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Introduction. Direct, rigid indirect, and nonrigid indirect absolute anchorages using temporary anchorage devices (TADs, mini-
implants/miniscrews) can provide promising opportunities for challenging, yet common, orthodontic tooth movements such as
molar protraction. Rigid rectangular wire and ligature wire are the most common methods of attaching a tooth to a miniscrew
in indirect anchorages. We aimed to provide a comparison of the rigidity of the connecting wire in terms of stress on the
miniscrew, the anchorage loss, and the risk of root resorption using finite element analysis (FEA). Methods. The maxillary
right second molar was protracted into the proximal space at a 150 g load (1) using direct absolute anchorage with a tapered
miniscrew implanted between the premolar roots and using indirect absolute anchorage with the second premolar reinforced
by the miniscrew through (2) a rigid stainless steel (SS) wire or (3) a nonrigid SS ligature wire (4) at different elastic moduli.
Stresses and displacements of 4 models’ elements were measured. The risk of external root resorption was evaluated. Results.
Connecting the tooth to the miniscrew using rigid full-size wire (model 2) compared to ligature (model 3) can give better
control of the anchorage (using the ligature wire, the anchorage loss is 1.5 times larger than the rectangular wire) and may
reduce the risk of root resorption of the anchorage unit. However, the risk of miniscrew failure increases with a rigid
connection, although it is still lower than with direct anchorage. The miniscrew stress when using a ligature is approximately
30% of the rigid model using the rectangular wire. The miniscrew stress using the rectangular wire is approximately 82.4% of
the miniscrew stress in the direct model. Parametric analysis shows that the higher the elastic modulus of the miniscrew-tooth
connecting wire in the indirect anchorage, the less the anchorage loss/palatal rotation of the premolars/and the risk of root
resorption of the anchorage teeth and instead the stress on the miniscrew increases. Conclusions. Direct anchorage (followed by
rigid indirect anchorage but not nonrigid) might be recommended when the premolars should not be moved or premolar root
resorption is a concern. Miniscrew loosening risk might be the highest in direct anchorage and lowest in nonrigid indirect
anchorage (which might be recommended for poor bone densities).

1. Introduction

In orthodontics, the first permanent molar is the key to
occlusion [1]. This tooth appears in the mouth at the age
of 6 and is claimed to be the most commonly missing tooth

in adults [2]. Losing this tooth will cause numerous prob-
lems such as the disruption of arch symmetry, drifting of
the neighboring teeth into its space, malocclusion, and tem-
poromandibular joint problems [3]. There are several solu-
tions to restore the function of this missing tooth,
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including fixed partial dentures, dental implants, or ortho-
dontic replacement with a second molar if sufficient anchor-
age is available [4]. Molar protraction and proper anchorage
may be needed also in other clinical conditions such as the
unforeseen residual space after aligning the teeth, the con-
genital missing of the second premolars, and the extraction
of hopeless teeth [5]. Therefore, various techniques have
been proposed for obtaining proper anchorages for molar
protraction.

Anchorage is a critical part and a prerequisite of ortho-
dontic treatments [6–8]; and anchorage loss is a serious
complication [9, 10]. When the anchorage unit consists of
only teeth, it faces limitations and conditions similar to the
movement unit and may move like an active unit under
the influence of force; therefore, the orthodontist should
strengthen the anchorage unit [11–13]. Different methods
and appliances have been proposed for strengthening the
anchorage unit, such as extraoral anchorages or cortical
anchorages [5, 14, 15]. The use of nondental structures as
anchorage units allows therapeutic movements or growth
modifications to be performed without side effects [5]. It

has been proven that implants can be a reliable and effective
tool as orthodontic anchorage and have created a new pat-
tern of anchorage called absolute anchorage [5, 16, 17]. A
common form of absolute anchorages is utilizing mini-
implants/miniscrews [18].

Miniscrews are gaining ever-increasing popularity
among orthodontists, as their use as an anchorage unit dra-
matically improves the balance between the active unit and
the anchorage unit, and can have significant therapeutic
benefits [18]. Miniscrews can provide two types of absolute
anchorage: direct anchorage and indirect anchorage. In the
direct anchorage method, the force from the miniscrew is
directly applied to the teeth of the active unit [19–22]. In
the indirect absolute anchorage, the anchorage unit is con-
sisted of teeth and the orthodontic force is applied from
the teeth in the anchorage unit to the active unit; however,
the teeth in the anchorage unit are reinforced and immobi-
lized using a miniscrew [22–25]. In this method, the minis-
crew can be placed either in the interradicular space or
somewhere else such as the palate or retromolar area in
the mandible, depending on the available space, the used
materials, and the dynamics of orthodontic force [23]. Indi-
rect anchorage allows the miniscrew to be placed in a variety
of positions and reduces the risk of root trauma; other
advantages of this type of anchorage include the use of stan-
dard orthodontic methods in the application of force, which
provides reliable control over tooth movement [19, 22, 26,
27].

In the indirect absolute anchorage method, anchorage
unit teeth can be fixed with rigid components such as stain-
less steel (SS) wires or nonrigid components such as SS liga-
tures [23, 28]. In the use of rigid components such as SS
wires, the miniscrew can be placed in any location regardless
of the direction of force, because this structure can act as a
tie and strut, and there is more freedom in choosing the

(a) (b)

(c)

Figure 1: The three different models used in this study: (a) model 1 with direct anchorage; (b) model 2 with rigid indirect anchorage; (c)
model 3 with nonrigid indirect anchorage.

Figure 2: Creating the 3D model of the maxilla.
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location of the miniscrew, and hence, the operator can focus
more on choosing the ideal anatomical location of the
implant [23].

Failure rate of miniscrews may be rather high (about
15% to 20%) in the direct absolute anchorage method
[29], but may be lower in the indirect method with lower
miniscrew loads [26]. Direct anchorage can have more
side effects than indirect anchorage in challenging clinical
situations such as molar protraction (for example, mesial

rotation during molar protraction) due to the torsional
moment caused by laterally exerted force [30]. Despite
numerous benefits of indirect anchorage, the risk of
anchorage loss in this method is unknown [30, 31].

In spite of the increasing use of miniscrews, there is
still insufficient knowledge about the optimal placement
patterns, safety, and mini-implant anchorage characteris-
tics in relation to the surrounding bone. This lack of infor-
mation can lead to a high failure rate of this device and be
a major deterrent to their use [31]. There are different
methods for molar protraction using interradicular minis-
crews, and the use of each of these methods may lead to
different results (in terms of miniscrew stability and the
amount and type of tooth movement). However, the role
of the type of wire connecting the miniscrew to the
anchorage unit teeth in indirect anchorage has not been
investigated until now.

Rigid rectangular wire or ligature wire are the most
common methods of attaching a tooth to a miniscrew in
indirect anchorage. Moreover, as stated above, it seems
that no study has assessed the effects of rigidity of the
tooth-implant connecting wire in terms of the stress
exerted on the miniscrew, the amount of anchorage loss,
and the risk of root resorption (which can be caused by
orthodontic tooth movement [32]). Therefore, we com-
pared the connection of the anchorage tooth with the
miniscrew using the full-size rectangular rigid, with a third
model (direct anchorage method) serving as the gold stan-
dard or control model. We measured the effects of the
type of connector wire on the stability of the miniscrew
and the movement of the anchorage unit. In this way, it
is possible to choose the most appropriate technique for
each clinical situation, depending on the characteristics
of occlusion and bone quality.

2. Materials and Methods

This was a 4-phase experimental in silico simulation study.
The model designed in this study was a simulation of the
clinical protraction of the right maxillary second molar into
the extraction space of the right first molar. A titanium
square-threaded tapered miniscrew with dimensions of 8 ×
1:6mm with a head length of 2mm [4] was placed in the
buccal and distal sides of the first premolar perpendicular
to the bone surface.

A stainless steel (SS) archwire 0:019′ × 0:025′ was simu-
lated as the base archwire in all models. The connection
between the miniscrew and the bone was defined as a tight
tie in all models. A protractive force of 150 g was applied
within each model. The spring type used in this study was
SS closed-coil [33] with wire diameter, lumen size, initial
length range, estimated stiffness of 0.010 (inch), 0.030 (inch),
4-10 (mm), and 1 (N/Sq·mm), respectively.

2.1. Study Models. Based on the above model, four models
(three main models and one extension) were prepared with
some differences (Figure 1).

Figure 4: An example of meshing.

Table 1: Material properties.

Material
Elastic modulus

(MPa)
Poisson’s
ratio

Cortical bone [41] 1000 0.3

Cancellous bone [41] 500 0.3

Dentine [41] 18600 0.3

PDL [42] 0.15 0.45

Stainless steel [43] 200000 0.3

Miniscrew titanium G5
[44]

115000 0.33

Ligature (dead soft wire)
[45]

8500 0.3

Figure 3: The miniscrew in use.
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2.1.1. Model 1 (Direct Absolute Anchorage). Model 1 is the
model with direct connection between the second molar
and the miniscrew using a spring between the power arm
of the molar tooth and the mini screw.

2.1.2. Model 2 (Rigid Indirect Absolute Anchorage). In this
model, a spring was used to connect the second molar to
the second premolar; using a rectangular 0:021′ × 0:025′
stainless steel (SS) wire, the second premolar was engaged
with the miniscrew (rigid connection).

2.1.3. Model 3 (Nonrigid Indirect Absolute Anchorage). In
this model, again a spring was used to connect the second
molar to the second premolar; however, the second premo-
lar was engaged with the miniscrew using a 0.5mm SS liga-
ture wire as the nonrigid connection (which had a smaller
elastic modulus and yield stress compared to the SS rectan-
gular wire used in model 2). In the direct anchorage model
(model 1), a force of 150 g [4] was applied parallel with the
occlusal plane using a spring between the center of the min-
iscrew head and the 8mm long SS power arm of the molar
band. In the two indirect anchorage models (models 2 and
3), the second premolar and miniscrew were attached using
a 0:021′ × 0:025′ SS wire (in the rigid indirect model [model
2]) and a 0.5mm SS ligature (in the nonrigid indirect model
[model 3]). In both the indirect models, a protraction force
of 150 g was applied to the second molar using a spring

between the molar’s hook and the second premolar’s hook
(Figure 1).

2.1.4. Model 4 (Parametric Extensions of Model 3). Since var-
ious elastic moduli had been stated for the ligature wire in
the literature [34–40], we also simulated a range of elastic
moduli in model 3 and reported the effects of parametric
changes in the ligature wire rigidity on stresses and displace-
ments of model elements.

The bone, tooth, and PDL models were modeled in
Mimics 3D image processing software (Mimics Research
21; Materialise NV; Brussels, Belgium) and 3-Matic (Materi-
alise). First, 16-bit monochrome CT scan images of a young
man with a distance of 1mm between the slices and a reso-
lution of 768 × 768 (NewTom VGi; Finland) were entered
into Mimics. Using segmentation tools, masks for the max-
illa, PDLs, teeth, and bones were created, and then a 3D
model of these components was created using the Calculate
3D command (Figure 2). Then, all the parts were exported
in the “.stl” format from these softwares. The miniscrews
were designed with the help of Helix and Revolution com-
mands in Solidworks software (version 2018, Dassault Sys-
temes; Paris, France), and the brackets and orthodontic
wires were designed in ANSYS software (ANSYS Work-
bench 2021, ANSYS Inc., Canonsburg, Pennsylvania,
USA). The components were assembled together in ANSYS
(Figure 3). Parts exported in the “.stl” format from Mimics
and 3-Matic softwares (Materialise) in Geomagic software

131320

1813800

8259.4171090

2090200

2702400

8715.1
265410 314710

1191800

7201.3

ALL BODIES MINISCREW MC CB

Average von mises stresses (Pa)

Model 1

Model 2

Model 3

Figure 5: Average stresses exerted to different components in different models. MC: miniscrew+connections; CB: cancellous bone. Model 1
has direct anchorage; model 2 has rigid indirect anchorage; model 3 has nonrigid indirect anchorage.
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(3D Systems, Morrisville, North Carolina, United States)
became “parts” in the “.stp” format. After converting all
geometries to the “.stp” format, these geometries were
entered into Ansys Workbench 2021 (ANSYS Inc) for anal-
ysis. The maxilla was fixed at its upper surface. There were
487540 nodes, 227394 contact elements, 254167 solid ele-
ments, and 481564 total elements (Figure 4). The finite ele-
ment approximation was of higher order (quadratic

functions were used). Materials in the 3 models were
assigned the properties in Table 1 [41–45].

2.2. Outcomes. The created and loaded models were com-
pared in terms of von Mises stresses, hydrostatic stresses,
and movements of all the involved elements. If the PDL
hydrostatic pressure surpasses the capillary pressure in the
area, the risk of root resorption will increase owing to the

–0.28 –0.77

–4.55

0.41
–0.16 –0.46

–5.64

3.05

0.58 –0.35

–5.52

4.77

ALL BODIES ALL TEETH MOLAR BICUSPID

Average Displacements in the Y axis (mesiodistal, 𝜇m)

Model 1
Model 2
Model 3

Figure 7: Average displacements in the Y-axis (the mesiodistal direction, μm) in different models. Model 1 has direct anchorage; model 2
has rigid indirect anchorage; model 3 has nonrigid indirect anchorage. Positive values indicate distalization while negative values indicate
mesialization.

41.9 256.9 –139.4–41.2
430.6

–1064.7

–41.7

615.1

–2008.1

ALL TEETH MOLAR BICUSPID

Average Hydrostatic Stresses of PDL (Pa)

Model 1
Model 2
Model 3

Figure 6: Average hydrostatic pressures exerted to the PDLs in different models. Positive values are tensile stresses, and negative values are
compressive pressures. Model 1 has direct anchorage; model 2 has rigid indirect anchorage; model 3 has nonrigid indirect anchorage.
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impaired blood flow. PDL capillary pressure might be about
0.002 to 0.005MPa [46]. Also, compressive hydrostatic
stresses at the PDLs were compared with 0.0047MPa as a
threshold for significant increase of the risk of external root
resorption [46, 47].

3. Results

3.1. Model Stresses. Overall, the stress was distributed mostly
in the molar band’s power arm followed by the buccal sur-
face of the molar, around the miniscrew, and the buccal

–0.20

–0.13

–0.87

0.94

–0.82

1.63

MOLAR BICUSPID

Average Displacements in the Z axis (intrusive-extrusive, 𝜇m)

Model 1
Model 2
Model 3

Figure 9: Average displacements in the Z-axis (the intrusive-extrusive direction, μm) in different models. Model 1 has direct anchorage;
model 2 has rigid indirect anchorage; model 3 has nonrigid indirect anchorage. Positive values mean intrusive movement, while negative
values mean extrusion.

0.85
0.54

0.76

2.57

1.25

3.85

MOLAR BICUSPID

Average Displacements in the X axis (buccolingual, 𝜇m)

Model 1
Model 2
Model 3

Figure 8: Average displacements in the X-axis (the buccolingual direction, μm) in different models. Model 1 has direct anchorage; model 2
has rigid indirect anchorage; model 3 has nonrigid indirect anchorage. Negative values indicate buccal movement, while positive values
indicate palatalization.
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A: Model 1
Equivalent Stress-All Bodies
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
Max: 96,851
Min: 3.4133e-8
5/24/2021 6:13 PM

96.851
3
0.3
0.03
0.003
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Figure 10: Continued.
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surface of premolars and the buccal palate of the alveolar
bone of the molars, premolars, and canine (Figures 5–10).
The pattern of stress differed between Model 1 (direct
anchorage) with Models 2 and 3 (indirect anchorages), in a
way that the stress of premolars was considerably greater
in the indirect anchorage models (Figures 5–10). The extents
of the maximum stress were much greater in the direct
anchorage model than the two indirect anchorage models
(Table 2). The average stress of the whole system was greater
in Model 3 followed by Models 2 and 1 (Table 2).

MC: miniscrew+connections; CB: cancellous bone.

3.2. Miniscrew Stresses. The miniscrew stress when using a
ligature is approximately 30% of the rigid model using the
rectangular wire. The miniscrew stress using the rectangular
wire is approximately 82.4% of the miniscrew stress in the
direct model. As seen in Figure 11(a), the highest amount
of stress in the body of the miniscrew was created in the
direct anchorage model and its magnitude was 10.916MPa.
Figure 11(b) shows the miniscrew in the rigid indirect
anchorage model. The maximum stress in the body of the
miniscrew in this model was 9MPa and in the cervical half
of this miniscrew. Figure 11(c) shows the miniscrew in the

D: Model 4
Equivalent Stress-All Bodies
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
Max: 46.54
Min: 1.9947e-7
5/25/2021 11:46 PM
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Figure 10: Stresses of the model parts in different models: (a) model 1 with direct anchorage; (b) model 2 with rigid indirect anchorage; (c)
model 3 with nonrigid indirect anchorage.

Table 2: Simulation results.

