming a network capable of sifting stimuli to produce a reaction based on a specific threshold. The
discovery of neural networks and their application in many medical fields also represents a valuable
method to give a logical explanation to some complex phenomena, such as language learning or
reactivity to emotional stimuli [13, 14]. We have witnessed this in orthodontics as early as 1997 when
Moss and colleagues described the effect of the functional matrix on the skeletal microunit [15]. If we
flash forward some 25 years, Liu et al. [9], posited that the four major Al-driven tasks in dentistry are
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classification, regression, detection, and segmentation. We can also apply these four Al-driven tasks
to orthodontic treatment. Classification tasks serve to diagnose skeletal type and predict bone age.
Regression tasks can yield clinical decision-making, such as whether or not to extract teeth. Automatic
identification of landmarks belongs to detection tasks, and the acquisition of tooth segmentation
belongs to segmentation tasks.

To provide an idea of how Al is now a reality in the world of orthodontics, including dental
eruption problems, we will show some examples of application in the fields of diagnosis and treatment
planning, personalized treatment, clinical trial research, and smart electronic health records. The use
of Alin orthodontic diagnosis has evolved, thanks to the digitization of diagnostic records. Orthodontic
diagnosis is based on the observation and measurement of the dental arches and soft tissues of the
face and on the cephalometric analysis. Today, we can make use of virtual models acquired with
scanners, 3D photographs, and 2 dimensional (2D) and 3D digital radiographs. Using dedicated
software to run the analyses of the models of dental arches as well as of the images of the face allows
us to perform measurements with high precision and calculation speed [16]. This is an advantage, but
it doesn't change traditional diagnostic procedures very much. The possibility of matching 3D
radiographs offers a huge advancement - allowing the clinician to view all the structures of the
patient's craniofacial region [17].

The use of algorithms with human-like ability to identify structures was developed to facilitate
cephalometry [18]. For instance, in the study of 3D cone beam computed tomography (CBCT)
radiographs, the clinician may need to isolate specific anatomic structures, using segmentation
methods. The steps to complete this include identification of the structures to be segmented in the
various layers that make up the 3D image, and using programs to reconstruct them, highlighting them
in their entirety. Through deep learning methods, researchers have also developed the possibility of
proceeding with automatized segmentation, which is precise and less time-consuming [19, 20, 21, 22,
23]. We posit that this same technique can be applied to the identification (location and prognosis) of
impacted teeth. Impacted maxillary canines can be precisely located and segmented to understand
their spatial relationships and plan therapeutic interventions [24, 25]. By segmenting and moving the
dental elements, we can simulate an orthodontic treatment outcome by obtaining a virtual set up and
corresponding predicted movement of crowns and roots leading to programming of treatment that is
more effective [26].

Our studies have highlighted that the diagnosis of dental eruption problems is associated with
specific genetic variants. Genetic diagnosis is particularly amenable to Al-based applications, but
limitations remain. According to Dias and Torkamani, mimicking human intelligence is the inspiration
for Al algorithms, but Al applications in clinical genomics tend to target tasks that are impractical to
perform using human intelligence and are error prone when addressed with standard statistical
approaches [27]. Many of the techniques employing Al have been adapted to address the various
steps involved in clinical genomic analysis, including variant calling, genome annotation, variant
classification, and phenotype-to-genotype correspondence. Eventually, they can also be applied for
genotype-to-phenotype predictions.

By consulting the genetic databases, we can determine the variant’s classification and additional
information toward understanding the etiopathogenetic mechanisms. For instance, there are
methods for the classification of nonsynonymous variants by using ML algorithms [28]. In this way,
the effect of the variants in the proteins production is predictable, and it is therefore possible to
evaluate its pathogenicity.

Moreover, Al technologies make it possible to evaluate the effect of non-coding variations on the
splicing disruption [29]. We can then use electronic health records (EHR) to discern the phenotype-
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genotype correlation in rare disease cases. Dental eruption problems that are often genetic in origin
can benefit from this system, which offers a potential advantage over the simple flow chart (Figure 1).

CONCLUSIONS

Al will soon become a necessary part of our everyday functions, and this is certainly true for
healthcare, including dentistry and orthodontics. Technological advances have made it possible to
exchange data and information rapidly with the backdrop of a society that is constantly connected
(i.e., social media, email, electronic patient records, etc.). Our role as orthodontists must be to
confront and understand Al technology and therefore derive all the benefits that may result. The
prudent clinical orthodontist must preserve their primary role in the conduct of orthodontic treatment
while mitigating the misuse of Al-based applications that may lead to DIY orthodontics or non-
specialty led treatment.

It is likely that the human experience with Al will reflect the challenge to keep pace with the
stratification and interpretation of information, hence the full implementation of Al-based diagnostics
may be still out in the future, and the potential benefits may be correspondingly slow to come to
fruition. The challenge for Al-assisted orthodontics will be the successful transfer of the clinician's way
of thinking to the machine. Specifically, the framework that includes orthodontic biomechanics must
also consider the patient in their biological and psychophysical entirety to implement therapies that
increasingly respond to the P4 principle [30]. Furthermore, the prohibitive costs of technological
development suggests that the demand for clinical decision supported systems (CDSS) in dentistry will
not be immediate. Indeed, some orthodontic clinician practices have not yet become fully digital to
avail of the Al-based diagnostics and therapeutics. Nonetheless, it is realistic for the orthodontic
profession to work toward the eventual integration of the clinician's experience and knowledge with
the potential of the Al application.

The combination of a complex and rare presentation of some eruption disorders necessitates
that an Al-based diagnostic may be difficult to achieve. This reality is further confounded by the limited
number of cases available with which to train the machine (i.e., ML) and therefore create meaningful
Al-based clinical tools. At minimum, it is reasonable to expect with continued research in the field that
we will have the capacity to collect sufficient data toward Al applications for differential diagnosis.
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USE OF CONE BEAM COMPUTED TOMOGRAPHY AND INTRAORAL
SCANS TO ASSESS LATERAL OPEN BITES IN PATIENTS WITH
OSTEOGENESIS IMPERFECTA

Jean-Marc Retrouvey & Juliana Marulanda

ABSTRACT

Osteogenesis imperfecta is a rare genetic disease of varying severity that mainly affects the production of
type | collagen. It may result in bone fragility, multiple long bone fractures, cervical compression fractures,
dentinogenesis imperfecta and severe malocclusions. These malocclusions are atypical and involve Class
Il intermaxillary relation and are often associated with impacted, missing, or deformed teeth. Either
anterior or posterior multiple crossbites are present, and a large percentage of these malocclusions
involve the presence of lateral open bites, creating an absence of posterior occlusal contacts. Orthodontic
treatment is very challenging due to dentinogenesis imperfecta, long term use of bisphosphonates,
unpredictable tooth movement, and great difficulty in performing orthognathic surgery. The objective of
this chapter is to describe the typical malocclusion found in patients with moderate-to-severe (type lll and
IV) Ol. A case report of a patient with Type IV Ol with a large bilateral posterior open bite is presented.
Future potential treatment approaches are also described.

KEY WORDS: Osteogenesis Imperfecta, Craniofacial, Open Bite, Malocclusion

INTRODUCTION

Osteogenesis imperfecta (Ol) represents a group of genetic connective tissue disorders characterized
by low bone mass and bone fragility. The majority (85-90%) of Ol cases are caused by dominant pathogenic
variants in COL1A1 or COL1A2, which in turn, affect the formation of collagen type | [1]. The remaining
cases of Ol are caused by pathogenic variants in non-collagenous genes that encode proteins involved in
collagen assembly, crosslinking, trafficking, and modification. Furthermore, mutations in genes that
encode for transcription factors and signaling molecules related to osteoblast function and extracellular
matrix mineralization can also cause Ol [2]. In 1979, Dr. Sillence classified Ol into distinct types: type | with
a mild non-deforming phenotype, type Il being perinatally lethal, type Ill the most severe surviving type
and type IV with moderate phenotype, intermediate between type | and type Ill [2, 3]. Currently, more
than 19 types of Ol have been described [4].

The etiology of the most common types of Ol is a dominantly inherited point mutation in a glycine
residue on the alpha chains of COL1A1 and COL1A2 that severely affects the formation of the collagen
triple-helix, directly affecting bones and other tissues rich in this protein [1, 5]. These genetic disorders
result in shorter than normal patients, multiple fractures of long bones, cervical compression fractures,
hearing loss, blue sclera, pulmonary dysfunction and Dentinogenesis imperfecta (DI) [6, 7].
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Bisphosphonates are the therapy of choice to alleviate the symptoms of Ol and reduce the chance of long
bone and vertebral compression fractures [8].

Craniofacial and dental manifestations are varied but the most frequent characteristics are
platybasia, a Class lll malocclusion caused by a retrognathic and retropositioned maxilla, impacted and
missing teeth as well as DI [9-11]. Lateral open bites are a frequent finding. Their nature and clinical
appearance are variable as posterior teeth are frequently misaligned in the vertical dimension. Lateral
open bites, an uncommon finding in the general population, affect the Ol population to varying degrees
[12]. Correction of this condition poses unique challenges as complex treatment approaches are required.
The objectives of this pilot project were to measure lateral open bites in a group of Ol type Ill and IV
patients as a baseline for the creation of therapeutic approaches.

Osteogenesis imperfecta

Osteogenesis imperfecta (Ol), or brittle bone disease, was first described by Lobstein in 1835 [13].
This disorder of genetic origin is caused mainly by mutations in the COL1A1 and COL1A2 genes which
encode for collagen type | al and a2 chains. A glycine substitution in the triple helix of collagen is the
main factor involved in Ol [1].

Ol type | is the least severe and is usually caused by mutations that result in COL1A1
haploinsufficiency, or smaller amounts of normally formed collagen type | in bone and expressing tissues.
Affected patients present with frequent fractures of long bones, blue sclera, and about 25% of Ol type |
patients will present with DI of various degrees of severity [1]. The most common malocclusion presented
is a moderately severe Class Ill malocclusion caused by a hypoplastic and retropositioned maxilla [14].
Type Il is usually lethal at birth or during the perinatal period due to the extreme severity of the syndrome

[5].

Type lll is the most severe type of survivable Ol and is characterized by a short stature and lack of
ambulatory movement. Patients with type Il are usually wheelchair bound and present a significant
amount of long bone fractures, compression fractures of the spine, severe scoliosis, and respiratory
malfunction. At the craniofacial level, they present DI with severe class Ill malocclusions associated with
impacted and missing teeth [10, 11]. The malocclusion is atypical as it is characterized by significant cross
bites but also by lateral open bites of unknown origin. These patients often present with sleep apnea
either of central or obstructive origin, and their nasal septum is deviated in most of the Ol type Il patients
[9]. The cranial base also presents with significant anomalies, which may preclude to severe craniocervical
issues that can be life threatening, such as basilar invagination and platybasia [9].

Type IV Ol is considered of moderate severity, characterized by ambulatory and taller patients when
compared to Ol lll. However, Ol type IV is somewhat difficult to distinguish from type Ill at the craniofacial
and craniocervical level since the face and skull have been shown to be independently affected. Thus, the
craniofacial involvement does not correlate with the postcranial phenotype and Ol type [9].

Ol type V is much less common and is caused by a mutation in the gene IFMIT5. The manifestations
are comparable to Ol type IV but without blue sclera or DI. The affected patients may present hyperplastic
callus formation. Their craniofacial phenotypes are highly variable but are associated with multiple
missing teeth and a Class Il malocclusion with or without an associated lateral open bite [15, 16].

Other non-collagenous forms of Ol are mainly associated with an autosomal recessive mode of
inheritance [17]. Mutations in SERPINF1 (Ol type VI) cause defects in bone mineralization, mutations in
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CRTAP (Ol type VII), LEPRE1 (Ol type VIII) and PP1B (Ol type IX) cause collagen 3-hydroxylation defects,
and mutations in SERPINH1 (Ol type X) and FKBP10 (Ol type Xl) result in collagen folding defects.
Pathogenic variants in BMP1 (Ol type Xll) result in collagen processing defects. More recently, mutations
in SP7, WNT1 have been associated with osteoblast differentiation defects that also cause Ol [7, 17]. Their
skeletal involvement ranges in severity, often from mild to moderate. The craniofacial phenotype will not
be discussed in this chapter because they are much rarer types of Ol and very few reports have been
produced in the literature describing them.

THERAPEUTIC APPROACH

The therapeutic approach involves the use of different intravenous (IV) bisphosphonates beginning
at birth and continuing until late adolescence. IV bisphosphonate infusions have significantly increased
the quality of life of the patients by increasing bone density, thus reducing the number of long bone and
vertebral compression fractures. However, bisphosphonates present significant side effects and their
influence on craniofacial development of Ol patients has not been well studied. Very few comparison
studies have been published as few non-bisphosphonate cohorts have been studied for this aspect of the
disease.

The fact that several teeth are missing or poorly shaped and positioned in the more severe Ol types
is a contributing factor and presents significant challenges for the clinician. The use of IV bisphosphonates
makes the therapy riskier and many practitioners shy away from treating these patients due to the
complexity and unpredictability of the correction and the inherent risk of treating patients with IV
bisphosphonates. It is worth noting that the half life of IV phosphonate is exceptionally long and their use
has been associated with osteonecrosis of the jaw (ONJ). However, patients affected by ONJ are usually
immunocompromised, require head and neck irradiation, are diagnosed with a local malignancy, and are
under chemotherapy or glucocorticoid treatment [18]. High-dose IV bisphosphonates have been
identified as a risk factor for ONJ in patients with cancer. Conversely, low-dose bisphosphonates used in
patients with osteoporosis or other metabolic bone diseases like Ol have not been causally linked to the
development of ONJ [18, 19]. It appears then, that the use of IV bisphosphonates poses no significant risk
of ONJ in patients with Ol and is warranted due to the positive effect they have on the quality of life of
patients with Ol [8].

Additional antiresorptive drugs are currently being tested in children with Ol. Denosumab consists of
an antibody against RANKL that inhibits osteoclast differentiation and activity. Positive treatment effects
such as a decrease in bone metabolism markers and an increase in bone mineral density have been
reported [20].

Anabolic drugs are also under evaluation, as they promote the formation and function of osteoblasts
instead of inhibiting the action of osteoclasts. For instance, anti-sclerostin antibody therapy has been
tested in Phase 2 clinical trials with promising results in adults with moderate Ol [21]. However, all these
therapeutic approaches are in their initial stages and will not be discussed in this paper, as their effects
on the craniofacial complex development is still unknown.

Thanks to the support of the National Institutes of Health (NIH), the Brittle Bone Disorders
Consortium, and the Osteogenesis Imperfecta Foundation, a database of 75 patients affected with
moderate-to-severe Ol (type Il and IV) was created to study their craniofacial phenotypes. The database
consisted of extraoral and intraoral photographs, intraoral scans, and cone beam computed tomography
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(CBCT) images. Findings of this NIH-sponsored research were published but the summary indicated that
patients presenting with Ol types Ill and IV have significant craniofacial anomalies. Abnormal cranial vault
development results in wider intertemporal distance and a triangular face. A study using artificial
intelligence to quantify the differences in facial anomalies between types |, lll and IV showed that the
phenotype was expressed in the same manner, but the severity of the deviation was related to the Ol
type [22]. The differences were variable and usually type llls were much more affected than type Vs,
which were also more affected than type I. Frontal bossing has been reported but not quantified.
Significant atypical malocclusions are present and have been described in a qualitative manner. Using
CBCT and intraoral scans allowed for a quantitative assessment of the craniofacial deformities and
malocclusions. One consistent finding in patients with moderate-to-severe Ol at the occlusal level was the
presence of severe lateral open bite affecting mastication and quality of life of these patients.

CBCT has allowed for visualization of the craniofacial structure in three dimensions of space to allow
for a more precise assessment of the craniofacial anomalies and malocclusion. The CBCT analysis done by
an oral radiologist usually starts from the cranial base and progresses to the bony structures and the
airway. An important but often overlooked aspect of Ol is the presence of platybasia, basilar impression,
and basilar invagination. These conditions can lead to central sleep apnea (CSA) and may be lethal. It is
therefore very important for the orthodontist obtaining a CBCT image of patients with Ol to send the
image to an oral radiologist for a final diagnosis of the overall craniofacial condition of the patient, not
just the malocclusion [23].

In severe cases, CBCT reveals a deformed cranial vault with an enlarged inter-temporalis distance
and a triangular appearance in the transverse plane. The maxilla is hypoplastic and retropositioned while
the mandible is usually of normal size with a normally developed basal bone. The dental alveolar processes
are underdeveloped due to a significant number of missing and impacted teeth. For instance, a study
published by our group suggests that each Ol patient has on average 2.4 missing teeth, with premolars
being the most commonly missing teeth and the upper second premolars the most commonly unerupted
teeth [11]. This lack of vertical development is particularly apparent in the posterior segments resulting
in lateral open bites. It is important to determine whether the etiology of the lateral open bite is of dental
or skeletal origin. In some cases, a combination of dental and skeletal etiologies may be present.

Figure 1. Intraoral scan rendering in STL file allowing a detailed assessment of the dental anatomy and malocclusion.
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The stereolithography (STL) files obtained from the intraoral scans allow for a more precise
assessment of the dental anatomy and of the malocclusion at the occlusal level (Figure 1). The possibility
of fusing these STL files to the CBCT DICOM data allows for a perfect orientation of the STL files derived
from the intraoral scans. Using both CBCT data and the STL files in this manner allows for a complete
assessment of the cranial base anomalies. Assessment of the malocclusion using the cranial base and
occlusal plane as reference planes is the best approach to fully quantify the malocclusion at the individual
dental and skeletal levels.

Using neural networks and artificial intelligence, it is now possible to precisely segment all structures
of the craniofacial complex including the dentition, maxilla, mandible, temporomandibular joints, and all
craniofacial bones. Being able to segment these bony and dental structures and import them into
simulation software allows for virtual and individualized correction of the malocclusion [24]. Valuable 3D
data of the needed movements are easily obtained and referenced to specific planes to quantify the full
correction of these challenging malocclusions at the dental and skeletal levels. All movements are first
measured using Euclidean coordinates in 3D (Figure 2). Eventually, volumetric assessments and
displacements, as well as statistical shape analysis, will be used to further improve the accuracy of the
correction of these malocclusions in a very predictable manner.

| - 1\
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Figure 2. Euclidian distances measured with rendering of intraoral scans (Ortho-CAD software).

A literature review did not allow us to determine a precise quantitative way to assess the lateral open
bite dimensions as very few reports have been published on this condition except for lateral open bites
involving primary failure of eruption [25].

Several studies have reported severe posterior lateral open bites in the moderate-to-severe Ol type
Il and IV malocclusions [12, 26]. These lateral open bites result in masticatory deficiencies and may result
inincreased tooth fractures of the anterior teeth due to the extra pressure these teeth must absorb during
mastication (Figure 3).

Patients with Ol present with significantly severe malocclusions and their manifestations are much
more complex than the average malocclusions encountered in the general population. Class Il
malocclusions affect less than 3% of all Caucasians and up to 20% of the Japanese population but are
rarely associated with missing, impacted, or poorly shaped teeth. Lateral open bites associated with
posterior or anterior crossbites that are frequently found in the Ol population make the malocclusion a
unique challenge. Therefore, most of the malocclusions involve the whole craniofacial complex and ideally
require complex craniofacial surgeries, which are unfortunately contraindicated.
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Figure 3. Example of a lateral open bite in a Ol type IV subject (Drishti Software)

The goal of the orthodontic treatment should be to intercept and improve, but not necessarily to
fully correct, these malocclusions, so the most appropriate objectives for many of these patients would
be to improve masticatory function, optimize aesthetics, and prepare the dentition for prosthodontic
treatments whenever possible due to the presence of DI.

Due to limited knowledge and experience demonstrated by clinicians in addressing these unique
malocclusions, a pilot study addressing some of their orthodontic needs was designed. The PAR index, a
universally accepted index of malocclusion [27], was used to evaluate whether this index could be reduced
significantly to a more manageable level. Also, there was an assessment of whether the teeth would move
in a satisfactory manner, given that the alveolar bone was of poor quality, plus the fact that these patients
are treated with IV bisphosphonates. The modality of choice was Invisalign appliances, which apply force
to teeth using preprogrammed plastic aligners, usually in 0.2 to 0.3 mm increments. Before pursuing this
study, patients without significant DI and those interested in the Invisalign therapy were selected. The
presence of a lateral open bite was mandatory.

CASE REPORT

A 14-year-old male patient presented to our clinic with a diagnosis of Ol type IV and a request to
improve his malocclusion. He presented with a severe lateral open bite with only one central upper incisor
and one lower central incisor in occlusal contact. The lateral open bite was 8.5 mm in the molar area
(Figure 4).
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Figure 4. Lateral and frontal intraoral pictures in occlusion in an Ol type IV patient before Invisalign treatment.

Facially, he presented with a typical but very moderate Ol type IV phenotype without severe frontal
bossing or a triangular face. His profile was slightly concave due to a retrognathic maxilla and a normally
projected mandible. His face height was normal, and his smile line indicated that the upper incisors were
positioned too vertically and the amount of incisor showing at rest was 0-1 mm during an unstrained
smile.

As the patient exhibited some mild form of DI, especially visible on the panoramic x-ray, it was
decided and in accordance with the wishes of his mother, to use the Invisalign technique. Attachments
were planned as well as buttons for elastics, but they could be easily ground out with a high-speed
handpiece, unlike the limitations with metal brackets which would have required debonding with a
significant shearing force. The Invisalign appliance had a proven potential to move the teeth in their
correct anteroposterior position, but the effect of elastics on such a large lateral open bite was unknown.
The plan was to create overjet and overbite and promote the extrusion of the upper molars and use them
as distractors to bring down the dentoalveolar bone to correct the open bite or at least minimize the
conditions.

Intraoral scans plus a full set of records were obtained and a detailed prescription was sent to
Invisalign to overcorrect the malocclusion. The virtual simulation (Clinchek-Invisalign) was accepted, the
attachments and buttons were bonded to the teeth, and the patient was advised to wear light (30z-5-16
Dentsply) intermaxillary elastics and to wear the aligners 24 hours a day except when eating.

The objectives of treatment were to correct the end-to-end anterior occlusion and to correct the
lateral open bites as much as possible without correcting the posterior crossbites. Unfortunately,
correcting the transverse maxillary deficiency as initially planned would require some form of surgical
intervention, but the parents rejected it. We explained to them that placing the upper and lower dentition
in contact even in a cross-bite situation would still improve the occlusion dramatically and that an occlusal
rehabilitation using composite resins or onlays would be necessary in the future to get a more stable
occlusion. We also advised the patient that long-term retention with light nighttime wear of elastics would
be necessary.

It took three refinements (corrective virtual simulation obtained from new intraoral scans) of the
Invisalign procedures to get to a satisfactory result. The open bites were closed, occlusal contacts were
established, and positive overbite and overjet were obtained. The patient was referred to the
prosthodontist to modify the occlusal surfaces to provide a complete dental occlusion (Figure 5).
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Figure 5. Lateral and frontal intraoral pictures in occlusion in a patient with Ol type IV after 18 months of Invisalign
treatment.

The result was deemed satisfactory even though the posterior crossbites were not corrected. The
patient was very happy with the masticatory function that he had gained and with the improved aesthetics
due to the positive overbite and overjet. The goal of improving function was achieved and the patient
reported having a much-improved quality of life (Figures 6 and 7).

Figure 6. Cephalometric radiographs before (A) and after (B) completion of Invisalign treatment.

118



Cone Beam CT and Intraoral Scans Retrouvey & Marulanda

Figure 7. Cephalometric superimposition over SN line of before (black) and after (green) Invisalign treatment
showing the incisor (A, B, and C) and molar (B and C) movements.

Prospective study

Based on the results of a few treated cases, a prospective study investigating the potential correction
of lateral open bites and Class lll malocclusions in subjects with moderate Ol was initiated. These
malocclusions had to be of moderate amplitude with a maximum value for a PAR index of 40. This value
was based on our observations published in 2013 about the average PAR index of 32 in the Ol population
[12].

Future studies and assessments

Digital technologies and accessible open-source software have allowed for a seamless integration of
intraoral scan and CBCT data as a first step. A second step is the availability of Al-based auto
segmentations of structures and a fusion of all 3D data into a single record of correctly oriented STL files.
The third step was to then use open-source or open format software to simulate treatment, growth
patterns and tooth movements in a virtual environment. These simulations then allowed for a fully
customized and individualized approach to treatment by combining growth prediction, orthodontic, and
orthognathic interventions into a single file system (Figure 8).
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Figure 8. Integration of Cone Beam and STL data.

Integration of CBCT and STL data

A 15-year-old female with Ol type IV presented for potential treatment of a moderate Class IlI
malocclusion with a bilateral posterior open bite and missing teeth. CBCT, intraoral scan, and extraoral
and intraoral photographs were obtained (Figure 9). The dataset was then sent for fusion and
segmentation (Diaghocat™). The cranial vault, maxilla, airway, upper teeth, lower teeth, mandibular canal,
and mandible were segmented into STL files (Figure 10). Drishti software was also used to better assess
the dentoalveolar levels present around the teeth to evaluate the possibility of tooth movement.
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Figure 9. Ol type IV patient with severe open bite.

Figure 10. Segmentation of CBCT data with Deep Learning algorithms.
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The segmented data was then transferred to an open-source software (Blender) where simulations
were performed to determine the most appropriate course of treatment for the malocclusion presented.
An orthodontic approach was first used to move the dentition into its corrected position (Figure 11) and
then an orthognathic approach was tested and the amount of movement necessary measured (Figure 12).
This technique allows us to fully correct a malocclusion and obtain precise measurements of the bony
segments or of the dental components. The movements are also confined to the dentoalveolar processes
by software constraints to avoid root exposure and periodontal problems. The objectives of improving
facial aesthetics and masticatory functions while respecting the dentoalveolar processes and remaining
within the limitations of a surgical approach can be tested with multiple treatment approaches until one
is selected and carried out on the patient.

Figure 11 shows the dentition that has been reformatted before and after repositioning to calculate
the amount of movement necessary to correct the malocclusion. Both datasets are superimposed to get
an appreciation of the biomechanics needed to be applied at the crown and root level to maintain the
teeth into the dentoalveolar process while correcting or improving the torque values, alignment, and
mesial distal angulation of the roots to get the best possible aesthetic and functional result.

Figure 11. Simulation of dentoalveolar approach. Solid teeth are the teeth repositioned in correct occlusion.

Figure 12 shows a surgical approach why the maxilla is detached from the cranial base and brought
down in one piece to recreate an acceptable occlusal plane. In this case the occlusal plane created by the
lower dentition was deemed acceptable and used to move the maxillary complex into an acceptable
position. The maxillary complex showed an amount of displacement of over 10 millimeters. This large
movement indicates that a combination of an orthodontic approach paired with an orthognathic
approach may be the best treatment option.
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9.68824 m

Figure 12. Surgical repositioning of the maxilla. The orange represents the preoperative position. Notice the over
9mm of down grafting necessary.

Simulation software allows practitioners to individualize the treatment approach and to analyze the
feasibility of multiple treatment approaches with the surgeons, orthodontist, and entire treatment team.
The simulations also allow for the creation of biomechanical systems and appliances to fully customize
the treatment to match each patient’s needs.

As many Ol patients are affected by OSA, a study of the airway and an assessment of the position of
the hyoid bone may prove to be useful diagnostic procedures. CBCT should also be used to look for
platybasia, basilar impression, and invagination as part of the diagnosis.

3D CBCT diagnostic records allow the orthodontist and the entire team to assess the feasibility of
treatment as well as the probability of success to assure that the prognosis for a good resolution of the
malocclusion is as high as possible. Also, the profession needs a lot of education regarding the most
appropriate approach to address these challenging malocclusions. Determining what to expect from an
intervention at the onset of treatment and how the patient care will progress can significantly improve
the way the care is delivered in the future. More research is necessary on the biology of tooth movement
in rare diseases, but it has been possible to move teeth in Ol patients even when they are under IV
bisphosphonate treatment.

Practitioners interested in treating patients with Ol should understand that slowing the tooth

movement process and reducing the forces placed on the dentition is of great importance. Understanding
the limitations and not aiming for a perfect result but settling for a significant improvement that will give
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the patient the best possible function and aesthetics is a valid treatment goal. Orthognathic surgeons
experienced in Ol management can provide guidance on what should be attempted.

For instance, a hypoplastic maxilla formed from poor bone creates a severely limiting factor to our
therapeutic approach. However, using distraction osteogenesis and interceptive orthodontics at a
younger age could reduce the interventions needed to reposition the maxilla once the patient reaches
adulthood. This is a very exciting treatment option that needs to be developed for the orthodontic
treatment of the Ol population.

CONCLUSIONS

Our experience shows that it is possible to significantly improve the quality of life of patients with Ol
by addressing their specific functional and aesthetic needs and identifying what is feasible on a case-by-
case basis. Some cases are too severe, but many can be improved. Thus, early intervention in patients
with moderate Ol is a potential method to decrease the severity of developing handicapping
malocclusions and can address antiresorptive treatments (bisphosphonates) in the lack of development
of the craniofacial complex. This is just one example of valuable research that can result in improved care
of special needs patients, thus adding knowledge in the field of orthodontics.

REFERENCES

1. RauchF, Lalic L, Roughley P, Glorieux FH. Genotype-phenotype correlations in nonlethal
osteogenesis imperfecta caused by mutations in the helical domain of collagen type I. Eur J Hum
Genet 2010; 18(6):642-647.

2. RossiV, Lee B, Marom R. Osteogenesis imperfecta: advancements in genetics and treatment. Curr
Opin Pediatr 2019; 31(6):708-715.

3. Van Dijk FS, Sillence DO. Osteogenesis imperfecta: clinical diagnosis, nomenclature and severity
assessment. Am J Med Genet A 2014; 164A(6):1470-1481.

4. Sturznickel J, Jahn-Rickert K, Zustin J, Hennig F, Delsmann MM, Schoner K, Rehder H, Kreczy A,
Schinke T, Amling M et al. Compound heterozygous frameshift mutations in MESD cause a lethal
syndrome suggestive of osteogenesis imperfecta Type XX. J Bone Miner Res 2021; 36(6):1077-1087.

5. Rauch F, Glorieux FH: Osteogenesis imperfecta. Lancet 2004; 363(9418):1377-1385.

6. Mortier GR, Cohn DH, Cormier-Daire V, Hall C, Krakow D, Mundlos S, Nishimura G, Robertson S,
Sangiorgi L, Savarirayan R et al. Nosology and classification of genetic skeletal disorders: 2019
revision. Am J Med Genet A 2019; 179(12):2393-2419.

7. Marini JC, Cabral WA, Barnes AM. Null mutations in LEPRE1 and CRTAP cause severe recessive
osteogenesis imperfecta. Cell Tissue Res 2010; 339(1):59-70.

8. Trejo P, Rauch F. Osteogenesis imperfecta in children and adolescents-new developments in
diagnosis and treatment. Osteoporos Int 2016; 27(12):3427-3437.

9. Reznikov N, Dagdeviren D, Tamimi F, Glorieux F, Rauch F, Retrouvey JM. Cone-beam computed
tomography of osteogenesis imperfecta Types Ill and IV: three-dimensional evaluation of
craniofacial features and upper airways. JBMR Plus 2019; 3(6):e10124.

10. Taqi D, Moussa H, Schwinghamer T, Ducret M, Dagdeviren D, Retrouvey JM, Rauch F, Tamimi F,
Members of the BBDC. Osteogenesis imperfecta tooth level phenotype analysis: Cross-sectional
study. Bone 2021, 147:115917.

124



Cone Beam CT and Intraoral Scans Retrouvey & Marulanda

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Taqi D, Moussa H, Schwinghamer T, Vieira AR, Dagdeviren D, Retrouvey JM, Rauch F, Tamimi F,
Members of the BBDC. Missing and unerupted teeth in osteogenesis imperfecta. Bone 2021,
150:116011.

Rizkallah J, Schwartz S, Rauch F, Glorieux F, Vu DD, Muller K, Retrouvey JM. Evaluation of the
severity of malocclusions in children affected by osteogenesis imperfecta with the peer assessment
rating and discrepancy indexes. Am J Orthod Dentofacial Orthop 2013; 143(3):336-341.

Ottley CM. Osteopsathyrosis (Lobstein's disease): a critical review. Arch Dis Child 1932; 7(39):137-
48.

Jabbour Z, Al-Khateeb A, Eimar H, Retrouvey JM, Rizkallah J, Glorieux FH, Rauch F, Tamimi F.
Genotype and malocclusion in patients with osteogenesis imperfecta. Orthod Craniofac Res 2018;
21(2):71-77.

Dagdeviren D, Tamimi F, Lee B, Sutton R, Rauch F, Retrouvey JM. Dental and craniofacial
characteristics caused by the p.Ser40Leu mutation in IFITM5. Am J Med Genet A 2019; 179(1):65-70.
Retrouvey JM, Tagi D, Tamimi F, Dagdeviren D, Glorieux FH, Lee B, Hazboun R, Krakow D, Sutton VR,
Members of the BBDC. Oro-dental and cranio-facial characteristics of osteogenesis imperfecta type
V. Eur J Med Genet 2019; 62(12):103606.

Marini JC, Reich A, Smith SM. Osteogenesis imperfecta due to mutations in non-collagenous genes:
lessons in the biology of bone formation. Curr Opin Pediatr 2014; 26(4):500-507.

Campisi G, Fedele S, Colella G, Lo Casto A, Fusco V. Canadian consensus practice guidelines for
bisphosphonate associated osteonecrosis of the jaw. J Rheumatol 2009; 36(2):451-453.

Hennedige AA, Jayasinghe J, Khajeh J, Macfarlane TV. Systematic review on the incidence of
bisphosphonate related osteonecrosis of the jaw in children diagnosed with osteogenesis
imperfecta. ) Oral Maxillofac Res 2013; 4(4):el.

Tauer JT, Robinson ME, Rauch F. Osteogenesis imperfecta: new perspectives from clinical and
translational research. JBMR Plus 2019; 3(8):e10174.

Glorieux FH, Devogelaer JP, Durigova M, Goemaere S, Hemsley S, Jakob F, Junker U, Ruckle J,
Seefried L, Winkle PJ. BPS804 Anti-sclerostin antibody in adults with moderate osteogenesis
imperfecta: results of a randomized phase 2a trial. ] Bone Miner Res 2017; 32(7):1496-1504.
Rousseau M, Vargas J, Rauch F, Marulanda J, Retrouvey JM. Facial morphology analysis in
osteogenesis imperfecta types |, lll and IV using computer vision. Orthod Craniofac Res 2021;
24(2):92-9.

Rousseau M, Retrouvey JM, Members of the Brittle Bone Disease Consortium. Osteogenesis
imperfecta: potential therapeutic approaches. Peer) 2018; 6:e5464.

Chetty M, Roberts TS, Stephen L, Beighton P. Craniofacial manifestations in osteogenesis imperfecta
type Il in South Africa. BDJ Open 2017; 3:17021.

Frazier-Bowers SA, Koehler KE, Ackerman JL, Proffit WR. Primary failure of eruption: further
characterization of a rare eruption disorder. Am J Orthod Dentofacial Orthop 2007; 131(5):578 e571-
511.

O'Connell AC, Marini JC. Evaluation of oral problems in an osteogenesis imperfecta population. Oral
Surg Oral Med Oral Pathol Oral Radiol Endod 1999; 87(2):189-196.

Richmond S, Shaw WC, O'Brien KD, Buchanan IB, Jones R, Stephens CD, Roberts CT, Andrews M. The
development of the PAR Index (Peer Assessment Rating): reliability and validity. Eur J Orthod. 1992;
14(2):125-39.

125



Cilia and Cilia-Related Genes in Bone Remodeling Kang et al.

THE ROLE OF PRIMARY CILIA AND CILIA-RELATED GENES
IN BONE REMODELING

Jessica Kang, Lucy Eun Hwan Kim, Mina Oh, Hyeran Helen Jeon

ABSTRACT

The skeleton undergoes continuous bone remodeling to adapt to its local environment, such as
mechanical forces. Mechanotransduction is an essential component of bone homeostasis in which bone
cells sense and convert mechanical stimuli into biochemical responses. Although the exact mechanisms
remain elusive, the primary cilium has been suggested as a potential mechanosensory and chemosensory
organelle in bone remodeling. This chapter discusses the various intraflagellar transport (IFT) proteins
necessary for ciliogenesis and functional primary cilia in osteoblasts, osteocytes, and chondrocytes.
Findings indicate that deletion of selective IFT proteins leads to impaired ciliogenesis or dysfunctional
primary cilia with possible bony defects, which illustrates the importance of these proteins in ultimately
maintaining healthy bone. However, further research efforts are needed to fully understand the complex
mechanisms of the mechanosensory features of primary cilia in bone homeostasis.

KEY WORDS: Primary Cilia, Intraflagellar Transport (IFT) Proteins, Bone Remodeling

INTRODUCTION

Mechanical force-induced bone remodeling is a dynamic process that is required to maintain the
structure and function of the skeleton [1]. Bone is sensitive to external environments and adapts to meet
the physical demands of mechanical loading. Bone remodeling depends on mechanotransduction, where
mechanical energy is converted into biomechanical responses [2]. During mechanical loading, fluid flows
through a 3-dimensional network of interconnected lacunae and canaliculi, which helps osteocytes
contact neighboring osteocytes, osteoblasts, and osteoclasts [3]. This load-induced fluid flow stimulates
osteogenic and osteoclastic responses. However, the exact mechanism of how these bone cells translate
these changes in fluid flow into biochemical signals remains largely unknown [4].

Different bone cells work in a coordinated manner to maintain a balance between bone formation
and bone resorption [5]. Osteoblasts are specialized bone-forming cells derived from mesenchymal stem
cells [6]. They secrete bone matrix and produce growth factors, hormones, and enzymes [7]. As
osteoblasts mature, they become encapsulated in newly deposited bone and become osteocytes [8].
Osteocytes are the most abundant cell type and the primary mechanosensory cells of the bone. They
regulate bone homeostasis by controlling osteoblasts and osteoclasts [9]. Chondrocytes are responsible
for cartilage formation and play an important role during endochondral ossification [10].
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Primary cilia are microtubule-based organelles that are present on nearly all mammalian cells [11].
They are considered the mechanosensor and chemosensor organelle in the bone [12]. The load-induced
fluid flow causes a deflection of the primary cilia, eliciting many downstream signaling pathways (Figure
1) [13]. In addition, primary cilia are dependent on intraflagellar transport (IFT) proteins for their
formation and function [14]. This chapter reviews the role of primary cilia and related genes in bone cells
including osteoblasts, osteocytes, and chondrocytes during bone remodeling.

Environment

Fluid flow changes in environment Cilia are ’ s
& - - Deflection of cilia causes

due to mechanical loading deflected . )
downstream signaling cascade

—_— E——— _
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T Anterograde movement
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Figure 1. Primary cilia on bone cells. They sense environmental load-induced changes to fluid flow, which deflect the
cilia and, in turn, activate downstream signaling pathways that elicit bone remodeling changes.

PRIMARY CILIA

Primary cilia are the hair-like organelles that sense changes in extracellular signals in the surrounding
environment and act through various transduction pathways, including hedgehog, transforming growth
factor B, platelet derived growth factor, and fibroblast growth factor [15, 16]. The interactions between
cilia and these pathways are essential for the formation of bone and cartilage [15]. For instance, cilia are
the mechanosensory machinery in bone, responding to increased mechanical forces to stimulate
osteogenesis [15].
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Ciliary genes: IFT system and related genes

Cilia do not make their own proteins. Instead, proteins are made in the cytosol and transported in
and out of the cilia by the bidirectional transport system called IFT [16]. The IFT system is a multi-protein
complex made of IFT complex B (IFT-B) proteins, IFT complex A (IFT-A) proteins, BBSome, IFT motors, and
associated cargo [17, 18]. IFT-B is composed of fourteen IFT proteins consisting of IFT20, IFT22, IFT25,
IFT27, IFT46, IFTS2, IFT54, IFT57, IFT70, IFT74/IFT72, IFT80, IFT81, IFT88, and IFT172. IFT-A is made up of
six proteins including IFT144, IFT140, IFT139, IFT122, IFT121, and IFT43 [15]. Kinesin-Il and cytoplasmic
dynein-2 are IFT motors. IFT-B is driven by kinesin Il proteins which allow transport from the base of the
cilia to the tip while IFT-A is driven by dynein proteins allowing for transport from the cilia axoneme to
the cell body. The BBSome forms part of the cilia basal body and plays a role in the proper formation of
not only the cilia but also the cilia transportation components. However, the exact mechanism is not fully
known [19, 20].

IFT-B complex proteins

IFT20, the smallest of the IFT-B complex proteins, is necessary for cilia formation and can be found
in the basal body of cilia as well as the golgi complex [21]. IFT20 moves between the golgi complex and
cilia, and it has been suggested to transport proteins from the golgi complex to the cilia. Follit et al. found
that when IFT20 is deleted, cilia assembly is disrupted [21]. Similarly, IFT20 deletion in mice kidney cells
resulted in a lack of primary cilia formation [22]. In addition, Noda et al. demonstrated that IFT20 regulates
collagen movement intracellularly and is important for skull development [23].

IFT22 is not crucial for cilia formation [24]. IFT22 acts independently of ciliary formation and the IFT
complex. IFT22 does assist in the recruitment of the BBSome into the cilia. Further, Xue et al. found that
in IFT22 mutants, the cilia were still functional but BBsome recruitment was altered and that IFT22 aided
in BBSome binding to the cilia and subsequent entry into the cilia [24].

IFT25 is not required for cilia formation in somatic cells. Liu et al. found that IFT25 homozygous
knockout male mice (Stra8-iCre+.IFT257f) had no observable abnormalities besides sterility. Thus, they
deduced that IFT25 plays a role in sperm formation but not cilia formation in somatic cells [25].

IFT27 is important for transport of the BBSome complex out of the cilia. Inside the cilia, IFT27
separates from IFT-B complex and activates ARL6 in addition to aiding in BBSome coat assembly and
transport of the BBSome out of the cilia [26].

IFT46 is crucial for vertebral cilia formation. Lee et al. found that IFT46 homozygous KO mice did not
survive to birth while IFT46 heterozygous KO survived. Severe abnormalities including heart issues as well
as the failure of notochord closure during development, resulted in embryo death of homozygous KO mice
[27].

IFT52 mutations in humans lead to a skeletal deformity known as short rib polydactyly syndrome.
IFT52 plays a key role in IFT-B complex formation and function. Zhang et al. showed that human fetuses
with IFT52 mutant cells synthesize fewer IFT-B complex proteins, such as IFT74, IFT81, IFT88 and ARL13B
[28]. Thus, IFT52 affects other IFT-B complex proteins because of its role of aiding in the attachment of
other IFT-B complex proteins to the cilia basal body and stabilizing the entire IFT-B complex.

128



Cilia and Cilia-Related Genes in Bone Remodeling Kang et al.

IFT54 is necessary for anterograde transfer in the IFT-B complex through its interactions with kinesin
and dynein [29]. Zhu et al. noted that the deletion of IFT54 using a Chlamydomonas model led to disrupted
anterograde transport and subsequent build-up of IFT proteins in the cilia. The authors postulated that
the deletion of IFT54 interrupts normal binding to motor proteins, thereby inhibiting the proper motor
protein movement [29].

IFT57 is required for cilia maintenance and control of IFT-particle-kinesin Il dissociation in vertebral
photoreceptor cells [30]. Krock et al. found that without IFT57, IFT20 is unable to bind IFT and either IFT57,
IFT20, or both proteins are required to mediate kinesin 2 function [30].

IFT70, known as DYF-1, is a core component of cilia and is required for proper cilia formation. Takei
et al. found that double-knockout IFT70A and IFT70B cells lacked cilia formation even though IFT70 is
associated peripherally with the IFT-B complex via the IFT52—IFT88 dimer. Even in the absence of IFT70,
other IFT-B subunits were still assembled at the ciliary base, suggesting IFT70 is essential for cilia formation
but nonessential for the assembly of the residual IFT-B subunits [31].

IFT74 and IFT81 work together to bind tubulin. Bhogaraju et al. found that IFT81 increases the
specificity for tubulin, while IFT74 increases the affinity for tubulin. Only cells with both normal IFT74/81
protein complexes were able to bind tubulin with a high affinity [32]. In addition, IFT81 mutations are
associated with short rib polydactyly syndrome. Duran et al. reported the short rib polydactyly syndrome
with IFT81 mutations. They found that the IFT-B complex is unstable in the presence of IFT81 mutations
and IFT81 mutations did not affect the production levels of a kinesin motor protein even though the IFTB
complex was disrupted. Further, the growth was disrupted by the IFT81 mutations due to disrupted
hedgehog signaling pathways and IFT81 mutations led to altered chondrocytes in the growth plate [33].

IFT80 is required for the cilia formation, maintenance, and function. IFT80 mutations cause Jeune
asphyxiating thoracic dystrophy and short rib polydactyly type Ill. IFT80 mutations disrupt the balance
between canonical and non-canonical Hh-Gai-RhoA pathways. Yuan et al. examined the OSX-Cre;IFT80
#f transgenic mice and found that IFT80 deletion in osteoblasts is associated with growth retardation and
osteopenia and that IFT80 is necessary for differentiation of osteoblast cells [34].

IFT88 is important for cilia formation and its mutations can lead to ciliopathies, such as craniofacial
disorders in mice. Tian et al. generated the Wnt1-Cre;Ift88 ", which is IFT88 deletion in neural crest cells.
They found that homozygous IFT88 mice died at birth due to severe defects, such as tongue agenesis and
cleft lip/palate. In addition, palatal mesenchymal cells lost cilia formation. The number of cilia and cilia
length decreased significantly in mice without IFT88, indicating that cilia were absent or significantly
disrupted in these cells [35]. Another study found that IFT88 knockout mice presented a decreased
number of osteoblasts/osteocytes and reduced bone density [36].

IFT172, the largest protein in the IFT-B complex, is important for the anterograde transport of dynein-
2 and/or the IFT trains around the ciliary tip [37]. IFT172 mutations in humans are associated with skeletal
ciliopathies, such as short rib thoracic dysplasia with or without polydactyly. Roberts et al. surgically
manipulated mice embryos to generate IFT72 KD. They found that the mutant cells had no cilia compared
to WT but acetylated alpha tubulin levels were not significantly different between WT and IFT172 KD mice.
Therefore, IFT72 is crucial for proper cilia function and mutations have a wide range of defects and
disruptions in cell pathways [38].
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IFT-A complex proteins

IFT144 is important for IFT-A complex formation. Ashe et al. found that the transgenic mice with a
hypomorphic missense mutation in the IFT144 gene presented disrupted IFT-A complex formation and
had skeletal abnormalities, including shortened limbs, ribs, polydactyl, and craniofacial abnormalities with
disrupted hedgehog signaling pathways [39].

IFT140 mutations in humans has been associated with skeletal ciliopathies. Tao et al. generated the
transgenic Osx-Cre.IFT1407" mice, deleting IFT140 in the early stages of osteoblast formation. The
transgenic mice showed bone defects including decreased bone length, decreased bone density, and
decreased bone mineral apposition rate. Thus, IFT140 is crucial for bone development and growth plate
formation [40].

IFT139 is not necessary for cilia formation, but it is critical for proper IFT-A complex trafficking to
occur in addition to IFT-B trafficking and G protein-coupled receptors (GPCRs) function in cilia function.
Hirano et al. generated IFT139 KO cells in vitro and found that IFT-A, IFT-B, and GPCRs accumulated at the
cilia tip, and had disrupted traffic to the cilia base [41].

IFT122 connects core and peripheral IFT-A complex proteins and forms a complex with IFT140 and
IFT144. Takahara et al. generated IFT122 KO mice by introducing a missense mutation in the initiation
codon of IFT122. When compared to other IFT-A complex proteins, the IFT122 deletion had the largest
cilia defects. In addition, IFT122 knockout cells had no cilia present on cell lines [42].

IFT121 interacts with the IFT43 complex and mutations in both are associated with short rib
polydactyly syndrome in humans. Duran et al. collected human cells from patients diagnosed with IFT43
and IFT121 mutations. IFT43 mutated fibroblasts showed no cilia but the IFT-A complex stability was not
affected. In addition, growth plate abnormalities were found in tissues with the IFT43 mutation.
Mutations in IFT121 led to decreased IFT43 levels and skeletal abnormalities presented in a similar way
as the IFT43 mutation. Again, the IFT121 mutation did not affect the IFT-A complex stability but in contrast
to IFT43 mutations, cilia were not completely absent in IFT121 mutant cells. Mutations in both IFT43 and
IFT121 in humans presented short rib polydactyly syndrome and only IFT43 mutation caused a complete
absence of cilia [43].

IFT motors

Kinesin and dynein are motor proteins important for the proper formation and function of primary
cilia. Kinesins depend on ATP to transport proteins along microtubules in an anterograde direction.
Common to all kinesins is a core motor domain, while different kinesins have different amino acid
sequences in the periphery that allow them to transport a variety of objects towards the plus end of the
microtubule. Heterotrimeric kinesin-2 is the main anterograde motor component of IFT. Disruption of
kinesin-2 causes a lack of cilia in animal models, such as C. elegans and mice [16]. Dyneins are ATP-
dependent enzymes that move proteins towards the minus end of the microtubule, in a retrograde
manner towards the basal body. Mammalian cells have 2 dyneins that work together to transport particles.
Cytoplasmic dynein 1 moves particles retrograde and functions separately from dynein 2. Dynein 2 is part
of the IFT complex and moves particles in motile and sensory cilia [37]. Dynein 2 works in conjunction with
kinesin 2 to transport particles along IFT [44]. Dynein 2 is carried anterograde to the cilia tip, and once
there, the IFT complex remodels and continues retrograde movement back to base.
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Others

Polycystin-1 (PKD1) and Polycystin-2 (PKD2) are associated with renal primary cilia, osteoblast, and
osteocytes. This complex acts as a mechanosensor, responding to changes in force and stress in the kidney
environment [45]. Their function in bone development is still not fully known. Xiao et al. found that loss
of PKD1 in mice disrupted osteoblast differentiation andled to disrupted bone development and
osteopenia [46]. In addition, mutations in PKD1 and PKD2 led to disruptions in chondrogenesis as well
[45].

Evc is associated with primary cilia and is located in the cilia basal body. It is necessary for Indian
hedgehog (lhh) signaling to occur at cartilage growth plates [47]. Caparrés-Martin et al. showed that Evc2-
/- and Evc”; Evc2” mice had comparable skeletal defects due to impaired lhh signaling. Skeletal
abnormalities in transgenic mice included shortened limbs, ribs, and defects in the cranial base,
demonstrating an important role of the EVC/EVC2 in regulating Ihh signaling [48].

PRIMARY CILIA AND OSTEOBLASTS

Osteoblasts are specialized bone-forming cells, and their primary function is to produce a collagen-
rich matrix to lay down new bone [49]. Osteoblasts secret growth factors and hormones, including bone
morphogenetic proteins, transforming growth factor 3, and osteocalcin [7].

The primary cilia in osteoblasts act as mechanosensors and are responsible for the osteogenic
changes in response to dynamic fluid flow [1]. Malone et al. found that when MC3T3-E1 osteoblasts were
exposed to oscillatory fluid flow, a three-fold increase in osteopontin (OPN) expression along with
increased prostaglandin E2 (PGE2) release and cyclooxygenase 2 (COX2) mRNA levels, which are the
constituents of the bone matrix, were observed [1, 4]. To determine whether these changes were
dependent on primary cilia, bone cells were treated with chloral hydrate or siRNA to delete the primary
cilia. Chloral hydrate and siRNA treatment caused a 90% and 50% reduction in the fraction of cells with
primary cilia as scored by acetylated alpha tubulin immunofluorescence stain and western blot. The
treated cells did not respond with the increased expression levels of OPN, PGE2, and COX2 as a response
to fluid flow [1]. In addition, they examined the OPG/RANKL ratio in MLO-Y4 osteocyte-like cells as it
controls osteoclast formation. In untreated cells, fluid flow increased the OPG/RANKL mRNA ratio by 1.6-
fold, whereas the cells treated with chloral hydrate or siRNA did not cause significant changes in the
OPG/RANKL mRNA ratio. Considering all, primary cilia are essential for both osteogenic and bone
resorptive responses to dynamic fluid flow. Furthermore, Delaine-Smith et al. demonstrated that primary
cilia are required in MLO-A5 murine osteoblasts for the secretion of PGE2 and calcium deposition in
response to fluid flow [4].

In vivo studies support the various roles of primary cilia in osteoblasts during bone formation. Moore
et al. demonstrated the necessity of primary cilia in periosteal osteochondroprogenitors (OCP) as the
mechanosensors and regulators of osteogenic response [50]. Tamoxifen-induced primary cilium knockout
in periosteal OCPs displayed an absence of increased expression levels of osteogenic markers (COX2, OPN,
RUNX2) that were seen in OCP with intact primary cilia [50]. In addition, differentiation into osteoblasts
was upregulated under mechanical stress only in the presence of primary cilium [50]. Chen et al. found
that mechanical loading enhanced bone marrow-derived cells to commit to the osteogenic lineage,
leading to increased bone formation [51].
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IFT20 regulates cell polarity and alignment, cilia formation, and bone mass during bone development
[52]. Lim et al. reported that the deletion of IFT20 in osteoblastic lineage cells led to disrupted osteoblast
polarity and decreased cilia formation and length in osteoblasts and osteocytes [52]. In addition, IFT20 is
involved in regulating collagen biosynthesis during bone formation [53]. Yamaguchi et al. examined the
IFT20:Wnt1-Cre and IFT20:0cn-Cre mice and observed an increased hydroxylysine-aldehyde cross-linking
and decreased lysine-aldehyde cross-linking in the IFT20:0cn-Cre mice [11]. Disruption of IFT20 in both
mouse strains led to craniofacial abnormalities [53], indicating the important role of IFT20 in collagen
biosynthesis.

IFT80 is an essential regulator of osteoblast differentiation and cilia formation [54]. Yang and Wang
discovered that IFT80 was highly expressed in preosteoblasts, mature osteoblasts, bone tissue, and during
osteoblast differentiation [54]. Silencing of IFT80 in murine mesenchymal progenitor line and bone
marrow-derived stromal cells resulted in impaired cilia formation and inhibited osteoblastic
differentiation via significantly decreased expression of osteoblast marker genes including RUNX2, OCN,
bone sialoprotein (BSP), and alkaline phosphatase (ALP) [54]. Furthermore, the expression level of Gli2, a
transcriptional factor involved in the hedgehog signaling pathway, was largely reduced [54]. Rix et al.
generated a murine IFT80 gene-trap line (IFT8088!) and discovered that these mice were hypomorphic
compared to the true null mice [55]. The surviving 2% of gene-trap mice exhibited similar phenotypes as
Jeune asphyxiating thoracic dystrophy and short rib polydactyly type Il [13]. Chiniparadaz et al. focused
on the role of IFT80 in fracture healing and found IFT80 deletion in osteoblasts led to reduced cilia
formation and delayed fracture healing [56].

Haycraft et al. deleted IFT88 in mature osteoblasts to assess its role in bone formation. Decreased
osteoblast number and bone density were observed in IFT88-deleted mice of a mixed genetic background
while an inbred C57BL/6J genetic background displayed increased bone volume/total volume ratio and
trabecular thickness [17, 36]. Additional research is necessary to uncover whether these differences are
due to the different genetic backgrounds. Moreover, whether IFT88 deletion disrupted cilia formation and
signaling pathways was not discussed and requires further investigation.

IFT140 is implicated in patients with severe skeletal disorders [40]. Zhang et al. found that IFT140
levels in bone were highly expressed during development [57]. IFT140 levels in osteoblasts fluctuated in
accordance with the crucial stages of endochondral ossification [57]. Mouse femurs from osteoporosis
models, either from aged or ovariectomized group, exhibited significantly decreased IFT140 mRNA levels
compared to control group [57]. Tao et al. reported that the preosteoblast-specific IFT140 deletion led to
smaller body size and weight, decreased bone formation, and delayed growth compared to control mice
[40]. In addition, the experimental Osx-Cre:IFT140"f mice displayed decreased expression levels of
osteoblastic markers like OCN, OPN, BSP, and ALP in comparison to the control mice [40].