Property Scope
Model 1 Model 2 Model 3

Minimum Maximum Average Minimum Maximum Average Minimum Maximum Average

Von Mises stress (Pa)

All bodies 0.034133 96851000 131320 0.19869 51224000 171090 0.19947 46540000 265410

Miniscrew 84.003 10916000 1813800 136130 32146000 2090200 3188.4 20948000 314710

MC 36528 33983000 2702400 2129.3 39577000 1191800

CB 1.3817 214350 8259.4 7.7935 129060 8715.1 6.921 107600 7201.3

Hydrostatic stress (Pa)
of PDL

All teeth -18550 19086 41.912 -22380 20448 -41.21 -21616 19891 -41.715

Molar -18550 19086 256.85 -22380 20448 430.59 -21616 19891 615.05

Bicuspid -1593.4 3491.4 -139.38 -8594.6 7366 -1064.7 -14919 12599 -2008.1

Displacement-Y (μm)

All bodies -29.86 7.8788 -0.27785 -22.776 9.2276 -0.16363 -23.173 12.898 0.58086

All teeth -15.046 7.8788 -0.76672 -18.853 9.2276 -0.46188 -18.982 9.5846 -0.35065

Molar -15.046 7.8788 -4.5531 -18.853 9.2276 -5.6413 -18.982 9.5846 -5.5237

Bicuspid -0.047037 0.93044 0.41375 0.023664 5.7812 3.0526 -0.14605 9.1463 4.7655

Displacement-X (μm)
Molar -8.0563 10.925 0.85247 -7.2972 11.676 0.76299 -7.0894 12.648 1.2485

Bicuspid -0.071982 1.1741 0.54464 0.53623 5.4207 2.5706 0.68342 8.6448 3.8454

Displacement-Z (μm)
Molar -1.7501 1.3832 -0.19644 -3.1339 2.3739 -0.86759 -3.0095 2.1798 -0.81859

Bicuspid -0.47873 0.13339 -0.12516 -0.30058 1.8392 0.93506 -0.19574 3.1345 1.6291
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Figure 11: Continued.
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nonrigid indirect anchorage model. The maximum stress in
the body of the miniscrew in this model was 3MPa (green
color spectrum). According to the above results, the highest
stress was applied to the screw in the direct anchorage
model, and the lowest stress was applied in the indirect non-
rigid anchorage model (Table 2).

3.3. Cancellous Bone Stresses. The stress on the spongy bone
was almost halved in the rigid model (0.12906 MPa) and the
nonrigid model (0.1076 MPa) compared to the direct model
(0.21435 MPa). In Figure 12(a), the stress exerted to the
spongy bone is shown in the direct anchorage model. At
the location of the miniscrew socket, the color is red, which
indicates the maximum stress created on the spongy bone
(with a magnitude of 0.21435MPa) due to the application
of force. Figure 12(b) shows the stress on the spongy bone
mostly around the second premolar and second molar roots
in the rigid indirect anchorage model. The maximum stress
reported in this model was 0.12906MPa. Figure 12(c) shows
the equivalent stress on the spongy bone in the nonrigid
indirect anchorage model. The maximum stress reported
in this model was 0.1076MPa which would be observed
around the second premolar and second molar roots. As
can be seen from the Table 2, the highest amount of stress
in the spongy bone was created in the direct anchorage
model (Figure 12(a)) and was in the miniscrew hole followed
by the bone surrounding the second premolar root, while the
lowest amount of stress was seen in the spongy bone in the
indirect nonrigid anchorage model 3 (Figure 12(c), Table 2).

3.4. Hydrostatic Pressure at the Premolar PDL. Using a liga-
ture wire, more root resorption was observed in the anchor-
age unit. Figure 13(a) shows the hydrostatic stress in the
PDL of the premolars in the direct anchorage model. The
red color spectrum indicates the highest amount of tensile
hydrostatic stress created in the PDL of cervical third of
the distobuccal side of the root of the first premolar at

0.0035MPa. The maximum tensile strength is seen over a
small area close to the miniscrew and may be caused by
the tension caused by the traction of miniscrew to the distal
side. Figure 13(b) shows the hydrostatic stress in the PDL of
premolars in the rigid indirect anchorage model. The red
color spectrum in the PDL of the second premolar root indi-
cates the maximum tensile stress created at 0.007366MPa on
the buccal side extending to the mesial side through the cer-
vical to the apical areas. The maximum tensile hydrostatic
stress was as well seen on the buccal side of the PDL of the
first premolar root. Figure 13(c) shows the hydrostatic stress
in the PDL of premolars in the nonrigid indirect anchorage
model. Similar to the pattern of the tensile strength observed
in model 2, the maximum amount of tensile stress is created
at 0.012599MPa in the root of the second premolar over the
buccal and mesial sides from the cervical to the apical areas.
Unlike model 2, in this model, the tensile hydrostatic stress
is much less in the first premolar PDL. In the comparison
of these three models, the lowest amount of tensile hydro-
static stress in the premolars was related to the direct
anchorage model, while the highest hydrostatic pressure
was seen in the nonrigid indirect anchorage model
(0.012599MPa). In the two indirect anchorage models, the
compressive hydrostatic pressure (shown by the color blue)
is seen on the distal sides of the roots, and is considerably
greater in the nonrigid indirect model (model 3). In the
direct anchorage model (model 1), the compressive hydro-
static pressure (blue) was observed in the mesial surface of
the second premolar root, right beside the miniscrew hole,
suggesting that it is the miniscrew that is exerting the com-
pressive force over the root of the second premolar
(Figure 13, Table 2).

3.5. Hydrostatic Stress in the Second Molar PDL. In the rigid
model, using the rectangular wire, the maximum compres-
sive stress was observed in the molar. The reason for the
slight difference with the nonrigid model seems to be the

D: Model 4
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Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
Max:20.948
Min: 0.0031884
5/25/2021 11:56 PM
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Figure 11: Stresses of the miniscrew in different models: (a) model 1 with direct anchorage; (b) model 2 with rigid indirect anchorage; (c)
model 3 with nonrigid indirect anchorage.
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Figure 12: Continued.
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greater extent of distal movement of the premolars. In fact,
with more movement of the premolars in the distal direction
in the third model (nonrigid) compared to the second one
(rigid), the spring closes and the force decreases.

The patterns of hydrostatic pressure distribution in the
molar root PDLs were similar in the three models, with the
tensile stress (warm colors) being higher in the distal sides
of the mesiobuccal and distobuccal roots and the mesial side
of the palatal root (which may be due to a mesial-in rota-
tion). The amounts of the maximum tensile stress were
rather similar among the models (0.019086, 0.020448, and
0.019891MPa, respectively, in models 1, 2, and 3). On the
other hand, the compressive hydrostatic pressure (blue color
spectrum) was seen on the mesial sides of the buccal roots,
on the mesial side of the root trunk, and on the distal side
of the palatal root, reinforcing the “mesial-in rotation” idea.
The compressive stress was the greatest in model 2 and the
smallest in model 1 (Figure 14, Table 2).

3.6. Displacement through the Y-Axis (Mesiodistal)

3.6.1. The Premolars. Using the ligature wire, the anchorage
loss was 1.5 times the amount of anchorage loss using the
rectangular wire. The patterns of displacement in the mesio-
distal direction were similar among the models (especially
between models 1 and 2). Positive values indicate distal
movement while negative values indicate mesial movement.
The most extent of distal displacement was seen in the buc-
cal side of the crown of the first premolar followed by the
crown of the second premolar. Apical areas displaced less
than the coronal areas, indicating tipping of these teeth.
Also, palatal sides moved less than buccal sides, indicating
some degree of rotation as well. The maximum displacement
extents were the highest in model 3 and the lowest in model
1. Comparing the extents of movement in the distal direc-
tion, the displacement of the premolars in the nonrigid indi-
rect anchorage model was the highest extent (highest

anchorage loss) and it had the lowest extent in the direct
anchorage model (the lowest anchorage loss) (Figure 15,
Table 2).

3.6.2. The Second Molar. In the direct model, the force is
applied close to the center of resistance of the molar, which
leads to a uniform distribution of stress throughout the
tooth. Therefore, the movement will be bodily, and com-
pared to models 2 and 3 (in which the force is applied at a
distance from the center of resistance and tipping is done),
less movement is observed in the direct model. In the non-
rigid model using the ligature wire, more distal movement
of the premolars is observed compared to the second model
(in which, the movement of the premolars is inhibited using
the rectangular wire); the more distal movement of the pre-
molars leads to spring closure and reduced force. Thus,
using the ligature wire, the molar’s displacement is slightly
reduced (second model: 0.00564mm, third model:
0.00552mm).

The pattern of second molar mesialization was similar in
all three models, with the buccal side being mesialized more
than the palatal side, which indicates a “mesial-in” rotation
of the tooth during protraction. Also, the coronal mesializa-
tion was greater than apical movement (which became
slightly distalized), indicating an uncontrolled tipping move-
ment. The amounts of maximum mesialization were similar
for the indirect anchorage models (-0.018853 and
-0.018982mm, respectively, in models 2 and 3), both being
greater than the extent of mesialization in the direct model
(model 1, -0.015046mm). The same pattern was also seen
in the amounts of the average mesialization (Figure 16,
Table 2).

3.7. Displacement on the X-Axis (Buccolingual)

3.7.1. The Premolars. In all the three models, both the pre-
molar teeth moved in the palatal direction (the positive
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Figure 12: Stresses of the bone in different models: (a) model 1 with direct anchorage; (b) model 2 with rigid indirect anchorage; (c) model 3
with nonrigid indirect anchorage.
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Figure 13: Continued.
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values on the X-axis). This lingualization reduces from the
posterior to the anterior segments. Also, it reduces from
the coronal tip to the apical area. The extent of palatalization
is much less in model 1 compared to the lingualization
extents seen in the indirect anchorage models. Between the
two indirect anchorage models, the maximum and average
lingualizations of model 3 (nonrigid indirect anchorage)
were considerably greater than those of model 2 (rigid indi-
rect anchorage), which might imply a higher risk of anchor-
age loss in model 3 (Figure 17, Table 2).

3.7.2. The Second Molar. The displacement of the second
molar in the X-axis was positive (towards the palate) on
the mesial side and negative (towards the buccal) on the dis-
tal side, indicating a “mesial-in” rotation of the tooth with
the axis of rotation almost passing through the long axis of
the tooth. The extent of this rotation was quite similar
throughout the vertical dimension of the tooth, i.e., from
the coronal tip to the root apices. This pattern was observed
in all models. And the extents of the maximum and mini-
mum X-axis displacements were rather similar among the
three models. The average X-axis movement was somehow
similar in models 1 and 2 (model 1 slightly larger); however,
the average X-axis displacement was considerably greater in
model 3 (Figure 18, Table 2).

3.8. Displacement on the Z-Axis (Intrusive or Extrusive)

3.8.1. The Premolars. The positive values show intrusive
motion while negative values show extrusion. In all the
models, the buccal side of the crown was extruded while
the buccal side of the root was intruded, and this intrusive
motion was more vivid towards the apical area. The palatal
parts of the crowns and roots underwent intrusive displace-

ment. These indicated a simultaneous buccal root torque
and palatal crown tipping, as in uncontrolled tipping. Root
and palatal tooth intrusive movements were much greater
in the indirect anchorage models (2 and 3) compared to
the direct anchorage model (#1). And between the two indi-
rect anchorage models, it was greater in the nonrigid one
(model 3). On the other hand, the extrusive movement of
the buccal side of the crowns was greater in the direct
anchorage model (1) followed by models 2 and 3
(Figure 19, Table 2).

3.8.2. The Second Molar. In model 1, the force is applied
close to the center of resistance of the molar; hence, less tip-
ping is created compared to the second and third models. In
the second model, the rigid wire holds the base arch in place
(in fact, it has inhibited the distortion of the base wire as a
result of applying the force). Therefore, less intrusion is
observed compared to the third model; in other words, the
molar’s unwanted movement is reduced.

The patterns of Z-axis displacements of the second
molar differed between the direct anchorage model (model
1) and the two indirect anchorage models (models 2 and
3). In the indirect anchorage models (2 and 3), the mesial
side of the tooth (equally from the coronal to the apical
areas) tended to have intrusive displacements, while the dis-
tal side (again both coronal and radicular areas equally)
tended to become extruded; the long axis of the tooth tended
to have almost no movement in the Z-axis. The maximum
intrusive movement was slightly smaller than the maximum
extrusive movement, in both models. Overall, the two indi-
rect anchorage models tended to mesially tip the crown of
the second molar while at the same time, distally torque its
root (both movements around somewhere close to the center
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Figure 13: Hydrostatic stresses in the PDL of the premolars in different models: (a) model 1 with direct anchorage; (b) model 2 with rigid
indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Negative values indicate compressive stresses, and positive values indicate
tensile ones. Negative values smaller than -0.0047MPa pose a significantly higher external root resorption risk. The spring shows the force
direction. The pair of root PDLs on the right side of each subimage is exactly the same pair of root PDLs on the left side, only from a
different angle of view (apical view).
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Figure 14: Hydrostatic stresses in the PDL of the second molar in different models: (a) model 1 with direct anchorage; (b) model 2 with
rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Negative values indicate compressive stresses; positive values
indicate tensile stresses. Negative values smaller than -0.0047MPa pose a considerably higher risk for root resorption. The spring shows
the force direction. The root PDLs on the right side of each subimage are exactly the same PDLs on the left side, only from a different
angle of view (apical view).
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Figure 15: Continued.
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of resistance) again causing an uncontrolled tipping
(Figure 20, Table 2).

However, the direction of Z-axis displacement in the
first model differed: instead of the mesial side, the mesiobuc-
cal side (mostly buccal with a small mesial extension) tended
to have the maximum intrusive displacement (almost similar
for the crown and root), while at the same time, instead of
the distal side of the tooth, the distopalatal side (mostly pal-
atal with a small distal extension) of the palatal root followed
by the distopalatal side (again mostly palatal with a small
distal extension) of the crown had the most extrusive dis-
placement. Again, the long axis had almost no Z-axis dis-
placement. The extents of the maximum intrusive and
extrusive movements were similar. All of this indicated an
uncontrolled tipping with mesiobuccal (more buccal than
mesial) tipping of the crown and a distopalatal (mostly pal-
atal) torque of the root around the center of resistance of the
tooth (Figure 20, Table 2).

The magnitudes of the maximum intrusion were quite
similar between the two indirect anchorage models (2 and
3). They were twice as larger than that in model 1. Similarly,
the magnitudes of the maximum extrusions observed were
as well similar between models 2 and 3, each being greater
than the first model. The “average” Z-axis displacements
were negative (extrusive) in all the three models; these were
very similar in the indirect anchorage models (2 and 3), both
being much greater than the rather subtle average (extrusive)
movement seen in model 1 (Figure 20, Table 2).

3.9. Parametric Assessment of ligature’s Elastic Modulus
Alterations. The simulation was repeated with different elas-
tic moduli for the ligature in model 3 (nonrigid indirect
anchorage); the effects of such parametric changes on
stresses and displacements were assessed. It was shown that
the diagram of changes in von Mises stresses would reach a

rather steady slope at some elastic moduli (Figure 21, Sup-
plementary Table 1). A similar pattern was observed for
the PDL hydrostatic pressures, although with a less
remarkable overall change in hydrostatic pressures as a
function of increasing the modulus of elasticity. In this
regard, the minimum hydrostatic pressure remained below
the critical value of -0.0047MPa (as the threshold for root
resorption risk), meaning that there was a risk of root
resorption at all different moduli of elasticity (Figure 22,
Supplementary Table 2).

3.9.1. Displacements in the Y-Axis (Mesiodistal). By increas-
ing the elastic modulus of the wire, the distal movement of
the premolars decreased, which means strengthening the
anchorage and more resistance to anchorage loss
(Figure 23, Supplementary Table 3).

3.9.2. Displacements in the X-Axis (Buccolingual). With
increasing the elastic modulus of the wire, a slight decrease
in premolar displacement in the buccolingual axis was
observed (Figure 24, Supplementary Table 4). As the
rigidity of the wire increases, its resistance to the
buccolingual displacement increases and prevents the
palatal movement of the teeth.

3.9.3. Movements in the Z-Axis (Intrusive/Extrusive). By
increasing the rigidity of the ligature wire, a slight increase
in the intrusive movement of the premolars in the vertical
axis was observed, while the extrusive motion of the molar
was reduced (Figure 25, Supplementary Table 5). The force
vector from the ligature wire on the premolar tooth is
mesioapical. With increasing the rigidity, the intrusive
component also increases, and the intrusive movement of
the premolar increases.
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Figure 15: Displacements of the premolars through the Y-axis (the mesiodistal direction) in different models: (a) model 1 with direct
anchorage; (b) model 2 with rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Positive values indicate distalization;
negative values mean mesialization. The spring shows the force direction.
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Figure 16: Continued.
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4. Discussion

Effective management of the space of missing posterior teeth
is a major challenge in orthodontic treatment. Posterior
edentulous spaces are commonly seen in adult maxillary
arches, the most common of which is the loss of the first
molars due to caries [4]. The greater the amount of tooth
displacement, the more difficult it is to control for side
effects. In molar protraction, due to the large mesiodistal
dimensions of the tooth, even with temporary skeletal
anchorages, controlling the transverse, vertical, and horizon-
tal dimensions is not easy [48]. Three models were consid-
ered to investigate the stress distribution. The miniscrews
simulated in this study were 1.6mm in diameter and 8mm
long and were placed vertically in the interdental space of
the first and second premolars. According to previous stud-
ies, the vertical angle of miniscrew placement reduces stress
concentration and increases the likelihood of miniscrew sta-
bility [49]. In all models of the present study, a force of 150 g
was applied according to previous studies [4]. In the direct
anchorage model, the force was applied from the miniscrew
to the power arm of the second molar. In the indirect
anchorage models, direct and indirect forces were applied
from the hook of the second premolars to the second molars,
and the teeth of the anchorage unit were fixed using a
stainless-steel wire and a ligature steel. In the present study,
the average second molar displacement in all 3 models was
mesially, palatally, and extrusive. In previous studies, it has
been mentioned that there is an increase in the possibility
of molar tooth extrusion and subsequently creating an ante-
rior open bite, which emphasizes the importance of control-
ling the vertical dimension [50].