Mutations in IFT144 is associated with human ciliopathies including Sensenbrenner and Jeune
syndromes [39]. Ashe et al. assessed the mouse mutant with a hypomorphic missense mutation in
the IFT144 gene [39]. These transgenic mice showed enhanced hedgehog signaling despite impaired
ciliogenesis and a reduced ability to respond to upstream activation of signaling. IFT144™" embryos
exhibited severe craniofacial defects including the loss of frontal bone, cleft palate, and open bite [39].

Kif3ais an IFT motor protein essential for ciliogenesis in osteoblasts and osteocytes [58]. Temiyasathit
et al. demonstrated that skeletally mature Cola1(l) 2.3-Cre;Kif3a™" mice presented the defective cilia and
decreased bone formation in response to mechanical ulnar loading [58]. Leucht et al. focused on bone
healing around intra-osseous implants in the tibia of mice with conditional Kif3a knockout [59].
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Conditional deletion of Kif3a in pre-osteoblasts resulted in dysfunctional, truncated primary cilium as well
as decreased response to mechanical loading and failure to differentiate into mature osteoblasts [59]. Qiu
et al. showed that selective deletion of Kif3a in osteoblasts resulted in decreased length and numbers of
primary cilia [60]. Furthermore, they found Kif3a knockout mice developed osteopenia with reduced
femoral bone mineral density, trabecular bone volume, and cortical thickness [60]. These studies
collectively suggest the role of primary cilia as mechanosensors and their possible function in regulating
bone physiology.

PRIMARY CILIA AND OSTEOCYTES

Osteocytes comprise 95% of bone cells and are the main mechanosensory cell in the bone [61].
Osteocytes communicate with other osteocytes and osteoblasts via direct contact with other cells at gap
junctions and through indirect paracrine signaling pathways [2, 62]. In addition, osteocytes also produce
macromolecules, such as sclerostin, FGF23, and RANKL in response to mechanical force stimuli, and the
proteins reach target cells via fluid flow produced by the mechanical force changes [62]. Cilia in osteocytes
detect changes in the bone, allowing for bone homeostasis [61]. During mechanical loading, fluid flows
through the lacunae and between the channels connecting lacunae, deflecting cilia, and stimulating
osteogenesis [1]. The exact location and orientation of cilia in osteocytes in vivo are not fully understood
and the difficulty of cilia visualization in vivo due to its small size, makes the identification more
challenging.

Xiao et al. found that the MLO-4 osteocyte-like cells present the cilia-like structures using acetylated
alpha tubulin immunofluorescence stain, which is specific for the microtubules of the primary cilia [63].
The immunofluorescence stain demonstrated that the cilia were extending from the osteocyte cell surface
[1]. During mechanical loading, osteocytes produce various signals, such as NO, ATP, PGE2, and Ca2*
thereby stimulating downstream bone remodeling effects [2]. Upon treatment with chloral hydrate to
remove cilia, cells free from chloral hydrate produced over triple the amount of PGE2 when exposed to
flow compared to the cells treated with chloral hydrate, which had no difference in PGE2 production when
exposed to flow. Similarly, when the untreated cells were compared to cells treated with chloral hydrate
in no flow versus flow conditions, the untreated cells produced over 1.5 times higher OPG/RANKL ratio
during flow conditions while the chloral hydrate treated cells had no significant change in OPG/RANKL
ratio between flow and no flow conditions. These findings indicate that primary cilia in
osteoblasts/osteocytes were found to deviate during fluid flow in vitro and change the expression of
osteopontin, PGE2, COX2 and a ratio of OPG/RANKL [1].

The prevalence of primary cilia on osteocytes has conflicting findings, possibly due to difficulties
visualizing cilia in vivo and different methods of identifying cilia. Only 4% of mice osteocytes contain cilia
by transmission electron microscopy (TEM) while 94% of rat osteocytes contain cilia using an
immunohistochemistry stain [64-66]. Several studies also reported varying lengths of cilia in vivo, ranging
from 1.62um up to 7um in length [67].

Lim et al. reported that the deletion of IFT20 in osteoblastic lineage cells led to decreased cilia
formation and length in osteocytes and unorganized osteocyte alignment [52]. Only 30% of osteocytes in
experimental IFT20%; Collcre-ERT mice had cilia while 90% of WT mice osteocytes contained cilia. The
cilia length on experimental mice osteocytes was also decreased, measuring approximately 0.7um
compared to the normal value of 2.3um in WT [52]. In addition, in 3-month-old experimental IFT20%;
Collcre-ERT mice, osteocyte alignment was affected even after bone remodeling had occurred in those
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older mice. The authors postulate that this disruption in osteocyte alignment can impact collagen fibril
organization as well.

The IFT80 deletion in osteocytes and its impact during orthodontic bone remodeling has been
investigated by Jeon et al (manuscript under revision). Transgenic mice were bred using IFT80”f mice and
DMP1-cre mice. Dentin matrix protein 1 (Dmp1) was chosen due to its specificity for osteocyte formation
and maturation. While IFT80 expression decreased in IFT80 knockout mice, there was no difference in
bony response, such as orthodontic tooth movement (OTM) distance and bone mineral density in
transgenic mice compared to WT mice during OTM. This is a novel look into the role of IFT80 deletion on
osteocytes in vivo during OTM.

Xiao et al. found that MLO-4 osteocyte-like cells expressed PKD1 and PKD2 and suspected that PKD1
and PKD2 may play an important role in bone development [63]. They studied how PKD1 missense
mutation in mice embryos affected skeletal development and compared it to WT mice. The missense
mutated mice were obtained from a mutant mice regional research center and contained arginine in place
of methionine at the first transmembrane domain, resulting in an inactivating mutation [63]. The mice
with the PKD1 missense mutation had disrupted long bone and calvaria formation, indicating impaired
intramembranous and endochondral formation [63]. Thus, polycystin expression in osteocytes is likely to
be important for osteocyte-mediated bone formation. In another study, Xiao et al. investigated polycystin
complex and its effect on primary cilia on osteocytes [68]. PKD1 is a fluid sensor in renal cells, but its role
in cilia on other cell types is not well known. They found that homozygous Pkdi1m!Ee/mitei yere
embryonically lethal and thus conditional PKD1 knockout mice, Pkdifo¥®° —were bred using
Pkd1%/fx mice and Dmp1-Cre;Pkd1™®/*mice. MicroCT analysis found that conditional deletion of PKD1
led to a decrease of 48% in trabecular volume and 17% decrease in cortical bone thickness compared to
the WT control mice. In response to ulnar loading, multiple genes including Runx2-Il, Runx2, Oc,
Osteopontin, Bsp, RANKL, MMP13, Dmp1, and Phex were significantly decreased in the conditional
knockout mice compared to the control group [68]. Based on these findings, PDK1 is important for proper
mechanosensing in osteocytes and PDK1 disruption leads to impaired mechanotransduction signaling in
osteocytes and decreased bone formation.

PRIMARY CILIA AND CHONDROCYTES

Chondrocytes are unique cell types present in the articular cartilage and are responsible for cartilage
formation and function. Mesenchymal cell condensation induces chondrogenesis and the differentiated
chondrocytes secrete components that aggregate to form the extracellular matrix [69]. Previous research
supports the presence of cilia in chondrocytes as a sensory organelle involved in mechanotransduction
during compressive and tensile forces in bone and cartilage.

IFT46 is responsible for ciliogenesis and craniofacial cartilage development [70]. Knockdown of IFT46
induced a significant reduction in the cilia number and length, which led to a decrease in ciliogenesis and
severe impairment of cartilage formation, including the branchial stream, hyoid stream, and non-neural
crest. IFT46 is preferentially expressed in hypertrophic chondrocytes in the growth plates during the early
phase [71]. IFT46 knockdown by siRNA promoted the skeletogenesis-related genes, such as Col12al, Msx1,
Fgfrl, Bgn, Hsp47, and Mmpl0 while there was no impact on the chondrogenesis-related gene
expressions, such as Col2al, Col10al, Sox9.
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IFT80 is an important regulator of chondrocyte differentiation during hedgehog (Hh) and Wingless
(Wnt) signaling pathways [72]. High expression of IFT80 in all chondrocytes resides in the growth plate.
IFT80 mRNA level in bone marrow-derived stromal cells (BMSCs) showed a gradual increase during the
chondrogenic events and was maintained until the chondrocyte maturation took place. These high
expressions of IFT80 mRNA and protein levels indicate the significant role of IFT80 in chondrocyte
differentiation. Furthermore, silencing IFT80 expression in BMSCs blocks cilia assembly and interferes with
differentiation in chondrocytes with diminished Hh signaling pathway activity and enhanced Wnt/B-
catenin signaling activity [72].

IFT88, also known as Tg737 or Polaris, localizes to the basal bodies of primary cilia [73]. Wann et al.
studied the role of IFT88 in chondrocyte cilia in response to the compressive strain in vitro [74]. The study
compared Ca?* signaling, extracellular matrix synthesis, and ATP release after loading in WT and IFT88°™k
mutant chondrocytes, which lacked cilia. Both cell types produced ATP after loading, but IFT88°"* mutant
chondrocytes did not show a Ca® response to ATP, demonstrating the important role of primary cilia in
chondrocyte mechanotransduction. McGlashan et al. studied the link between long bone growth and
primary cilia in chondrocytes [75]. Orpk mice carry a hypomorphic mutation in the Tg737 gene that results
in the absence of polaris, a protein crucial for cilia formation. Orpk mice marked disrupted articular
cartilage and showed limited growth in appositional and endochondral aspects with significantly reduced
length and width in growth plates. These findings suggest that failure of functional primary ciliogenesis
impacts chondrocyte differentiation and leads to retarded chondrocyte hypertrophy within the orpk
growth plate [75]. In addition, Chang et al. examined the transgenic Col2aCre;Ift88"" mice in which
primary cilia were deleted in chondrocytes. IFT88 transgenic mice showed upregulation of Hh signaling
and thick cartilage due to increased cell density and decreased apoptosis during remodeling. In addition,
mutant cartilage presented the increased expression of osteoarthritis markers, supporting the role of
primary cilia for the development and maintenance of articular cartilage [76].

The Ellis-van Creveld syndrome (EVC) protein is found at the base of primary cilia in chondrocytes
and is important for chondrocyte differentiation. Mice that lacked Evc (Evc™") presented the chondrocyte
cilia but displayed EVC-like characteristics, such as impaired growth, narrow rib cage, supernumerary
digits, and orofacial malformations along with progressive chondrocyte maturation in the growth plate.
Expression of Indian hedgehog (IHH) was within normal limit in the growth plates of Evc™~ mice, but IHH
transduction was hindered as the IHH downstream genes, such as Ptch1 and Glil were noticeably reduced,
supporting that EVC is an intracellular component of the Hh signal transduction pathway [77].

In the postnatal growth plate, chondrocytes align themselves in columns parallel to the long axis of
bone. Lack of Kif3a in chondrocytes (Kif3a;Col2al1-Cre) resulted in cilia loss and disorganization in the
growth plate and changes in chondrocytes columnar orientation. Kif3a;Col2a1-Cre mice showed postnatal
dwarfism, because decreased cell proliferation and enhanced hypertrophic differentiation resulted in loss
of the growth plate prematurely. These finding indicate that IFT proteins and primary cilia play crucial
roles during the development of the postnatal growth plate, maintaining the columnar arrangement
through the process of chondrocytes rotation [78].

The roles of cilia-related genes in osteoblasts, osteocytes and chondrocytes are summarized in Table
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Table 1. Summary of the Role of Cilia-related Genes in Osteoblasts, Osteocytes and Chondrocytes.

Kang et al.

Ciliary
Genes

Osteoblasts

References

IFT20

IFT80

IFT88

IFT140

IFT144

Kif3a

Deletion of IFT20 in osteoblastic lineage cells resulted in disrupted osteoblast
polarity and loss of primary cilia formation. Conditional deletions of IFT20 in
osteoblast precursors and differentiated osteoblasts (IFT20f/f;Col1-CreERT
mice and IFT20f/f;0SX-Cre mice) showed increased hydroxylysine-aldehyde
cross-linking and decreased lysine-aldehyde crosslinking, indicating its
importance in collagen biosynthesis and subsequent bone formation.

Silencing of IFT80 in mesenchymal progenitor line and bone marrow derived
stromal cells resulted in defective cilia formation and inhibited osteoblastic
differentiation through decreased expression of osteoblast marker genes.

IFT80 deletion in mice (IFT808"8!) displayed similar phenotypes as Jeune
asphyxiating thoracic dystrophy and short rib polydactyly type Ill.

IFT80 deletion in osteoblasts (OSX™AIFT80) exhibited reduced cilia
formation and delayed fracture healing.

Deletion of IFT88 in mature osteoblasts resulted in decreased number of
osteoblasts and bone density in mice of a mixed genetic background while
mice with inbred C57BL/6J background showed increased bone volume/total
volume ratio and trabecular thickness.

IFT140 levels were highly expressed in bone during development with
expression levels varying during different stages of endochondral ossification.

Deletion of IFT140 in pre-osteoblastic cells (IFT140 cKO) resulted in
hypomorphic mice, decreased bone formation, and delayed growth along with
decreased expression levels of osteoblastic markers.

IFT144 mutations are associated with human ciliopathies. Enhanced hedgehog
signaling in addition to defective cilia formation was observed in mice with
IFT144 mutation (Ift144™" mice).

Deletion of Kif3a resulted in defective cilia formation and bone formation in
response to ulnar loading in Colai(l) 2.3-Cre;Kif3a"" mice.

Conditional deletion of Kif3a in mice (Col1Cre;Kif3a"") tibia exhibited defective
primary cilia in addition to decreased response to mechanical loading and
failure of pre-osteoblasts to differentiate into mature osteoblasts around intra-
osseous implants.
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Osteopenia, reduced femoral bone mineral density, trabecular bone volume 60
and cortical thickness were observed in Kif3a knockout mice (Kif3a®<<<°),

Cili
rary Osteocytes References
Genes
IFT20 Deletion of IFT20 (IFT20f/f; Collcre-ERT) in osteoblastic lineage mice cells led 52
to decreased cilia formation and length in osteocytes and unorganized
osteocyte alignment.
PKD1 Mice with a missense mutation of PKD1 (Pkd1™!8¢) disrupted 63
intramembranous and endochondral bone formation in transgenic mice.
Conditional knockout of PKD1 (Pkd1%°/%°) in mice led to decreased trabecular 68
volume and cortical bone thickness compared to wildtype and decrease gene
expression of osteocyte downstream signals.
Ciliary
Chondrocytes References
Genes
IFT46 IFT46 is responsible for ciliogenesis and craniofacial cartilage development. 70
Knockdown of IFT46 induced a significant reduction in the cilia number and
length, which caused ciliogenesis and severe impairment of cartilage
formation.
IFT46 knockdown by siRNA promoted the skeletogenesis-related genes while 71
there was no impact on the chondrogenesis-related gene expressions.
IFT80 IFT80 is an important regulator of chondrocyte differentiation during hedgehog 72
(Hh) and Wingless (Wnt) signaling pathways.
IFT88 IFT88 has an important role in downstream signaling in chondrocyte during 74
compressive loading. IFT88orpk mutant chondrocytes did not show a Ca2+
response to ATP, demonstrating the important role of primary cilia in
chondrocyte mechanotransduction.
In Tg7370rpk (orpk) mice, disruption of IFT88 impacts primary cilia in 75
chondrocyte and is associated with impeded growth of the long bones.
Col2aCre;Ift88"f mice had thickened cartilage due to increased cell density and 76
decreased apoptosis during cartilage remodeling with the increased expression
of osteoarthritis markers.
EVC Evc-/- mice had the cilia in chondrocytes but displayed EVC-like characteristics 77

with progressive chondrocyte maturation in the growth plate and hindered
bone collar formation.
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Kif3a Kif3a;Col2al1-Cre mice results in loss of cilia along the growth plate, 78
characterized by the disoriented growth plate and modifications to
chondrocytes columnar orientation. Kif3a;Col2al-Cre mice shows postnatal
dwarfism due to loss of the growth plate prematurely.

POSSIBLE ROLE OF PRIMARY CILIA IN ORTHODONTIC TOOTH MOVEMENT

OTM is a highly coordinated process where mechanical force application causes the alveolar bone
remodeling through bone resorption on the compression side and bone apposition on the tension side,
mediated by the periodontal ligament (PDL). Among several theories explaining this remodeling process,
the fluid flow theory has a possible link to the role of primary cilia [79]. This theory proposes that the PDL
continues to act as a hydrostatic system where the PDL space fluids could potentially trigger sensory
systems and induce a cellular response. Since the dental socket wall possesses fenestrations that enable
the expression of compressed fluid from the PDL to the marrow spaces, not only the PDL cells can detect
the fluid flow dynamics but osteocytes and cells in the marrow spaces can also mediate a cellular response.
This observation suggests primary cilium’s involvement in fluid flow and cellular mechanotransduction
during OTM. Disruption of cilia assembly in murine osteoblast inhibits expression of COX2, osteopontin,
and PGE2 and reduces mechanosensing response to fluid flow [14].

A Ca? channel complex comprises the transmembrane proteins including polycystin-1 (PC1) and
polycystin-2 (PC2) and is responsible for mediating the effect of cilia oscillation [80]. Shalish et al. reported
that PC1 mutation in the craniofacial region led to impaired tooth movement and reduction in osteoclast
activity [81]. The 7-week-old transgenic PC1/Wntl-cre mice that lack PC1 in the craniofacial region and
WT mice were subject to 20g orthodontic force for four days using a NiTi coil spring placed between the
incisors and the left 1° molar. In WT mice, the molar significantly moved mesially with increased number
of osteoclasts. On the other hand, the PC1/Wntl1-cre mutant mice showed no molar movement, palatally
tipped incisor, and slightly wide PDL in the tension area. TRAP staining could not detect osteoclasts on the
compression side in transgenic mice. These differences possibly resulted from the absence of signal from
PDL due to PC1 deficiency, suggesting the critical role of PC1 in OTM as a mechanical sensor [81].

Silencing of prime ciliary proteins, such as ITF80, IFT88, EVC, kif3a, and PC in osteoblasts resulted in
disruption in cilia formation in vivo. In absence of ciliogenesis, loss of mechanosensory transduction led
to impaired osteoblast function and differentiation, decreased osteoid formation, as well as inhibition of
bone mineralization under mechanical loading [14, 54, 60]. These results may provide insight into how
primary cilia may serve an essential role in bone apposition mediated by osteoblast from the tension
during OTM.

CONCLUSIONS

This review explored the potential roles of primary cilia and IFT proteins in osteoblasts, osteocytes,
and chondrocytes during bone remodeling. Current studies support the function of primary cilia as a
mechanosensory and chemosensory organelle that responds to load-induced fluid flow in bone
remodeling. Moreover, the possible implication of primary cilia in orthodontic tooth movement was
discussed. However, future studies are still needed to fully comprehend the mechanisms behind the
mechanotransduction of primary cilia and its role in regulating skeletal homeostasis. Potential therapies
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that target diseases with ciliopathies or disorders caused by dysfunctional responses to loading can be
assessed in the future.
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ABSTRACT

After the emergence of artificial intelligence (Al) in the 1950s, the technology went through periods of
optimism (“Al spring”), promising life-changing applications followed by periods of disappointment (“Al
winter”), where the promises seemed unattainable. During the past decade, fast paced breakthroughs in
machine learning (ML) reached the point where Al actually started to have a direct and increasing impact
on the quality of everyday life. It seemed as though we were in a long and promising "spring" in which
not a single sector was spared, including the field of orthodontics. This chapter offers a quick overview of
the roles that machine learning is currently playing in assisting in orthodontics and orthodontic research.
ML is able to process images more quickly and with greater consistency via automated clinical decision
support systems than what can be accomplished by humans when performing basic steps such as
landmark identification and segmentation.

KEY WORDS: Automated Tools, Segmentation, Landmark Identification, Deep Learning, Machine Learning

INTRODUCTION

After many breakthroughs in computing power and Al research over the past decade, the
development of machine learning tools has had a direct and increasing impact on everyday life. Currently,
most social networks offer personalized recommendations to consumers through Al algorithms [1, 2]. In
agriculture, ML applications in various areas have shown outstanding results, from detecting weeds and
diseases, to offering predictions regarding livestock production and quality of crops [3]. Automobile
companies get closer each day to a fully self-driving car [4]. In research, Google DeepMind recently made
AlphaFold, a solution to a 50-year-old grand challenge in biology, available for free to the whole world [5].
DeepMind has already been used to predict protein structures of SARS-CoV-2 [6]. The list of examples is
endless, not a single field is spared by the emergence of ML tools, including orthodontics.

Accurate segmentation, registration, multimodality fusion, and quantification of multi-facial
structures, including the maxilla, mandible, mandibular nerve canal, dental crowns, roots, and their root
canals are vital to determine safety margins in the bones, adjacent teeth, and gingival margins in dental,
oral, and craniofacial (DOC) care. The current tools such as ITK-SNAP [7] and 3D Slicer [8] are set up for
individual and manual scan registration. It is a time-consuming and challenging task, due to the low
signal/noise ratio, particularly in full face cone-beam computed tomography (CBCT) scans. Developing Al
to perform fast and robust registration, segmentation, and landmark identification on a large set of CBCT
or intraoral scans (I0S) could also allow experts to reach high stability and agreement on orthodontic
decision-making procedures and treatment effect evaluation.
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Recent ML models have been found to perform at or above the accuracy levels achieved by humans
in landmark identification, skeletal classification, bone age prediction, and tooth segmentation.
Commercial companies have recently marketed Al-based segmentation and registration tools for CBCT
and 10S scans, but they are expensive and the precision of their algorithms is not yet generalizable and
they do not provide quantitative decision support tools. Our lab worked on improving this generalizability
and developing free, open-source tools to perform segmentation and landmark identification tasks by
using large databases. This goal was made possible thanks to a collaboration of 15 clinician centers from
all over the world: University of Michigan, University of Pacific, University of Minnesota, University of
Medellin (Colombia), University Cientifica del Sur (Peru), University of Firenze and Genoa (ltaly), State
University of Sao Paulo, Federal University of Ceara, Federal University of Goias and Federal University of
Rio de Janeiro, Hospital for Rehabilitation of Craniofacial Anomalies in Bauru (Brazil), and two private
practices in the US and in Egypt. Through common effort and collaboration, we have developed four
machine learning tools ready to be used by clinicians on 3D Slicer and our web-based system, the Data
Storage for Computation and Integration (DSCI). FiboSeg and AMASSS were developed to automatically
segment 10S and CBCT, respectively, while Automatic Landmark Identification (ALI) in CBCT ALI-CBCT and
in 10S (ALI-10S) specialize in landmark identification on both supports.

MACHINE LEARNING

An Al is the simulation of human intelligence processes by machines. Simply, it can be considered as
a function that intelligently processes the input to give output as if computer systems were smart.
Machine Learning is a subcategory of artificial intelligence, that refers to the process by which computers
learn from a given dataset to generalize and make accurate predictions when exposed to new data. In ML
the function is a mathematical equation made of adjustable parameters represented by what we call a
neural network, or artificial neural network (ANN) [9]. It requires an input layer and an output layer
separated by one or more hidden layers. We speak about deep learning when a neural network consists
of more than three layers. Today’s deepest neural Network is GPT-3 from Open Al [10]. It is a model with
over 175 billion machine learning parameters specialized to produce human-like text. This number might
seem large, but it stays rather small compared to over 100 trillion synapses (up to 1,000 trillion, by some
estimates) connecting around 100 billion neurons in the human brain [11].

For an Al, learning means adjusting the parameters of the neural network to return an expected
output from a given input. The machine learning field is made of 4 main branches used to perform
different tasks [12]. They differ in the strategy used to modify the network parameters. The most common
are supervised and unsupervised learning followed by semi-supervised learning and reinforcement
learning.

Supervised learning

As the name suggests, supervised learning involves learning in the presence of a supervisor. For
machine learning algorithms, it means providing feedback on the performances during the training
process. To do so, the given dataset is made of pre-labeled data. The parameters of the neural network
are slightly updated at each training iteration to reduce the error between the network prediction and
the labeled output. It is used for tasks such as image recognition, medical diagnosis, statistical arbitrage,
predictive analysis, and data extraction. A well-known and widespread example of machine learning
applications is facial recognition, which can be used to unlock smartphones [13].
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Unsupervised learning

Unsupervised learning, in contrast to supervised learning, is a type of algorithm that learns patterns
from unlabeled data. The machine is fed raw data and is forced to build a compact internal representation
of its world. It is mainly developed to do clustering, anomaly detection, market segmentation, or
dimensionality reduction. Financial organizations utilize the technique to spot fraudulent transactions
[14]. It is also widely used for more efficient marketing and targeting campaigns by sorting customers’
information.

Semi-supervised learning

Semi-supervised machine learning combines supervised and unsupervised learning. It uses a large
amount of unlabeled data mixed with some labeled data. This strategy provides the benefits of both
previous learning strategies while avoiding the challenges of finding a large amount of labeled data. It is
used to perform speech recognition, web content classification, and text document classification.

Reinforcement learning

Reinforcement learning is a special and complex subfield of ML. The Al is trained with a system of
reward and punishment. The developers create a virtual environment that gives rewards when the ML
algorithm performs desired behaviors and punishment for negative behaviors. In this context, Al evolves
to maximize the reward. It is a very promising field of ML used to train robots and computers to interact
with the real world. A good example is the Google DeepMind Challenge Match where AlphaGo [15], an Al
trained to play Go, won 4 of the 5 games against the top human Go player Lee Sedol in 2016. More
recently, the robot company Boston Dynamics released a video of their robots’ ability to evolve and dance
with outstanding smoothness in a challenging real-life environment [16].

ORTHODONTIC TOOLS

The machine learning tools we developed belong to the supervised learning branch. We used large
datasets pre-labeled by expert clinicians. We specifically focused on developing the following tools to
perform important tasks which are segmentation and landmark identification on cone beam computed
tomography (CBCT) and intraoral optical scan 10S data.

AMASSS - CBCT (Automatic multi-anatomical skull structure segmentation in CBCT)

The segmentation of medical and dental images is a fundamental step in automated clinical decision
support systems. It supports the entire clinical workflow from diagnosis, therapy planning, intervention,
and follow-up. With medical and dental images being acquired at multiple scales and/or with multiple
imaging modalities, automated image analysis techniques are required to integrate patient data across
scales of observation. Anatomic image segmentation, registration, and multimodality fusion using current
open-source tools, such as ITK-SNAP and 3D Slicer are time-consuming and challenging for clinicians and
researchers due to the low signal/noise ratio. Particularly in the large field of view CBCT images that are
commonly used for orthodontics and oral maxillofacial surgery clinical applications. To perform a manual
full-face segmentation, 7 hours of work on average is required by experienced clinicians, including
approximately 1.5h for the mandible, 2h for the maxilla and 2h for the cranial base (CB), 1h for the cervical
vertebra (CV), and 0.5h for the skin. The accurate and robust automatic anatomical segmentation of
medical imaging data is a challenging problem due to the rich variety of anatomical structures and the
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difference in scan acquisition protocols from one center to another. Patients with facial bone defects may
pose additional challenges for automatic segmentation. For this reason, in our study, we also included
gold standard (ground truth) segmentations of CBCT images from patients with craniofacial large bone
defects such as cleft lip and palate (CLP). Being able to accurately segment those deformities in the maxilla
is challenging but necessary to generate 3D models for the diagnosis and treatment planning of patients
with craniomaxillofacial anomalies (Figure 1). To answer this request, our lab developed a tool to
automatically and accurately process a full-face segmentation in about 5 minutes using the state-of-the-
art UNEt TRansformers (UNETR), a neural network of the Medical Open Network for Artificial Intelligence
(MONAI) framework. We trained and tested our models using 618 de-identified CBCT volumetric images
of the head acquired with several parameters from different centers for a generalized clinical application.
Our results showed high accuracy and robustness. This tool can be used to segment the mandible, the
makxilla, the cranial base, the cervical vertebra, and the airways in large CT as well as the crown, root, and
mandible canal in a small field of view.

Input Pre-process Segmentation Post-process

Figure 1. Visualization of the automatic maxilla segmentation steps. Re-sample and contrast adjustment of the input
image, segmentation with the sliding window using UNETR, and finally, re-sampling of the cleaned-up segmentation
to the input size.