Our findings had some clinical implications. In the direct
anchorage method, there is the lowest possibility of anchor-
age loss and at the same time the highest risk of failure and
loosening of the miniscrew. The stress created in the bone

around the miniscrew is almost double compared to the
indirect model. In situations where it may not be suitable
due to certain factors (such as the young age of the patient
or in low-density bones such as the maxillary alveolar pro-
cess), we should provide measures to improve the stability
of the miniscrew. For example, we should remove the force
from the miniscrew and use indirect anchorages; this
reduces the risk of miniscrew failure. Rigid or nonrigid con-
nection can be used for indirect anchorage (in indirect
anchorage, the stress in spongy bone was halved). But indi-
rect anchorage increases the amount of anchorage loss. In
the nonrigid indirect anchorage model—using ligature wir-
e—compared to the rigid one—using full-size steel wire,
the extent of anchorage loss was about 1.5 times greater.
But the advantage of using ligature wire was the less stress
created in the miniscrew and its surrounding bone: i.e.,
about 70% stress reduction was observed in the miniscrew
body. In the nonrigid method, the least amount of stress
was created in the miniscrew and its surrounding bone; this
allows us to use a smaller diameter and length of the minis-
crew. This can be useful in some cases such as choosing min-
iscrews in the interdental area where the space is more
limited such as between premolars [51]; in less dense bones
like the maxilla; and or in the younger patients who have a
lower bone density.

Some studies have shown that there is a need for high
anchorage control in molar protraction; according to them,
with insufficient anchorage, there is a possibility of tipping
of the molar and root resorption [52]. In an earlier research
[53], in general, placing the miniscrew in the buccal area
(due to the passage of the force through the buccal side of
the center of resistance) could lead to unwanted expansion,
while placing the miniscrew in the palatal area will reduce
the width of the arch [53]. However, in the present study,
despite the buccal placement of the miniscrew, the average
displacement of molars and premolars was palatally. The
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Figure 16: Displacements of the second molar on the Y-axis (the mesiodistal direction) in different models: (a) model 1 with direct
anchorage; (b) model 2 with rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Negative values indicate
mesialization. The spring shows the force direction.
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Figure 17: Displacements of the premolars on the X-axis (the buccolingual direction) in different models: (a) model 1 with direct anchorage;
(b) model 2 with rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Positive values indicate palatalization; negative
values indicate buccal movements. The spring shows the force direction.
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Figure 18: Movements of the second molar in the X-axis (the buccolingual direction) in different models: (a) model 1 with direct anchorage;
(b) model 2 with rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Positive values indicate lingualization. The spring
shows the force direction.
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Figure 19: Displacements of the premolars on the Z-axis (the intrusive-extrusive direction) in different models: (a) model 1 with direct
anchorage; (b) model 2 with rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Positive values indicate intrusion;
negative values indicate extrusion. The spring shows the force direction.
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Figure 20: Displacements of the second molar through the Z-axis (the intrusive-extrusive direction) in different models: (a) model 1 with
direct anchorage; (b) model 2 with rigid indirect anchorage; (c) model 3 with nonrigid indirect anchorage. Negative values indicate
extrusion. The spring shows the force direction.
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Figure 21: Continued.
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Figure 21: Parametric assessment of the miniscrew stresses (MPa) by increasing the elastic modulus of the ligature wire (GPa). Average
changes up to 500GPa (a); average changes up to 10000GPa (b); minimum, maximum, and average changes (c).
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Figure 22: Parametric evaluations of the hydrostatic stresses (Pa) in the PDLs of model 3 at different elastic moduli up to 500GPa. Negative
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direction of the force components will determine the direc-
tion of displacement. In our study, the miniscrew was placed
in the buccal side. However, due to the shape of the arch
being narrower at the location of the miniscrew (between
the premolars) compared to the location of the second
molar, the components of the force will be mesially and lin-
gually; probably because of this, the movement of the tooth
had finally become palatally. In other studies, the unwanted
side effects of molar protraction were a buccal force, tipping
of adjacent teeth, mesial rotation and buccalization of molar
teeth, and crossbite [50]. In the study of Marusamy et al.
[52], during maxillary molar protraction, the archwire needs
to be expanded at each visit to prevent crossbite due to tooth
movement to a narrower arch area [52]. In the study of Hol-
berg et al. [30], mandibular molar protraction was compared
using dental anchorage and miniscrew. In the use of dental
anchorage, high stresses were reported on the anchorage
unit tooth, indicating the high potential of the anchorage
loss. In their direct anchorage model, the loss of the anchor-
age (premolar movement) was effectively prevented, but the
high stress around the miniscrew could lead to loosening or
loss of the miniscrew. The main problem in this model was
the mesial rotation of the molar. To offset this movement,
it was recommended to apply force from the lingual to the
molar tooth [30]. In the current study, the mesial rotation
of the molar was seen in all three models, which is due to
the application of force to the buccal side of the center of
resistance of the molar tooth. The indirect anchorage model
might be preferred by many clinicians because it provides
freedom in choosing the location of the miniscrew, reduces

the risk of damage to the tooth roots, and allows the use of
appropriate biomechanics to control the teeth. In the indi-
rect anchorage model, less displacement was observed on
the second premolar tooth compared to the dental anchor-
age and more displacement was observed compared to the
direct anchorage [30]. In our study, the highest displacement
of the premolars was related to the indirect nonrigid anchor-
age model, which was seen in the distal and palatal direc-
tions; the lowest displacement of the premolars was related
to the direct anchorage model, which in the mesiodistal axis
was approximately one tenth of the maximum displacement
in the nonrigid indirect anchorage model. The average
movement of the premolars in the direct anchorage model
was less than indirect models, which can be expected owing
to the lack of force exerted onto the premolars in the first
model. The results of this study were in line with other stud-
ies reporting that the rate of anchorage loss was higher in
indirect anchorage models [4, 30]. The average movement
of the premolars in the rigid indirect anchorage model of
this study was less than that in the nonrigid one: due to
the larger size and reduced elasticity of the wire connected
to the miniscrew and the second premolar tooth, the move-
ment of the teeth of the anchorage unit is more prevented;
but the stress on the miniscrew and the surrounding bone
increases, which increases the chance of the miniscrew fail-
ing. The results of this study showed that the highest amount
of stress in the body of the miniscrew was created in the
direct anchorage model (10.916MPa) while the lowest
amount of stress was in the indirect anchorage model
(3MPa). Previous studies have also shown that applying
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force directly to the miniscrew creates excessive force on the
bone around the miniscrew and increases the chances of
loosening and failure [30, 54]. The results of our study
showed that the stress level in the miniscrew and bone in
the three models was lower than the yield stress of titanium
(692MPa) and bone (200MPa) [55]. Therefore, the minis-
crew had sufficient strength against the forces in three
models.

Root resorption may occur during orthodontic treat-
ment in the same areas where physiological root resorption
begins as these areas are more sensitive to local changes
[56]. In fact, orthodontic forces applied to the teeth cause
stress distribution in the PDL. PDLs containing very small
blood vessels are exposed to this stress. If the pressure is
beyond capillary blood pressure, it causes collapse and dys-
function of blood vessels in supplying the blood [57].
According to Schwarz, there is a possibility of root resorp-
tion if pressure exceeds capillary blood pressure in the
PDL [57–59]. Capillary blood pressure range has been
reported between 15 and 35mm of Hg (0.0020 to
0.0047MPa) [46, 57, 60]. Mechanical stress can cause
changes in blood flow, which is a factor in root resorption
[61]. Therefore, hydrostatic pressure can be considered a
key factor in assessing the risk of root resorption during
orthodontic treatment [57]. The extent of the resorption also
depends on the amount of force and torque applied [61–63].
In a recent study, no clear resorption was found in the trac-
tion region, which can suggest that odontoclasts do not
respond to traction stimuli [64]. The pressure exerted by
the tooth root on the bone and the surrounding PDL is the
main factor determining the rate of tooth movement, not
the force exerted on the tooth crown [65]. The optimal range
of stress and force to induce the optimal rate of tooth move-
ment should be between 0.015-0.026N/mm2 and 150-260
grams, and more than this amount will reduce tooth move-
ment [65]. Therefore, the force used in this study was within
the optimal range [65]. In all models of this study, this force
caused the maximum compressive hydrostatic pressure
points (with a value greater than 0.0047MPa) in the PDL
of the second molar, in the mesial sides of its buccal roots
(especially over the coronal thirds) and its root trunk as well
as the distal side of its palatal root (particularly at the middle
and apical thirds). In the nonrigid and rigid indirect anchor-
age models (models 2 and 3), the highest compressive
hydrostatic stress in the PDL was created in the distopalatal
root of the premolars and its values were 0.0149 and
0.00859MPa, respectively. If the compressive hydrostatic
stress is greater than 0.0047MPa, the risk of root resorption
is largely increased [46, 47]. Therefore, in the nonrigid
model, we expect more resorption in the teeth of the anchor-
age unit due to the greater movement and compression of
these teeth against the bone. In the direct anchorage model,
the maximum compressive hydrostatic stress was
0.0015MPa in the premolars, which was less than the
resorption threshold and well tolerated.

In the study of Nihara et al. [66], to determine the most
desirable force system for the protraction of mandibular
molars using a miniscrew in the interradicular area in the
buccal side of the mandible, a power arm was used on the

molars at different lengths (2 to 10mm). The position of
the miniscrew in different models was placed up to 8mm
more apical than the level of the gingival margin of the sec-
ond molar (with vertical intervals of 2mm). They concluded
that mesiodistal tipping decreased with increasing the power
arm length to 8mm; at the 10mm length, distal crown tip-
ping occurred despite the mesial force, but the buccolingual
displacement changed less and remained a buccal tipping
[66]. In the direct anchorage model of our study, using a
power arm, the force was applied near the center of resis-
tance. In this model, the average and maximum movement
in the mesial direction were less than other models in which
the force was applied farther from the center of resistance of
the molar.

In our study, the application of 150 g force in the rigid
indirect anchorage model resulted in 0.129MPa of stress in
the spongy bone, and in the nonrigid indirect anchorage
model resulted in 0.107MPa of stress in the spongy bone;
this higher stress in the rigid model can play a role in min-
iscrew failure. It was found that factors such as the connec-
tion of ligature wire or elastomeric chain increase the risk
of miniscrew failure through plaque accumulation: plaque
builds up around the elastomeric chain, leading to more
inflammation around the miniscrew and more failure [67].

Besides root resorption, there is bone resorption risk as
well. According to previous studies, increasing the level of
stress and pressure can disrupt periosteal blood supply and
lead to necrosis and bone resorption [68–70]. In this study,
we preferred to calculate bone stresses rather than deformi-
ties. Since the model is considered having a linear elastic
behavior, there is total reciprocity between strain (defor-
mity) and stress; in other words, any strain level (that causes
microdamage or other failure types caused by deformation)
can be replaced with a corresponding stress level. Thus, we
felt it would be more appropriate to calculate stresses
(instead of deformities) for the sake of greater simplicity
and comprehensibility of the outcomes and their interpreta-
tions. Moreover, there was no “stress or strain threshold” for
the objective calculation of cancellous bone resorption in the
literature. Therefore, we had to stick with the PDL pressure
which has an objective threshold for root resorption and
hence is examinable scientifically and objectively.

SS ligatures are very soft and malleable wires made from
deadsoft wires [14]. In previous studies, different values were
reported for the elastic modulus of this wire: it was reported
8500MPa, 130000MPa for 0.007-inch diameter, and
140000MPa for 0.011-inch diameter [34]. In various FEA
studies, different moduli of elasticity had been used, such
as 160 gigapascals [35], 168 gigapascals [36], 176 gigapascals
[37], 180 gigapascals [38], and 200 gigapascals [39, 40]. In
the present study, with increasing ligature rigidity, the pala-
tal and distal movements of the premolars decreased and
their intrusive movement increased. In other words, with
the increase in rigidity of the ligature wire, the resistance
to anchorage loss was increased. The increase in the premo-
lar intrusive displacement might seem to be caused due to
the apical direction of the connection of the anchorage teeth
to the miniscrew. As wire rigidity increased, the extrusion
and palatal movement of the molar decreased as well, which
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might be related to the increased resistance of the ligature
wire to movements. Molar mesialization was slightly
enhanced by increasing the wire rigidity. The increase in
the ligature wire rigidity might not much reduce the risk of
root resorption. No similar study was available to compare
our results with.

In the first model, the distal movement of the root of the
second premolar could be seen; it was very small and was
caused by the spread of force and the stretching of the gingi-
val fibers and hence not posing any serious anchorage loss
risk. This distal movement was much smaller than the
mesial movement of the root of the second molar. In the
buccolingual axis (X-axis), the palatal displacement of the
mesial half of the root of the second molar and the buccal
displacement of the distal half of the root of the second
molar can be seen. In fact, the rotation of the tooth took
place around the vertical axis. But in the second premolar
region, the palatal displacement of the root of the second
premolar is observed, and the magnitude of this displace-
ment is reduced towards the apical side. The amount of
molar movement is more than the premolar. It seems that
because the force is applied directly to the second molar,
the greatest movement should be expected in it. In the verti-
cal axis (Z-axis), an extrusive movement can be seen in the
region of the root of the second premolar, which decreases
toward the apical side. In the mesiobuccal root of the second
molar, the movement is intrusive, while in the distobuccal
and palatal roots of the second molar, the movement is
extrusive. The average displacement of the second molar is
greater than the second premolar.

In the second model, the distal displacement of the sec-
ond premolar root and the mesial displacement of the molar
root can be seen in the Y-axis. In both teeth, the magnitude
of this displacement decreases towards the apical. It should
be noted that the amount of molar root movement is greater
than the amount of second premolar root movement. In this
model, the lingual displacement of the second premolar root
and the lingual displacement of the molar’s mesiobuccal root
and the buccal displacement of its distobuccal and palatal
roots can be seen in the X-axis. The lingual displacement
of the second premolar is less than that of the second molar,
which seems reasonable considering the existence of a full-
sized rigid wire that prevents the movement of the premolar.
In the Z-axis, the intrusive movement of the premolar roots
can be seen, which increases toward the apical end. In the
second molar region, in the mesiobuccal root, the movement
is mainly intrusive, and in the distobuccal and palatal roots,
the movement is mainly extrusive. The amount of displace-
ment of the molar root is greater than that of the premolar,
which is due to the restraint caused by the rigid connecting
wire between the miniscrew and the second premolar tooth.

In the third model, in the Y-axis, these movements were
noted: the distal displacement of the root of the second pre-
molar (toward the apical side, the magnitude of this dis-
placement decreases); the mesial displacement of the
buccal roots of the second molar; and the distal displace-
ment of the palatal root of the second molar. In fact, the
rotation of the second molar is observed around the vertical
axis. Molar root movement is greater than premolar root

movement. In X- and Z-axes, the displacement pattern
observed is similar to the rigid model.

Hence, overall, it can be said that in direct anchorage, the
highest amount of root displacement is observed in the sec-
ond molar roots; in the premolars, the amount of displace-
ment is very small, practically without anchorage loss. The
total displacement of the root of the second premolar is dis-
topalatal and extrusive, while the second molar roots are
rotated around the vertical axis (i.e., the buccal roots were
mesialized and the palatal root was distalized); furthermore,
the mesiobuccal part of the second molar was intruded,
while distobuccal and palatal parts were extrusion. In rigid
anchorage and nonrigid anchorage, it is again observed that
the root displacement of the second molar is greater than
that of the premolar. In these two types of anchorage, the
types of movements observed in the root area were similar
to direct anchorage; with the difference that in premolar
roots, the movement is intrusive (which seems to be due to
the presence of a connecting wire between the tooth and
the miniscrew).

One of the limitations of this finite element study is the
simplification of modeling the complex tissues and struc-
tures. For example, bone properties are assumed to be iso-
tropic and time-independent linear elastic, which differs
from bone behavior in the clinic. In addition, FEA disregards
numerous parameters such as various patients’ sexes, ages,
statures, or genetics. Anatomy and structural properties vary
from person to person. This examination is essentially a
static analysis which is hard to generalize to clinical situa-
tions; hence, its implementation and interpretation need
cautious decision-making [71]. Furthermore, FEA may not
simulate long-term kinetics of tooth movement, needing
slow and quite complicated biological alterations in live tis-
sues like remodeling of the PDL and bone [72]. Thus, future
clinical studies are needed to assess our results. However, the
finite element method is advantageous over clinical or even
in vitro studies, as it can provide a very precise and detailed
overview of the mechanics of the whole system and each of
its parts, not possible with any other approach. Applying
biologically comprehensible and multifaceted in silico simu-
lations may allow the prediction of root resorption risk and
also the clarification of some mechanisms underlying ortho-
dontic tooth movement [73].

5. Conclusions

Within the limitations of this FEA simulation, the following
could be concluded:

(1) The miniscrew stress and the spongy bone stress
were much larger in the direct anchorage compared
to the indirect anchorage models

(2) The lowest miniscrew and cancellous bone stresses
were seen in the nonrigid indirect anchorage model

(3) Palatalization of the premolars in the nonrigid indi-
rect anchorage model was considerably greater than
the rigid one. Between the indirect anchorage
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models, the nonrigid anchorage model had a
greater root intrusion

(4) In the indirect models, there might be some risk of
root resorption of the anchorage teeth, and this
might be greater in the nonrigid indirect anchorage
compared to the rigid one. In the direct model, the
greatest compressive and tensile hydrostatic stresses
were observed in the PDL parts around the
miniscrew

(5) Hydrostatic pressure patterns of the molar PDLs
might be rather similar in the three tested models,
with the tensile stress concentrating in the distal
sides of the mesiobuccal and distobuccal roots and
the mesial side of the palatal root, and compressive
hydrostatic pressures seen on the mesial sides of the
buccal roots, on the mesial side of the root trunk,
and on the distal side of the palatal root. The com-
pressive stresses were the lowest and highest in the
direct anchorage and rigid indirect anchorage
models, respectively; however, extents of tensile
stresses were similar

(6) The miniscrew load of 150 g might not break the
titanium body of the implant in any of the three
models. However, the miniscrew and bone stresses
imply a higher risk of miniscrew loosening in the
direct anchorage model and a lower one in the non-
rigid indirect anchorage method. Therefore, it
seems that when the bone quality around the
mini-implant is not appropriate, shifting to the
nonrigid indirect anchorage paradigm might be
preferable to avoid a high risk of miniscrew failure

(7) Using ligature wire increases the risk of anchorage
loss and root resorption in the anchorage unit

(8) Between the two indirect anchorage methods, the
rigid one might provide a greater extent or rate of
molar protraction

(9) The direct anchorage method is more likely to pro-
vide a bodily (but slower maximum) movement of
the molar compared to the indirect anchorage
methods

(10) Increasing the rigidity of the connecting wire in the
nonrigid indirect anchorage method might slightly
accelerate the mesialization of the second molar,
while reducing the risk of anchorage loss
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Introduction. Absolute anchorages obtained from temporary anchorage devices (TADs, miniscrews) considerably facilitate dental
movements and make some very difficult movements such as full-arch intrusions possible. Despite the significance of assessing
strategies to fully intrude the arch using mini-implants, there is no study in this regard except a few case reports. Therefore, we
simulated/tested 4 scenarios. Methods. Four maxilla models were created with different miniscrews/appliances: (1) two
miniscrews were placed distal to laterals and one in the mid sagittal region. (2) Two mini-implants were inserted in mesial of
canines and 2 others between bilateral first and second molars, plus another TAD in the midpalatal area, plus a transpalatal
arch (TPA). (3) Two mini-implants were inserted between bilateral canines and first premolars and 2 others between bilateral
first and second molars + TPA. (4) Two mini-implants were installed between lateral-and-canine and 2 miniscrews between
second premolars and first molars + TPA. Intrusive forces (80 g anterior, 150 g posterior) were exerted using stainless-steel coil
springs. Stresses/displacements were measured. Risk of external root resorption was evaluated. Results. The highest amounts of
incisor/molar intrusion were seen in model 1. Model 2 had fewer intrusions, but its control over undesired movements was
greater. Model 4 drastically reduced molar intrusion and considerably increased premolar intrusion. Overall amounts of
intrusion were highest in the first 2 models, marking them as proper candidates for cases needing greater intrusion extents.
Model 2 may be useful when miniscrew loosening/failure is a concern, while model 1 is recommended when fewer miniscrews
are allowed. Overall, the highest and lowest root resorptions might occur in models 1 and 4, respectively. Conclusions. Each
model showed certain efficacies/drawbacks and thus is recommended for a particular set of cases. Therefore, depending on the
diagnosis and treatment plan, one or more of these scenarios might be desirable.

1. Introduction

Excessive gingival display, also known as “gummy smile,” is
an esthetic concern among dental patients, because it is gen-
erally considered unpleasant and causes many patients to
seek treatment for this problem [1]. A gummy smile, in
which more than 3 to 4mm of gingival tissue is exposed
when smiling, causes an esthetic disharmony. Anatomical
landmarks that play a role in creating a gingival smile

include the maxilla, lips, gingival structures, and teeth [1].
To achieve a beautiful smile, all these anatomical structures
must be in harmony with each other [1]. The various causes
of gummy smile are altered passive eruption of teeth, den-
toalveolar extrusion, vertical maxillary excess, short or
hyperactive muscles of the upper lip, or a combination of
them [2].

Altered passive eruption can be corrected with crown
lengthening surgery, which can be achieved through
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gingivectomy or apically positioned flap. When the hyperac-
tive upper lip is the main cause of gummy smile, surgical or
nonsurgical methods (botulinum toxin injection) can be
used for treatment [3].

However, gummy smiles caused by dentoalveolar and
maxillary height etiologies are much more difficult to han-
dle. In the past, dentoalveolar extrusion and increased max-
illary height could only be corrected through orthognathic
surgery, which is an invasive procedure [3]. However, with
the advent of temporary skeletal anchorage devices (TADs),
it has been reported that in some cases, gummy smiles
caused by dentoalveolar extrusion and increased maxillary
height can be corrected [3, 4]. Some case reports have shown
that a miniscrew can achieve the same effect as maxillary
impaction with Le Fort I surgery, and this way a gummy
smile can be corrected with the full intrusion of the maxil-
lary arch [5].

Dental intrusion is often an integral part of orthodontic
treatment because it improves the sagittal and vertical rela-
tionships of the incisors, corrects the angle between the inci-
sors and subsequently the gingival line, and restores the
beauty of the smile [6]. Nikolai defines intrusion as a form
of translational tooth movement that moves apically along
the longitudinal axis of the tooth, while Burstone defines it
as the apical movement of the geometric radicular center rel-
ative to the occlusal plane or a plane defined based on the
long axis of the tooth [7–9].

Despite the significance of strategies to fully intrude the
arch (and correct the gummy smile caused by dentoalveolar
extrusion and vertical maxillary excess) using absolute
anchorages provided by mini-implants, there is no study in
this regard except a couple of case reports [3–5]. Therefore,
we aimed to simulate, for the first time, four different strat-
egies of full arch intrusion using TADs and study their
dynamics, efficacies, and potential adverse effects (such as
the risk of root resorption, indicated by an excessively high
PDL hydrostatic pressure which can collapse the capillaries
and impair blood flow [10, 11]).

2. Materials and Methods

This study was an experimental 4-phase in silico simulation.
First, the models were created and then loaded.

2.1. Modeling in the Mimics and 3-Matic Programs. Models
of the bones, teeth, and PDLs were modeled in Mimics 3D
image processing program (Mimics Research 21; Materialise
NV; Brussels, Belgium) and 3-Matic software (Materialise).
For this purpose, CT scan slices with an interslice distance
of 1mm (NewTom VGi; Finland) were fed into Mimics. Seg-
mentation tools were used to create masks for the teeth,
bones, and PDLs. Afterwards, the Calculate 3D command
was used to create a 3D model of these elements. Next, the
export functions of these programs were used to create all
these parts in the “.stl” format.

To design the mini-implants, the Helix and Revolution
commands of the Solidworks program (version 2018, Das-
sault Systemes; Paris, France) were used. For designing the
orthodontic wires and brackets, the ANSYS program

(ANSYS Workbench 2021, ANSYS Inc., Canonsburg, Penn-
sylvania, USA) was used. Finally, the elements were assem-
bled together in the ANSYS environment. The titanium
miniscrews were self-drilling and conical square threaded.

2.2. Geometry Conversion in the Geomagic Program. The
Geomagic program (3D Systems, Morrisville, North Caro-
lina, United States) was used to convert the parts exported
in the “.stl” format from the Mimics and 3-Matic programs
(Materialise) into “parts” in the “.stp” format.

2.3. Analysis in the ANSYS Program. Following altering all
components to the “.stp” format, they were opened by
ANSYS Workbench 2021 (ANSYS Inc.) for simulations.

2.4. Simulation Models. All models designed in this study
were a simulation of the full arch intrusion of maxillary
teeth. The thickness of the periodontal ligament was
assumed to be uniformly 0.25mm, and the alveolar bone
crest was constructed following the curvature of the cemen-
toenamel junction (CEJ), 1mm apical to the CEJ. Prescrip-
tion brackets were designed based on the 0.022-inch-slot
MBT system. The position of the brackets on the teeth was
also based on this system. A stainless steel (SS) 0:019′ ×
0:025′ archwire was crated as the archwire in all models.
The arch form was designed as oval. The midpoints of the
incisal edge of the tips of the buccal cusps and the apex of
the roots were used as landmarks to assess the extent of dis-
placement. The occlusal plane was defined by connecting the
midpoint of the central incisal edge and the mesiobuccal
cusp of the first molar. The teeth, alveolar bone, brackets,
periodontal ligament, and archwires were constructed using
fine tetrahedron solid elements, and all isoparametric and
linear elastic objects were assumed to be homogeneous.
Owing to the displacement of the dentition within the basal
bone, the model was limited to the nasal floor of the alveolar
bone in all directions. The connection between the minis-
crew and the bone was defined as a tight tie in all models.
The miniscrew movements were negligible and thus were
not reported.

Four different models were created with the above gen-
eral descriptions and the following specifics (Figure 1).
Two of them were inspired by two case reports [4, 12], but
the other two were designed by the authors. In all models,
the length of miniscrews were based on earlier references
[4, 12, 13].

2.4.1. Model 1. This model was partly derived from a case
report [4]. Two miniscrews with a diameter of 1.6mm and
a length of 6mm were placed distally to the lateral teeth
along with closed stainless-steel (SS) coil springs for the
intrusion of the maxillary anterior teeth. For the intrusion
of the incisors, 80 grams of force was applied on each side.
A palatal TAD (6mm long, 1.8mm in diameter) was placed
in the mid sagittal region, parallel to the palatal root of the
first molar. For molar intrusion, 150 g of force was applied
on each side (Figure 1).

2.4.2. Model 2. Four buccal miniscrews with a diameter of
1.6 and 6mm were installed: two screws were placed in the
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mesial side of the canines and two screws between the first
molar and the second molar. An 80g force was exerted from
each screw using SS closed coil springs. A mini-implant (with
a diameter of 1.8mm and a length of 5mm) was inserted in
the midpalatal; 80 grams of force was applied on each side of
it with SS closed coil springs. A transpalatal arch (TPA) of
0.9′ wire was also placed (Figure 1).

2.4.3. Model 3. This model was inspired by a case report
[12]. In this model, two miniscrews were placed between
the maxillary canines and the first premolars on each side,
and two other miniscrews were placed between the first
and second maxillary molars (1.6mm in diameter and
6mm in length) on each side. Intrusive forces of 80 g in

the anterior region and 150 g in the posterior region were
applied vertically to the maxillary archwire from the min-
iscrews through SS closed coil springs. A TPA made of
0.9′ wire was applied as well (Figure 1).

2.4.4. Model 4. This model was rather similar to the 3rd
model, apart from the locations of the mini-implants
(1.6mm in diameter and 6mm in length): The anterior min-
iscrews were placed between the lateral and canine teeth on
each side and between the second premolars and the first
molars on each side. Intrusive forces of 80 g in the anterior
region and 150 g in the posterior region were applied verti-
cally using closed coil springs. The TPA in use was made
of 0.9′ wire (Figure 1).
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Figure 1: The models in use. From top to bottom: models 1, 2, 3, and 4.
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2.5. Material Properties. Materials in the models were
assigned the properties explained in Table 1 [14–17]. The
simulated spring type was SS closed-coil [18] with the fol-
lowing characteristics: wire diameter of 0.010 inch, lumen
size of 0.030 inch, initial length range of 4-10mm, and esti-
mated stiffness of 0.67N/Sq.mm.

2.6. Meshing. After applying the properties of the compo-
nents, their meshing, which is one of the main parts of finite
element analysis, was performed. To do this, the model was
divided into smaller three-dimensional parts called ele-
ments, which were made up of a number of nodes. The total
number of elements in the model was 133161 tetrahedral
elements, and the number of nodes was 252999.

2.7. Boundary Conditions. In the next step, boundary condi-
tions were applied: in this step, the fixed parts of the model
were identified and forces were applied to the model. The
maxilla was immobilized at its upper surface (Figure 2).

2.8. Outcomes. The duration for finite element simulations
was 1 second. The created and loaded models were com-
pared regarding hydrostatic stresses of PDLs, von Mises
stresses, and displacements of all the components. Several
methods can be used to explain tooth displacement, two of
which are used in this study. Tooth movement can be
described based on the displacement of each tooth and its
bracket, meaning that an axis of local coordinates is drawn
at the location of the bracket. Another way is to use an exter-
nal reference such as a global coordinate system [19]. We
used both of these systems to illustrate the movements of
the teeth in the 3D space. The global axes were defined as
follows: The Y-axis was the posterior-anterior axis with pos-
itive values indicating posterior movements and negative
values indicating anterior movements. The X-axis was the
lateral movement (right-left) axis, with positive values indi-
cating the displacement towards the patient’s left side, while
negative values indicating the movement towards the
patient’s right side. The Z-axis was for the vertical move-
ment, with positive values indicating intrusion (upward
movement) and negative values indicating extrusion (down-
ward movement). The local axes were defined individually
for each tooth: The vertical axis was defined as exactly the
global Z (vertical) axis. The mesiodistal axis was defined as
the axis pointing from the distal (negative) to the mesial

(positive) of each tooth. The buccolingual (or buccopalatal)
axis was defined as the axis pointing from the buccal (nega-
tive) to the palatal (positive) of each tooth.

It is suggested that if the PDL hydrostatic pressure
exceeds the capillary pressure in the area, the vessels will col-
lapse and blood flow to that area will be impaired, increasing
the risk of root resorption. Capillary pressure in the PDL is
estimated to be about 0.002 to 0.005MPa [11]. Therefore,
compressive hydrostatic stresses at the PDLs were compared
with -0.0047MPa as a threshold for a significant increase of
the risk of external root resorption [10, 11].

3. Results

3.1. Miniscrew Stresses

3.1.1. Model 1. The palatal miniscrew endured more stresses
than the two buccal miniscrews. The maximum stress in a
great part of the buccal miniscrews was about 1MPa. In
the cervical and middle thirds of the buccal miniscrews, sec-
tions with a stress of up to 3MPa were also seen. The mini-
mum stress (up to 1MPa) was seen in the head of the palatal
miniscrew; the stress increased in the neck of the miniscrew
and reached a maximum of 3MPa. In the cervical and mid-
dle thirds of the threads, an increased stress and an approx-
imate stress of 4-8MPa was observed. In the apical part, like
the head of the miniscrew, a little stress (up to 1MPa) was
seen (Figure 3, Table 2).

3.1.2. Model 2. In the second model, the stress distribution
on the buccal and palatal miniscrews was relatively similar.
In most parts of the palatal miniscrew (such as the head,
neck, and apex), the maximum stress on the miniscrew
was 1MPa, but in some parts of the threads, the stress was
1-2MPa. In parts of the buccal miniscrew neck, stress was
seen up to a maximum of 2MPa. Stresses of approximately
2-4MPa were observed in parts of the threads of the cervical
third of the buccal miniscrews (Figure 3, Table 2).

3.1.3. Model 3. In the third model, similar stresses were seen in
the buccal miniscrews. In most of the neck of the miniscrews
and their cervical half, a stress of 2-6MPa was observed. At
the head of the miniscrews and their apical parts, the maxi-
mum stress was 1 megapascal (Figure 3, Table 2).

3.1.4. Model 4. In the fourth model, the stress levels in the
miniscrews were relatively similar. Stress was minimal in
the head and apical parts of the miniscrews (maximum:

Table 1: Material properties.

Material
Elastic modulus

(MPa)
Poisson
ratio

Cortical bone [14] 1000 0.3

Cancellous bone [14] 500 0.3

Dentine [14] 18600 0.3

PDL [15] 0.15 0.45

Stainless steel [16] 200000 0.3

Miniscrew titanium
G5 [17]

115000 0.33

A: Static structural
Static structural
Time: 1. s
3/28/2021 8: 29 pm

Fixed support

Figure 2: The fixed support of the maxilla.
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0.5MPa). The stress on the neck of the miniscrew increased
to 1-2MPa. In most of the threads of the cervical half of the
miniscrews, a stress of about 1-4MPa was observed. In a
small fraction of the cervical third of each miniscrew, an
approximate stress of 4-6MPa was observed (Figure 3,
Table 2).

Palatal mini screw in model 1 tolerated the greatest
stress. Buccal miniscrews in model 2 were less stressed than
other models (Figure 3, Table 2).

3.2. PDL Hydrostatic Pressure

3.2.1. Model 1. In the anterior teeth and premolars and parts
of the second molars such as the palatal root and the palatal
part and most of the buccal parts of the buccal roots, peri-
odontal ligament compression was observed at a maximum
of 0.002MPa. The maximum tension was 0.004 which was
observed in parts of the second molars. In the cervical and
middle parts of the buccal roots of the first molar teeth, ten-
sions up to 0.008MPa were observed. In the apical parts of
the buccal roots, the furca region, and the palatal roots of
the first molars, compression zones of about 0.012MPa were
observed. The maximum compressive stress was 0.020MPa,
which was seen in the apical parts of the palatal roots of the
first molars. The areas with a high risk of root resorption
were the apical parts of the palatal root of the first molars
(Figure 4, Table 3).

3.2.2. Model 2. In most of the periodontal ligament of the
anterior teeth and second premolars and molars, especially
in the apical region and labial surfaces, mostly compression
areas were observed. The maximum compressive hydrostatic
pressure was 0.002MPa and the maximum tensile hydro-
static stress was 0.001MPa. In the mesiobuccal section of
the mesiobuccal root of the first molars and the distal root
of its distobuccal root, tension with a maximum value of

0.005MPa was observed. Compression was seen in the cervi-
cobuccal, furca and palatal roots of the first molars. The
maximum compression extent was 0.0109MPa. The cervico-
buccal area, the furca, and the palatal root of the first molars
were prone to external root resorption (Figure 4, Table 3).

3.2.3. Model 3. Tensile stresses were seen in parts of the
periodontal ligament of the central and lateral teeth, and
compressive pressures were seen in other parts of the
anterior teeth and premolars. The maximum compression
was 0.001MPa, and the maximum tension extent was
0.001MPa. Tensile stresses were observed in small parts
of the second molar with a maximum of 0.001MPa. But in
the major parts of the periodontal ligament of this tooth, com-
pressive pressures were seen. Maximum compression was
observed in the cervicobuccal area which was about 0.006.
Tensile stresses were observed in small parts of the mesiobuc-
cal root of the first molar and parts of its distobuccal root, the
maximum of which was 0.007MPa. Compression areas were
seen in the cervicobuccal, furca, and roots of the first molar.
The maximum compressive pressure in the apical parts of
the buccal roots was about 0.0152MPa (Figure 4, Table 3).