ALl - CBCT (Automatic Landmark Identification in CBCT)

Robust and accurate solutions for anatomical landmark detection is a fundamental task to perform
image-to-image registration, structure tracking, and simulations. We developed a new approach that
reformulates landmark detection as a classification problem through a virtual agent placed in a 3D CBCT
scan. This agent is trained to navigate in a multi-scale volumetric space to reach the estimated landmark
position. The landmark detection task is set up as a behavior classification problem for an artificial agent
that navigates through the voxel grid of the image at different spatial resolutions (the agent’s
environments). The detection starts at a low-resolution image with a global context and continues at the
higher-resolution image, thereby capturing increased levels of detail. The image features are used as
indicators to guide the landmark search. To adapt the feature extraction, we train different neural
networks at each resolution. After the feature extraction, the network takes the image features as input
and decides in which direction the agent should move to get closer to its target landmark position. The
agent’s movement decision relies on a combination of Densely Connected Convolutional Networks (DCCN)
and fully connected layers. To predict the landmark positions in a CBCT, we rescale it to the resolutions
used during training (here Imm and 0.3mm voxel size). For each landmark to predict, an agent is
generated with its corresponding network.
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The landmark prediction is then made in 3 steps (Figure 2):

. Step 1: The prediction begins at the low-resolution level. The agent is placed in the middle of the
scan to optimize the search time. Once the agent reaches a confident zone, it goes to the high-
resolution layer.

. Step 2: The agent starts moving in the high-resolution from the confident zone. A preliminary
estimation is set where the agent stops moving.

. Step 3: Now, a verification step is applied. This step consists of searching again in the high
resolution scan starting from 6 positions (in each direction) in a small radius from the predicted
point in Step 2. The result is an average of the 6 predicted positions.

The stopping criteria is active at prediction time and is implemented using a visitation map. If the
agent tries to reach a previously visited voxel, it stops. The third step increased the prediction accuracy
and compensated for a portion of the error caused by the discrete aspect of the space.

We evaluated our approach on 60 CBCT scans from teenagers to older patients. For each CBCT, 31
ground truth landmark positions were identified by clinicians. Our method achieved accuracy with an
average of 1.54+0.87 mm error on the 31 landmark positions with rare failures. It takes an average of 4.2s
computation time for the algorithm to identify each landmark on one large 3D CBCT scan. After a
successful proof of concept, we trained new agents to reach a total of 119 landmarks that could be
automatically identified using a 3D slicer module or the DSCI.

Step 1 Step 2 Step 3

Figure 2. Visualization of the agent (blue) in the multi-scale environment (green) searching for the target (red).
FiboSeg - 10S (Fully automated segmentation of upper and lower jaws from 3D 10S.)

Developments in dentistry led to an improved application of 3D technologies such as 10S scanners
which are used to design ceramic crowns, veneers, inlays, and occlusal guards, as well as to assist with
implants. 10S is being used more often for automated diagnoses such as caries detection, analysis of risk
factors of tooth movement, and treatment planning. These 3D surface models require shape analysis
techniques for analyzing and understanding the geometry and they achieve state-of-the-art performance
for tasks such as segmentation, classification, and retrieval. In this paper, we present a novel method for
3D surface segmentation based on a multi-view approach. Fast and accurate segmentation of the 10S
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remains a challenge due to various geometric shapes of teeth, complex tooth arrangements, different
dental model qualities, and varying degrees of crowding problems. Our target application is the multi-
class segmentation following the Universal Numbering System proposed by the American Dental
Association (ADA), the dental notation system used in the US.

The multi-view approach consists of generating 2D images of the 3D surface from different
viewpoints. The generated images serve as a training set for a neural network. We used Pytorch3D (open-
source, https://pytorch.org/) to generate images of the surface on the fly during training and a one-to-
one mapping that relates faces in the 3D model and pixels in the generated images (Figure 3). This is useful
in inference time when we have to put the resulting labels from the images back into the 3D model.

This new method for automatic multi-class segmentation of 3D surfaces has proven to be accurate
and effective, as well as easy to integrate into existing processing pipelines; there is no sub-sampling of
the surface as it is required by the competing approaches such as MeshSegNet (open-source code
available at https://github.com/Tai-Hsien/MeshSegNet) and PointConv (open-source code available at
https://github.com/DylanWusee/pointconv). A great advantage of this method is the ability to predict the
universal IDs of the crowns in the upper and lower jaws. The results reported by the competing
approaches focused on upper models only or use a classification model to identify upper/lower jaws. Our
approach is fully automated and labels both upper and lower crowns with a single model. The model
learns to identify features specific to each jaw. We are aware that this model can still be improved and
we can safely expect better results for segmentation of wisdom teeth as our sample size increases.

ey

Figure 3. Rendered 2D view of the 10S. Left: surface normal encoded in RGB components, (additional surface
properties may be rendered or extracted from the surface using the face-ID maps). Right: segmentation of the dental
crowns rendered with a color map.

ALl - 10S (Automatic Landmark Identification in 10S)

Proper placement of the dental crowns is crucial to treatment planning, tooth movement, fabrication
of dental restorations, monitoring and maintaining periodontal health, and attaining stable treatment
outcomes and occlusal function. 10S are 3D surface models of the upper and lower dentition used to
accurately evaluate the clinical crown position without exposing the patient to radiation. Given that,
intraoral scanning and digitization of tooth geometries is a fundamental step in dental digital workflow,
the accuracy of measurements in I0S is a must. Experts need to segment each tooth and annotate the
corresponding anatomical landmarks to plan and assess crowns’ position and/or movement for
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restorative, orthodontics movements, and/or implant dentistry. Manually performing these tasks is time-
consuming and prone to inconsistency. There is a clinical need to develop fully automatic methods instead
of manual operation. Facing this challenge, we developed a new algorithm for Automatic Landmark
Identification on IntraOral Scans (ALLIOS), which combines image processing, image segmentation, and
machine learning approaches to automatically and accurately identify commonly used landmarks on
IntraOral Scans. More than 150 digital dental models were pre-processed by clinicians to manually
annotate the landmarks on each dental crown.

The Al was then trained using the pre-labeled data. A virtual camera moved around each crown of
the dental model taking pictures at various locations. The network (U-Net) was then trained to estimate
the landmark position in each image. The final predicted landmark position was an average of the location
on each picture (Figure 4). Our results showed an average distance error of 0.29 + 0.23 mm between the
prediction and the clinician’s landmarks.

1*bicuspid

ond picuspid

Figure 4. Comparison between manual landmarks and predicted landmarks on different teeth. The red spheres
represent the clinician’s landmarks (manual) and the green spheres were predicted by ALLIOS.

CONCLUSIONS

Machine learning tools such as ALI-CBCT and FiboSeg allow fast segmentation with high accuracy and
robustness on CBCT images and 10S with heterogeneous acquisition parameters. We imagine that in
future projects, other structures could be added to the segmentation and a larger dataset will allow better
generalization of the application for our tool to work with other types of scans such as magnetic resonance
imaging.

The landmarks detected by ALI-CBCT and ALI-IOS will be used to initialize two registration methods,
voxel or surface-based registration, and registration of 10S and CBCT scans. They may also increase the
efficiency and accuracy of quantitative assessment in clinical practice without the need for human
interactions/annotations.

Given the high robustness and time performance, the developed tools are being implemented in an

open-source web-based clinical decision support system, the Data Storage for Computation and
Integration (DSCI) [17], and in user-friendly 3D Slicer modules (Figure 5). The computer-aided diagnostic
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tools will aid in therapy planning, and provide a step towards the implementation of dentistry decision
support systems, as machine learning techniques are becoming important to automatically analyze dental
images.

Machine learning tools are still in their early implementation in orthodontics, and current research
on ML raises important questions regarding interpretability and dataset sample reliability. Therefore,
better collaboration between orthodontic experts and ML engineers is urged to achieve a positive
symbiosis between Al and clinician experts.

Fre 5. 3D Slicer AMASSS module on the left panel, with a visualization of ALI-CBCT/AMASSS result on the right.
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3D PRINTING APPLICATIONS FOR THE ORTHODONTIC OFFICE

Tarek Elshebiny, Luciane Macedo de Menezes, Juan Martin Palomo

ABSTRACT

The practice of orthodontics has been revolutionized to adapt to the digital world. Recent developments
in three dimensional (3D) digital models, digital intraoral scanners, and 3D printing are at the forefront of
these technological advances. 3D printing technology is now being used by orthodontists for multiple
applications. The purpose of this chapter is to describe how clinicians can use 3D printers in their practices
for different applications such as retainers, aligners, indirect bonding trays, and study models.

KEY WORDS: 3D Printing, 3D Virtual Planning, In-house Aligners

INTRODUCTION

3D printing, also referred to as additive manufacturing or rapid prototyping, is performed by layers
being sequentially deposited to build an object. 3D printing is known by many experts to be the next
industrial revolution and is expected to one day supersede many current techniques in fabrication and
manufacturing. 3D printing has exponentially advanced since the advent of 3D printing in 1983 by Charles
W. Hull [1]. In 1986, Hull co-founded the 3D Systems company (Rock Hill, South Carolina, US) to advertise
the first machine for rapid prototyping. This was the first 3D printing company in the world. By 1987, the
first stereolithography printer was commercialized. With that, the company also commercialized the
“Standard Tessellation Language” or “Standard Triangular Language” (STL) file format that permits
computer-aided design (CAD) software data to be translated for 3D printers. Tessellation is a term used
for breaking the geometry of a surface into a series of small triangles, or other polygons. The STL file
format describes the surface of an object as a triangular mesh, that is, as a representation of a 3D surface
in triangular facets. Without the STL file, 3D printing would not be possible.

TYPES OF 3D PRINTING TECHNOLOGIES

Stereolithography

The first form of 3D printing was done by a stereolithography apparatus (SLA) [2]. The SLA consists
of a bath of photosensitive resin, model building platform, and ultraviolet (UV) laser for curing the resin
(Figure 1). The fabrication method is with the photopolymer resin being struck by the pattern of UV light
which solidifies and attaches to what came before it. After a layer of resin is cured, the part would then
drop down slightly below the surface in a bath of liquid resin, which in turn keeps each printed layer the
same distance from the light source. This process repeats, so that a new thin layer of liquid resin is cured
and added to the final build.
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Scanner System Laser

O

Laser Beam

Layers of Solidifed Resin

Liquid Resin

Figure 1. Stereolithography (SLA) technology with a laser for curing the resin at a single point each time.

Fused Deposition Modeling

In 1989, Scott Crump invented Fused Deposition Modeling (FDM) and commercialized it in 1990 with
printers from Stratasys company (Rehovot, Israel). FDM is the 3D printing method that most people using
the technology are familiar with today. The FDM method uses STL files from 3D models created in a
modeling program and the printer’s interfacing software converts the file and slices the model into
sections as well as determining how the layers are printed. After this is done, the model is sent to the 3D
printer, and the build material is extruded through a heated nozzle layer by layer until the partis complete.
This type of 3D printing is the most commonly used today and is usually referred to as “desktop 3D
printers”.

Polyjet printing technology

Objet Geometries company (Rehovot, Israel) founded polyjet printing technology. Polyjet printing
uses jet heads that spray or jet the resin into the desired areas. As the jet heads make subsequent passes,
each sprayed layer is cured using a UV light source. A key element of the inkjet-based 3D printing process
is the print head that sprays layers of photosensitive polymer, which precisely represent the cross-
sectional profile of the model on the build platform.

Digital Light Processing

In 2012, B9Creations company (Rapid City, South Dakota, US) developed a 3D printer that used
Digital Light Processing (DLP) technology (Figure 2). This introduced the era of laser- and DLP-based SLA
printing techniques. DLP is the newest and has the best finish quality compared with the previous three
printing styles mentioned above [3]. DLP-based 3D printing technology comes from the image projection
technology developed by Texas Instruments (Dallas, Texas, US) in the 1980s [4]. This method uses a set of
chipsets based on optical micro-electromechanical technology to process working light sources to
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photosensitive materials. The main functional part is a digital micro mirror device which consists of a
group of micron-sized, controllable mirrors. The mirrors rotate to control the path of light and then project
it onto the photosensitive resin [5]. The projection of an image that is composed of small square pixels
called “voxels” passes through an optical lens and cures the photo-curable polymer resin [6]. DLP printers
can produce very intricate designs, are usually faster than their counterparts and are cost effective. This
method of 3D printing uses a process called photopolymerization, meaning it will build an object by using
a light source to change a liquid resin to a solid. It uses the STL file as a map to direct the light and create
the object. While some printers use a light source such as a laser to cure a single point (SLA method), DLP
uses a light board to cure an entire layer at once [7]. Studies have shown that DLP 3D printing can produce
dental models with high reproducibility and a high degree of agreement when compared to models
fabricated using alginate and stone. Investigators have determined that 3D printing can produce clinically
acceptable models which are considered to be viable options for clinical applications [8].

Digital Light Processing

Scanning Mirror

i

Figure 2. Digital Light Processing (DLP) technology using a light board to cure an entire resin layer at once.

PRINTING LAYER THICKNESS

The layer thickness, or print layer height, in turn influences how many layers it will take to complete
an object as well as the duration of the print job. 3D printers have settings for how thick each layer should
be. The print layer height ranges from 20-100 um, and the smaller the print layer height, the more layers
are required to print an object, thus making the print job longer in duration. While one may think a smaller
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print height and more layers allows for a higher degree of detail, and this is true, there are other
considerations that need to be considered when evaluating the accuracy of the build. Besides the longer
print job duration, with each layer that is printed there is a possibility of an error in the curing, which can
either cause a distortion in the model or a complete failure in the printing.

In 2018, Favero et al. investigated how close similar builds at varying print heights were to the original
STL files [9]. Using a single master STL file of a dental model, the investigators printed models at print layer
heights of 25, 50 and 100 um using 4 different commercially available printers. All the models were then
rescanned using an optical scanner and the respective STL was then superimposed onto the master STL
to determine the amount of deviation. The results of the study showed statistically significant deviations
at each layer height with the models printed, with 25 um layer height having the greatest amount of
deviation, while the models printed at 100 um layer height had the least deviation. The investigators also
found differences in accuracy between each printer. While finding these differences, the authors
concluded that all printed models fell within clinically acceptable limits. They advised, “The print layer
height and printer model can affect the accuracy of a 3D printed orthodontic model, but the impact should
be considered with respect to the clinical tolerances associated with the envisioned application.” In 2021,
Ko et al. generally confirmed these results with a similar study comparing the STL from the scan of 3D
printed models of varying print layer heights to the initial STL and the printed model [10]. They likewise
found that the smallest print height, 20 um in this study, produced the least accurate model. Ko and
colleagues concluded most models were within clinical acceptable limits and that the choice of layer
height should be determined by the application, desired print time, and preferred efficiency of each print
job.

In 2019, Loflin et al. aimed to compare 3D printed models of varying print layer heights using an
objective assessment method developed by the American Board of Orthodontics (ABO) [11]. They scanned
12 sets of stone models that had previously been submitted and passed the ABO clinical examination and
then printed each set at 25, 50, 100 um print layer heights and subjected each to the same ABO grading
system as the original stone models. They found that print layer height did not have a statistically
significant effect on the grading of these models in any category, or the score. The printed models were
all positively correlated with the stone models for the total score with the strongest correlation found
with models printed at the 100 um print layer height. The authors determined that all layer heights may
be acceptable for ABO objective assessment, diagnosis, and treatment planning. They also recommended
100 um height models due to the decreased printing time.

3D PRINTING USES IN ORTHODONTICS

With more advanced technology becoming available, printing has become easier. It has been
predicted that 3D printing will become the future of orthodontics and play a major role in many offices
for various applications [12]. Currently, 3D printing plays more of a major role in the orthodontic specialty
than it does in the general dentistry sector. From 2015 through 2022, 3D printing has exponentially grown
in orthodontics. This has changed how many orthodontists structure their offices and perform tooth
movement. In orthodontics, 3D printing is commonly performed using DLP, SLA, or material jetting
technology. Although these are the most popular ones used, there are other ways applications are 3D
printed.

A common use for 3D printing in orthodontics is to help create retainers following active orthodontic

treatment. It is imperative to hold the teeth to prevent relapse. Many authors have agreed that long-term
immovability is closely connected to the type of removable retention appliance [13-18]. The Essix clear
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retainer was created by Dr. John Sheridan in 1993. It was coined the first true clear retainer. Its name
came from an acronym for S-Six or Sheridan’s Simple System for Stabilizing the Social Six [19]. The
traditional way of fabricating a clear retainer is to use an alginate impression and stone model. The model
is used to create a vacuum formed retainer with thermoplastic sheets. With the new CAD/CAM software,
this alginate impression and stone cast step can be eliminated. Now, retainers can be fabricated from 3D
printed models [20]. These retainers are just as reliable as conventional vacuum formed aligners.

Another very popular application for 3D printing in orthodontics is removable clear aligner therapy.
Clear aligner therapy has increased tremendously over the past 10 years. Moving teeth without brackets
and wires is a concept that started in the 1940s. In 1945, an orthodontist named Harold Kesling announced
his “tooth positioning appliance”. The device was invented to be used as a finishing appliance after
comprehensive orthodontic treatment with fixed appliances. This device could achieve minor root
parallelism in extraction cases, establish proper axial inclination and interdigitation, and even de-rotate
teeth. The device was intended to be delivered as soon as the patient was de-banded. The patient had to
wear the appliance for four hours during the day and while they slept. According to Kesling, the device, if
worn properly, would complete its results in a month’s time [21]. Even though Kesling was the first to
create such a device, two students from Stanford University would get the credit for inventing removable
clear aligner therapy. In 1997, Zia Chishti and Kelsey Worth invented the world’s first complete clear
aligner system. They called it Invisalign, and it conceptualized a series of clear plastic aligners that could
move teeth of adults discreetly. The company that blossomed out of this creation was called Align
Technology (Tempe, Arizona, US). Align started producing and selling Invisalign branded aligners in 1999.
When Invisalign launched their campaign for 3D aligner therapy, this brought attention to 3D printing and
the advantages of the technology in orthodontics. They were the first company to initiate the use of
CAD/CAM software for tooth movement [18]. Invisalign® was the first system [22, 23] and Align
Technology is currently the largest provider of custom-made clear aligners for orthodontic tooth
movement [18]. Invisalign uses biocompatible polyurethane thermoformed sheets and uses 3D System’s
SLA 3D printers for model fabrication [24].

Additionally, indirect bonding technique has benefited from 3D printing technology. The indirect
bonding technique was first developed by Silverman and Cohen to heighten patient comfort and reduce
chair time [25, 26]. The original method for indirect bonding was performed by using cement for attaching
brackets to the stone model, sealant as a clinical adhesive and thermoplastic trays for the transfer of the
brackets from the model to the patient. In 1979, the “custom composite base technique” was invented,
which is still the most widely accepted technique used today [26, 27]. Over the years, the same technique
has been modified to increase bond strength and to decrease bond failures. One modification was mixing
the universal and catalyst resins outside of the mouth and directly applying it to the bracket. This
enhanced bond strength and made it comparable to direct bonding [28, 29]. The next hallmark
enhancement came in 1990, when light-cured resins were used for indirect bonding [25]. However, as
technology skyrocketed and CAD entered the realm of orthodontics, this caused an incredible
enhancement to the indirect bonding technique. Several companies started offering 3D CAD/CAM created
techniques for the manufacturing of indirect bonding trays. Companies such as OraMetrix (Richardson,
Texas, US) and Ormco (Brea, California, US) developed technologies such as SureSmile [30] and Insignia
[31, 32] and fabricated these types of 3D printed bonding trays. The fabrication method first uses an
intraoral scanner to scan the teeth to create a 3D image. That image is then used for a digital set-up and
the brackets are placed in the ideal region on each tooth (Figure 3). Finally, the customized transfer trays
for indirect bonding are created and a customized archwire is assembled [33]. One of the main reasons
that indirect bonding trays have become popular is because CAD eliminates the time needed to manually
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place the bracket on each tooth [33]. It also reduces chair time up to 30 minutes in comparison with the
conventional way of bonding brackets [33].

Figure 3. Digital set-up with the brackets placed on each tooth.

There are several other applications that 3D printing can be used for in orthodontics. Some
orthodontists have integrated this technology to fabricate orthodontic expanders. Others use it to make
functional appliances. Metal appliances can be 3D printed using selective laser sintering (SLS). This is a
tremendous advantage because it reduces time in the lab to make nearly impossible appliances. It also
eliminates the need to place separators in patients’ mouths in preparation for banding. The 3D printed
metal “bands” overlay the teeth, removing the need for interproximal space between teeth. The most
common 3D printed appliance is the Hyrax rapid palatal expander. Even though these printed appliances
cost more to fabricate, it can save chair time, reduce patient’s discomfort, and decrease the number of
appointments for the patient [34]. Mouth guards and occlusal splints can also be made with 3D printing
technology. Temporary anchorage device (TAD) templates or guides, when 3D printed, can assist with the
accuracy of TAD placement.

A recent application for 3D printing is the manufacturing of the orthodontic bracket. During the last
100 years, orthodontic brackets have advanced from basic tooth attachments to exceedingly precise fixed
appliances with pre-adjusted prescriptions [35-37]. Now, brackets can be tailored and personalized to
specifically fit each patient’s malocclusion and needs. This reduces the time spent bending wires to make
precise movements of teeth. The first 3D printed bracket was created by a company named Light-Force
Orthodontics (Burlington, Massachusetts, US). The company was founded in 2015 by Alfred Griffin Ill. He
hypothesized that 3D printing technology would be able to fabricate patient specific brackets. This dream
came to fruition when the first bracket was developed and manufactured using polycrystalline aluminain
the form of a twin bracket with idealized geometries that was customized and patient specific.

COMMERCIALLY AVAILABLE 3D PRINTERS USED IN ORTHODONTICS

3D printing has infiltrated the orthodontic field by storm. More and more orthodontic applications
are being fabricated using this technology. In the past, 3D printers were large, bulky, and very expensive.
Today, printers are dramatically reduced in size and pricing. Now, there are 3D printers that are used in
orthodontic offices and some that are used strictly in orthodontic laboratories.

Numerous companies have developed their own printers. EnvisionTEC (Gladbeck, Germany)
introduced its 3D printer in 2002. It was founded by Al Siblani. This company produced the first digital
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light processing (DLP) 3D printer, which is the most popular method for printing in dentistry. A popular in-
house 3D printer is the Formlabs (Somerville, Massachusetts, US) printer. It was founded in 2011 by three
MIT Media Lab students. This was the very first desktop-sized printer that was also very affordable and
easy to use. This 3D printer used the stereolithography technology whereby liquid resin is cured into a
solid material by the application of laser light. Another 3D printer that is used in orthodontics is the
SprintRay (Los Angeles, California, US). It was founded in 2014 at University of Southern California,
Marshall School of Business by Hossein Bassir, Jing Zhang, and Amir Mansouri. It uses the DLP technology.
Anycubic (Shenzhen, China) 3D printers were founded in 2015 by two childhood friends, James Ouyang
and Lu Ouyang. This is now one of the most popular 3D printer brands worldwide. Like the SprintRay,
Anycubic printers use DLP technology to fabricate prints. Another popular brand used in orthodontics is
the EPAX 3D (Morrisville, North Carolina, US) printer. Founded in 2016 by William Dai, it uses DLP
technology and is also a desktop printer. Additionally, a 3D printer by the name of Juell 3D (Ardmore,
Oklahoma, US) was founded in the same year. Like many 3D printers used in orthodontics, it uses DLP
technology. This printer is one of the fastest on the market today, capable of producing orthodontic
models in under 18 minutes.

COMMERCIALLY AVAILABLE SOFTWARE PACKAGES
USED IN ORTHODONTICS FOR IN-HOUSE ALIGNERS

The goal of orthodontic treatment is to improve the malocclusion and to achieve as near perfect
occlusion as possible. Orthodontic setup, which was first introduced in 1946 [21], plays an important role
in achieving predicted tooth movement. 3D virtual setup has become more popular in orthodontics with
the introduction of intraoral scanners and diagnostic software programs. 3D virtual setup can simulate
the orthodontic treatment by segmenting each tooth as a separate object and moving each individual
tooth to its planned position. Virtual setup has been used to present different treatment options and can
be useful when considering extractions, interproximal reduction (IPR), anchorage management, and pre-
surgical orthodontics [20]. Virtual tooth movement had a great impact in orthodontics by making clear
aligner therapy increasingly available, with digital treatment tools facilitating comprehensive orthodontics
for adults and teens, rather than just for minor tooth movement [21]. Align Technology, which introduced
Invisalign for orthodontic use, utilizes Clincheck software program, which presents stages of virtual tooth
movements to achieve the desired tooth movements.

Recently, various 3D diagnostic software programs have offered a virtual tooth movement feature,
which allows orthodontists to produce clear aligners in-house via integration with 3D intraoral scanners
and 3D printers. There are several aligner planning software programs, which include, but are not limited
to, Archform, uLab, SureSmile®, Ortho Insight 3D®, and OrthoAnalyzer. Archform (San Jose, California, US)
was founded in 2017 and is a teeth-aligner software designed to import 3D scanned models, create and
purchase fabricated aligners, or use the design for in-office 3D printing. The software detects open intra-
oral scans and caps them, uses machine-learning for accurate tooth segmentation, and offers numbered
aligners and automated attachments. Amir Abolfathi and Charlie Wen founded uLab Systems (Memphis,
Tennessee, US) in 2015. It is an orthodontic aligner movement planning software. Using this software, STL
files can automatically be labeled, trimmed, and exported to a 3D printer. The software is compatible with
the leading printers and thermoformers. This allows orthodontists to fabricate same day aligners and start
treatment effectively and efficiently. SureSmile® technology was developed by OraMetrix (Richardson,
Texas, US), a company that was founded in 1998 by Dr. Rohit Sachdeva and Friedrich Riemeier. SureSmile®
and OraMetrix introduced Elemetrix in 2015. Elemetrix was a newly designed digital treatment planning
platform that expanded the available orthodontic treatment options, which included clear aligners. This
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paved the way for advances in aligner design incorporating control, accuracy, and clinical efficiency. In
2018, Dentsply Sirona (Charlotte, North Carolina, US) acquired OraMetrix. This led to the rebranding of
Elemetrix to the name of SureSmile® Ortho and innovations were added to their aligner system, including
cut-outs that could use orthodontic auxiliaries to correct mild Class Il and Class Il occlusion cases.
Furthermore, automated pontics and variable trim lines were added to allow for more flexibility and
convenience for patients. SureSmile® Ortho also allows for do-it yourself (DIY) aligner staging packages for
the orthodontist to create a staged model sequence.

Other commercial software companies include Ortho Insight 3D® created by Motion View Software
LLC (Hixson, Tennessee, US) in 2012. The original company designed orthodontic software and was the
first to integrate cephalometric tracing predictions with the morphing of digital photographs [38]. Today,
the company offers the Ortho Insight 3D®, Facial Insight 3D, and Ortho Share 3D software. Furthermore,
it produces a 3D scanner and printer to use in conjunction with this software. Ortho Analyzer®is a product
of a Danish company called 3Shape (Copenhagen, Denmark). The company manufactures 3D scanners
and CAD/CAM software solutions. 3Shape was founded by Tais Clausen and Nikolaj Deichmann, two
graduate students. In 2009, the company introduced its first orthodontic software allowing labs and
practices to take full advantage of digital technology. They introduced the TRIOS intraoral scannerin 2011
and became one of the premiere leaders in CAD/CAM for laboratories [39]. 3Shape offers a variety of
software solutions such as the Clear Aligner Studio for fabrication of in-house aligners along with Ortho
Analyzer software [40].