3.2.4. Model 4. Tensile stresses were seen on the labial
surfaces of the periodontal ligament of the incisors and
distoapical sides of the premolars, and compression was seen
in parts of the periodontal ligament of the anterior and first
premolars and second molars. The maximum compression
was 0.001MPa, and the maximum traction was 0.001MPa.
In a small part of the second premolar periodontal ligament,
tensile stresses were observed with a maximum of
0.0038MPa. Compression of the second premolar periodon-
tal ligament was observed in the cervicobuccal and apical
parts, with a maximum value of 0.00501MPa. In the first
molar, tensile stresses were seen in parts of the distal and
palatal roots. The cervicobuccal area of the second premolars

(a) Model 1 (b) Model 2

(c) Model 3 (d) Model 4

Figure 3: Mini-implant stresses (MPa). From top to bottom: models 1, 2, 3, and 4.
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and the apical areas of the buccal roots of the first molars
were prone to external root resorption (Figure 4, Table 3).

The average stress of all models was negative and com-
pressive. Model 1 had the greatest average (compressive)
hydrostatic stress, while model 4 had the lowest average
(compressive) stress. In model 3, the average stress was
higher than that in model 2. The cervicobuccal and apical
areas of the second premolars and the apical and cervicobuc-
cal areas of the buccal roots of first molars were prone to
external root resorption (Figure 4, Table 3).

3.3. Directional Displacements in the Global Y-Axis (Anterior-
Posterior)

3.3.1. Model 1. The crowns of the anterior teeth were dis-
placed anteriorly (buccalized) for -0.001mm, and their roots

were displaced posteriorly (palatalized, up to 0.001mm). The
crowns of the premolars were mesialized. Most of their roots
were also mesialized, but some apical parts of the roots in
the first premolars were distalized. The crown and roots
of the second molars were displaced posteriorly (distalized,
up to 0.001mm). The palatal cusps of the first molar teeth
were displaced anteriorly (mesially) by a maximum of
-0.0044mm. The buccal part of the first molars moved pos-
teriorly (were distalized) up to 0.002mm. The buccal roots
of the first molar teeth were displaced posteriorly (dista-
lized, up to 0.0036mm), and the palatal roots were moved
anteriorly (mesialized, up to -0.003mm) (Figures 5 and 6,
Table 4).

3.3.2. Model 2. The crowns of the first molar teeth moved
posteriorly (distally) and their roots anteriorly (mesially).

Table 2: Stresses of miniscrews (MPa).

Model Miniscrew Scope Min. Max. Avg.

1

Palatal
Whole body 0.0000008 16.1210000 1.4865000

Thread 0.0000008 16.1210000 1.9217000

Left
Whole body 0.0001052 4.1372000 0.7149800

Thread 0.0282100 4.1372000 0.7925700

Right
Whole body 0.0001071 3.9836000 0.7328300

Thread 0.0068716 3.9836000 0.8668500

2

Palatal
Whole body 0.0000524 7.2858000 0.6973300

Thread 0.0000524 7.2858000 0.9712000

Posterior-left
Whole body 0.0001009 5.8670000 0.8523300

Thread 0.0527440 5.8670000 0.9218400

Anterior-right
Whole body 0.0003064 4.4316000 0.7194800

Thread 0.0194830 4.4316000 0.7812000

Anterior-left
Whole body 0.0002860 4.4129000 0.7308100

Thread 0.0095590 4.4129000 0.7899000

Posterior-right
Whole body 0.0001355 5.9749000 0.8340100

Thread 0.0100770 5.9749000 0.9612800

3

Posterior-left
Whole body 0.0001892 10.7130000 1.6071000

Thread 0.1332100 10.7130000 1.7457000

Anterior-right
Whole body 0.0000396 5.6620000 0.9710100

Thread 0.0112180 5.6620000 1.0831000

Anterior-left
Whole body 0.0000861 8.2548000 1.3595000

Thread 0.0356900 8.2548000 1.6299000

Posterior-right
Whole body 0.0002547 10.8870000 1.5293000

Thread 0.0269770 10.8870000 1.7300000

4

Posterior-left
Whole body 0.0006735 10.5660000 1.5098000

Thread 0.0356050 10.5660000 1.7541000

Anterior-right
Whole body 0.0003839 5.5155000 0.8957400

Thread 0.0321420 5.5155000 0.9818700

Anterior-left
Whole body 0.0003572 5.5292000 0.9039300

Thread 0.0199810 5.5292000 0.9948500

Posterior-right
Whole body 0.0002007 13.9100000 1.8658000

Thread 0.0229710 13.9100000 2.2215000

Min: minimum; Max: maximum; Avg: average.
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The maximum displacement was observed in the crown of
the first molars (0.0012mm). The roots of the right first
molar were distalized, and the cervical and middle parts of
the left first molar were distalized and the apical parts were

mesialized. The crowns of the anterior teeth were palatalized
for up to 0.0002mm, and their roots were palatalized for
0.0002 to 0.0006mm. The second molars were distalized
up to 0.0004mm (Figures 5 and 7, Table 4).
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Hydrostatics stress-PDL
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(a) Model 1
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(b) Model 2

Model 3
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(c) Model 3
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Model 4
Hydrostatics stress-PDL
Expression: (S1+S2+S3)/3
Time: 1
Max: 0.0037212

0.0037212
0.003
0.002
0.001

Min: –0.0050141

–0.0050141
–0.004
–0.003
–0.002
–0.001
0

7/20/2021 8:26 am

(d) Model 4

Figure 4: PDL hydrostatic stresses (MPa) from the lateral and occlusal views. From top to bottom: models 1, 2, 3, and 4. Positive values
indicate tensile stresses while negative values show compressive pressures. Negative values below -0.0047MPa (i.e., compressive pressures
above 0.0047MPa) pose a considerably higher external root resorption risk.

7BioMed Research International



3.3.3. Model 3. The anterior teeth and premolars moved
slightly to the posterior (palatalized up to 0.004mm). The
premolars were distalized (maximum 0.004mm). The great-
est displacements were seen in the first molars. The roots of
the first molars became mesialized (maximum root displace-
ment: -0.0008mm), and their crowns, especially the palatal
cusps, became distalized (maximum crown displacement:
0.0016mm). The crowns of the second molars were mesia-
lized, and their roots were distalized (Figures 5 and 8,
Table 4).

3.3.4. Model 4. The anterior teeth became palatalized: most
displacements were at the root apex, and slight displace-
ments were seen at the incisal edge. The highest amount of
root palatalization was seen in the apical part of the lateral
(up to 0.0009mm). The crowns of the posterior teeth were
mesialized, and their roots became distalized. The greatest
displacements were observed in the first molar and premo-
lars (up to 0.0016mm) (Figures 5 and 9, Table 4).

In the anterior-posterior dimension, the second model
and then the third model had the most displacements. The
least displacement in this dimension was seen in the fourth
model. The differences in displacements of the models 1
and 4 were very small (Figures 6–9, Table 4).

3.4. Displacements on the Global X-Axis (Left-Right)

3.4.1. Model 1. The anterior teeth were mesialized (up to
0.003mm). The premolars were palatalized (up to
0.003mm). The crowns of the first molars became palatalized
(up to 0.015394mm), while the apex of their roots became
buccalized (up to 0.003mm) (Figures 5 and 10, Table 5).

3.4.2. Model 2. The posterior teeth became palatalized. In the
first molar teeth, the rate of palatalization was the greatest

(0.002mm). The anterior teeth were mesialized up to
0.006mm (Figures 5 and 11, Table 5).

3.4.3. Model 3. The crowns and roots of the left anterior
teeth became mesialized. The crown and root of the right
central moved distally. The crown and the cervical and mid-
dle parts of the right lateral moved distally, while the apical
part moved mesially. The right canine crown was distalized
while its root was mesialized. The crowns and roots of the left
premolars were palatalized up to 0.001mm. The crown of the
right premolars moved buccally, and their roots moved pala-
tally. The greatest movement was observed in the first molars
(maximum displacement: 0.0046mm). The crowns of the
first molars were buccalized up to 0.0046mm. Their roots
became palatalized up to 0.0036mm. The crowns of the sec-
ond molars moved towards buccal, and their roots moved
palatally (Figures 5 and 12, Table 5).

3.4.4. Model 4. The left central and lateral were mesialized,
while the other anterior teeth became distalized. The poste-
rior teeth became buccalized. The displacement rate in most
teeth was up to 0.0004mm. The most extent of movement
was observed in the second premolars at 0.00199mm
(Figures 5 and 13, Table 5).

In the X global axis, the highest displacement was seen in
model 1, while the lowest displacement was seen in model 2
followed by model 4 (Figures 11–13, Table 5).

3.5. Displacements on the Global Z-Axis (Vertical, Intrusive-
Extrusive)

3.5.1. Model 1. In this model, the intrusion was seen in all the
teeth except the second molars, the second premolars, and
the right first premolar. The second premolars, the right first
premolar, and the second molars were extruded (maximum
extrusion: 0.002mm). The maximum average of extrusion

Table 3: Hydrostatic stresses of the PDL (kilopascal (kPa)). Positive values indicate tensile stresses while negative values show compressive
pressures. Negative values below -4.7 kPa (i.e., compressive pressures above 0.0047MPa) pose a considerably higher external root resorption
risk.

N Tooth
Model 1 Model 2 Model 3 Model 4

Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.

2 Right second molar -3.071 3.965 0.635 -1.875 0.922 -0.282 -4.976 2.621 -0.692 -0.868 0.472 -0.105

3 Right first molar -20.021 11.591 -2.794 -10.937 5.149 -2.378 -15.184 7.135 -2.154 -3.05 2.41 -0.04

4 Right second premolar -0.769 0.996 0.043 -0.858 0.38 -0.174 -2.69 1.277 -0.657 -5.014 2.832 -0.829

5 Right first premolar -0.459 0.22 0.003 -0.465 0.151 -0.067 -1.67 0.724 -0.331 -1.737 0.607 -0.248

6 Right canine -0.926 0.576 -0.139 -0.76 0.663 -0.122 -2.285 0.533 -0.235 -1.21 0.72 -0.172

7 Right lateral -1.046 0.524 -0.142 -1.066 0.432 -0.111 -0.84 0.593 -0.033 -1.49 0.826 -0.126

8 Right central -0.913 0.687 -0.201 -0.91 0.372 -0.149 -0.613 0.607 0.007 -1.073 0.273 -0.158

9 Left central -1.466 0.991 -0.237 -1.03 0.638 -0.187 -0.588 0.498 -0.049 -1.408 1.212 -0.223

10 Left lateral -2.05 1.279 -0.217 -1.554 0.885 -0.16 -0.766 0.598 -0.047 -2.046 1.673 -0.188

11 Left canine -1.589 0.415 -0.27 -1.288 0.357 -0.204 -1.811 0.741 -0.26 -2.173 1.09 -0.29

12 Left first premolar -0.765 0.436 -0.097 -0.352 0.18 -0.069 -1.638 0.92 -0.151 -1.711 1.645 -0.117

13 Left second premolar -0.492 0.428 -0.001 -0.284 0.121 -0.022 -0.463 0.148 -0.054 -4.752 3.721 -0.2

14 Left first molar -16.417 7.337 -2.846 -6.945 3.349 -1.638 -6.16 3.527 -0.625 -3.207 2.113 -0.202

15 Left second molar -1.984 1.832 -0.1 -2.811 0.928 -0.654 -5.56 2.691 -1.124 -0.932 0.779 -0.08

N : tooth number based on the Universal Dental Notation system; Min: minimum; Max: maximum; Avg: average.
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was seen in the second molars. The highest amount of intru-
sion was seen in the first molars. The maximum intrusion
occurred in the palatal cusps of the first molars (maximum
intrusion: 0.012mm) (Figures 5 and 14, Table 6).

3.5.2. Model 2. The left second premolar and the second right
molar were extruded, but the other teeth were intruded. The
maximum amount of intrusion in the anterior teeth was
0.0005mm. The first molar teeth were intruded more than
other teeth, and the amount of intrusion was higher at the
palatal surfaces (maximum intrusion: 0.0052mm) (Figures 5
and 15, Table 6).

3.5.3. Model 3. The anterior teeth were intruded (maximum
intrusion: 0.0005mm). The highest amount of intrusion was
observed in the right first molar (maximum displacement:
0.0052mm). The second left molar showed the second max-
imum intrusion. Extrusion occurred in the right central and
left second premolar (Figures 5 and 16, Table 6).

3.5.4. Model 4. In this model, all teeth except molars were
intruded. The highest extent of intrusion was seen in the
premolars, especially the second premolar (maximum intru-
sion: 0.0024mm). Palatal roots and palatal cusps of the
molars were extruded (maximum extrusion: 0.0011mm,
Figures 5 and 17, Table6).

In the vertical dimension, the highest amounts of intru-
sion were seen in model 1 followed by model 2. The least
intrusion occurred in the fourth model (Figures 14–17,
Table 6).

The maximum and average extents of movement of each
tooth in each model in the local directions of mesial, distal,
buccal, lingual, intrusive, and extrusive have been illustrated
in Figure 5.

3.6. All Body Stresses

3.6.1. Model 1. The highest level of stress was seen in the
archwire between the lateral and canine teeth and between
the second premolars, first molars, and second molars. High
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Figure 5: Maximum and average displacements of each of the 14 assessed teeth (mm), in each of the 4 models, in the local directions of
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Figure 6: Displacements in the Y global direction (anterior-posterior) in model 1. Negative values indicate anterior movement, while
positive values indicate posterior movement.

Table 4: Displacements (μm) in the global Y-axis (anterior-posterior). Positive values indicate posterior movement while negative values
indicate anterior movement.

N Tooth
Model 1 Model 2 Model 3 Model 4

Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.

2 Right second molar -0.8561 1.6522 0.1938 -0.006 0.2233 0.085 -0.2819 0.1539 -0.0182 -0.2702 0.0491 -0.0825

3 Right first molar -4.4451 3.6742 -0.0588 0.2849 0.94 0.5937 -0.3746 1.6572 0.5277 -0.7248 0.3685 -0.1214

4 Right second premolar -0.4747 0.0126 -0.1977 -0.205 0.309 0.0653 -0.0903 0.4152 0.1971 -1.0682 0.4264 -0.2206

5 Right first premolar -0.5514 0.0474 -0.2339 -0.0109 0.1846 0.0715 0.1904 0.2988 0.2404 -0.2016 0.2211 0.0305

6 Right canine -0.5068 0.1192 -0.1744 -0.0133 0.2091 0.1092 0.1429 0.2944 0.2377 -0.0388 0.3484 0.1678

7 Right lateral -0.6167 0.2064 -0.1417 -0.0709 0.3835 0.1894 0.1772 0.3291 0.2366 0.0551 0.612 0.3853

8 Right central -0.7524 0.1524 -0.2853 -0.1219 0.2207 0.0678 0.0292 0.3392 0.1873 0.2208 0.3529 0.3163

9 Left central -0.7967 0.2976 -0.3204 -0.1778 0.3577 0.0599 -0.0064 0.2915 0.1368 -0.0559 0.6699 0.3281

10 Left lateral -0.7897 0.4918 -0.1663 -0.2357 0.5366 0.1476 0.0254 0.138 0.0788 -0.4363 0.9696 0.3074

11 Left canine -0.7273 0.3051 -0.1662 -0.19 0.2689 0.0788 -0.0702 0.2477 0.1039 -0.6953 0.388 -0.0591

12 Left first premolar -0.7138 0.0996 -0.3635 -0.161 0.1233 -0.0206 -0.1526 0.2661 0.0419 -0.9571 0.1787 -0.4609

13 Left second premolar -0.6716 -0.0189 -0.2829 -0.1153 0.0619 -0.0012 -0.117 0.0747 0.0094 -1.1324 0.1277 -0.4888

14 Left first molar -1.3722 1.465 0.1824 -0.9224 1.2803 0.1117 -0.885 1.0071 -0.0743 -1.6125 0.9381 -0.1241

15 Left second molar 0.0343 0.4685 0.2286 -0.004 0.3259 0.1628 -0.6031 0.4833 0.0001 -0.7531 0.1258 -0.2307

N : tooth number based on the Universal Dental Notation system; Min: minimum; Max: maximum; Avg: average.
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stresses were also seen in the lingual sheets of the first molar
bands. The first and second molars, laterals, and canines tol-
erated the most stress among all teeth. A similarly high stress
was observed in the bone around the miniscrew. Premolars
received the least amount of stress (Figure 18).

3.6.2. Model 2. The highest stress was seen in the archwires
in the area between the canine and lateral and between the
first and second molars and the transpalatal arch. Less stress
was exerted to the teeth. Small parts of the first and second
molars were subjected to higher stress than other teeth
(Figure 19).

3.6.3. Model 3. The highest amount of stress was seen mostly
in the archwire between the second molar, first molar, and
second molar and also between the canine and first premo-
lar. Most teeth received similar stress levels except some
parts of molars and canines that endured greater stresses
(Figure 20).

3.6.4. Model 4. The highest stress extents were exerted to the
archwire between the lateral and the first molar. The second

premolars and first molars suffered the most amounts of
stress (Figure 21).