One study compared the final outcomes of the same amount of tooth movement among four
different virtual setup software programs [41]. This was a retrospective study of 32 patients who
underwent Invisalign treatment. Table tooth movements were obtained from ClinCheck® Pro software
and imported with patients’ initial STL files to three different software programs (SureSmile® Aligner,
Ortho insight 3D®, and Ortho Analyzer™). After virtually moving teeth based on the numbers from table
tooth movements, final STL files were exported from all four software programs. ClinCheck® Pro final STL
files were used as references, while final STL files from the other software programs were used as targets.
Superimpositions were performed between references and target STL files using Geomagic® Control X"
software (3D Systems - Rock Hill, South Carolina, US) and color-coded maps were obtained to illustrate
the differences. It was shown that the differences between absolute averages, averages of positive and
negative values for both upper and lower models were significant among all software programs
(ClinCheck® Pro, SureSmile® Aligner, Ortho insight 3D® and Ortho Analyzer™), for both upper and lower
STL files, the smallest difference was found to be between ClinCheck® Pro and SureSmile® Aligner with
median of ( 0.03, 0.31, -0.19 ) mm for upper STL files (Abs Avg., +Avg. and -Avg.) and median of ( 0.02,
0.29,-0.17 ) mm for lower STL files (Abs Avg., +Avg. and -Avg.), respectively. On the other hand, the biggest
difference was found between ClinCheck® Pro and Ortho Analyzer™ with median of (0.05, 0.46, -0.45) mm
for upper STL files (Abs Avg., +Avg. and -Avg.) and median of (0.06, 0.48, -0.40) mm for lower STL files (Abs
Avg., +Avg. and -Avg.). As a follow up study [42], the same group compared the differences in tooth
movements when implementing the same virtual setup on four different software packages: ClinCheck®
Pro, Ortho Analyzer®, SureSmile® and Ortho Insight 3D um. Data from 25 adult patients treated with
Invisalign® at Case Western Reserve University’s Department of Orthodontics were retrospectively
collected. Initial STL files were obtained and imported into three software packages. The teeth were
moved to replicate the virtual setup from ClinCheck® Pro. Final outcomes were exported from each
software package. ClinCheck® Pro STL files were used as the reference while STL files produced by the
other software packages were used as targets. Best fit superimpositions were performed using Geomagic®
Control X. Based on the results, tooth position was adjusted in the three software packages until the
virtual setups from ClinCheck® Pro were replicated. Once confirmed, the tables containing the tooth
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movements were compared. The number of aligners and number of attachments automatically generated
from each of the software packages were also evaluated. It was shown that extrusion/intrusion and
translation buccal/lingual were significantly different among the software packages. ClinCheck® Pro and
SureSmile®, SureSmile® and Ortho Insight 3D® (p < 0.014), SureSmile® and Ortho Analyzer®, and Ortho
Insight 3D® and Ortho Analyzer® (p < 0.000) generated a significantly different number of maxillary
aligners. The results varied slightly for mandibular aligners with only ClinCheck® Pro and Ortho Insight 3D®
(p < 0.000), SureSmile® and Ortho Insight 3D®, and Ortho Insight 3D® and Ortho Analyzer® (p < 0.000)
exhibiting a significant difference. ClinCheck® Pro and SureSmile® differed significantly in the number of
attachments produced.

EXAMPLES AND ILLUSTRATIONS OF
COMMERCIALLY AVAILABLE SOFTWARE SYSTEMS

In this section, the steps involved in fabrication of in-house aligners using two different software
programs (Ortho Analyzer™ and SureSmile® ) and 3D virtual setups (Ortho Analyzer™ and Ortho Insight
3D) are outlined.

OrthoAnalyzer virtual setup
The first step using Clear Aligner Studio in OrthoAnalyzer software is to prepare the model using the
following steps:

1. Alignment of 3D Scan with cone beam computed tomography (CBCT) image, if present. The two
files are aligned by placing three points around the first molars and one of the incisors.

2. Setting up both occlusal and sagittal planes to orient the models and define references for
different measurements.

3. Segmentation of upper and lower scans, which allows separation of each individual tooth into a
separate object to enable tooth movement in 3D directions. Segmentation is performed by
virtually drawing lines between mesial and distal surfaces. The software automatically outlines
the borders of each individual tooth, defines the gingival margins and the rotation center of each
tooth based on the user defined mesial-distal segmentation (Figure 4). Using the CBCT scan to
define the teeth axes is highly recommended at this step.
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Figure 4. Separation of each tooth allows movement in all 3D directions. The upper left lateral incisor is highlighted
with its table of displacements using the OrthoAnalyzer software program.
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Once the segmentation step is complete, the software allows the user to move the segmented teeth
in 3D to modify inclinations in labial and lingual directions, tip in mesial and distal directions, rotations,
bodily movements mesiodistally and buccolingually, and finally, extrusion and intrusion movements. For
symmetric movements, the user can select contralateral teeth at the same time to make sure the
movements are symmetric bilaterally. Once tooth movement is completed and moved to the desired
position, the setup can be viewed with the original position of teeth selected, which recreates a shadow
of the selected tooth in its original position. The user can divide the setup to sub setups based on the
number of aligners needed for each case. The final step is exporting the sub setups in STL format to be
ready for in-house 3D printing.

Automatic model preparation and teeth segmentation software program (SureSmile software)

The SureSmile software for virtual tooth movements is cloud based, which makes it easily accessible
to the user. Once the patient profile is created in the software, the user can choose from the options of
DIY aligner staging or full-service aligner staging. Once the patient is scanned for treatment, scans are
imported to the software as STL files. SureSmile offers a paid service for the model preparation and teeth
segmentation. Once this is completed, the user has access to a prepared model with segmented teeth to
be able to start the virtual setup for the in-house aligner option.

Camera (Obiect View) Navigation

Camera (Object View) Navigation

Figure 6. Prepared model with segmented teeth without the gingiva.
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SureSmile virtual setup

The software displays the prepared model with segmented teeth. The user can select the option to
display only the segmented teeth without the gingiva and the option to select one arch at a time. The
software provides a table of displacements, which represents in numbers the amount and direction of
movement for each tooth separately. For virtual tooth movement, the user can use the arrows in the
displacement table or the virtual box, which appears on the selected tooth with different arrows for
different 3D tooth movement. Distal and mesial intersections tabs can be utilized to avoid any overlap
with neighboring teeth. Once the setup is completed, the final tooth movements can be viewed with a
reference of the original teeth positions. Once the user approves the setup, the software automatically
calculates the stages of aligners and automatically places attachments on selected teeth for specific tooth
movement. The final step is exporting the staged models in STL format to be ready for in-house 3D printing
(Figures 5-9).
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Figure 7. Virtual setup with the table of displacements. The numbers represent the amount and direction of
movement for each tooth.
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Figure 8. When the setup is completed and approved, the software automatically calculates the stages of aligners
and places attachments on selected teeth for specific tooth movement.
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Figure 9. The staged virtual models in STL files are exported and printed.

Steps for 3D virtual indirect bonding using OrthoAnalyzer program

1. Segmentation of the scan file is performed by determining the mesial and distal marginal ridges
of the posterior teeth and the mesial and distal incisal edges of the anterior teeth, the software
automatically outlines the tooth structures and defines the gingival margins.

2. Digital placement of the brackets: Select the bracket icon to align the axis points along the clinical
crown lines.

3. Choose the brackets design from the brackets library. The selected brackets populate on the
model. A red dot indicates a bracket that can be moved to the desired position. Confirm the
brackets position and save the file.

Figures 10 through 12 demonstrate the same concept of 3D virtual indirect bonding using Ortho Insight
3D software program.

* [Upger Model Occlusal View 3D View |3 Tooth Views
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Figure 10. Digital bracket positioning using Ortho Insight 3D software program.
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Figure 11. Brackets digitally placed (Ortho Insight 3D software program).

Process Brackels
Draw Contour

CreateTray

oW N

Spit Tray
5 | Show Brackets inTray.

@ |SaveTray [ cancel )

Figure 12. Virtual Tray with brackets in position (Ortho Insight 3D software program).

CONCLUSIONS

Recent advances in digital technology have increased its application in dentistry. 3D printing
equipment and products are now part of an orthodontic office. Printed models, aligners, or indirect
bonding trays are some of the possible daily uses of these technologies. With more potential applications
on the horizon, research of new products and technologies to optimize their use for clinical orthodontics
is needed.
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ABSTRACT

Facial symmetry plays a major role in esthetically pleasing facial features by balancing size and
proportions of craniofacial structures and the smile. Asymmetric features can affect social and
psychological aspects of quality of life, which influence the decision to seek orthodontic and/or
orthognathic surgical treatment. In orthodontic patients, the main region responsible for facial
asymmetry is the lower third of the face, involving mandibular asymmetry in almost 75% of cases. The
complexity of the asymmetric conditions of the mandible must be well defined in the diagnostic steps,
in terms of positional and morphological asymmetries. Knowing the appropriate diagnostic methods,
morphological features and malocclusion type with mandibular asymmetry are crucial aspects of
follow-up in orthodontic patients. Management of positional and morphological asymmetries of the
mandible can prevent asymmetry deterioration, minimize the risk of developing facial asymmetry, and
solve asymmetric disharmonies in the orthodontic treatment. This chapter presents a discussion on
the diagnosis of mandibular asymmetry, the influence of different skeletal anterior-posterior patterns
on the prevalence of mandibular asymmetry, and mandibular asymmetry behavior in patients with
unilateral posterior crossbite before and after treatment.

KEY WORDS: Asymmetry, Mandible, Diagnosis, Angle’s Malocclusion Classification, Posterior
Crossbite

INTRODUCTION

Craniofacial embryogenesis is a complex event in the human development of single and double
anatomical structures of the face which results in a proportional symmetry of all components. Perfect
symmetry of the human face is considered an ideal concept, and subclinical asymmetry is found in
most patients with normal craniofacial development and esthetically pleasing faces [1]. Facial
symmetry is defined as a balance in size, shape, and position of bilateral anatomical regions on
opposite sides, and coinciding position of individual anatomical parts in relation to the midsagittal
plane (MSP) [1]. The absence of such factors and an imbalance between the right and left sides favors
facial asymmetry, as well as facial disharmony [1]. Reports on the prevalence of facial asymmetry show
a range of 12% to 33.9% in patients presenting for orthodontic treatment [2, 3]. This demands that
orthodontists and oral surgeons broaden their knowledge to provide better clinical management.

Obvious facial asymmetries occur mainly in syndromes of the first and second branchial arches
[4-6] and in patients with a history of facial trauma [5, 7], tumors, joint ankylosis and infections [5]. In
non-syndromic patients with no known etiology, the asymmetric growth of the lower third of the face
has shown that the most affected bone is the mandible, reaching rates of 73.7% of asymmetric cases
[2]. In terms of the prevalence of mandibular asymmetry in different anterior-posterior patterns, some
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studies have also shown a higher frequency of patients with Class Il malocclusions than in those with
Classes | or Il [8, 9]. The excessive growth of the mandible in Class Ill patients is seen as a risk factor
for unbalanced development on both sides of the mandible. In view of this predominance in the lower
third, an accurate understanding of the location in mandibular regions and amplitude of mandibular
asymmetry is essential for purposes of diagnosing facial deformities, as well as for surgical planning
[10, 11]. In addition, an understanding of the occlusal consequences of mandibular asymmetry is
crucial for orthodontic planning at the different stages of human life, childhood, adolescence, and
adulthood.

Asymmetries of the lower third of the face lead to both an unesthetic appearance and
establishing asymmetrical malocclusions. Mandibular asymmetry can develop as a result of positional
asymmetry and/or skeletal morphological asymmetry [12]. The most common malocclusion related
to positional mandibular asymmetry is unilateral posterior crossbite. Unilateral crossbite can occur
from the early stages of life through to adulthood, which means from deciduous to permanent
dentitions [12]. A prevalence rate of up to 22% of this type of malocclusion has been shown in the
population [13], and early intervention has been recommended in order to prevent the skeletal
asymmetry from deteriorating.

This chapter discusses mandibular asymmetry from different orthodontic perspectives: 1) three-
dimensional (3D) diagnosis of mandibular asymmetry, 2) prevalence of mandibular asymmetry in
different skeletal anterior-posterior patterns, and 3) mandibular asymmetry in patients with unilateral
posterior crossbite before and after treatment.

MANDIBULAR ASYMMETRY DIAGNOSIS

To diagnose mandibular asymmetry, the head must be held in an appropriate position during the
clinical examination, and a 3D image analysis is required. It is recommended that the head be held
with the Frankfurt horizontal plane perpendicular to the midsagittal plane (MSP). Several methods of
quantifying the reference plane in 3D images have been developed [14-18]. In the clinical examination,
the glabella and subnasal landmarks are the references for the direction of the MSP by means of the
soft tissues. In skeletal image analysis, the MSP is determined through the alignment of the glabella
(G), crista galli (CG), and basio (Ba) perpendicular to the components of the 3D Frankfurt, such as the
bilateral porion (Po) and the bilateral infraorbitale (Or) [19].

Skeletal mandibular asymmetry is commonly diagnosed by the horizontal deviation of the chin,
by identifying cephalometric points, such as the Pogonion (Pog), Menton (Me), and Gnathion (Gn) in
the central region of the mandible and measuring the distance between these points and the MSP,
and classifying it as mild (<2 mm), moderate (2-4 mm), or severe (>4 mm) [1, 20-22]. Diagnosis of
mandibular asymmetry in image analysis is mainly performed using cone-beam computed
tomography (CBCT) images [23,24] or anteroposterior cephalometric radiography [23]. Due to the
complexity of the mandible morphology, as well as the different planes of space involved in
asymmetries, a 3D analysis is preferable [23]. Figure 1 shows CBCT models of different degrees of
severity in horizontal mandibular asymmetries.
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Figure 1. CBCT rendered models of A) relative, B) mild, and C) severe horizontal mandibular asymmetries.

Another approach to diagnosing mandibular asymmetry involves an analysis of its vertical
dimensions, measured by the asymmetry index applied in panoramic radiographs for ramus and/or
condyle height asymmetries [25]. There is vertical asymmetry when the index values are greater than
3%, which means the proportional difference between both sides. This method has also been applied
to the 3D images, such as CBCT scans, with greater accuracy [26]. A proposed classification of
mandibular asymmetry in CBCT images [27] referred to location, whether in the ramus, body, and/or
chin, noting that the more posterior, the greater the vertical asymmetry. Transverse asymmetry is
usually greater in the body of the mandible. In addition, the difference in ramus height and the
difference in body length are some of the factors which can cause chin deviation. It is important to
note that mandibular asymmetry can be underestimated when evaluated without considering the
asymmetry index, as a prevalence rate 2.5 times higher can be found when this analysis is performed
[28]. The severity grade of vertical asymmetry is defined by cut-off values to differentiate between
different grades (> 3%, > 6%, and > 10%) [28]. Figure 2 shows different cases of asymmetry index.

Figure 2. 3D mandible models with anterior and lateral views and respective asymmetry index values. A) Vertical
symmetry, B) Vertical asymmetry > 3%, and C) Vertical asymmetry > 10%. The lateral view shows superimposed
mirrored models in semitransparency. Note the marked vertical asymmetry of the models in C.

CBCT imaging diagnosis is optimized by different 3D analysis techniques of bilateral craniofacial
structures [24, 29], combined with the methodology of segmentation and overlapping of anatomical
structures [30]. 3D superimposition of the original models and mirroring are key methods in the
analysis of craniofacial and mandibular asymmetries [24,29], which make quantitative and qualitative
analyses of specific issues of the mandibular hemiarches possible, as seen in Figure 2. Additionally, the
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plane can be used to mirror the healthy side of the mandible in cases of asymmetric deformities [14].
However, standardization of the reference region for registration is essential in the analysis of
asymmetry, thereby allowing for the access of regional and positional asymmetries.

Cranial base registration of mirrored superimposition

Original Mirrored Superimposed
Anterior cranial fossa as reference

N
£

-

o

Figure 3. 3D models with upper view of original cranial base (yellow) and mirrored model (white) superimposed
with anterior cranial fossa as reference (delimited in light red) to detect the mandibular position asymmetry, as
seen with mirrored mandible model in semitransparency on original mandible model (red). Note the lateral
position of the original model to the left side.

Positional asymmetry diagnosis using mirroring methodology consists of mirroring
the tomographic scans and registering the superimposition of the original and mirrored images with
the anterior cranial fossa as reference and then providing information on the mandibular
asymmetry position in terms of the face [29, 31] (Figure 3). This mirroring method functions best
when applied in cases of mandibular asymmetry, but with a symmetrical skull base. The
superimposition applied to the skull base is, therefore, intended to investigate positional
mandibular asymmetry [12]. The regional asymmetry diagnosis differs in methodology from the
positional diagnosis as it uses another region to register the superimposed images. The
morphological asymmetry of the mandible uses the mandibular base as a reference for
registration. In this method, the differences in the vertical dimensions of the ramus and
condyle between both sides of the mandible, and the horizontal mandibular discrepancies are
detected [12, 29, 31] (Figure 4). Both overlay methods are accurate, reliable, and reproducible.
In addition, the images can be seen three-dimensionally, and also separately in the sagittal,
axial, and coronal views [29].
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Mandibular regional asymmetries

Original Mirrored Superimposed

{

Mandibular base reference

Figure 4. 3D models with anterior view of original mandible (red) and mirrored model (pink) superimposed with
mandibular base as reference (delimited in light pink) to detect mandibular regional asymmetries. Note the more
lateral inclination of the left condyle through the red color.

PREVALENCE OF MANDIBULAR ASYMMETRY AND
SKELETAL ANTERIOR-POSTERIOR PATTERNS

The mandibular asymmetry features in different skeletal anterior-posterior patterns are
fundamental items of information for orthodontic and orthognathic surgical treatment planning. In
fact, few studies present information on this topic, and there is still a need for more epidemiological
studies using populational-based samples to provide stronger evidence, as well as studies with
comparison data. A systematic review recently aimed to identify the prevalence in Classes |, Il, and IlI
skeletal malocclusions. The results of the five studies which were included for quality analysis,
presented valuable information for each pattern [9]. The prevalence of mandibular asymmetry in
skeletal malocclusions can be identified separately in different directions, such as horizontal and
vertical dimensions. In terms of horizontal asymmetry of the mandible, the chin deviation to the MSP
has the highest prevalence in Class Ill patients (22.9% - 78%), while Class Il has the lowest (10% -
25.5%). Class | showed an intermediate prevalence, with rates of 17.7% to 55.6%. Interestingly, there
was a considerable prevalence of vertical asymmetry in Classes |, I, and Ill malocclusions, with rates
of 69.0%, 71.7%, and 80.4%, respectively [9]. Even though vertical asymmetry showed high frequency
in all skeletal anterior-posterior patterns, Class Ill malocclusion was the most prevalent, especially in
an asymmetry index over 10% [9].

The different prevalence rates in each skeletal anterior-posterior pattern open up a discussion
about the impact of mandibular asymmetries associated to different malocclusions. Horizontal
deviation of the mandible seems to be more related to greater growth potential of the mandible. In
other words, the excessive and/or normal growth of the mandible could influence the higher
prevalence rates of mandibular asymmetry in Classes | and lll patients than in patients with lower
growth potential, such as the Class Il skeletal pattern. Class Ill skeletal malocclusions could, thus, be
considered a risk factor for the disharmonious development of the mandible in terms of symmetry [9,
20]. On the other hand, the results of the asymmetry index found differences in ramus height, with
expressive prevalence in all anterior-posterior patterns [28] and indicate that vertical asymmetries
could be a common feature in all skeletal anterior-posterior patterns or even a common characteristic
of the human face. This information should be treated with caution, since only one study includes this
methodological approach. Further studies with large population-based samples could help to clarify
this issue.
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Another perspective concerning vertical asymmetries of the mandible has to do with the fact that
even though high prevalence rates are a common feature in all skeletal anterior-posterior patterns,
their clinical impact on facial asymmetry should be better understood. The upper region of the face,
such as the maxilla, zygoma, and glenoid fossa of the temporal bone, can camouflage asymmetric
morphological aspects of the mandible [32]. There is still a lack of information on analysis of the facial
asymmetry which distinguishes the upper, middle, and lower third features for each antero-posterior
skeletal pattern. Further studies investigating the contribution of the different vertical facial thirds
could provide information on how the different regions can interact to mask or promote mandibular
asymmetries.

MANDIBULAR ASYMMETRY AND POSTERIOR CROSSBITE

Posterior crossbite, a negative transverse discrepancy between maxilla and mandible, can be
bilateral or unilateral [33]. Posterior crossbite commonly occurs as early as deciduous and mixed
dentitions, with prevalence rates ranging from 7.5% to 22% [13, 34]. The prevalence of functional
crossbite in deciduous dentition is around 8.4% and decreases to 7.2% in mixed dentition [34]. The
unilateral is the most common type with a frequency of around 67% to 97% of cases, with a functional
shift of the mandible toward the crossbite side [34, 35].

Unilateral posterior crossbite is an asymmetric malocclusion, which can have any combination of
dental, skeletal, and neuromuscular functional components, but its most frequent cause is a reduction
in the width of the makxillary dental arch [36]. Dental etiology involves incorrect tooth positioning in
conjunction with adequate palatal width, such as an excessive lingual inclination of posterior upper
teeth [33]. Skeletal etiology involves a narrowed maxilla or, less often, a larger transverse dimension
of the mandible [33, 36]. Transverse maxillary deficiency can be induced by non-nutritive sucking
habits, certain swallowing habits, or obstruction of the upper airways caused by adenoid tissues or
nasal allergies [36]. The major common non-nutritive sucking habits are using a pacifier and/or finger
sucking [37]. The tongue, retained in a low position by pacifier or finger, could be prevented from
applying pressure against the palate needed for transverse maxillary arch growth [38].

Transverse maxillary deficiency can lead to incorrect mandible function in occlusal contact, and
consequently to functional posterior unilateral crossbite [34]. The mandible may have to move to the
lateral side to allow molars and premolars/deciduous molars a more comfortable occlusal position. A
mandibular shift, known as functional crossbite, then occurs [34]. This functional shift is diagnosed
when there is a difference between the lower midline dental position in maximum intercuspation and
in the centric relationship position. This condition clearly reflects a horizontal deviation of the
mandibular position (Figure 5).

Figure 5. Intraoral photographs of the mandibular functional shift of an 8-year-old patient with unilateral
posterior crosshite. A) Centric relationship and B) Maximum intercuspation. Note the widened distance of the
upper and lower midlines in B.
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Unilateral posterior crossbite and characteristics at different ages

The characteristics of unilateral posterior crossbite can vary according to etiology and dentition
(deciduous, mixed, permanent) and age group (children, adolescents, adults) and consequently lead
to different implications of craniofacial growth and development. It should be mentioned that there
can be a multifactorial etiology, involving dental, and/or skeletal, and/or functional etiologies.
Although the mandibular position is rotated in horizontal plane (yaw rotation), minor skeletal
mandibular asymmetries are present at early ages [12]. As a patient with functional mandibular shift
continues to grow, a definitive lateral mandibular position is established as a response of skeletal
growth to the yaw rotation. Thus, the differences between maximum intercuspation and the centric
relationship position seen in functional shift disappears, and the skeletal growth stimulates a stable
but asymmetric mandibular position, which suggests that condyles and glenoid fossa in older patients
could have undergone an adaptive repositioning [39, 40].

Comparisons of morphological characteristics between different age groups when there is
unilateral posterior crossbite are scarce. Evangelista et al. recently added new information about this
topicin a cross-sectional design study using mirrored overlapped models in three different age groups.
Their image analysis distinguished the contributory components of the morphological asymmetries
and the positional asymmetry by comparing children, adolescents, and adults. The results showed that
morphological asymmetries, described as regional asymmetries, were greater in adult patients and
located in latero-medial condylar width (0.7 mm), total ramus height (2.0 mm) and mandibular length
(1.5 mm). An interesting perspective is that the differences detected were small in clinical terms, but
the adult patients may not have sought treatment earlier because their asymmetries could have been
milder when they were younger.

In terms of asymmetry direction in patients with unilateral posterior crossbite, it should be
highlighted that horizontal asymmetry, assessed by yaw rotation of the mandible, seems to be a stable
position, with an average 2.0° of yaw rotation. In agreement with these values, horizontal chin
deviation also showed similar magnitude between children, adolescents, and adults. The
temporomandibular joint in the functional unilateral posterior crossbite in children presents the
condyles in an asymmetric position in the articular fossa. Recent studies have suggested that, during
craniofacial growth, remodeling of the temporomandibular joints (condyles and fossas) tends to adapt
to the mandibular deviation. Such adaptive remodeling could explain why adolescents or adults did
not present greater mandibular rotation or lateral deviation [12, 41], as seen in Figure 6. In terms of
the vertical dimension, the differences in total ramus height between both sides showed that children
present smaller differences (0.9 mm) than adults (2.0 mm). Those results imply that a compensation
of vertical dimensions could be a mechanism to respond to the horizontal position in children.

The hypothesis that the mandibular position in patients with unilateral posterior crossbite could
be further deviated in adult patients has not been confirmed. Children, adolescents, and adults
presented a similar mandibular yaw rotation in relation to cranial base. This result indicates that there
must be natural adaptive compensation of unilateral crossbite during growth and development, but
such compensation does not seem to progress throughout the entire growth period. Moreover,
mandibular morphological asymmetry is an adaptation associated with postural adjustments
characterized by the crossbite side of the mandible being shorter than the non-crossbite side, thereby
indicating a non-crossbite side dominance [12, 41].
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Figure 6. 3D superimposition registered in cranial base to detect the mandibular position with original (red) and
mirrored (semitransparent) models in A) children, B) adolescents, and C) adult patients with unilateral posterior
crossbite. Note the similar mandibular rotation in patients through the semitransparency.

Mandibular asymmetry after unilateral crossbite treatment with rapid maxillary expansion

The treatment of unilateral posterior crossbite depends on the diagnosis of the main etiology and
affected tissues, or in other words, the dentoalveolar or skeletal origins. Genetic and environmental
factors, such as persistent oral habits and oral breathing must be considered in the treatment of
skeletal etiology of unilateral posterior crossbite, because of the presence of narrower maxilla or
transverse maxillary deficiency [42, 43]. The occlusal features vary widely depending on facial type,
sagittal skeletal pattern, and prolonged persistence of etiological factors. In cases of transverse
maxillary deficiency, rapid maxillary expansion (RME) is a well-known orthopedic treatment approach
and is the first choice in the orthodontic management of unilateral posterior crossbite. RME is also
considered effective in promoting oral and generalized health [44], increasing the transversal maxillary
distances [45]. The positive effects of RME on mandibular asymmetry have been reported in children
with functional unilateral posterior crossbite, which mean correction of the mandibular shift [35].

The effects of RME on positional and regional asymmetries of the mandible after one year have
shown how beneficial this orthopedic procedure is in patients with unilateral posterior crossbite
considering mandibular asymmetry [32]. The mandibular asymmetry assessed before treatment
showed statistically significant differences between the right and left sides, which meant greater
mandibular horizontal rotation and lateral hemimandibular asymmetry in children with unilateral
posterior crossbite when compared to children without crossbite, but there was no difference in the
position of the glenoid fossa. After RME, the effects on mandibular asymmetry could be seen clearly
in mandibular rotation, which reduced from 1.84° to 0.54° in means. Another significant effect could
be seen in the lateral hemimandibular asymmetry angle, which decreased the difference between the
two sides from 2.67° to 0.95°. In such circumstances, RME is recommended for children with unilateral
posterior crossbite, to guide the correct development of morphology and position the mandible.
Figure 7 shows a child patient with unilateral posterior crossbite before and after one year of RME.
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CEREIE After RME

Figure 7. 3D superimposition registered in cranial base to detect the mandibular position with original orange
(Baseline) and yellow (After) RME and mirrored (semitransparent) models of a 7-year-old patient with unilateral
posterior crossbite. The white arrows show the reduction in mandibular rotation through the semitransparency
after RME treatment.

CONCLUSIONS

Diagnosis of mandibular asymmetry plays a substantial role in orthodontic and orthognathic
surgical treatment. A correct diagnosis, considering horizontal and vertical dimensions and grades of
severity, guides appropriate treatment planning in terms of the skeletal anterior-posterior pattern,
especially in Class Il skeletal malocclusions and the early treatment of unilateral posterior crossbite.
Knowing the factors that contribute to mandibular asymmetry could change treatment planning,
prognosis, and early interventions to bring about symmetric development of the mandible.
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POST-TREATMENT EVALUATION OF OPEN BITE TREATMENT
IN THE GROWING PATIENT

Veronica Giuntini, Roberta Lione, James A. McNamara Jr.,
Paola Cozza, Lorenzo Franchi

ABSTRACT

The aim of this chapter was to evaluate open bite treatment in the growing patient characterized by
anterior open bite, with or without persisting digit sucking habits. In the first clinical situation,
treatment consisted of controlling the sucking habit, allowing the involved teeth to erupt into a normal
position. The use of a quad-helix appliance that incorporated a tongue crib (Q-H/C) led to successful
outcomes in 93% of the patients, with a mean closure of the anterior open bite of about 2 mm in
comparison to untreated controls 4 years post-treatment. The Q-H/C protocol also produced a
clinically significant decrease of intermaxillary divergence (-2.2°), mainly due to a downward rotation
of the palatal plane (1.8°). This favorable outcome contributed significantly to the overall correction
of the anterior open bite with improvement in vertical skeletal relationships.

In patients with skeletal open bite but without associated sucking habits, an alternative treatment
protocol was used. This protocol consisted of rapid maxillary expansion (RME) combined with a
removable mandibular bite-block (RMBB) that was effective in correcting negative overbite (+1.8 mm)
in 100% of the patients. In addition, the vertical eruption of the maxillary and mandibular molars was
less than that in untreated open bite subjects (-3.3 mm). In comparison to controls, an improvement
in the vertical skeletal dimension was observed, as indicated by a reduction in FMA of -2.8°. Thus, the
results of this clinical study indicated that early treatment with RME and RMBB remained stable 4
years after the completion of treatment.

KEY WORDS: Open Bite, Sucking Habits, Quad-Helix with Crib, Rapid Maxillary Expansion, Posterior
Bite Blocks

INTRODUCTION

Anterior open bite is a malocclusion characterized by a deficiency in the normal vertical overlap
between antagonist incisal edges when the posterior teeth are in occlusion. The prevalence of anterior
open bite ranges from 1.5% to 16.5% among different ages and ethnic groups [1-4]. In younger
children, anterior open bite can be caused by a single factor or a combination of factors such as sucking
habits, enlarged tonsils or adenoids, tongue position, constricted maxilla, and skeletal open bite
growth pattern.

In non-nutritive sucking patients, whose malocclusion is primarily dentoalveolar in nature,
treatment consists of both removing the etiologic factor and controlling the habit, allowing the teeth
to erupt into a normal position. A palatal crib often is used to promote normal development of the
anterior segment [5-7].

On the contrary, in skeletal open bite malocclusion, patients typically display backward and

downward rotation of the mandible, increased vertical growth of posterior dentoalveolar structures,
increased lower anterior facial height, and a narrow maxillary arch. Several authors have emphasized
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that a skeletal open bite should be treated in the mixed dentition to take advantage of active growth
by expanding the maxillary arch and preventing further vertical growth of the upper and lower
posterior dentoalveolar regions [5, 8-9].

Unfortunately, the most recent systematic reviews on this topic [5-9] did not report encouraging
findings. As a matter of fact, they agreed that no reliable or definitive conclusions or recommendations
can be derived concerning the efficacy of the different treatment protocols for the correction of
dento-skeletal open bite in the growing patient, either in the short or in the long term.

When considering open bite in the mixed dentition from a diagnostic point of view, it is important
to distinguish between at least 2 forms: dentoalveolar anterior open bite with persisting digit sucking
habits and dentoskeletal open bite without sucking habits (i.e., patients with vertical skeletal
imbalance). These two forms of anterior open bite in the growing patient require different treatment
approaches.

ANTERIOR OPEN BITE WITH PERSISTENT DIGIT SUCKING HABITS

Sucking habits frequently are involved in the development or the maintenance of anterior open
bite during growth. Digital sucking, e.g., thumb, finger, is a significant risk factor for the establishment
of an anterior open bite in subjects with increased vertical skeletal relationships. The same subjects
often show increased flaring of the upper incisors as well as lingual inclination of the lower incisors. In
addition, a prolonged sucking habit can lead to transverse discrepancies concurrent with the vertical
problems. The correction of maxillary constriction is a main target for treatment in open-bite patients
[6, 7].

In 2005, in a joint investigation between the University of Florence and the University of Rome
“Tor Vergata”, Cozza et al. [10] looked at possible risk factors for the development of anterior open
bite in the presence of thumb-sucking. They analyzed a sample of 1710 subjects with the mean age of
nine years who were in the intermediate or late mixed dentition. These subjects had been observed
from 1990 to 2005 at the orthodontic departments of the University of Florence and the University of
Rome “Tor Vergata” as part of a multicenter clinical investigation on the prevalence of dentoskeletal
open bite. For each subject, the following data were collected: presence or absence of persistent
thumb-sucking habits beyond two and half years of age and the presence or absence of hyper-
divergency, with hyperdivergence defined as a mandibular plane angle (FMA) larger than 25°. In
addition, the presence or absence of anterior open bite was noted, as determined by the presence of
a negative overbite with the lack of vertical overlap of the anterior dentition (lateral incisor to lateral
incisor).

When the 1710 subjects were analyzed, 303 (18% of the total sample) presented with an anterior
open bite, with the remainder (1407 subjects) having a positive vertical overlap of the anterior
dentition. The prevalence of thumb-sucking habits in the absence of hyper-divergency was then
determined. No statistically significant difference was found in the prevalence rate of thumb-sucking
habits in the absence of hyper-divergency between the group with anterior open bite (27%) and the
group without anterior open bite (20%). Similarly, when looking at aspects of hyper-divergence in
absence of thumb-sucking of the two groups, the prevalence rates in the two groups were almost
identical (about 25%). Only when the concurrent presence of sucking habits and facial hyper-
divergence was considered, the prevalence rate of this condition was significantly greater in the group
with anterior open bite with respect to the group without anterior open bite (36.3% and 9.1%,
respectively). Therefore, only the simultaneous presence of thumb-sucking and hyper-divergency can
be considered an increased risk for anterior open bite.
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Treatment Alternatives

How can anterior open bite be treated successfully? What kind of therapy is best indicated? Can
treatment be accomplished with fixed or removable appliances? And, is treatment of anterior open
bite stable in the long term?

Quad-helix with tongue crib

The use of a crib has been advocated to stop sucking habits by acting as a digit-inhibiting
appliance. A proposed treatment protocol aimed to eliminate the thumb-sucking habit and to correct
both the anterior open bite and the maxillary transverse deficiency in growing subjects is a quad-helix
(Q-H) appliance with the addition of a tongue crib (Figure 1) [11].

Figure 1. Intraoral view of Q-H/C appliance in place.

In terms of Q-H/C treatment protocol, the Q-H/C appliance is cemented on the second deciduous
molars or on the first permanent molars of the upper arch (Figure 1). The lingual arms of the appliance
extend mesially to the deciduous canines or even to the permanent incisors. Spurs intended for
thumb-sucking prevention are formed from three or four short pieces of .036” stainless steel wire that
are soldered to the anterior part of the palatal wire of the Q-H and inclined lingually to avoid
impingement on the sublingual mucosa. The Q-H/C is activated transversally at about half of each
molar on both sides of the maxilla. The appliance is worn for an average period of 18 months and is
reactivated once or twice during treatment to achieve overcorrection of the transverse relationships.

The results of a previous longitudinal short-term study by our research group showed the clinical
effectiveness of the Q-H/C in correcting the dental open bite in 90% of patients [12]. In this study 23
subjects treated with the Q-H/C appliance were compared with a control group of 23 untreated
subjects with similar vertical relationships. Lateral cephalograms were analyzed before treatment (T1)
and immediately after treatment (T2).

The average increase in overbite during Q-H/C therapy (3.6 mm more than the control group)
overcorrected the amount of anterior open bite at T2. Both the maxillary and mandibular incisors had
significantly greater lingual inclinations (approximately 4.0°) associated with greater extrusion (1.4
and 1.0 mm, respectively) in the Q-H/C group than in the control group. In addition, the treated group
showed a greater downward rotation (1.2°) of the palatal plane than did the control group. This
change was associated with a slight increase in upper anterior facial height (0.7 mm) and a clinically
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significant reduction in the palatal plane to mandibular plane angle (-1.7°) in the Q-H/C group with
respect to the controls. The upper and lower lips showed significant tendencies toward retraction
relative to the E-plane in the treated group (2.6 and 2.9 mm, respectively) compared with the controls.

/_\
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Figure 2. A and B: Open bite bionator.

Open bite bionator vs quad-helix with tongue crib

In 2007, Cozza et al. [13] showed the results of the comparison of a removable appliance, the
Open bite bionator (OBB; Figure 2A), versus a fixed appliance, the Q-H/C appliance in growing subjects
who presented with thumb-sucking habits and with dento-skeletal open bite. The inclusion criteria of
the study were: persistent digit sucking, dentoalveolar open bite with a negative overbite, facial hyper-
divergency, fully erupted permanent first molars and incisors and the availability of pre- and post-
treatment lateral cephalograms.

In terms of Q-H/C treatment protocol, the Q-H/C was cemented with bands on the second
deciduous molars or on the first permanent molars in the upper arch. The OBB had posterior acrylic
bite blocks to prevent extrusion of the posterior teeth (Figure 2B). The acrylic portion of the lower
lingual part extended into the maxillary incisor region in the form of a lingual shield that would close
off the anterior space without touching the maxillary teeth. This portion of the appliance was intended
to stop the tongue from getting into the open bite. The mean age at the time of the first and second
observation and mean observation intervals were basically identical. The duration of treatment was
2.5 years. The changes from the T1 to T2 included 1 year post treatment effects without any retention.

In terms of vertical skeletal measurement, the results of this study found no significant
differences in the effects of the Q-H/C appliance versus OBB. The differences were all within 1 mm or
degree. On the contrary, in terms of vertical dentoalveolar measurements, it is important to
emphasize that the Q-H/C appliance showed a significantly greater correction of the overbite (+1.9
mm). The maxillary incisors presented with significantly greater extrusion (+1.5 mm); this extrusion of
the upper incisors facilitated the closure of the open bite.

Thus, the comparison of two treatment protocols for open bite malocclusions, one year after the
end of treatment showed that the Q-H/C is more effective than the OBB for the improvement of
overbite in anterior open bite growing patients. Better outcomes of the Q-H/C appliance are also
associated with the extrusion of the makxillary incisors. The findings indicate that a compliance-free
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appliance such as the Q-H/C can induce more favorable changes in the vertical plane than a removable
appliance such as the OBB.

Figure 3. Removable upper plate with crib.

Quad-helix appliance with crib vs removable plate with crib

Another appliance that has been proposed for the early treatment of anterior open bite in
patients with persisting sucking habits is the removable upper plate with a crib (RP/C) (Figure 3) [14].
The removable plate consisted of a modified Schwarz plate with Adams clasps on the maxillary first
molars and ball clasps between the second and first deciduous molars. Additional components were
a midline jackscrew, a crib consisting of loops modeled with 0.036” stainless steel wire, and a labial
wire (0.036” stainless steel) with loops distal to the maxillary canines. The jackscrew was activated
once per week for slow expansion. The appliance was worn at least 16 hours for day for an average
period of 16 months. Compliance was good in all patients.

In 2008, Giuntini et al. [14] compared the effects of the Q-H/C appliance and a removable plate
with a crib (RP/C) in patients with dentoskeletal open bite. The Q-H/C sample and the RP/C sample
consisted of 20 subjects. Lateral cephalograms were analyzed before treatment (T1) and after active
treatment (T2). The mean duration of treatment was 1.5 years in both groups.

The patients had the following features: thumb-sucking habit before treatment (T1),
dentoskeletal open bite at T1 (negative overbite and MPA 225°), no permanent teeth extracted before
or during treatment, consecutive lateral cephalograms of good quality taken at T1 and post-treatment
(T2), and prepubertal skeletal maturity at both T1 and T2 (CS1 or CS2 according to the cervical
vertebral maturation method) [15].

The results of this study showed no significant differences between the 2 appliance groups for
any examined cephalometric variable at T1, apart from the position of Pogonion relative to Nasion
perpendicular, which was more protruded in the Q-H/C group, and the nasolabial angle, which was
smaller in the Q-H/C group when compared with the RP/C group. There were no significant differences
between the 2 groups for any measures in the sagittal plane of the maxilla and the mandible from T1
to T2 except for Point A to Nasion perpendicular, which demonstrated significant decreases in the Q-
H/C group when compared with the RP/C group (-1.1 mm).
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The changes in the sagittal intermaxillary relationships were similar in the Q-H/C and in the
control groups. The Q-H/C group had greater downward rotation of the palatal plane when compared
with the RP/C group (1.5°). This change was associated with a significant reduction in the palatal plane-
mandibular plane angle (-1.2°) in the Q-H/C group with respect to the RP/C group. The conclusions
that can be drawn from this study were that both the Q-H/C and the RP/C appliances induced
favorable dental effects. However, a compliance-free appliance, such as the Q-H/C, produced more
favorable vertical skeletal changes.

Post-treatment Stability of Open Bite Treatment

Another challenging question is if the early correction of anterior open bite in patients with
persisting sucking habits will remain stable in the post-treatment period. In a study of Mucedero et al.
in 2013 [16], investigators evaluated the post-treatment stability of Q-H/C appliance treatment in
subjects who presented with thumb-sucking habits and anterior dentoskeletal open bite. Both active
treatment and post-treatment effects were analyzed in treated patients. The results of this treatment
protocol were compared with the growth changes in an untreated control group (CG) with the same
dentoskeletal disharmony during a follow-up period of at least 5 years.

Twenty-eight subjects (11 boys, 17 girls; mean age, 8.2 +/- 1.3 years) were treated consecutively
with Q-H/C appliance. The patients were re-evaluated at the end of active treatment with the Q-H/C
(mean age, 9.7 +/- 1.6 years) and at least 5 years after the completion of treatment (mean age, 14.6
+/- 1.9 years). A CG of 20 untreated subjects with the same dentoskeletal disharmony was used for
the statistical comparison.

The inclusion criteria were thumb-sucking habit before treatment, negative overbite, constricted
maxillary arch, full eruption of first permanent molars and permanent incisors. All subjects were at a
prepubertal stage of skeletal maturity according to the cervical vertebral maturation method (CS 1 or
CS 2) at T1 and postpubertal skeletal maturity at T3 (CS 4-6). All patients were re-evaluated at T3 at
least 5 years after the completion of treatment with the Q-H/C. During the T2-T3 interval, all patients
received fixed appliances with no auxiliaries, including vertical or sagittal elastics.

During the T1-T2 interval, in comparison to CG, the treated group exhibited a significant increase
in overbite of about 2 mm, as well as a significant downward rotation of the palatal plane of about 2°
that led to a significant reduction of about 2° in the palatal plane to mandibular plane angle. These
dentoskeletal changes are not only statistically significant but more importantly they are clinically
relevant. No significant changes in the mandibular plane angle, however, could be recorded. No
significant differences in post-treatment changes (T2-T3) were found between the Q-H/C and control
groups (Tables for T1-T2 and T2-T3 changes the are available in the original article) [16].

In the overall post-treatment period, from T1 to T3 (Table 1), the use of the Q-H/C and fixed
appliances led to successful outcomes in about 93% of the patients. The intermaxillary skeletal
relationships showed a significant reduction in the ANB angle of -1.3° in the Q-H/C group compared
with the CG. Vertical skeletal variables maintained a significant improvement in the Q-H/C group vs
the controls (Frankfort horizontal to palatal plane, 1.8°; palatal plane to mandibular plane, -2.2°). This
favorable outcome contributed significantly to the overall correction of the anterior open bite of
about 5 mm (2.1 mm with respect to the controls) and a significant decrease was found for overjet in
the Q-H/C group vs the controls (-1.5 mm).
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Table 1. Comparison of overall post-treatment changes (T1-T3).

Q-H/C group T1 Q-H/C group T3
(n=28) (n=28)
Cephalometric Mean SD Mean SD Difference  |Significance
measurement (T1-T3)
Maxillary skeletal
SNA (°) -0.6 2.3 1.5 3.5 -2.1 NS
Point A-nasion perp (mm)  |-0.2 2.5 1.7 3.8 -1.9 NS
Mandibular skeletal
SNB (°) 13 2.3 2.1 3.5 -0.8 NS
Pg-nasion perp (mm) 3.8 4.6 4.6 7.0 -0.8 NS
Co-Gn (mm) 14.2 6.1 15.8 4.4 -1.6 NS
Maxillary/mandibular
ANB (°) -1.9 1.9 -0.6 1.7 -1.3 *
Wits (mm) 0.6 3.6 2.3 3.7 -1.7 NS
Vertical skeletal
FH-PP (°) 1.1 2.9 -0.7 1.7 1.8 *
MPA (°) -3.2 2.7 -2.8 3.7 -0.4 NS
PP-mandibular plane (°) -4.3 3.0 -2.1 33 -2.2 *
ANS-Me (mm) 6.3 3.3 7.7 3.1 -1.4 NS
Co-Go (mm) 7.1 5.1 8.5 3.9 -1.4 NS
Gonial angle (°) -6.0 4.2 -4.5 3.6 -1.5 NS
Interdental
Overjet (mm) -0.6 2.7 0.9 2.0 -1.5 *
Overbite (mm) 4.9 2.0 2.8 1.7 2.1 t
Interincisal angle (°) 4.1 12.7 -0.2 8.4 4.3 NS
Molar relationship (mm) 1.3 2.6 0.8 2.1 0.5 NS
Maxillary dentoalveolar
U1-Point A vert (mm) 1.7 2.5 2.3 2.0 -0.6 NS
U1-FH (°) -1.0 8.4 0.7 6.3 -1.7 NS
Mandibular dentoalveolar
L1-Point A Pg (mm) 1.0 2.3 0.9 1.8 0.1 NS
L1-MPA(°) 0.8 6.1 24 4.9 -1.6 NS

NS, Not significant; perp, perpendicular; Pg, pogonion; FH, Frankfort horizontal; PP, palatal plane; U1, maxillary
central incisor; vert, vertical; L1, mandibular central incisor. ¥*P<0.05; tP<0.01.
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In summary, when analyzing the post-treatment changes, the Q-H/C appliance and fixed
appliances led to successful outcomes in 93% of the patients and a mean closure of the anterior open
bite of about 2 mm with respect to untreated controls. The Q-H/C protocol also produced a clinically
significant decrease of intermaxillary divergence (-2.2°) mainly due to a downward rotation of the
palatal plane (1.8°). This favorable outcome contributed significantly to the overall correction of the
anterior open bite with an improvement in the vertical skeletal relationships.

Dentoskeletal Open Bite Without Sucking Habits

What are the treatment options during the mixed dentition for an open bite growing patient with
dentoskeletal open bite without sucking habits? These patients have a vertical skeletal imbalance
rather than a dentoalveolar malocclusion.

In skeletal open bite malocclusion, patients display backward and downward rotation of the
mandible, increased vertical growth of posterior dentoalveolar structures, increased lower anterior
facial height, and a narrow maxillary arch. Several authors emphasized that a skeletal open bite should
be treated in the mixed dentition to take advantage of active growth by expanding the maxillary arch
and preventing further vertical growth of the upper and lower posterior dentoalveolar regions [5,8-
9].

Mucedero et al, in 2018 [17], evaluated the post-treatment stability of Rapid Maxillary Expansion
(RME) and Removable Mandibular Bite-Block (RMBB) therapy in growing subjects with dentoskeletal
open bite (no sucking habits) when compared to a control group with untreated open bite. The treated
group (TG) comprised 16 subjects (14 girls, 2 boys) with a mean age of 8.1 £ 1.1 years who were treated
consecutively at the Department of Orthodontics of the University of Rome, “Tor Vergata.”

The inclusion criteria included no sucking habits, overbite < 0 mm, posterior transverse interarch
discrepancy = 3 mm, Frankfort horizontal to mandibular plane angle greater than 26°, full eruption of
first permanent molars and of maxillary and mandibular incisors (to prevent the “pseudo-open bite”’
due to undererupted permanent incisors), and no permanent teeth extracted before or during
treatment. Each patient had to have three consecutive lateral cephalograms of good quality with
adequate landmark visualization.

Figure 4. A) Rapid maxillary expander, B) Posterior bite block appliance.

The cephalograms were taken before treatment (T1), at the end of the active treatment with
RME and BB (T2), and at a follow-up observation at least 4 years after the completion of treatment
(T3). The treatment protocol included RME with soldered to bands on the second deciduous molars
or on the first permanent molars (Figure 4A) The expander was left in place for at least 8 months as a
passive retainer. No removable appliance was applied after RME removal. The RMBB appliance
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consisted of a lower Schwartz plate with 5-mm-thick posterior occlusal resin splints. The RMBB was
prescribed for 12 months to control the vertical dimension (Figure 4B). The patients were instructed
to wear the RMBB 24 hours a day.

During the active phase of treatment from T1 to T2, control of excessive vertical growth in the
dentoalveolar segments provided by acrylic coverage of the posterior arch induced an anterior
rotation of the mandible (FMA -2.8° in TG vs CG). In particular, the reduced increase in the vertical
skeletal dimension was associated with a smaller extrusion of both the maxillary and mandibular first
molars. Although the changes of these values were not statistically significant, the sum of reduced
upper and lower molar extrusion was both statistically and clinically significant (-3.3 mm), positively
affecting the mandibular vertical position.

After the completion of the active phase of treatment with fixed appliances, no statistically
significant differences were observed between the TG and CG during the post-treatment T2-T3
interval. (Tables for T1-T2 and T2-T3 changes the are available in the original article) [17].

Table 2. Descriptive Statistics and Statistical Comparisons (Independent-Samples t-Tests) of the T1-T3 Changes
in the Treated Group vs the Control Group.

Treated Group | Control Group 95% Cl of the
Difference
Variable Mean SD Mean | SD Difference | P Lower Upper
Value
Maxillary skeletal
Age,y 54 1.5 5.0 1.4 0.4 394 |-0.6 1.5
SNA (°) 0.1 1.2 -0.1 1.8 0.2 .682 |-0.9 13
SNB (°) 1.8 1.6 |09 1.6 0.9 127 0.3 2.0
ANB (°) -1.7 2.0 -1.0 1.4 -0.7 279 1.9 0.6
Wits (mm) -0.6 33 |10 3.0 -1.6 157 3.9 0.7
FMA (°) -0.5 1.6 |-2.3 1.7 -2.8 .000* |-4.0 -1.6
PP- MP (°) -2.2 2.5 -2.5 1.7 0.3 709 |13 1.8
ANS-Me (mm) | 5.1 48 |6.3 2.8 -1.2 366 4.1 1.6
Co-Go (mm) 7.0 2.4 8.6 29 -1.6 109 |35 0.4
Overbite (mm) | 3.9 1.5 2.1 1.4 1.8 .002* 0.8 29
U6 to PP (mm) | 2.7 1.6 |4.6 1.9 -1.9 .004* |-3.2 -0.6
L6 to MP (mm) | 2.6 1.1 3.9 1.5 -1.3 .009*% |-2.3 -0.3
Sum, mm? 5.2 25 |85 2.8 -3.3 .002* |-5.1 -1.3

y years, PP, palatal plane; MP mandibular plane; U6, maxillary first molar; L6, mandibular first molar; Sum
indicates maxillary first molar to palatal plane + mandibular first molar to mandibular plane; SD Standard
deviation; *P<0.05.
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In the follow-up observation after at least 4 years (T3), all 16 subjects (100%) in the treated group
(TG) showed a corrected overbite with a significantly greater increase in overbite of 1.8 mm in the TG
compared with the untreated subjects. The comparison of the overall post-treatment changes (T1-
T3; Table 2) revealed a significantly greater decrease of the vertical skeletal relationships in treated
subjects when compared with the control group (Frankfort horizontal to mandibular plane angle: -
2.8°). The TG exhibited a significantly smaller extrusion of both maxillary (maxillary first molar to
palatal plane: -1.9 mm) and mandibular first molars (mandibular first molar to mandibular plane: -1.3
mm) compared with the CG. At T2, the prevalence rate of success for recovery of positive overbite
was 63% (10 subjects) in the TG, while in the CG, spontaneous correction was not observed in any
subject.

The treatment protocol with RME and RMBB was effective in the correction of negative overbite
in growing children. The TG exhibited reduced extrusion of maxillary and mandibular molars and,
consequently, a significant improvement in the vertical skeletal dimension when compared with
untreated open bite subjects. The effects of early treatment with RME and RMBB were stable at a
post-treatment follow-up.

Recently, Lione et al. [18] evaluated the mandibular modifications in anterior open bite (OB)
growing subjects treated with Rapid Maxillary Expansion and bite block (RME/BB) or Quad Helix with
crib (Q-H/C) when compared with a Control Group (CG) by using Geometric Morphometric Method
(GMM) [19] and conventional cephalometrics.

The OB group comprised 34 subjects (26 girls, 8 boys) with dentoskeletal OB and a mean age of
8.0 + 1.0 years. OB group was divided in two subgroups according to the presence or absence of
prolonged sucking habits: RME/RMBB group comprised 17 subjects while Q-H/C group included 17
subjects. In the RME/BB group 12 patients, while in the QH/C 11 subjects performed a second phase
with fixed conventional appliance to finish the occlusion. No active biomechanics or vertical elastics
to extrude the incisors were applied during fixed appliance therapy. No intraoral Class Il elastics or
bite ramps on posterior teeth or other anterior extrusive/posterior intrusive mechanics were used.

The two subgroups were compared with a CG of 17 subjects (13 girls, 4 boys) matched for sex,
age, vertical pattern, and observation periods. Two consecutives lateral cephalograms were available:
the first one was taken before treatment (T1), and the second one was acquired at a follow-up
observation at least 4 years after the completion of treatment (T2).

Cephalometric analysis was performed according to the method of Franchi et al. [20] to assess
ramus inclination to cranial base and mandibular plane. Specifically, the stable basicranial line (SBL),
through the most superior point of the anterior wall of sella turcica at the junction with the
tuberculum sellae (point T), was drawn tangent to the lamina cribrosa of the ethmoid bone.
RME/RMBB group showed a significantly greater decrease of the Condax*MP (Condylar Axis to the
mandibular plane) angle and increase in the Condax”SBL (Condylar Axis to SBL) angle when compared
to CG and QH/C.

To study the mandibular structures, the GMM was applied. For the evaluation of the shape of the
mandible, 2 continuous curves with 31 points, 6 of them being fixed cephalometric landmarks were
drawn. In morphological mandibular comparison between RME/RMBB (blue) and QH/C (yellow) the
mandibular shape changes were located along the mandibular ramus the mandibular ramus increased
in height in RME/RMBB group with tendency to a forward bending of the ramus and condyle (Figure
5).

188



Open Bite Treatment in the Growing Patient Giuntini et al.

® 9
0 %00
o
© e
)
%
®
?
o *
0000 OO
° ® . é
.°00 ® &
.°0°220%°@9

Figure 5. Morphological mandibular comparison between RME/BB (blue) and QH/C (yellow) (from Lione et al.
[18]).
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Figure 6. Morphological mandibular comparison between RME/BB (blue) and CG (red) (from Lione et al. [18]).

In morphological mandibular comparison between RME/RMBB (blue) and CG (red), similar
mandibular shape differences were found (Figure 6). No statically significant morphologic mandibular
changes were found when comparing Q-H/C (yellow) and CG (red) groups (Figure 7). RME/RMBB
patients showed significant changes in the vertical orientation of the mandibular ramus with a
tendency to a forward bending when compared with Q-H/C and CG subjects. Elongation of the
mandibular ramus can contribute to open bite correction leading to reduced steepness of the
mandibular and occlusal planes. The RME/RMBB subjects showed significant changes in the shape of
the mandibular ramus with a counterclockwise rotation tendency when compared with Q-H/C and CG
subjects.
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Figure 7. Morphological mandibular comparison between QH/C (yellow) and CG (red) (from Lione et al. [18]).

CONCLUSIONS

In patients with sucking habits, anterior open bite, and skeletal open bite tendency, favorable
post-treatment changes in overbite and intermaxillary divergence (downward rotation of the palatal
plane) was observed with the Q-H/C appliance protocol. In patients without sucking habits, anterior
open bite, and skeletal open bite tendency the RME/RMBB showed favorable post-treatment changes
in overbite and facial divergence. RME/RMBB may have contributed to an elongation of the
mandibular ramus and a forward bending of the ramus and the condylar process that may have
resulted in open bite correction.
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ABSTRACT

Rapid maxillary expansion (RME) is one of the most common therapy options to treat maxillary
constriction and posterior crossbite. The study of the outcomes of different expander designs is highly
important to guide clinicians during treatment planning. This chapter aims to present the main
findings of a randomized controlled trial comparing two treatment options for RME in growing
patients: the expander with differential opening (EDO) and the fan-type expander (FE). Dentoskeletal
outcomes of the EDO and the FE were studied by means of digital dental models and cone-beam
computed tomography (CBCT). The EDO and the FE produced skeletal changes in the maxilla. The EDO
produced greater transverse skeletal expansion compared to the FE. Vertical and anteroposterior
effects were similar. In both expander designs, greater transverse increase was observed in the
anterior region of the maxillary dental arch compared to the posterior region. Greater changes were
observed in the molar region in the EDO and in the canine region for the FE, resulting in distinct arch
shapes after expansion. From a clinical point of view, both expanders are indicated to correct a greater
dental arch constriction in the canine region compared to the molar region, but the EDO should be
preferred when the posterior crossbite extends to molars.