4. Discussion

TADs (temporary anchorage devices) have increased ortho-
dontic treatment capabilities by providing the desired move-
ment of teeth in three dimensions, with their bone support.
TADs are used in molar control, incisor segment control,
molar distalization, and total arch displacement [19]. TADs
are also used to treat skeletal problems. In patients with ver-
tical maxillary excess who have excessive alveolar or gingival
display, total arch intrusion is used [20–24]. In a recent
review study, the use of miniscrews to reduce gingival
appearance and improve gingival smile has been described
as effective and practical [25]. The treatment of gingival
hyperplasia using a miniscrew, with or without increasing
the length of the periodontal crown, has advantages over
orthognathic surgery such as lower risks, easier orthodontic
biomechanics, less patient discomfort, increased cost-effec-
tiveness, and not increasing the width of the alar base [26].
One of the main uses of TADs is the intrusion of the anterior
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Figure 7: Displacements in the Y global direction (anterior-posterior) in model 2. Posterior movements are positive, while anterior
movements are negative.
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teeth in patients with gummy smile: One of the main chal-
lenges of orthodontic treatment is the deep overbite correc-
tion. In most cases, this correction is caused by extrusion
of the posterior teeth or a combination of anterior intrusion
with posterior extrusion, which is undesirable in patients
with vertical growth. In such cases, absolute anterior intru-
sion is necessary, especially when there is excessive incisors
with extruded teeth. In particular, in cases where orthodon-
tic opening of the posterior teeth using a bite plate or cervi-
cal retainer is contraindicated or unsuccessful, deep bite
correction is possible only with the intrusion of the anterior
teeth. In order to improve esthetics, patients with class 2
malocclusion with increased overjet and short-face height
(who show increased gingival exposure of the incisor teeth
at rest of the lips) are considered suitable candidates for such
intrusion [27].

Comparing the first and second models, it was observed
that in the second model, two buccal mini-implants were
added in the distal region of the first molars, as well as a
TPA. The results show that the addition of buccal force in
the molar region does not increase the amount of molar
intrusion, and that the molar and incisor intrusions remain

higher in the first model. But the side effects of intrusion
are reduced in the second model such that the rotation of
the molars towards the palatal is reduced and the general
mesial movement of the maxillary teeth compared to the
first model is well controlled. Additionally, the labial move-
ment of the incisors in the anterior region is also inhibited.
Interestingly, despite the similarity of the anterior settings
of the two models (#1 and #2), with the addition of posterior
miniscrews, the amount of anterior intrusion decreased
(without an increase in posterior intrusion). This decrease
in anterior intrusion is probably a reaction to the increase
in intrusive force at the posterior end of the wire. Comparing
the third and fourth models, In model 4, the TADs are
placed more mesially than in model 3 (in the third model,
the implants are placed in the distal of the canine and molar,
while in the fourth model, they are located in the mesial of
these teeth). Therefore, in the fourth model, a greater mesial
movement is observed in the posterior teeth. The placement
of the posterior miniscrews in the mesial of the first molars
drastically reduces the amount of molar intrusion. Whereas,
in the incisor region, there is no clear difference in the extent
of intrusion between the two models. Instead, the more
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Figure 8: Displacements in the Y global direction (anterior-posterior) in model 3. Posterior and anterior displacements are positive and
negative, respectively.
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mesial position of the posterior mini-implants in the third
model has caused the highest amount of premolar intrusion
in this model, in a way that unlike other models (which show
the highest amount of dental arch intrusion in the molar
area), in the third model, premolars are intruded more than
any other tooth.

In this study, the palatal miniscrew in the first model
(where a miniscrew was placed in the midpalatal between
the first molars and two buccal miniscrews were placed
between the laterals and canines) suffered the most stress.
Buccal miniscrews in model 2 (which included a miniscrew
in the midpalatal space between the first molars and four
buccal miniscrews between the laterals and canines and
between the molars) were less stressed than the other
models. Therefore, it seems that in cases where the failure
chance of the miniscrew is likely to be higher (due to the
presence of patient-related factors such as younger age or
poor oral hygiene [28]), the use of the second model is more
useful. On the other hand, where it is necessary to use a
smaller number of miniscrews and the stress on the minis-
crew is not important, the first model that uses the least
number of miniscrews is recommended. In the study of

Gracco et al., the maximum stress was seen in the miniscrew
head [29]. However, in the study of Fattahi et al. [30], the
maximum stress was recorded in the lower parts of the min-
iscrew neck, which is in line with the present study. In
another study [31], the pattern of stress distribution in min-
iscrews subjected to tooth intrusion was similar to our study.
In the present study, the posterior miniscrews suffered more
stress, which could be due to greater forces applied to them.
The greatest stress among the models has been applied to the
palatal miniscrew of the first model. By adding two buccal
miniscrews in the second model, the stress of the palatal
miniscrews has been reduced by almost half. And in this
sense, it can be helpful in increasing the stability of palatal
miniscrews.

Intrusion is a movement that makes the tooth prone to
root resorption [32, 33]. If hydrostatic pressure exerted on
the periodontal ligament is greater than the capillary pres-
sure in the area, blood flow to that area will be impaired.
Capillary pressure in the periodontal ligament is estimated
to be around 0.002 to 0.005MPa [11]. Based on the
0.0047-MPa threshold for compressive hydrostatic pressure
as a risk factor for root resorption [10, 11], the followings

0.000 15.000
7.500 22.500

30.000 (mm)

0.000 15.000
7.500 22.500

30.000 (mm)

0.000 15.000
7.500 22.500

30.000 (mm)

0.000 15.000
7.500 22.500

30.000 (mm)

0.000 15.000
7.500 22.500

30.000 (mm)

0.00 30.00
15.00 45.00

60.00 (mm)0.00 30.00
15.00 45.00

60.00 (mm)

0.00 30.00
15.00 45.00

60.00 (mm)

X

Z

Y

X
Z

Y

X

Z

Y

X
Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

X

Z

Y

Model 4
Directional deformation-all bodies-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.010365

0.010365
0.009
0.008
0.007

Min: –0.0017348

–0.0017348
–0.00010
0.001

0.004
0.003
0.002

0.005
0.006

7/20/2021 8:29 am

Directional deformation (Y axis)

Model 4
Directional deformation-all bodies-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.010365

0.010365
0.009
0.008
0.007

Min: –0.0017348

–0.0017348
–0.00010
0.001

0.004
0.003
0.002

0.005
0.006

7/20/2021 8:29 am

Directional deformation (Y axis)

Model 4
Directional deformation-teeth-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.00096961

0.00096961
0.0009
0.0006
0.0004

Min: –0.0016125

–0.0016125
–0.0012
–0.0008
–0.0004
0
0.0002

7/20/2021 8:33 am

Directional deformation (Y axis)

Model 4
Directional deformation-teeth-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.00096961

0.00096961
0.0009
0.0006
0.0004

Min: –0.0016125

–0.0016125
–0.0012
–0.0008
–0.0004
0
0.0002

7/20/2021 8:33 am

Directional deformation (Y axis)

Model 4
Directional deformation-all bodies-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.010365

0.010365
0.009
0.008
0.007

Min: –0.0017348

–0.0017348
–0.00010
0.001

0.004
0.003
0.002

0.005
0.006

7/20/2021 8:29 am

Directional deformation (Y axis)

Model 4
Directional deformation-all bodies-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.010365

0.010365
0.009
0.008
0.007

Min: –0.0017348

–0.0017348
–0.00010
0.001

0.004
0.003
0.002

0.005
0.006

7/20/2021 8:29 am

Directional deformation (Y axis)

Model 4
Directional deformation-teeth-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.00096961

0.00096961
0.0009
0.0006
0.0004

Min: –0.0016125

–0.0016125
–0.0012
–0.0008
–0.0004
0
0.0002

7/20/2021 8:33 am

Directional deformation (Y axis)

Model 4
Directional deformation-teeth-Y
Type:

Time: 1

Unit: mm
Global coordinate system

Max: 0.00096961

0.00096961
0.0009
0.0006
0.0004

Min: –0.0016125

–0.0016125
–0.0012
–0.0008
–0.0004
0
0.0002

7/20/2021 8:33 am

Directional deformation (Y axis)

Figure 9: Displacements in the Y global direction (anterior-posterior) in model 4. The displacement to the posterior direction is positive,
while anterior movements are negative.
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were found to be areas prone to resorption: in model 1, the
apical parts of the palatal root of the first molars; in model
2, the cervicobuccal area, the furca, and the palatal root of
the first molars; in model 3, the cervicobuccal area of the sec-
ond molars and the apical areas of the buccal roots of the
first molars; and in model 4, the cervicobuccal and apical
areas of the second molars and the apical areas and the cer-
vicobuccal and apical areas of the buccal roots of first
molars. In general, it seems that model 1 causes the highest
compressive hydrostatic pressure in the periodontal liga-
ment while model 4 causes the least stress, making it the
most conservative one. According to Pizzo et al. [34], root
resorption is an inflammatory process that leads to local
ischemia of the periodontal ligament after applying force
and is one of the most common complications of orthodon-
tic treatment. The risk factors related to this complication
include treatment-related factors such as the initial overjet
size, amount of force, the direction of dental movement,
and the method of applying force, treatment duration, and
factors related to the patient, such as a person’s sex, genetic
predisposition, some systemic diseases, anomalies in root
morphology, and dental trauma [34, 35]. Maxillary teeth

may be more prone to root resorption than mandibular ones
[36–39]. Among the maxillary teeth, the incisors are most
prone to root resorption [37, 40]. In the maxillary arch, after
the incisors, the molars are the next most prone to root
resorption [38, 41]. In some studies, it has been stated that
root resorption in premolars and molars may be trivial
[36–38, 42]. In some studies, it has been reported that the
intrusion movement has a great role in root resorption [33,
43–45]. This can be partially explained by the stress endured
by the apex during intrusion [33, 46]. On the other hand,
some studies did not show a relationship between intrusion
and root resorption [33, 43, 47]. In a meta-analysis, it was
asserted that the root resorption that occurs during intrusion
is clinically within an acceptable range [33]. In the present
study, the greatest risk for root resorption was seen in the
first molars. In the fourth model, in addition to the first
molars, the risk of root resorption was also seen in the sec-
ond premolars. A higher amount of intrusion was seen in
these teeth, which may be an associated with a greater prob-
ability of root resorption in these teeth. In an earlier study,
the posterior intrusion was examined through the fine ele-
ment method; they as well found the first molars to be
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Figure 10: Displacements in the X global direction (left-right) in model 1. Positive values indicate movements to the patient’s right side,
while negative values indicate movements to the patient’s left side.
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Figure 11: Displacements in the X global direction (left-right) in model 2. Positive and negative values indicate the movement towards the
patient’s right and left sides.

Table 5: Displacements (μm) in the global X axis (left-right). Positive values indicate displacements to the patient’s left side while negative
values indicate movements to the patient’s right side.

N Tooth
Model 1 Model 2 Model 3 Model 4

Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.

2 Right second molar 0.2216 3.4492 1.5025 0.15 0.4423 0.3237 -1.1963 0.8465 0.0108 0.0213 0.0939 0.0665

3 Right first molar -4.4648 15.394 4.1755 0.6511 2.8208 1.585 -4.663 3.6657 0.1074 -0.9887 0.8839 0.1123

4 Right second premolar 0.3454 1.1381 0.7602 0.2028 0.4756 0.3382 -1.0895 1.0665 -0.2038 -1.7791 1.8821 -0.2537

5 Right first premolar -0.0276 0.8414 0.4455 0.0832 0.2457 0.1504 -0.9842 0.9262 -0.2239 -1.1659 0.7048 -0.3645

6 Right canine -0.0383 0.4762 0.1835 -0.0103 0.1161 0.0649 -0.7483 0.4497 -0.1082 -0.6504 0.4443 -0.0798

7 Right lateral -0.0088 0.1921 0.1074 -0.08 0.1234 0.0391 -0.4353 0.0502 -0.1622 -0.279 0.2373 0.0282

8 Right central -0.0831 0.0601 -0.0169 -0.0876 0.0127 -0.0439 -0.3611 -0.0764 -0.2397 -0.1023 0.0357 -0.0276

9 Left central -0.3474 0.0597 -0.1256 -0.265 0.0096 -0.1182 -0.3741 -0.2147 -0.2896 -0.3244 0.1549 -0.0816

10 Left lateral -0.4709 0.0706 -0.2204 -0.3466 0.0436 -0.1652 -0.4233 -0.1486 -0.2968 -0.496 0.3966 -0.0569

11 Left canine -0.3997 -0.0361 -0.1876 -0.2218 -0.0204 -0.102 -0.3367 -0.0542 -0.2432 -0.212 0.805 0.218

12 Left first premolar -0.6432 -0.0597 -0.3962 -0.3566 -0.0239 -0.2147 -0.199 -0.1038 -0.1569 -0.4772 1.3827 0.6526

13 Left second premolar -0.8667 -0.1302 -0.4824 -0.4893 -0.0817 -0.2765 -0.2604 -0.1429 -0.2032 -0.3755 1.9971 0.7191

14 Left first molar -10.66 2.3408 -3.2119 -2.8718 -0.229 -1.3595 -2.1271 2.1591 -0.3178 -0.6387 0.0659 -0.3545

15 Left second molar -2.2129 -0.9151 -1.435 -0.6705 -0.153 -0.4767 -0.626 1.0607 0.0296 -0.5451 -0.2265 -0.3542

N : tooth number based on the Universal Dental Notation system; Min: minimum; Max: maximum; Avg: average.
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susceptible to root resorption [48]. In our study, in addition
to the apex of the molars, the furca area was also susceptible
to root resorption. This was in line with the results of
another study finding the furca as the most susceptible area
to resorption during intrusion [49].

In our first model, the crowns of the anterior teeth were
displaced buccally while their roots moved palatally. If the
buccal tipping movement is indicated, for example in class
II div 2 patients, this method can be useful in correcting den-
tal inclination [13, 19]. In other models, the anterior teeth
became palatalized, which can be helpful in patients with
dental protrusion or class II div 1 patients [13, 19]. In the
first and second models, the posterior teeth were palatalized;
thus, in cases where the teeth have a buccal inclination, the
use of these models is preferable [13, 19]. On the other hand,
in the third and fourth models, the posterior teeth became
buccalized, so in cases where the palatal inclination of the
posterior teeth is desired, this model can be used [13, 19].

In our first model, the crowns of the premolars were
mesialized, the crowns and roots of the second molars were
distalized, and the palatal portions of the first molars were
displaced to the mesial and their buccal portions to the dis-

tal. In the second model, the crowns of the first and second
molars were distalized. In the third model, the premolars
were distalized, the roots of the first molars were mesialized,
and their crowns, especially their palatal cusps, were dista-
lized; and the crowns of the second molars were mesialized
and their roots distalized. In the fourth model, the crown
of posterior teeth became mesialized and their roots were
distalized.

In the vertical dimension, the highest amount of intru-
sion was seen in our first model followed by the second
one. Therefore, when the amount of intrusion is crucial, it
seems more practical to use these two methods. The least
amount of intrusion occurred in the fourth model. The max-
imum intrusion of the premolars was seen in the fourth
model; hence, this method may be preferred when it is
important to control the movements of the premolars. The
maximum intrusion of the first molas was observed in the
first model, whereas, in the fourth model, the first molars
were extruded. In the second molars, the maximum intru-
sion occurred in the third model; but in the first and fourth
models, extrusion was observed (more in the first model).
Such extrusions might be due to wire deflection. Overall,
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Figure 12: Displacements in the X global direction (left-right) in model 3. Positive values indicate movements to the patient’s right side,
while negative values indicate movements to the left side.
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the fourth model does not seem to be successful in control-
ling the molar region. Few methods have been proposed in a
few case reports for maxillary full-arch intrusion. However,
the exact biomechanics of these methods, including the side
effects of each of them on the anterior-posterior movement
of the maxillary teeth (which can change the interarch rela-
tionship) or the resulting transverse dimensional changes,
have not been systematically studied. Also in full-arch intru-
sion, the rotation of the occlusal plane during intrusion is
very important. In patients with anterior open bite, a slight
clockwise rotation during intrusion is desirable. While in
patients with a long face with gummy smile, uniform intru-
sion in the anterior and posterior dental arch is preferred.
Finite element analysis allows us to comprehensively evalu-
ate the stress distribution and displacement of teeth in all
three spatial dimensions for each model. In this study, we
analyzed 4 models that at first glance seemed to effectively
lead to uniform anterior and posterior maxillary intrusion,
with minimal unwanted tooth movements in the anterior-
posterior or transverse dimensions. However, this was not
necessarily the case. Examination of our results shows that
the first and second models cause a brief palatal movement

of the crown of the posterior teeth, whereas, in the third
and fourth models, these teeth move towards the buccal
type. Therefore, the first two models should be used with
caution in cases where there is a tendency for posterior
crossbite before treatment or the roots of the posterior teeth
are close to the buccal cortex. In the first and second models,
where the posterior crowns became palatalized, the intrusive
force was also applied from the palatal, but in the third and
fourth models, despite the use of TPA, the teeth became buc-
calized. In the study of Kawamura et al. [50], it was reported
that during posterior intrusion, buccal tipping of teeth
occurred through buccal miniscrews, which recommended
the use of TPA, which is stiffer, lingual constriction bend
and lingual crown torque [50]. Only in the first model, the
anterior teeth moved buccally, but in the other models, the
anterior teeth became palatalized. The addition of two buccal
miniscrews in the posterior side of the second, third, and
fourth models may be effective in this regard. It is better
not to use model 1 in cases where the anterior teeth are
already in the buccal position and should not become more
buccalized. In the first and second models (in which in addi-
tion to buccal miniscrews, there were also palatal
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Figure 13: Displacements in the X global direction (left-right) in model 4. Positive values indicate movements to the patient’s right side,
while negative values indicate movements to the left side.
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Figure 14: Displacements in the Z global direction (vertical) in model 1. Positive values indicate intrusion while negative values indicate
extrusion.

Table 6: Movements (μm) in the global Z-axis (vertical, intrusive-extrusive). Positive values indicate intrusion while negative values indicate
extrusion.

N Tooth
Model 1 Model 2 Model 3 Model 4

Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.