KEY WORDS: Palatal Expansion Technique, Orthodontic Appliance Design, Three-dimensional Imaging

INTRODUCTION

Rapid maxillary expansion (RME) comprises the orthopedic procedure commonly indicated to
treat maxillary constriction and posterior crossbite by means of separating and expanding the
midpalatal suture [1]. The first report of this therapy is credited to Angell in 1860 [2], becoming more
used in orthodontics after publications from Haas [1, 3, 4]. Since then, different appliances for RME
have been presented in the literature [1, 5-8]. The study of the outcomes of different expanders’
designs is highly important to help clinicians make appropriate treatment modality decisions in their
daily clinical practice.
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The most popular expander design has a screw positioned in the center of the palate [1, 5, 6].
These conventional expanders, including the Haas type expander, the Hyrax expander, and the
bonded expander, promote a parallel opening of the screw and the maxillary dental arch. The fan-
type expander (FE) has one screw positioned anteriorly on the palate (Figure 1) [7]. The FE has a hinge
in the posterior region that concentrates the expansion force in the canine region and reduces it in
the molar region. Previous comparison studies between the FE and the Hyrax expander showed similar
expansion in the canine region and smaller skeletal and intermolar expansion in the FE group [9, 10].
Another design is an expander with differential opening (EDO), which has two palatal screws located
in the anterior and the posterior regions (Figure 2) [8]. The different amount of activation of these two
screws allows for independent expansion in the molar and canine regions. Compared to the traditional
Hyrax expander with the screw positioned in the center, the EDO promotes greater changes in the
anterior region of the maxilla with similar changes in the posterior dental arch width [11].

Figure 1. The fan-type expander after activation. The expander has a posterior hinge, and the screw is positioned
in the anterior region of the palate.

Figure 2. The expander with differential opening after activation. Note that the expander has two screws. The
greater activation of the anterior screw compared to the posterior results in a trapezoidal shape opening of the
expander.

Currently, there are no studies that compare the treatment effects of the EDO and the FE. Are
the dentoskeletal changes produced by these two expanders similar? To better answer this question,
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a randomized controlled trial (RCT) to compare the outcomes of these two expanders in the mixed
dentition was conducted (Trial Registration: clinicaltrials.gov, NCT03705871) [12, 13].

The sample consisted of 48 subjects from 7 to 11 years of age presenting with posterior crossbite.
Patients were enrolled and randomly allocated into two groups: 24 patients were treated with the
EDO (13 females, 11 males and mean initial age of 7.6 years +0.92); and 24 patients were treated with
the FE (14 females, 10 males and mean initial age of 7.8 years +0.96). In both groups, bands were
placed in the deciduous second molars, clasps were bonded in the deciduous canines, and wire
extensions were added along the gingival margins of permanent first molars (Figures 3 and 4). In the
FE group (Figure 3), the expander screw was activated two-quarter turns in the morning and two-
quarter turns in the evening for 10 consecutive days (0.8 mm per day), resulting in an expansion of 8
mm. In the EDO group (Figure 4), the anterior and posterior screws were activated two-quarter turns
in the morning and two-quarter turns in the evening for the first 6 days (0.8 mm in each screw per
day), resulting in an initial parallel opening of the expander. After this first phase, only the anterior
screw was further activated with the same protocol for 4 extra days, resulting in a greater expansion
in the anterior screw (8 mm) compared to the posterior one (4.8 mm). The retention period with the
appliance comprised 6 months. Digital dental models and cone-beam computed tomography (CBCT)
were acquired before and after expansion to compare the dentoskeletal outcomes of the EDO and the
FE. The post-treatment CBCT was taken from the first to the sixth month after active phase of the
expansion. Post-expansion digital dental models were taken after retention. In the present chapter,
the main findings of this RCT will be presented [12, 13].

Figure 3. A 7-year-old female patient treated with the fan-type expander. A) Pre-treatment records
showing a skeletal Class | patient in the mixed dentition with bilateral posterior crossbite. B) Delivery of the fan-
type expander. C) end of the active phase of the expansion (note the increase in the interincisal
diastema width). D) Six months post expansion, after expander removal. After debonding, a partial
fixed appliance was delivery to close the diastemas and align the maxillary incisors. E) Patient in the
permanent dentition, 2 years after expansion. A-E refer to rows.

194



Expander With Differential Opening and Fan-type Expander Massaro et al.

Figure 4. A 10-year-old female patient treated with the expander with differential opening. A) Pre-
treatment records showing a skeletal Class | patient in the mixed dentition with posterior crossbite on the left
side. B) Delivery of the expander with differential opening. C) End of the active phase of the expansion. Observe
the opening of a diastema between the maxillary central incisors as well as the trapezoidal shape of the expander
after the different activation of the anterior and posterior screws. D) Six months post-expansion, after expander
debonding. A spontaneous correction of the maxillary incisor alignment was observed after the increase in
the arch width and arch perimeter as well as the improvement in the maxillary arch shape. E) Patient in the
permanent dentition, 2 years after expansion. A-E refer to rows.

CHANGES IN THE NASOMAXILLARY COMPLEX

The CBCT scans were used to assess the skeletal outcomes of the RME with EDO and FE in the
nasomaxillary complex [12]. Pre and post expansion CBCT scans were superimposed on the cranial
base. Lateral, vertical, and anteroposterior displacements of the maxilla were quantitatively assessed
[12]. The results of the CBCT analyses showed that there was a difference in skeletal changes in the
nasomaxillary complex following expansion with EDO and the FE (Figure 5). The EDO produced greater
changes compared to the FE at the level of the orbit, nasal cavity, zygomatic bone, and palatine
foramen (Figure 6). The skeletal expansion at the level of the palatine foramen was increased in
patients treated with the EDO (2 mm) compared to those treated with the FE (1 mm) [12]. Considering
the activation of 8 mm in both expanders, the skeletal effect of RME on the posterior region of the
palate and at the zygomatic bone corresponded to 26% and 32% for the EDO, and 11% and 20% for
the FE, respectively. The greater skeletal effect of the EDO compared to the FE may be explained by
the activation of the second screw in the EDO.
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Figure 5. Color map images from a patient treated with the expander with differential opening, EDO, and the
fan-type expander, FE (range, 0 mm, no displacements, to 4 mm).
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Figure 6. Amount of expansion, in millimeters, after rapid maxillary expansion with the expander with differential
opening (EDO; orange color line) and the fan-type expander (FE; blue color line) at the level of canines, molars,
palatine foramen, zygomatic bone, nasal cavity and orbitale.

The expansion at the level of the nasal cavity was 3 mm in the EDO and 2 mm in the FE group
[12]. The impact of the RME on the nasal cavity has been studied by Haas [1]. In 1959, Krebs showed
a transverse increase in the nasal cavity close to 2 mm after conventional expansion [14]. The effects
of the RME in the nasal cavity occur because of the lateral movement of the nasal walls and the
lowering of the palatine processes [1]. These changes in the nasal area may benefit patients with
obstructive breathing disorders, and further studies are being developed to investigate the functional
impact of the RME.

A slight downward and forward maxillary displacement after conventional RME was previously
reported in the literature [1, 15]. As the midpalatal sutures separated and expanded, the right and left
maxillary segments displaced and rotated, moving the nasomaxillary complex. The maxillary vertical
and anteroposterior displacements were mild and similar after expansion with the EDO and FE [12]. A
slight forward and downward movement of the nasomaxillary complex was observed with both
expander designs [12].
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MAXILLARY AND MANDIBULAR DENTAL ARCH CHANGES

After RME with the EDO and the FE, several changes were observed in the maxillary dental arch
[13]. However, changes in the mandibular dental arch were very mild [13].

Interincisal diastema

The clinical evidence of maxillary disjunction and midpalatal suture separation following RME
procedure is the opening of a temporary diastema between the central incisors [1]. In this study,
changes in the interincisal diastema were observed immediately after the active phase of the RME
with EDO and FE. The diastema was clinically assessed using an odontometric caliper (Precision
Equipment Co., Boston, Massachusetts, USA) [13]. All patients showed a temporary increase in the
distance between the mesial surface of right and left maxillary central incisors following expansion
(Figure 3, Row C and Figure 4, Row C). The change was similar in patients treated with the EDO and
the FE [13]. This result was expected because the amount of activation performed in the anterior
screw of the EDO and in the screw of the FE was standardized to 8 mm. The interincisal diastema width
increased approximately 3.5 mm in both groups when measured immediately after the active phase
of the expansion. The increase in the interincisal diastema width after differential and fan expansions
corresponded to approximately 50% of the screw activation.

Maxillary arch width

Maxillary and mandibular dental arch dimensions including arch widths and arch perimeter were
measured in pre and post expansion digital dental models, using OrthoAnalyzer 3D software (3-Shape
A/S, Copenhagen, Denmark) [13]. Maxillary arch widths were measured at the level of the cusp tips of
the deciduous canines, deciduous first and second molars, and permanent first molars. The FE showed
a slightly greater increase in the intercanine distance compared to the EDO (1 mm) [13]. This finding
may be explained by the greater canine buccal inclination also observed in the patients treated with
the FE (Figure 7) [12].

Figure 7. A) Pre and B) post expansion digital dental models of a 7-year-old patient treated with the fan-type
expander. Observe the increase in the maxillary dental arch perimeter and arch widths.
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Conversely, patients treated with the EDO (Figure 8) showed greater increase in the distances
between deciduous second molars (mean difference of 1.4 mm) and permanent first molars (mean
difference of 2.7 mm) [13]. The activation of the second screw of the EDO, positioned in the
posterior region of the palate, and the presence of a posterior hinge in the FE explain this
clinically relevant difference between the two expander designs. The amount of expansion was 1.5
and 3.5-fold greater in the canines than in the first molars for the EDO and FE, respectively [13].
Figures 7 and 8 illustrated the treatment changes in the maxillary dental arch after RME with
the FE and EDO, respectively.

Figure 8. A)Pre and B)post expansion digital dental models of a 7-year-old patient treated with the
expander with differential opening. Observe the increase in the maxillary dental arch perimeter and arch
widths.

Maxillary arch perimeter

The dental arch perimeter corresponded to the sum of the four segments from mesial aspect of
the right first permanent molar to the mesial aspect of the contralateral tooth. After RME, an
increase in the arch perimeter is expected as a result of the increase in the maxillary arch width.
Interestingly, a similar increase in the maxillary arch perimeter was observed in both expanders’
designs used in the study despite the previously mentioned differences for the arch widths [13]. The
fan (Figures 3 and 7) and differential (Figures 4 and 8) expansions promoted an increase of
approximately 5 mm in the maxillary arch perimeter. This finding is relevant and reinforces the
clinical indication of both EDO and FE as an interceptive approach to treat mild to moderate
crowding in the maxillary arch during mixed dentition.

Maxillary arch shape

Digital dental models were also used to assess the changes in the maxillary and mandibular
dental arch shape [13]. For this analysis, the Stratovan Checkpoint (Stratovan Corporation, Davis,
California, USA) and the Morphol) software (Klingenberg Lab, Manchester, UK) were used
to create the mean arch shape for each expander at the two time points and perform
the superimposition [13]. Both the EDO and the FE changed the maxillary arch shape after RME, as
shown in Figures 7 and 8 [13]. Changes in the maxillary arch shape resulted from the increases in the
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arch widths after expansion. In addition, the post expansion maxillary arch shape was different
when comparing the two expanders’ designs, as shown in Figure 9. The maxillary dental arch
was wider in the molar region after RME with the EDO. Conversely, arch shape was wider in the
canine region after expansion with the FE.

Figure 9. Maxillary mean arch shape superimposition after rapid maxillary expansion with the expander with
differential opening (orange color line) and the fan-type expander (blue color line). Note the different arch shape
after expansion. Changes were greater in the canine region for the fan expander and in the molar region for the
expander with differential opening.

Mandibular dental arch changes

Changes in the mandibular arch were measured in pre and post expansion digital dental models
(Figures 7 and 8). The mandibular dental arch showed negligible spontaneous changes after RME with
EDO and FE [13]. Dentoalveolar expansion in the mandible after maxillary expansion may occur as a
result of changes in the balance between facial muscles (tongue and buccinator), as well as in the
cusp-fossa relationship, resulting in up righting of the mandibular posterior teeth [1, 16]. No difference
between the two expanders was observed in the mandibular arch, except for the slightly greater
expansion at the level of permanent first molars observed in the EDO (0.9 mm) compared to the FE
(0.1 mm) [13]. The greater expansion in the posterior region of the maxillary dental arch observed in
patients treated with the EDO probably explains this finding in the mandible. The difference between
the EDO and the FE in the mandible was very mild and not sufficient to result in a divergent mandibular
arch shape between both groups after RME [13].

DENTAL INCLINATION

Buccal inclination of the anchorage teeth is expected after RME procedure [1]. In our study, the
assessment of the dental inclination was performed using the CBCT images acquired before and after
expansion [12]. Angular measurements were performed at the level of the deciduous canines and
permanent first molars. In the molar region, the buccal inclination was very mild after RME with the
EDO (2°) and the FE (1°) [12]. This finding is understandable because the expansion in the posterior
region of the dental arch was small with both expanders. However, the increased molar buccal
inclination observed in patients treated with the EDO may be explained by the greater posterior
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expansion observed with this expander [12, 13]. Conversely, the canine buccal inclination was 3°
greater in patients treated with the FE (8°) compared to those treated with the EDO (5°) [12]. This
result may explain the slightly greater increase in the intercanine distance (1 mm) observed in patients
treated with FE [12, 13]. A greater expansion in the canine region compared to the molar region was
achieved with both expander designs and, consequently, a greater buccal inclination of the anchorage
teeth in this region was observed as well.

CORRECTION OF POSTERIOR CROSSBITE AND PATIENT DISCOMFORT

The posterior crosshite was corrected in all 24 patients treated with the EDO and in 18 out of 24
patients treated with the FE [13]. The explanation is that the presence of the posterior hinge in the FE
limited the expansion in the posterior region and, consequently, the crossbite was not fully corrected
in the molars in 6 patients treated with this expander.

Some discomfort during the activation of the screw is expected in the first days of therapy. In our
study, approximately half of patients (26 out of 48) reported some pain or discomfort during the active
phase of the expansion [12, 13]. From the 26 patients who reported some discomfort, 57% were from
the EDO group (15 out of 24 patients treated with the EDO) and 42% were from the FE group (11 out
of 24 patients treated with the FE). The presence of the second screw is probably responsible for this
difference between expanders. Further studies could bring more information about the patients’
perception and the impact of the RME with EDO and FE in the patient’s quality of life.

CONCLUSIONS

There were similarities and differences with the dental arch and the nasomaxillary complex
following RME in patients treated with the EDO and the FE.

e EDO produced greater transverse expansion in the nasomaxillary complex when
compared with the FE.

e The increase in the maxillary dental arch transverse width was greater in the anterior
region compared to the posterior region in both groups.

e There were greater changes in the molar region with the EDO and a greater change in
the canine region with the FE, resulting in distinct arch shapes after expansion with the
different expander designs.

e From a clinical point of view, both expanders’ designs could be indicated to correct a
greater dental arch constriction in the canine region compared to the molar region. However,
the EDO should be preferred in patients with posterior crossbite which includes permanent
molars.
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THREE-DIMENSIONAL ANALYSIS OF MAXILLARY IMPACTED CANINE
MOVEMENT USING TEMPORARY ANCHORAGE DEVICES (TADs)

Marco Migliorati

ABSTRACT

Impaction is defined as the failure of tooth eruption at its appropriate site in the dental arch, within
its normal period of growth. The etiology can include local and systemic causes and impacted canines
may remain asymptomatic for a long time; however, some of them may increase the risk of infection,
cystic follicular lesions, and external root resorption of adjacent teeth. Cone beam computed
tomography (CBCT) has become the gold standard for diagnosis and treatment planning when canine
impaction occurs. CBCT analysis reduces the radiation dose compared to computerized tomography
(CT) and provides coronal, sagittal, and axial views that allow the clinician to assess the three-
dimensional (3D) location of the canine and estimate the degree of difficulty. Different therapeutic
approaches have been reported with or without the use of temporary anchorage devices, including
the canine first approach. Advantages of this approach rely on the possibility to minimize the risk of
root resorption on adjacent teeth during treatment, decrease discomfort for the patient, and reduce
treatment time as anchorage preparation is not needed. This chapter will analyze different anchorage
approaches,, evaluating the movement of the impacted canines, root length changes, and anchorage
loss. Techniques used to treat palatally displaced canines were the transpalatal arch (TPA), direct
anchorage using only one miniscrew, and a TPA reinforced with miniscrew. The analyses were
obtained by comparing CBCT superimpositions before treatment and 3 months later.

KEY WORDS: Impacted Canines, Temporary Anchorage Devices, 3D Analysis

INTRODUCTION

The objective of this chapter is to analyze the results of the use of a transpalatal bar connected
to temporary anchorage devices (TADs) to treat palatally impacted canines. Diagnoses and treatment
plans will be systematically presented for different approaches and anchorage systems that are
currently available. 3D analyses report the movement and mechanics during correction of canine
position and evaluate possible side effects on other teeth and the anchorage unit.

An impacted canine is defined as, a tooth retained in the maxillary or mandibular arch beyond
the date of eruption, surrounded by its pericoronal sac and has no contact with the oral cavity” [1].
Other definitions have been proposed among clinicians, and considering the clinical aspect and the
pathologic terms, impacted teeth can be defined as occurring when a tooth remains embedded in the
oral mucosa or bone past its normal eruption period and is fully developed [2-4]. Other authors also
associate this definition with the risk to adjacent teeth lesions - for example, extensive root damage.

Maxillary canine impaction has been widely studied in literature, both from an interceptive
approach to prevent the impaction, and from a prognostic approach that can inform us about the
duration of treatment, severity, and risks related to the treatment. Upper canines are commonly
impacted teeth, second only to third molars [5].
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The literature reports a prevalence of approximately 2% canine impaction in the population, and
it is twice as common in females as in males. Lower canine impaction has a lower incidence and
presents generally different aspects and prognoses. While the upper canines generally remain in their
side of impaction, lower canines can often move in a horizontal plane and cross the midline, becoming
a transposed impacted canine, with no chance of orthodontic correction.

Nearly 8% of impacted maxillary canines present as bilateral, aapproximately one-third of
impacted maxillary canines are labially displaced, and the remainder are palatally displaced. Etiology
of the impactions has been studied by several authors who describe it as multifactorial, with some
characteristics that can help predict the risk of impaction. Jacoby’s research found that 85% of
palatally impacted canines had sufficient space for eruption, whereas only 17% of labially impacted
canines had sufficient space. So, arch length discrepancy appears to be much more common for
labially impacted canines [6-9].

Several etiologic factors for canine impactions have been proposed, including localized, systemic,
or genetic. If we study impacted canines, we should remember the normal path they take during
eruption. Broadbent conducted several studies in 1941 using a sample of 5000 children from the
Bolton study. He was the first to describe the Ugly Ducking Stage, or the so-called Broadbent
phenomenon, when the upper lateral incisors flare distally. This stage may persist for 3 or 4 years until
the cuspids erupt. Broadbent, describing this stage, wrote that by the 7th year, the crown of
permanent cuspids have been completed, but they have not yet moved far from their site of origin.
Only "with sufficient increase in dimension in the size of the maxilla the cuspids move downward,
forward and laterally away from the root ends of laterals” [10].

It is possible to describe different factors and many of them have been described earlier by
Moyers [11]. In 1963, Moyers described the potential factors associated with canine impaction [11].
He summarized the etiology for impaction as being due to either: primary causes, (a) rate of root
resorption of deciduous teeth, (b) trauma to the primary tooth bud, (c) disturbance in tooth eruption
sequence, (d) availability of space in the arch, (e) rotation of tooth buds, (f) premature root closure,
(g) canine eruption into the cleft area in cleft-palate individuals; or secondary causes, (a) abnormal
muscle pressure, (b) febrile disease, (c) endocrine disturbances, and (d) vitamin D deficiency.

In 1976, Bishara et al. wrote an interesting paper on the management of impacted canines. In
that paper they underlined the importance of diagnosis, in particular by means of x-ray and clinical
evaluation. At that time, the images available were periapical film, panorex, and occlusal film [12].
They also described different treatment methods, and among these they described the use of the
lower arch as anchorage unit, applying the force to the lower canine by the means of interarch elastics.

In 2004, Kokich et al. published an article describing the option of the “canine first approach”,
where the canine is allowed to erupt spontaneously after exposure. Kokich suggested that approach
could have several advantages, among these “reducing time in orthodontic appliances”. In fact, no
anchorage preparation would be necessary and this allowed a spontaneous eruption with little to no
risk to adjacent teeth lesions. He also described the surgical procedure: a key factor was that the teeth
should be carefully evaluated during the procedure, including adequate bone removal over the crown
of the impacted canine. All bone over the crown should be removed down to the cementoenamel
junction. If not, slow or no movement could occur [13]. Later, he and his coauthors described the
periodontal results of this approach, and they found that no differences in crestal bone height or
probing attachment level were found around the previously impacted canines when compared with
the control canines, even though a loss of probing attachment level was found at the distolingual
aspect of the lateral incisor on the impacted side. They also evaluated roots length changes of lateral
incisors and canines, and the roots of the previously impacted canine and adjacent lateral incisor were
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significantly shorter than those of the control canine and lateral incisor. The previously impacted
canine was an average of 1.08 mm shorter (P = .025) than the control canine; the adjacent lateral
incisor was an average of 1.87 mm shorter (P =.01) than the contralateral control lateral incisor [14].
It seems reasonable that approaching an impacted maxillary canine with this technique should be
preferable, as Kokich stated that the advantages are many and the importance of reducing risk linked
to particular circumstances is noteworthy, such as ankylosis or invasive cervical root resorption (ICRR).

Becker et al. in 2010 analyzed the failure in treatment of these teeth and summarized them in
three groups: 1) Patient-dependent factors, 2) Orthodontist-dependent factors, 3) Surgeon-
dependent factors. In the first group, we can include factors like abnormal morphology of the
impacted tooth, age, resorption of the root of an adjacent tooth, and poor compliance with hygiene
or appointments. In the second group of reasons that belong to the orthodontist, we include errors
starting from the diagnostic stage (inclusion site mistaken) to the biomechanics applied. The latter is
very important, since it can affect both the success of the canine correction and the side effects that
occur to adjacent teeth. It is important to maintain 3D control of the canine, in in order to prevent or
minimize iatrogenic damage. The third group includes all those issues related to the surgical
procedure: diagnosis, inappropriate exposure, damage to other teeth or to the canine, and damage
to the soft tissue [15].

Becker et al. reported ICRR as a possible cause of failure [16]. They described ICRR as “a rare,
insidious, and aggressive form of external root resorption, also known as extracanal invasive
resorption. Typically, it begins at a focal point on the surface of the root below the epithelial
attachment in the clinical cervical area and progresses into dentin coronally, apically, and
circumpulpally, halting only at the predentin layer surrounding the pulp. Typically, it does not involve
the pulp” [16]. They reported that ICRR can be one of the most likely causes of canine impaction
treatment failure, and generally it is overlooked. In this context, CBCT analysis can be considered for
early diagnosis and to overcome all the consequences of possible ICRR.

Summarizing the advantages of the “canine first” approach, we can emphasize the following
points: Reducing root damage of adjacent teeth; no time needed to create an anchorage unit with
fixed appliances; safer treatment option in case of canine traction failure (i.e., ICRR, ankylosis);
controlled biomechanics/force vectors planned on CBCT. The combined use of intraoral scans (STL
files) and CBCT (DICOM files) can be helpful to plan specific appliances with optimal vectors of force
to successfully treat impactions.

In the treatment planning, the orthodontist generally addresses issues like anchorage unit,
through which vector of orthodontic forces will be established. The amount of force is generally
between 50 and 70 grams and has an extrusive direction. Depending on the original canine position,
other vectors may include distal, horizontal, or buccal. The extrusive force can be applied by the means
of metallic coils, elastic chains or wire, or even B-titanium or stainless steel cantilevers.

Traditional anchorage units include multi-bracket fixed appliance, transpalatal arch or bar, and
other maxillary fixed appliances. Anchorage in the lower arch has been described as well [12]. When
a multi-bracket appliance is used, a preliminary stage of alignment and leveling is necessary until a
sufficiently rigid arch wire can be placed. This could lead to an undesirable elongation of treatment
duration and expose adjacent teeth to possible root resorption.

All these approaches have teeth as the anchor units, with significant undesirable movements if
the anchor unit is not sufficient to provide the necessary resistance during treatment. The need to
find a more efficient and reliable anchorage system was thus necessary considering the importance
of anchorage and the problems that the traditional systems exhibit. Dental implants, introduced in
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the early 1950s thanks to the research of orthopedic surgeon P.l. Branemark [17-19], have become
one alternative to traditional anchorage.

The modern dental implant is a surgical component that interfaces with the bone of the jaw to
support a dental prosthesis. After placement, dental implants become a unique functional unit with
the bone through a biologic process called osseointegration. This is also referred to as secondary
stability. Osseointegration is defined as the formation of a direct interface between an implant and
bone, without intervening soft tissue. In other words, it is the intimate connection between the cells
(like osteoblasts) and the endoessous implant. Douglas, in 1987, proposed dental implants as
anchorage in orthodontic treatment [20], and other authors in the early 90s studied the possibility to
use a dental, osseointegrated implant, as an anchorage unit [21-23].

Along with the increased use of dental implants in orthodontics, there has been an increased
interest in finding implants with different sizes and shapes to achieve anchorage without traditional
dental implant fixtures. The success of dental implants or other kinds of osseo-integrated devices
depends on the ability to provide anchorage until the end of orthodontic treatment. In the literature,
success rates of osseointegrated devices are fully documented with excellent long-term stability [24,
25]. Higuchi and Slack used osseointegrated implants in seven patients to move teeth during
orthodontic treatment. In the above and in another study, implants remained stable throughout the
treatment and procedures yielded good results [21].

In spite of their successful use, dental implants’ size and cost, as well as the need for two
extensive surgical procedures, have limited their use in orthodontics. Changes in implant design were
desirable, as osseointegrated implants had several limitations, including postoperative pain,
anatomical placement limits, and a design that is not ideal for orthodontic application (use of elastics,
wires, or coils). For these reasons, modifications to the dental implant configuration were made with
the aim to create a specific skeletal anchorage different from a dental implant. In some cases, the
design was completely changed, creating a flat implant (disk like): the Onplant [26].

Successively, mini-implant anchorage systems have been developed and effectively used as an
alternative to headgear and all other anchorage devices, dental implants included. However, mini-
implants showed some limitations: the size of these devices impacts the available sites to be used, like
the retromolar region, an edentulous area, or the midpalatal suture. Furthermore, they require a
precise 2 stage protocol and a sufficient healing period lasting at least 2 months [27-30]. Therefore,
specific systems were developed, with the miniscrews in use today typically being between 1.2 and
2mm in diameter and between 7 and 15mm in length [31, 32].

Miniscrews can be inserted and removed easily, are more affordable, and can be inserted at
various maxillary and mandibular sites. TA knowledge of maxillary and mandibular bone
characteristics is important when considering the use of miniscrews. Many terms have been used for
these devices:

e miniscrew,

e mini-implant,

® micro-screw,

e temporary anchorage devices (TAD),
e orthodontic mini-implant (OMI),

e miniscrew implants (MSI).

Apart from the name being used, these fixtures are variations of surgical screws used for rigid

fixation in maxillofacial surgery, and they solve many of the problems of the endosseus implants. The
benefits include great flexibility regarding the placement sites, easy surgery (for placement and
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removal), low cost, and moreover, the possibility to be immediately loaded. Miniscrews, in fact, do
not require osseointegration to be used as a good extradental, intraoral anchorage system. The
success of miniscrews, in terms of allowing adequate support during orthodontic treatment, is related
to the concept of primary stability. This is defined as a mechanical interface between the screw and
the bone. Once the primary stability is lost, the miniscrew will be also. Key parameters to sustain
stability have been studied as well as the concept of bone adaptation or bone relaxation. Tension,
considered as the force keeping the miniscrew stable between bone and screw, is not stable over
time, but changes due to the phenomenon of bone relaxation. Bone relaxation is the reduction of the
tension at the trabecular level of the bone. This leads to a reduction in stability in the early stages
after miniscrew placement [33, 34].

Immediate loading and a correct insertion torque management reduces the risk of failures. In this
perspective, TADs could be significantly useful to manage palatally displaced canines, either for direct
or indirect anchorage. Direct anchorage includes all those approaches where the force is directly
connected to the miniscrews - elastics, coil, or cantilever. Indirect anchorage usually means
connecting anchorage teeth to the miniscrew, and then connecting a force between the anchorage
teeth and the teeth to be moved.

PATIENTS AND METHODS

A study of the 3D movements of impacted canines using different anchorage units was
conducted. The anchorage units evaluated were a traditional transpalatal bar (TPA), a miniscrew
reinforced TPA, and direct anchorage to temporary anchorage devices (TADs). The first part of the
study was conducted on a group of patients who had the following inclusion and exclusion criteria:

Inclusion criteria: presence of one or two impacted maxillary canines requiring surgical exposure and
orthodontic treatment.

Exclusion Criteria: permanent teeth extraction-based treatment, current or previous orthodontic
treatment in the last 12 months, current systemic disease, current antibiotic, or anti-inflammatory
therapy that could possibly compromise the results.

The study was designed as a randomized clinical trial conducted with two parallel groups with an
allocation ratio of 1:1. The trial was registered at www.clinicaltrials.gov with registration number
NCT01717417. As reported in the article published in 2021, two interventions were compared. The
first group of patients received a TPA as anchorage unit for canine traction while the second group
received a TAD as anchorage unit [35].

In the TAD group, one or two 8 mm long miniscrews (Orthoeasy, Forestadent, Pforzheim,
Germany) were used as anchorage. The anchorage was indirect, using the molars or transplatal bar
anchored to the mini-screw. In both groups, the approach to solve the impaction was “canine first”:
no anchorage preparation was performed besides the TPA or the miniscrew. The biomechanics
approach included the use of a Beta-titanium cantilever applying a force of 50-60g measured with a
pen gauge; biomechanics varied among the patients including extrusive and distalizing vectors. The
miniscrew insertion sites varied depending on the impacted canine position, as well as the cantilever
in the TPA group. The day of the surgical exposure of the canine was coincident with the beginning of
traction. Close surgical intervention technique was performed for all included patients. Local
anesthesia was performed before miniscrew insertion, and no pre-drilling was performed. All the
miniscrews were inserted directly thorough the mucosa.
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All patients received two CBCTs, one before treatment and one 3 months after the treatment
started, as reported in the experimental protocol approved by the ethics committee, San Martino
Hospital, Genova, Italy, and in the patient’s consent form.

The image assessment went through several steps in order to evaluate the speed, direction, and
amount of movement between the impacted canines anchored on a TPA and the impacted canines
indirectly anchored on a miniscrew. The linear displacement of the canine was divided by the
observation period in weeks or months to obtain the rate of tooth movement. The first step included
a standardization of the CBCT volumes and data. Due to variations in the CBCT image acquisition
protocol, the “Downsize” tool in Slicer was utilized to standardize the image resolution and avoid any
heterogeneity of the imaging data. All scans were reformatted to a 0.5 mm?3 voxel from the original
scans of 0.4 mm3 voxel size using SlicerCMF version 4.0 (https://
sites.google.com/a/umich.edu/dentistry-image-computing/) to standardize the scan resolution and
decrease the computational power and time for image registration. The second step included the
creation of a virtual model converting the Digital Imaging and Communications in Medicine (DICOM)
file into a Guy's Image Processing Lab (GIPL) format. Three dimensional models from TO and T1 were
created using ITK-SNAP open-source software. This process, called segmentation, required outlining
the shape of the dental arches visible in the slices and setting up a threshold of the tissue density to
select the anatomical structures of interest.

The next step was registration. This step defined stable reference structures following the
maxillary regional registration methods validated by Ruellas et al. [36]. In this particular case, we used
the maxillary bone as a reference for superimposition due to the short observation period between
TO and T1. The registration method compared voxel by voxel gray level CBCT images, and calculated
the rotation and translation parameters between the 2 time point images. The process is fully
automated, even though a preliminary manual alignment of the two CBCTs was performed using using
the CMF registration module in SlicerCMF (https://sites.google.com/a/umich.edu/dentistry-image-
computing/). This step was fundamental to establish that the two volume images were placed in the
same coordinate system, thereby allowing measurements and comparison. As reported in Migliorati
et al. [35], the next step was the Overlay of the 3D models and quantitative evaluation. This was
performed using VAM software (VAM v. 3.7.6, Canfield 113 Scientific Inc., Fairfield, NJ), overlaying the
registered 3D models. In this way, it was possible to evaluate the displacement of each canine and to
measure the amount of movement. In particular, we evaluated the distances between the tip of the
cusp of the canine from TO and T1, and the distances between the apex of the root of the canine from
TO and T1. All distances were calculated in mm (Figure 1).

Figure 1. Results of CBCT superimposition of palatally displaced canine before and after second CBCT.
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Error of the method was evaluated for each measurement taken by the same operator 1 month
after the first evaluation. Intraclass correlation coefficient (ICC) was calculated both for the apex and
canine tip distances. ICC values were 0.87 and 0.88 for canine tip and canine root apex, respectively.

Statistical analysis

Descriptive statistics are expressed as median and inter-quartile ranges. The data were tested for
normality using the Shapiro-Wilk test. The nonparametric Spearman’s rank correlation test was used
to evaluate the dependence among the measured characteristics. The nonparametric Mann-Whitney
U test was used to evaluate differences between groups. Differences with a p-value less than 0.01
were selected as significant and data were acquired and analyzed using R v3.4.4 software environment
[371.

In the first study, tooth anchorage versus TADs anchorage was compared, and a total of 22
patients (12 female, 10 male, mean age: 13.4 years, SD 2.4) undergoing orthodontic treatment for
impacted maxillary canines (both labial and palatal) were recruited. No differences were observed
between groups for apex displacement, tip displacement, or observation timespan, and no
correlations were found between apex displacement and observation timespan, or patients age. No
correlations were found between tip displacement and observation timespan, or patient age. An apex
root movement of 0.4-0.8mm per month was found, while average canine tip movement ranged
between 1.1 mm and 2.0 mm per month. No miniscrew failures were observed.

These values are very similar to those reported in the literature when a canine is moved with
multi-bracket appliances during space closure. In fact, one article reported cuspid movement in
extraction cases to be between 1.0-2.4mm/month [38]. These similar values of tooth movement
indicate that properly calibrated forces during traction allow significant dental movement even when
a tooth is impacted. The total amount of canine movement between the two groups was similar and
not statistically different; a total apex movement of 4.4mm and 5.1mm were found for the TAD and
TPA groups, respectively. Larger differences were found with respect to total cusp movement, but
again, the statistical difference was not significant. Many aspects could affect the total amount of
movement, and one of these is the bone quality of each patient.

Successively, we evaluated the first molar movement, by superimposing the TO and T1 patient’s
CBCT, and we found approximately 40% anchorage loss in the sagittal dimension with dental
anchorage (Figure 2). These side-effects are consistent with other results reported in literature when
dental anchorage is used to retract canines during space closure treatment. Anchorage loss with
miniscrews resulted in clinically insignificant loss, even though 15% anchorage loss in the sagittal
dimension was found for TAD group patients. These preliminary findings alllowed us to better
understand the efficiency of these two anchorage units during treatment and highlighted the rate of
movement of impacted canines.
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Figure 2. First molar anchorage loss evaluation by superimposition of two consecutive CBCTs using as reference
structure the maxilla. The mean anchorage loss for teeth anchorage unit is approximately 40%.

For the second comparison, two other groups were compared - a full-digital miniscrew anchored
TPA (mTPA) (Figure 3) versus direct anchorage on a single miniscrew. The experimental flowchart was
similar to the previous comparison and allowed the superimposition of two consecutive CBCTs of the
patient’s group. Moreover, in this part of the analysis, it was also possible to evaluate root length
changes and movement of adjacent teeth, such as the first premolars and lateral incisors.

The overall dental movement measured was similar to the previous analysis, with apex root
movement of 0.9mm per month, while average canine tip movement was 1.5 mm per month, with no
differences between groups with respect to the anchorage unit. Root lengths didn’t change, as
expected, confirming no effect on adjacent teeth during the traction period, and all miniscrews
remained stable during the treatment.

Figure 3. mTPA. Trans-palatal bar minscrew reinforced. The structure was 3D printed using laser-melting
technique and after printing the structure was polished.
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Digital planning

All the mTPA structures were digitally planned. The first stage of the digital planning is the
insertion site of the minsicrews. Thanks to dedicated software, it is possible to superimpose an
intraoral scan (STL file) with a DICOM file from the patient’s CBCT. Once superimposed, miniscrews
can be uploaded in the 3D image, and the clinician can carefully place the anchorage device,
maintaining adequate distances from the roots and from the canine. Generally, the most suitable
position is between the root of the first molar and the second premolar, even though the palatal
median suture can also be used.

Once the position is planned, the STL file can be used to create the digital TPA that can be 3D
printed with the laser melting technique or laser-sintering technique. Once the raw piece comes to
the office or the technician, it must be treated and polished (Figure 3). Meanwhile, the technician can
create a surgical guide for miniscrew insertion. These kind of guides can be either full 3D printed or
created by thermoforming 2.5mm thick PETG discs. The thermoformed sheet has to be cropped in the
middle to leave space for the screws. Afterwards, screws analogues are inserted, and the metal
sleeves placed on the analogue’s head, together with the blade used to insert the miniscrews. Resin
fixes the metal sleeves to complete the guide (Figure 4).

Figure 4. Surgical guide obtained by thermoforming 2.5mm thick PETG discs. Intraoral view before miniscrew
insertion.

This workflow allows the clinician to receive both the surgical guide and the device to be placed
in the patient mouth, the so-called “one visit protocol”. The workflow precision has been investigated
in respect to the miniscrew position, from the planned position to the achieved position in the
patients’ mouth. By using superimposition techniques, it was possible to estimate the miniscrew
position error. The first lack of accuracy was between the planned position and the ones evaluated on
the 3D printed, even though the angular discrepancy was under 2°. The angular differences between
the planned position and intraoroal position were higher, but didn’t exceed 6.8°. These values are
clinically not significant and indicate a good reliability of the workflow with respect to the digital
planning.
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CONCLUSIONS

Palatally impacted canines remain a challenging situation to be treated by orthodontists, since
anatomical, biomechanical, and patient difficulties must be addressed. As Kokich described, a “canine
first” approach can be preferable, reducing the risk of undesirable side-effects. The rate of movement
of impacted canines was found to be approximately 1-1.5mm per month, and these values are similar
to normal dental movement of non-impacted canines. The anchorage unit needs to be carefully
evaluated, planned and managed: a miniscrew anchored unit could reduce the risk of anchorage-loss
and can be helpful during overall orthodontic treatment. The digital approach to planning the
anchorage appliance and surgical guides are noteworthy developments for clinicians in daily practice.
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VERTICAL CHALLENGES WHEN TREATING PATIENTS
WITH BILATERAL CLEFT LIP AND PALATE

Marilia Yatabe

ABSTRACT

Achieving long-term goals of the oral rehabilitation of patients with bilateral cleft lip and palate is
challenging for healthcare providers. Primary interventions used during infancy are designed to establish
function and esthetics early. Yet, these primary interventions may negatively influence the maxillary
growth and development throughout the years, resulting in the need for maxillary surgical advancement
to improve the negative sagittal discrepancy. This chapter reviews the surgical and non-surgical
approaches to improving the position of the premaxilla in patients with bilateral cleft lip and palate.

KEY WORDS: Bilateral Cleft Lip and Palate, BCLP, Premaxilla

INTRODUCTION

BILATERAL CLEFT LIP AND PALATE (BCLP)

Cleft of the lip and palate is the most common craniofacial anomaly in humans, with a prevalence of
1:2,000 births worldwide and 1:600 in the US [1, 2]. It is characterized by the lack of fusion of the maxillary
and frontonasal processes, leading to the different magnitude and severity of defect: unilateral or
bilateral, complete or incomplete, cleft lip, alveolus, and/or palate [3]. The most severe type of cleft is the
complete bilateral cleft lip and palate (BCLP), accounting for 10% of the cases [4]. In these cases, the lack
of fusion results in a 3-piece segmented maxilla (Figure 1). The lateral segments of the maxilla and the
premaxilla represent the most challenging portion of the oral rehabilitation.

Figure 1. Intra-oral occlusal picture of the maxilla of a baby with unrepaired bilateral cleft lip and palate.
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The craniofacial morphology is characterized by a prominent premaxilla, a retrognathic maxilla,
reduced posterior maxillary height, and a small, retruded mandible [5, 6]. The premaxilla develops from
the sixth week of intrauterine life and reaches severe proportions within 4 weeks. It has been proposed
that multiple factors lead to a prominent premaxilla, including the septo-premaxillary ligament,
unrestrained anterior nasal septal growth, the abnormal direction of alveolar growth, lack of bony and
soft tissue continuity, disruption of the balance between circum-oral musculature and tongue, and
underdevelopment of the maxillary segments [7-11]. After birth, the prominence may increase from the
overgrowth of the vomero-premaxillary suture [12] and/or the tongue activity against the flexible and
relatively unsupported premaxillary bone [4, 7, 12]. The anterior nasal spine adapts to the anterior border
of the nasal septum, the alveolar portion is lingually rotated, and the incisors assume a more vertical or
retroclined inclination [11] (Figure 2).

Figure 2. Intra-oral frontal view of a premaxilla excessively extruded.

The protruded premaxilla may lead to psychological problems, functional problems, absence of
proper anterior occlusion, lateral mobility of the premaxillary segment, labial or palatal fistula, and speech
and oral hygiene problems [10]. In addition, the nostrils are stretched, and the tip of the nose is broad.
The columella appears to be shortened or nonexistent, and the prolabium often seems to be joined
directly to the tip of the nose [13] (Figure 3).

The standard oral rehabilitation for patients with BCLP starts very early in life with primary plastic
surgeries — typically at 3 months of age — to repair the cleft lip and improve facial esthetics and function
as it helps with sealing during breast or bottle feeding. It is followed by the palatal surgery at 12 months
of age to close the oral-nasal communication involving the embryologic secondary palate and anatomic
repair of the musculature within the soft palate, which is important for normal production of speech [14].
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- ARFERTe .
Figure 3. Extra-oral view of a premaxilla excessively protruded and deviated to the left before the primary
surgeries. Note the short columella length.

The mid-term and long-term unintended consequences of these primary surgeries are a topic of
interest for most researchers in the field, as they may compromise the maxillary development and/or
growth throughout adulthood. Previous research reported that these surgical procedures could affect the
position of the premaxilla as early as 4 years of age, with a negative overjet increasing significantly [6, 7].
The premaxillary position can vary significantly. While some researchers reported that a severe protrusion
of the premaxilla at 6 years of age could reduce to almost normal at 16 years of age [7], others have
suggested that the premaxilla becomes retrusive after 12 years of age [15].

In adult patients who have not had surgery, the combination of an extremely prominent premaxilla
and a smaller mandible resulted in a great facial convexity and vertical growth pattern, resulting in an
obtuse gonial angle and a long anterior lower face height, reduced posterior facial height, and a tendency
toward retroclination of incisor teeth in both jaws [5].

The importance of the vomero-premaxillary suture

The premaxilla develops from the frontonasal process and comprises three parts: the alveolar part
with the facial process, which encompasses two pairs of incisors; the palatine process; and the processus
stenonianus that fuses with the nasal septum and the vomer through the vomero-premaxillary suture
(Figure 4) [16]. Under normal conditions, the premaxilla would be controlled by the forward growth of
midline structures and the lateral processes [15], excessive cartilage apposition at the vomero-
premaxillary junction [6, 12], and the alveolar bone apposition associated with the development and
eruption of the central incisors [11]. Its forward position could be associated with the overgrowth of the
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premaxillary-vomerine suture and/or could be an illusion created by the underdevelopment segments of
the palatal shelves and mandibular retrognathian [6]. Vertical and sagittal excess of the premaxilla is
induced by an overgrowth at the premaxillary-vomerine suture [6, 17]. In addition, the “septo-
premaxillary ligament” composed of fibers from the nasal septum to the premaxilla may be an important
factor related to the anterior displacement of the premaxilla, as it appears to be the means for the
transmission of septal growth force to the maxilla [18].

Figure 4. lllustration from the premaxilla in pink, the vomer in red, and the vomero-premaxillary suture indicated
by white arrows.

The bilateral alveolar cleft causes the premaxilla to be mobile from birth and only apically fixed to
the vomer bone [19]. The additional deposition of cartilage in the premaxillary-vomerine junction could
contribute to the forward position of the premaxilla as well as to its considerable mobility [20]. Functional
and cosmetic disorders result. The cleft orbicularis muscle lacks sphincter function and therefore does not
restrain the protruding premaxilla. Sometimes the whole segment is rotated [19].

Potential therapies

Patients with BCLP have more difficulty achieving good results due to a significant lack of bone and
soft tissue in the cleft area, severe protrusion of the premaxilla, maxillary segments atresia, excessive
premaxilla mobility, and large bucconasal fistulas [21]. Regarding the premaxilla, its vertical excess does
not seem to improve during growth, leading to an unesthetic appearance and a psychosocial problem.
Also, performing an alveolar bone graft surgery can be challenging when the maxillary segments exhibit
different vertical levels [22]. There are many controversies over the treatment of BCLP patients, including
the need for preoperative orthopedic treatment, timing of palatal closure, timing of bone grafting, and
possible osteotomy of the premaxilla [23]. On the other hand, opponents of this procedure advocate that
injuring the premaxilla—vomerine suture may retard the growth of the maxilla and vomeral growth,
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resulting in a hypoplastic maxilla, an obtuse nasolabial angle, a short columella, and poor speech results,
or combinations of these [23-25].

Figure 5. Extra-oral and intra-oral pictures of a patient with bilateral cleft lip and palate that had the premaxilla
excised during infancy. Note the extremely deficient midface in the extra-oral photos, severe sagittal discrepancy,
and the collapsed lateral segments of the maxilla.

i 8
i) o,

1. SURGICAL INTERVENTIONS

la. Resection of the premaxilla — an invasive and radical procedure performed in cases with extreme
premaxillary projection to improve outcomes of the primary lip surgery, especially in underdeveloped
countries where families do not have a good health support system to follow up with patients. It leads to
deleterious long-term effects, such as severe concave profile, lack of support for upper lip and nose,
disturbance in archform, and impediments to masticatory function and speech (Figure 5) [21, 26].

1b. Surgical repositioning - Advocates of surgical repositioning claim that regardless of the premaxilla
projection, patients with BCLP are potential candidates for orthognathic surgery, and therefore, it is not
advantageous to wait for the maxilla to grow completely or to expect that orthodontic treatment to
significantly improve the problem [21]. The bone compression theory explains that when an osteotomy
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site is compressed by the application of external force, it takes advantage of bone resorption with
osteolysis and bone remodeling [22, 24].

Defendants of surgical repositioning of the premaxilla have suggested that if the vertical overbite is
more than +4 mm or less than -2 mm, an osteotomy of the premaxilla is justified. This applies to every
negative sagittal relationship of the premaxilla and the reverse torque position. If the premaxilla is rotated
[23], it does not result in a retrusive maxillary position at adolescence (14-16y) [4]. Considering that the
premaxillary—-vomerine junction is a growth center for the maxilla, nose, and alveolar arches, injury should
be avoided during surgical positioning of the premaxilla. Therefore, the literature suggests that an
osteotomy anterior to the premaxillary—-vomerine suture is a safe procedure; although, removing this area
was associated with midfacial growth arrest [23]. However, these procedures should be done only in
selective cases, since this procedure may cause necrosis of the segment and damage to the tooth buds or
teeth as a result of traumatized blood supply [25].

INFANCY

The surgical reposition of the premaxilla may be performed to allow primary lip closure, avoid
excessive wound tension, and set back the premaxilla in a more favorable position [4, 15, 27]. However,
it is known to have a significant negative impact on maxillary growth and profile development in the long
term, and therefore it is not often used today [10, 19].

CHILDHOOD

During childhood, before 8 years of age, repositioning of the premaxilla may be performed to avoid
psychosocial and traumatic troubles related to the premaxilla protrusion [4, 23]. The main challenge at
this stage is to achieve stable fixation of the osteotomized segment. Some techniques and devices have
been recommended for fixation, such as miniplate, interdental wiring, arch bar, orthodontic brackets, and
occlusal splints. After using these fixation methods, clinicians may be confronted with adequate
stabilization and noticeable movements of the premaxilla [4].

Considering that approximately 96% of cranial growth and 65% of facial structures have been
completed between 5-10 years of age [23], the literature suggests the end of this period would be an
advantageous time for a combination of early alveolar bone graft with premaxillary osteotomy. It would
lead to a positive result in optimal positioning and fixation of the premaxilla, residual bone height, the
ability to guide the permanent teeth through the bone graft, and closure of residual oronasal
communications [23, 28]. Even though there is a trend towards maxillary growth retardation in both
vertical and sagittal dimensions after early secondary closure, this is partially compensated by orthodontic
and dental treatment [23, 25].

A late secondary osteotomy has similar goals, but the surgery is postponed in order to minimize the
maxillary growth impact [4, 10, 17, 25]. Similar to what was previously described, delayed osteotomy of
the premaxilla associated with the secondary alveolar bone graft allows for vertical improvement of the
premaxilla in relation to the occlusal plane, closure of large fistulas, increases successful alveolar bone
graft, facilitates the improvement of overjet and overbite, and allows for spontaneous eruption and
migration of permanent teeth through the graft [4, 10, 17, 21, 23, 28]. Most times, orthodontic treatment
is indicated to expand and align the maxillary segments prior to premaxillary osteotomy with an alveolar
bone graft. Additionally, the extraction of primary or supernumerary teeth in the cleft site/flap region
should be completed 6-8 weeks prior to surgery to facilitate wound healing. Occlusal splints may be
constructed and delivered during surgery to stabilize the premaxilla, especially if there is a potential

218



Vertical Challenges With Bilateral Cleft Lip and Palate Yatabe

trauma from the anterior occlusion that may hinder the post-operative stability and lead to non-union of
the sites (Figure 6) [10].

Figure 6. Intra-oral frontal and occlusal view of the maxilla before and after the surgical reposition of the premaxilla.
Before the surgical reposition, the premaxilla was severely rotated, blocking the right segment of the maxilla. Once
its position improved, the orthodontist expanded the maxilla and improved its archform.

ADULTHOOD

Ideally, the oral rehabilitation of patients with BCLP will be completed by adulthood. But in special
circumstances or underdeveloped countries, it is possible to perform surgical repositioning later in
adulthood, and the objective is to achieve both functional and esthetic results [4, 28].

Surgical interventions in summary:
Indications [10]:
- Vertical overdevelopment of the premaxilla
- Lateral displacement of the premaxilla
- Severely protrusive premaxilla
- Discrepant gingival level of the premaxilla and the lateral maxillary segments
Contra-indications [10]:
- When no orthodontic treatment is available
- Blood supply risk from previous scarring
- Inadequate dental eruption, which can compromise proper fixation/stability of the splint
- Non-compliant patient/parent — splint must be in place for 5-6 weeks post-op
Benefits [4, 10, 15, 17, 19, 28]:
Combine with alveolar bone graft surgery — it supports teeth and dental implants,
stabilizes the alveolar ridge, provides bony support and favorable periodontal health to
teeth adjacent to the alveolar cleft, facilitates eruption of permanent teeth, closes
residual fistulas, and supports the alar base of the nose
- Nasal closure can be performed more accurately
- Better surgical access
- Better position of the premaxilla, avoids extensive orthodontic treatment
- Dental arch can be aligned and stabilized
- Better inclination (torque) of the incisors
- Decreased relapse
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Complications [4, 19]:
- Dehiscence of the wound
- Recurrent fistulas
- Resorption of grafted bone
- Instability of the premaxilla
- Necrosis or loss of the premaxilla
- Secondary growth impairment

2. NON-SURGICAL INTERVENTION

One of the theories that may explain the effects of the orthopedic approach is the sutural contraction
osteogenesis [22, 24]. According to this theory, the application of external compression force may induce
bone formation, remodeling, or both inside a craniofacial suture. And similar to the surgical intervention,
it can also be performed at different stages of life:

INFANCY

Nasoalveolar molding is a procedure performed within the first months of life because the structures
are more pliable, and therefore the movements occur faster [15]. The purpose is the correction of nasal
cartilage deformity, stretching the nasal mucosal lining, and achieving non-surgical elongation of the
columella [17, 29]. The intra-oral device can be adjusted weekly to facilitate the alignment and
approximation of the alveolar segments while simultaneously achieving correction of the nasal cartilage
and soft tissue deformity (Figure 7). It is maintained with surgical tape applied to the cheeks and cleft lip
segments.
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Figure 7. Extra-oral frontal photos of a baby's bilateral cleft lip and palate: A) initial, B) 9 weeks, and C) 12 weeks of
nasoalveolar molding to improve the premaxillary position, nasal symmetry, and columella elongation.

Advocates of this therapy claim that there are no complications and there is minimal effect on
maxillary growth [19]. The short-term outcomes have been extensively published, and the main
advantage is in relation to approximating and lengthening the soft tissue, with the following other
advantages [29]:

achievement of surgical soft tissue repair under minimal tension
optimal conditions to minimize scar formation.

reduction in the number and complexity of revision surgeries
long-term retention of nasal symmetry

avoid surgery for columella elongation

O O 0O O O
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The disadvantages are related to the increased burden of care for parents due to the weekly visits
necessary and the long-term effect on the development and potential restriction of the maxillary growth
[30].

A L
Figure 8. Intra-oral frontal view of a vertically displaced premaxilla before (A) and after (B) non-surgical reposition
of the premaxilla anchored on teeth with partial fixed appliances (courtesy of Dr. Owinga, personal
communication).

CHILDHOOD

Once the incisors are occluding, the maxillary anterior teeth and the premaxilla tend to come forward
by accompanying the mandibular growth [15]. Successful orthopedic treatment to reposition the
premaxilla can be obtained with different methods, including modified plates with bonded brackets and
tubes to the acrylic, full fixed appliances, temporary skeletal anchorage device, intra-oral appliances, or
even headgear [31]. The desired outcomes include a normalized occlusion plane (Figure 8), dental
intrusion of the maxillary incisors, no significant nose deviation, and an orthopedic intrusion of the
premaxilla [22, 24, 31, 32].

However, special consideration is needed regarding the incisors. Prior to the alveolar bone graft, the
incisors adjacent to the cleft may present with limited and thin alveolar bone support [33] and significant
angulation towards the opposite side of the cleft (Figure 9).

Figure 9. A) Reconstructed lateral cephalogram, B) panoramic, and C) axial view. Note the severity of the lingual
inclination of the incisors in the premaxilla in the lateral ceph; the mesial root inclination of the maxillary
permanent central incisors, with limited visualization of bone support in the panoramic; and the thin alveolar bone
in surrounding the root of the incisors in the axial view.
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Therefore, the bonding technique prior to the alveolar bone graft must be adapted to the current
position of the teeth to avoid uprighting those teeth — the bracket must be placed as parallel to the
horizontal plane as possible, and a passive wire must be bent to avoid any unwanted dental movement.
The applied force must also be very light to avoid dental tipping and increased premaxilla movement.

ADULTHOOD

During adulthood, the chances of orthopedically moving the premaxilla are very limited. At this stage,
it is preferred to level and align the teeth to the best of our ability while respecting the periodontal
boundaries. Afterward, the patient can continue care with orthognathic surgery and rehabilitate with a
prosthesis.

CONCLUSIONS

The challenge of treating patients with BCLP is a continuing and important topic to healthcare
providers. Even though there is no consensus on how to best treat these patients, it is important to respect
the limits and knowledge of each professional.

The literature consensus is that non-surgical repositioning of the premaxilla should be performed
with caution. When performed at an early age, it should also focus on improving nasal symmetry and
lengthening the columella. If performed later, anchored in teeth, it should respect the periodontal
boundaries and should avoid dental tipping. Surgical repositioning of the premaxilla should be performed
between 8-11 years of age, associated with the secondary alveolar bone graft, because, at this stage, over
90% of the midface growth is complete and facilitates the eruption of the permanent dentition through
the bone graft.
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