2 Right second molar -2.8151 0.0506 -1.4054 -0.1441 0.0638 -0.0647 -0.4464 0.9838 0.2346 -0.144 0.045 -0.0406

3 Right first molar -1.1411 12.021 4.9139 3.5069 5.2231 4.283 0.2378 6.3665 3.6323 -1.1792 0.5967 -0.2499

4 Right second premolar -0.5503 -0.0816 -0.2979 -0.011 0.1612 0.0766 0.2935 1.5269 0.8597 0.1987 2.3968 1.194

5 Right first premolar -0.33 0.2424 -0.0198 -0.037 0.0497 0.0083 0.0107 1.0739 0.4913 -0.0636 1.1668 0.4724

6 Right canine 0.0664 0.5563 0.2918 0.0027 0.1988 0.0716 -0.0052 0.6591 0.2708 -0.1004 0.5573 0.2096

7 Right lateral 0.2236 0.9793 0.5303 -0.0596 0.3874 0.1351 -0.0172 0.2807 0.0796 -0.2476 0.4227 0.0484

8 Right central 0.4613 1.2538 0.8519 0.1715 0.4795 0.3102 -0.1311 0.1132 -0.0155 0.0652 0.2123 0.121

9 Left central 0.4476 1.3839 0.9419 0.1172 0.6051 0.3602 -0.1265 0.1143 0.0053 -0.1322 0.5661 0.1665

10 Left lateral 0.2897 1.3758 0.8061 -0.0127 0.6568 0.3034 0.0331 0.2269 0.1021 -0.3785 0.878 0.2107

11 Left canine 0.2745 1.0475 0.5943 0.1167 0.4656 0.2268 0.0341 0.3423 0.1519 -0.0428 0.888 0.3876

12 Left first premolar 0.0688 0.4701 0.2586 -0.0436 0.1596 0.0586 -0.0336 0.2173 0.0637 -0.103 1.0834 0.4485

13 Left second premolar -0.2358 0.1752 -0.0433 -0.1499 0.0495 -0.0497 -0.1214 -0.0106 -0.0775 -0.2225 1.3321 0.455

14 Left first molar 0.373 8.8284 4.0164 1.2881 3.712 2.4076 -0.601 2.2099 0.8569 -0.7636 0.8948 -0.0348

15 Left second molar -0.8398 0.167 -0.3456 0.4423 0.7901 0.6189 0.654 1.9433 1.2819 -0.5082 -0.0085 -0.1852

N : tooth number based on the Universal Dental Notation system; Min: minimum; Max: maximum; Avg: average.
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miniscrews), the highest amount of intrusion was seen; it can
be concluded that in total intrusion, the use of palatal minis-
crews contributes to more effective intrusion. In the study of
Till et al. [51] (in which the degree of distalization was exam-
ined), by placing two miniscrews between the premolars in
addition to the interradicular miniscrews (located between
the second premolar and the first molar), the molar distalli-
zation and retraction and incisor intrusion were considerably
higher than the group that included only interradicular min-
iscrews between the second premolar and the first molar [51].
Between the first and second models, the second model,
which used the greatest number of miniscrews, intruded
more teeth. In the fourth model, besides the lowest amount
of intrusion that was observed, the vertical control on the
molars was minimal and the highest amount of intrusion
was in the premolar area, which can be justified by the more
anterior position of the posterior miniscrews. This model is
recommended in cases where the inclination of the occlusal
plane is such that the need for intrusion in the premolars is
the maximum. It seems that increasing the number of minis-
crews has a positive effect on controlling the buccolingual
dimension of the posterior teeth and the mesiodistal dimen-

sion of the anterior teeth, because, in the second model with
the most miniscrews, the least dental displacements in the
said dimensions were observed. On the other hand, the high-
est displacements were detected in the first model with the
fewest miniscrews.

There is no FEA study on full-arch intrusion. Neverthe-
less, there are 3 finite element analyses examining intrusion
of the anterior teeth. A 3D finite element model was created
for six anterior teeth [52]. After adjusting the alveolar bone
loss to 0, 2 or 4mm, the positions of the miniscrews and
hooks were changed. Then, the primary displacement of
each tooth in three directions and the amount of labial tilt
after applying 100 grams of intrusive force were measured.
The findings showed that with the reduction of alveolar bone
height, the amount of labial tilt increased under the same
load. When a miniscrew was placed between two central
teeth, the mediolateral and anterior-posterior displacements
of the central incisor were significantly greater than other
cases. In the case where the miniscrew was placed in the dis-
tal of canines (and the distal intrusion force was applied to
the lateral incisors), the amount of labial tilting and displace-
ment of the six anterior teeth was the lowest, and the
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Figure 15: Displacements in the Z global direction (vertical) in model 2. Positive and negative values indicate intrusion and extrusion,
respectively.
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maximum stress was uniformly distributed in all teeth [52].
In another study, intrusive loading of maxillary incisors was
simulated [53]. The force application points were the follow-
ing: the central area between the brackets of the central inci-
sors, bilaterally between the brackets of the central and
lateral incisors, at the distal of the brackets of the lateral inci-
sors on both sides, and 7mm distal to the center of the
brackets of the lateral incisors on both sides. The results
showed that the stress (regardless of the application point
of the orthodontic force) was concentrated in the PDL of
the root apex region. Four loading models showed different
compressive stress values compared to the midsagittal refer-
ence line. Stress distributions in the central and lateral inci-
sors were not the same in a similar loading model. When the
force application point was in the distal of the brackets of the
lateral incisors, a more balanced compressive stress distribu-
tion was seen [53]. In the third study, the finite element
model was created from the central teeth to the maxillary
first premolar [54]. Four different modes of intrusion
mechanics were simulated with different placement loca-
tions for the miniscrews as well as different force application

points. In each model, a force of 25 g was applied to the max-
illary incisors. In all four models, there was an increase in
stress values in the apical region of the lateral incisor. Procli-
nation of maxillary incisors was also reported in all four
models. The absolute minimum intrusion was observed
when the miniscrew was placed between the lateral incisors
and canines, and the force was applied at a right angle to
the archwire (which is very common in clinical treatments).
It seemed that the apical region of the lateral incisor was the
most susceptible place for root resorption during the intru-
sion of anterior teeth. In clinical situations where minimum
flaring of the maxillary incisors is required, it is suggested
that miniscrews be placed between the roots of the lateral
incisors and canines, and the force be applied between the
central and lateral incisors. In order to achieve maximum
absolute intrusion, it is recommended to place the miniscrew
between the roots of the central and lateral incisors and
apply the force at a right angle to the archwire between the
two teeth [54].

This in silico simulation was limited by some factors. A
limitation for finite element modeling is its theoretical
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Figure 16: Displacements in the Z global direction (vertical) in model 3. Positive values indicate intrusion while negative values indicate
extrusion.
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Figure 17: Displacements in the Z global direction (vertical) in model 4. Positive and negative values indicate intrusion and extrusion,
respectively.
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Figure 18: All body stresses (MPa) in model 1.
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Figure 19: All body stresses (MPa) in model 2.
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Figure 20: All body stresses (MPa) in model 3.

Model 4
Equivalent stress-all bodies
Type: Equivalent (von-Mises) stress

Time: 1
Unit: MPa

Max: 83.436
Min: 2.2761e–10
7/20/2021 8:15 am

83.436
4
0.2
0.01
0.001
0.0001
2.2761e–10
1e–5

Model 4
Equivalent stress-all bodies
Type: Equivalent (von-Mises) stress

Time: 1
Unit: MPa

Max: 83.436
Min: 2.2761e–10
7/20/2021 8:15 am

83.436
4
0.2
0.01
0.001
0.0001
2.2761e–10
1e–5

Model 4
Equivalent stress-all bodies
Type: Equivalent (von-Mises) stress

Time: 1
Unit: MPa

Max: 83.436
Min: 2.2761e–10
7/20/2021 8:15 am

83.436
4
0.2
0.01
0.001
0.0001
2.2761e–10
1e–5

Model 4
Equivalent stress-all bodies
Type: Equivalent (von-Mises) stress

Time: 1
Unit: MPa

Max: 83.436
Min: 2.2761e–10
7/20/2021 8:15 am

83.436
4
0.2
0.01
0.001
0.0001
2.2761e–10
1e–5

0.000 15.000
7.500 22.500

30.000 (mm)

0.000 15.000
7.500 22.500

30.000 (mm)

0.000 15.000
7.500 22.500

30.000 (mm)

0.00 30.00
15.00 45.00

60.00 (mm)

X

Z

Y

X
Z

Y

X

Z

Y

X

Z

Y

Figure 21: All body stresses (MPa) in model 4.
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approach. Based on the hypotheses derived from the average
properties of bone or teeth or other structures, this analysis
is basically a static analysis that is difficult to apply in clinical
conditions; thus, careful decisions must be made to realize
its modeling and analysis [55]. Finite element studies only
examine very short-lived and very fast and also static
mechanical relationships. They do not and cannot examine
the biological changes happening over a long period of time
[56]. Root resorption has multiple potential mechanisms
including the engagement of the root with the cortical bone.
However, the movement of the roots towards the bone
cortex and its engagement with the cortical bone happens
over a long period of time and has biological mechanisms.
Therefore, it is impossible for finite element studies to exam-
ine such dynamics which occur in long term and through
biological mechanisms. Similarly, finite element studies can-
not examine the biological changes happening in a very long
time needed for the establishment of the secondary stability
of miniscrews. However, since clinical examination of novel
and unknown methods are not ethical in many situations,
FEA simulations can act as a beginning point in a chain of
research to be followed by later animal and clinical studies
[56]. Therefore, future animal and clinical studies are needed
to verify our results. Furthermore, future research should
also examine zygomatic miniplates. They also should
include in the “Mouse Trap” model, which is among the
most widespread treatments for the solution of this clinical
problem. The application of TAD in the palatal area at the
height of the third palatine wrinkle can present significant
biomechanical and biological advantages in this approach.

5. Conclusions

The following conclusions can be summarized: (1) The high-
est amounts of incisor and molar intrusion were seen in the
first model. With the addition of buccal alveolar miniscrews
in the posterior region in the second model (along with the
TPA placement), the extents of incisor and molar intrusion
were reduced compared to the first model, and at the same
time, unwanted movements in other planes (such as palatal
and mesial movements of molars and labial movements of
incisors) were inhibited. (2) The more-mesial placement of
the posterior miniscrews in the fourth model (in the mesial
of the first molars) severely reduced the intrusion of the
molars and instead increased the intrusion in the premolar
area, so that the fourth model showed the highest premolar
intrusion compared to other models. (3) In the first three
models, the highest amount of intrusion occurred in the first
molar region; in the fourth model, it was seen in the premo-
lar area. The overall amounts of intrusion were highest in
the first model followed by the second one; therefore, it
seems that these might be more practical when a greater
extent of intrusion is needed. (4) In general, it can be con-
cluded that in model 1, compared to other models, the high-
est compressive hydrostatic stress is seen in the periodontal
ligament, while in model 4, the least compressive stress is
seen. Hence, it seems that the use of the fourth model is
more conservative.
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Background. Early diagnosis and interceptive treatment of the maxillary canine impaction is crucial as it reduces treatment
complexity and decreases complications and adverse outcomes. Aim and Objectives. To determine the mean maxillary canine
position among 9-10-year-old children and predict the risk of impaction of the maxillary canines. Methodology. Panoramic
radiographs (PANs) of 289 healthy children aged between 9 and 10 years were observed where the average position of
maxillary canines was related to the lateral incisor, sector locations, and angulations to the bicondylar line were traced. The
average position was obtained by using descriptive statistics. One sample Wilcoxon signed-rank test is done to predict the risk
of canine impaction by comparing the data obtained to the average position from prior studies. Results. A total of 289 PANs
(126 males and 163 females) were utilized for the analysis. The findings showed that the average position of the maxillary
canines in our population was statistically different from the average position of nonimpacted canines in previous studies.
However, on average, more than 85% of canines in our population were still located within the safe range of satisfactory
position, with females showing slight predominance outside of the acceptable range. The mean scores of the angles between
the right canine and lateral incisor were significantly higher among females than males (p = 0:001). Similarly, females had a
significantly higher mean angle of the left canine than males (p < 0:001). In regard to the angles between the bicondylar line
and permanent maxillary canine, the mean scores were not significantly different (p > 0:05) on both the left and right side.
Conclusion. There is a low risk of impaction of maxillary canines in the Malaysian population. However, more retrospective
studies using more radiographic and clinical indicators need to be done to confirm the risk of impaction further.

1. Introduction

Maxillary canines are considered the cornerstone of the
maxillary arch since they serve a pivotal role in the smile’s

aesthetic appearance and the occlusion’s functional aspect.
It may be because it is the tooth with the longest root and
has good bony support [1]. Besides that, its long path of
eruption and the lengthy development period causes it to
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be one of the last teeth to erupt. Though not as common as
third molar impaction, the deleterious effects of late diagno-
sis of canine impaction make its early intervention an
extremely crucial topic to be discussed [2]. Aside from creat-
ing aesthetic and functional problems, canine impaction can
result in root resorption of neighboring teeth, necessitating
surgical or orthodontic treatment for repositioning the
impacted tooth to a favorable position. More complex dis-
placements may pass unnoticed if not carefully evaluated
and escape the time frame of early intervention [2, 3].

Mavreas and Athanasiou [4] reported that the analyzing
factors responsible for the success of orthodontic treatment
concluded that increased age and severity of impaction affect
the complexity of treatment. Therefore, the most desirable
approach for managing impacted canines is early diagnosis
and the interception of potential impaction [5]. Palpation
of the canine bulge in the buccal sulcus from 10 to 11 years
is a well-established method for identifying canine impac-
tion [6]. Nonetheless, various studies had been done to diag-
nose impacted canines early through panoramic radiographs
and showed a notable degree of success [4–7]. Consequently,
it has been reported that panoramic radiographs are a valu-
able tool for early prediction [7, 8]. The early observation of
canine impaction through routine panoramic radiographs
by general practitioners in Malaysia is not accustomed, con-
sidering the degree of seriousness of this disorder in the
Malaysian community is not yet discussed. However, there
are none of the studies reported on the investigation of max-
illary canine position in the Malaysian population. Hence-
forth, the study is aimed at determining the mean
maxillary canine position among 9-10 years old children
and at predicting the risk of impaction of the maxillary
canines.

2. Methodology

2.1. Study Design. This cross-sectional study was done
according to a protocol that had been accepted and
approved by the IIUM Human Research Ethics Committee
(IREC) (ID no.: IREC 2021-006). All the data that were col-
lected throughout this study will only be used for academic
purposes. This study details would not be sold or reclaimed
by other people without any permission, and all personal
details of the child were protected to avoid misusage. This
study was conducted at Polyclinic and Radiograph Unit
(Kulliyyah of Dentistry, IIUM Kuantan). A convenience
sampling method was used. The sample size was calculated
using the following formula:

n = Z2P 1 − Pð Þ
d2

, ð1Þ

where n is the sample size; Z value is the statistic for con-
fidence level, 1.96 for 95% CI; P is the expected prevalence
(estimated as 2%); d is the precision, where d = 0:02. The
minimum sample size obtained was 188. Based on this value,
a minimum of 188 panoramic radiographs (PANs) of chil-
dren aged from 9 to 10 years, who attended Polyclinic Kul-
liyyah of Dentistry, Malaysia, were reviewed.

Children aged 9 to 10 years, who were fit and healthy
and maxillary incisors, were fully erupted, with canines
unerupted included in the study. Poor image quality and
patients with pathology, such as syndromes, cleft lip, and
palate, and severe abnormalities, and children with early
extractions, orthodontic extrusion of the canine, or canines
that are already erupted were excluded.

The average position of canines among children aged 9
to 10 years old was calculated as the average angulation
between maxillary canines and the adjacent lateral incisors
[9, 10] (3^2) (Figure 1). The position of unerupted maxillary
canines and the adjacent lateral incisors, both left and right,
was traced from 289 PANs. The angulations between the
canines and the lateral incisors were then calculated using
Python Programming. The average angulations were classi-
fied as either satisfactory or unsatisfactory based on the
study by Almahdy et al. [11]. The average canine position
is considered satisfactory if it is equal to or less than 30°.
At more than 30°, the average canine position was classified
as unsatisfactory. Next, the angulation and sector location of
the canines were measured. The angular measurement was
obtained in a manner; the most superior point of the condyle
was selected as a landmark, and a bicondylar line was drawn
as a horizontal reference line (Figure 2). The measurement
was taken from the mesial angle formed between the con-
structed horizontal and the long axis of the unerupted
canine, and the angles were then calculated using Python
Programming. The position of the canine cusp tips was mea-
sured from the same tracing and classified into four sector
locations as proposed by Lindauer et al. [12] as represented
in Figure 3. Sector I represents the area distal to a line

A

Figure 1: Parameter 1 (angle A): the angle between the axis of the
unerupted canine and the lateral incisor (3^2).

B

Figure 2: Parameter 2 (angle B): the angle between the bicondylar
line and canine.
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tangent to distal heights of the contour of the lateral incisor
crown and root. Sector II is mesial sector I but distal to the
bisector of the lateral incisor’s long axis. Sector III is mesial
to sector II but distal to mesial heights of the contour of lat-
eral incisor crown and root. Sector IV includes all areas
mesial to sector III. Prediction of the risk of canine impac-
tion was made according to the results from a study by War-
ford et al. [13] and Quadras et al. [14] as shown below

Mean angulations:
Below 65°: unsatisfactory.
Equal and above 65°: satisfactory.
Sector locations:
Sector I: satisfactory.
Sector II, III, and IV: unsatisfactory.
From Figure 4, it can be demonstrated that the average

position of canines in 9-10 years old children in the Malay-
sian population based on the 3 parameters (Figures 5 and 6)
recorded in this study was located within a good position,

where they are not located in close proximity or overlapping
with the lateral incisors, nor they are in a position that shows
a concerning path of eruption.

2.2. Data Analysis. All the available PANs were analyzed to
determine the average position, angular measurements, and
sector locations of the unerupted maxillary canines. Cohen’s
kappa was used for intraexaminer reliability. The average
position was calculated as average angles between axes of
the unerupted canines and the lateral incisors (3^2).
Descriptive statistics were then applied to the angulations
and sector locations to obtain the mean, standard deviation,
median, and range. Mann–Whitney U test was used to ana-
lyze the significant differences between male and female
patients for each parameter with the significance (α) value
set at 0.05. Wilcoxon signed-rank test was used to detect
the significant differences between the median of the study
and the hypothetical mean of the previous study to predict
the risk of impaction of those canines. SPSS (IBM SPSS Sta-
tistics for Windows, Version 20.0. Armonk, NY: IBM Corp)
was used to analyze all the data.

3. Results

A total of 289 PANs (126 males and 163 females) were uti-
lized for the analysis. Hence, 578 canines were analyzed
cumulatively with an equal number of left and right canines
of 289. Assessment for good intraexaminer reliability with
Cohen’s kappa analysis yielded a result of κ = 0:84. Table 1
shows the descriptive statistics of the right and left maxillary
canines. We can observe that both the mean and median of
the angle between lateral incisor-canine and the angle
between bicondylar line-canine are higher in the left canine
compared to the right canine. Based on 3^2 angulation,
higher mean and median were found in the female popula-
tion compared to males. However, lower observed mean
and median were found in the female population in terms
of bicondylar angulation. The finding of our study indicates
that the sector locations of unerupted canine cusp tips are
primarily located in the sector I.

The frequency of the sector locations of the unerupted
canine cusp tip in relation to the lateral incisor was summa-
rized in Table 2. From the 289 PANs observed, the majority
of both right and left canine cusp tips are located in sector I
with a percentage of 90.7% and 86.5%, respectively, followed
by sector II with a percentage of 7.3% on the right and 12.8%

1 1
2 23 34

4

Figure 3: Parameter 3: the sector location of the canine—position
of canine cusp tip in relation to the lateral incisors.

Right canine Left canine

Figure 4: Average position of permanent canines among 9-10 years
old children.

Figure 5: Showing parameters 1 and 2 traced on a panoramic
radiograph.

Figure 6: Showing parameter 3 traced on panoramic radiograph.
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on its left. Besides that, a total of 5 teeth were observed in
sector III and three teeth in sector IV; however, none of
them was found on the left side in sector III.

The female predilection (20:91 ± 11:238) was found
higher for right side Li-C angle than their male
(16:83 ± 10:63) counterparts (p = 0:001) as described in
Table 3. Females had a significantly higher mean angle of
the left canine than males (p < 0:001). In regard to the angles
between the bicondylar line and permanent maxillary
canine, the mean scores were not significantly different

(p > 0:05) on both left and right sides. However, the mean
is still higher in males compared to females.

Our findings in Table 4 show that the average position of
the maxillary canines in our population based on the param-
eters recorded, with the exception of the bicondylar right
angle, is statistically different from the theoretical mean
values of nonimpacted canines in previous studies, with p
values less than 0.05. However, based on Table 5, on average,
at least 70% of canines in our population are still located
within the safe range of satisfactory position. Therefore, this
finding might suggest that the canine position in our popu-
lation is not a high-risk position for impaction. From
another perspective, in each of the recorded parameters,
females show a higher percentage of being located outside
of the satisfactory position than males. Apart from that, left
canines also show a slightly higher percentage compared to
right canines within the unsatisfactory range. Out of all the
parameters recorded, the bicondylar angle shows the least
percentage of canines that is located within the satisfactory
range, followed by the 3^2 angle and sector location.

4. Discussion

Maxillary canines are the most commonly impacted teeth,
excluding the third molars. Numerous studies have been
done on various populations globally to identify its inci-
dences, such as in South China, Japan, and Italy [15–17].
The results cumulatively showed a range of 1-3% [18–21].
Even though it might seem like it affects a relatively small
proportion of people, it is speculated that in individual

Table 1: Descriptive details of right and left maxillary canines.

Parameter 3^2 Bicondylar Sector

Right

Mean (SD)
19.204 (11.197)

Male: 16.832 (10.637)
Female: 20.919 (11.238)

69.654 (11.346)
Male: 70.604 (10.612)
Female: 68.919 (11.863)

Median (range)
17.598 (84.469)

Male: 15.587 (84.469)
Female: 19.358 (68.38)

70.391 (156.572)
Male: 71.397 (72.905)
Female: 69.385 (76.425)

1 (0)

Left

Mean (SD)
19.872 (9.991)

Male: 17.622 (9.991)
Female: 21.518 (9.624)

70.639 (10.671)
Male: 71.640 (10.496)
Female: 69.864 (10.773)

Median (range)
19.106 (74.916)

Male: 17.095 (74.413)
Female: 20.363 (55.810)

71.397 (161.899)
Male: 72.402 (81.453)
Female: 70.391 (67.745)

1 (0)

SD: standard deviation.

Table 2: Frequency data of sector location.

Sector
n (%)

Right Left

I 262 (90.7%) 250 (86.5%)

II 21 (7.3%) 37 (12.8%)

III 5 (1.7%) 0

IV 1 (0.3%) 2 (0.7%)

Total 289 289

Table 3: Differences of radiographic parameters between males
and females.

Parameters N
3^2 Bicondylar

Mean (SD)
p

values
Mean (SD)

p
values

Right

Male 126
16.832
(10.637)

0.001∗

70.604
(10.612)

0.147
Female 163

20.919
(11.238)

68.919
(11.863)

Left

Male 126
17.622
(9.991)

0.000∗

71.640
(10.496)

0.094
Female 163

21.518
(9.624)

69.864
(10.773)

∗p < 0:05; Mann–Whitney U test for two group comparison; SD: standard
deviation.

Table 4: Differences of radiographic parameters between
hypothetical mean and observed median values.

Parameters p value

3^2 right <0.001∗

3^2 left <0.001∗

Bicondylar right 0.230

Bicondylar left 0.012∗

∗p < 0:05; Wilcoxon signed-rank test for two studies comparison.
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orthodontic practice, the incidence may be higher [22]. This
anomaly also shows a female predominance in various stud-
ies published in the literature with the condition affecting
female patients 2.3 to 3 times more frequently than males
[23–26]. Prior studies [24, 27–29] also found that left maxil-
lary canines are more frequently affected compared to right
canines. The present study may reflect the findings of these
previous studies, where the females and left canines in this
study are more predominant within the unsatisfactory range
of position compared to males and right canines,
respectively.

Despite various prevalence figures mentioned above, the
etiology of impacted maxillary canines remains uncertain. A
single or exclusive cause cannot fully determine the maxil-
lary permanent canine impaction’s outcome and could be
multifactorial [30]. The contributing factors can be either
general or local [25]. Examples of general factors are if the
patient has systemic diseases such as endocrine deficiencies,
any febrile diseases, and if the patient has a history of radia-
tion exposure. On the other hand, the local contributing fac-
tors that cause canine impaction include the discrepancies
between tooth size and the arch length, any retained decidu-
ous canine or failure of resorption of the primary canine
root, and early loss of the deciduous canine. Peck et al.
[31] reported that missing or peg-shaped lateral incisors
and abnormal position of the tooth bud play a role in deter-
mining the impaction of permanent maxillary canine. Other
anomalies such as the presence of alveolar cleft, ankylosis of

the permanent canine, cystic or neoplastic formation, and
dilacerations of the root also may cause disturbances to the
eruption path, thus causing impaction of those canines.
Along with it, evidence of genetic predisposition and familial
occurrence of impacted canines were also found [32].

Prior studies [8–10, 17, 18, 20] investigated on impacted
canines and reported that palatally displaced canines (PDC)
and buccally displaced canines (BDC) have different etio-
pathogenesis. BDC is thought to be a result of crowding
[29] and PDC, however, often occurs in patients with suffi-
cient space in the maxillary arch for canine eruption [33].
The “guidance theory” refers to the lack of guidance by the
adjacent teeth during the canine eruption, such as missing
maxillary lateral incisors [34, 35]. The “genetic theory”
explains that PDC is only one aspect of a general dental dis-
order that is genetic in origin and hereditary, which also
causes other dental anomalies such as peg-shaped lateral
incisors, cleft lip, and palate, and displaced premolars [17,
23, 24, 36–42]. In the present study, further analysis of the
sample background and follow-up of the outcome of the
canine position is either impacted buccally or palatally or
not.

During patient history taking and examination, the den-
tist should suspect a potentially palatal impaction of perma-
nent maxillary canine if the canine is not palpable in the
buccal sulcus by the age of 10 to 11 years, and asymmetrical
eruption pattern of canine is noted [6]. The early detection
of signs of ectopic eruption of the canines will prevent

Table 5: Prediction of the risk of canine impaction.

Parameter Angle, n (%) Gender, n (%) Mean (SD) Median (range)

3^2

Right
≤30: 249 (86.2%)

M: 117 (92.9%)
F: 132 (81.0%)

15.900 (6.842) 16.089 (29.665)

>30: 40 (13.8%)
M: 9 (7.1%)
F: 31 (19.0%)

39.771 (11.160) 35.698 (54.302)

Left
≤30: 248 (85.8%)

M: 117 (92.9%)
F: 131 (80.4%)

17.101 (7.153) 17.095 (29.162)

>30: 41 (14.2%)
M: 9 (7.1%)
F: 32 (19.6%)

36.630 (8.205) 34.190 (45.251)

Bicondylar

Right
<65: 85 (29.4%)

M: 29 (23%)
F: 56 (34.4%)

56.676 (10.267) 59.832 (47.765)

≥65: 204 (70.6%)
M: 97 (77%)
F: 107 (65.6%)

75.061 (6.254) 74.916 (28.156)

Left
<65: 71 (24.6%)

M: 21 (16.7%)
F: 50 (30.7%)

56.987 (9.081) 60.335 (49.777)

≥65: 218 (75.4%)
M: 105 (83.3%)
F: 113 (69.3%)

75.085 (6.611) 74.413 (32.682)

Sector

Right
I: 262 (90.7%)

M: 116 (92.1%)
F: 146 (89.6%)

1 (0)

II, III, IV: 27 (9.3%)
M: 10 (7.9%)
F: 12 (10.4%)

2 (2)

Left
I: 250 (86.5%)

M: 114 (90.5%)
F: 136 (83.4%)

1 (0)

II, III, IV: 39 (13.5%)
M: 12 (9.5%)
F: 27 (16.6%)

2 (2)

n = 289; SD: standard deviation.
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impaction and its potential sequelae. Ericson and Kurol [43]
also suggested that an early diagnosis and treatment of the
palatally ectopic canine is essential for a successful outcome.
Based on the algorithm for management of the ectopic
canine, radiographic investigations are indicated in patients
ten years old and above with no canine bulge seen or palpa-
ble to detect any pathology or if there is a missing perma-
nent tooth bud. Otherwise, if there is evidence of the
canine presence and favorable for normal eruption, the child
patient aged 10 to 13 years old might need an interceptive
treatment and monitor their canine eruption for 12 months.
Suppose, no permanent successor is present in the radio-
graphic assessment. In that case, it is a sign that the patient
might need a referral for specialist consultation and manage-
ment and subsequent definitive orthodontic treatment if
required. If not intercepted early, the impacted canine will
cause several possible complications, such as root resorption
of the adjacent teeth, formation of a dentigerous cyst, infec-
tion, and referred pain [26, 44–46]. Ravi et al. [47] reported
that the sector classification, the angle formed by the long
axis of the canine and the midline, an angle formed by the
long axis of the canine and the lateral incisor, and the per-
pendicular distance between the canine cusp tip to the occlu-
sal plane and to the midline and an angle formed by the long
axis of the canine and the occlusal plane are commonly used
predictors for maxillary impaction. The authors also
reported that PANs are the best tools for the prediction of
maxillary canine impaction. In the present study, PANs for
the prediction of canine impaction are in the maxillary arch.
Dadgar et al. [48] reported that the head and neck skeletal
anomalies or variants could be used for the prediction of pal-
atal canines. The present study was not explicitly focused on
palatal canines, and PANs were used for the analysis.

The findings in the present study showed that the aver-
age position of unerupted canines in the Malaysian popula-
tion is statistically different from the theoretical average
value of unerupted nonimpacted canines from previous
studies. This suggests that the average unerupted canine
position in the Malaysian population is unsatisfactory. How-
ever, this is probably because the theoretical mean values
that are used to compare with the means obtained in this
study consist of the mean values of unerupted nonimpacted
canines’ position from a sample of a different population
from the present article. The present study consists of the
Southeast Asian population, while the previous studies used
in this comparison consist of the United States and South
Asian populations. More retrospective studies using more
radiographic and clinical indicators in the Southeast Asian
population need to be done to confirm the risk of impaction.
Other than that, in the present study, all outliers are
included within the data analysis, to prevent the exclusion
of children that are actually at high risk for impaction. This
may also bring about the difference of average in the present
study to the theoretical value. Therefore, the percentage of
canines within the satisfactory or unsatisfactory range pro-
vides more significance in determining whether the position
of unerupted canines in the Malaysian population is within a
satisfactory and low-risk position. The study sample size is
very small, and the findings were confined only to the

Malaysian population. The study sample was hospital-
based. Nonetheless, a follow-up of the subsequent canine
position from the sample population should be conducted
to confirm whether the unsatisfactory range in this study
foreshadows canine impaction. These are considered poten-
tial limitations of the present study. Various treatments
might be suggested for an individual on a case-by-case basis.

5. Conclusion

The majority of the maxillary permanent canine buds of
Malaysian children of 9 to 10 years of age are in an accept-
able position. An early prediction of maxillary canine is ben-
eficial for the dentist to develop an appropriate treatment
plan to avoid potential complications.

(i) On average, more than 85% of canines in our popu-
lation were still located within the safe range of sat-
isfactory position, with females showing slight
predominance outside of the acceptable range

(ii) The mean scores of the angles between the right
canine and lateral incisor were significantly higher
among females than males (p = 0:001), and females
had a significantly higher mean angle of the left
canine than males (p < 0:001)
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Artificial intelligence (AI) is a branch of science concerned with developing programs and computers that can gather data, reason
about it, and then translate it into intelligent actions. AI is a broad area that includes reasoning, typical linguistic dispensation,
machine learning, and planning. In the area of medicine and dentistry, machine learning is currently the most widely used AI
application. This narrative review is aimed at giving an outline of cephalometric analysis in orthodontics using AI. Latest
algorithms are developing rapidly, and computational resources are increasing, resulting in increased efficiency, accuracy, and
reliability. Current techniques for completely automatic identification of cephalometric landmarks have considerably improved
efficiency and growth prospects for their regular use. The primary considerations for effective orthodontic treatment are an
accurate diagnosis, exceptional treatment planning, and good prognosis estimation. The main objective of the AI technique is
to make dentists’ work more precise and accurate. AI is increasingly being used in the area of orthodontic treatment. It has
been evidenced to be a time-saving and reliable tool in many ways. AI is a promising tool for facilitating cephalometric tracing
in routine clinical practice and analyzing large databases for research purposes.

1. Introduction

The various applications used regularly, such as Siri and
Alexa, have been introduced due to the rapid rise in science
and technology. Artificial intelligence (AI) and its aspects
serve as the foundation for these applications. The term
“artificial intelligence” is usually related to robotics. It
describes using technology to create software or a piece of
equipment that can easily imitate intelligence and accom-
plish tasks [1]. The phrase artificial intelligence (AI) refers
to a discipline of research involved with designing programs
and computers that can collect data, reason about it, and
then transform it into intelligent actions [2].

John McCarthy invented the term AI in 1955, and he is
widely regarded as the father of AI. John McCarthy coined
the word to describe machines’ ability to execute tasks that
are classified as intelligent [3]. Machine learning algorithms
are being used more frequently in orthodontics. Data min-
ing, automated diagnostics, and landmark detection are
some of the most often used applications now available [4].
The field of artificial intelligence includes an important
branch called expert system (ES). The ES is an information
and knowledge processing computer program system that
consists mainly of a base of knowledge and an inferential
machine. It imitates expert decision-making and work pro-
cedures while solving real-world problems in a single field
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[5]. AI allows for the organizing, investigation, categoriza-
tion, and depiction of health data, and its influential
design-obtaining and evaluated algorithms aid in the growth
of science in general [6]. According to Morgan Stanley, the
worldwide usage of AI in the medical sector might grow
from $1.30 billion to $10 billion by 2024, a 40% annual
growth rate [7].

Latest algorithms are developing rapidly, and computa-
tional resources are increasing, resulting in increased effi-
ciency, accuracy, and reliability. Current techniques for
completely automatic identification of cephalometric land-
marks have established considerable efficiency improve-
ments and increased prospects for their regular use [8, 9].
Deep learning, an advanced machine learning method, has
recently gotten great attention. However, the primary move
for implementing this newest technique to the automated
system of cephalometric analysis was taken newly [10].
According to previous research, systems using the technique
of random forest discovered 19 landmarks instantly. Com-
putational performance is also essential when using auto-
matic cephalometric in clinical practice, particularly when
the procedure has to give out many landmarks to identify [9].

The primary considerations for effective orthodontic
treatment are an accurate diagnosis, exceptional treatment
planning, and good prognosis estimation. The AI technology
has been used to determine if extractions are essential before
the orthodontic treatment and the success of orthognathic
surgeries [5, 11]. Arnett and Bergman stated in their article
on face solutions in planning and diagnosis for orthodontic
treatment that if the diagnosis is incorrect, the patient’s aes-
thetics may deteriorate further, posing a considerable issue
[12]. It implies that making diagnoses accurately by the den-
tist is an essential part of analyzing patients’ problems. The
main objective of the AI technique is to make dentists’ work
more precise and accurate. Image segmentation is vital in
volumetric medical image analysis and automated or semi-
automated computer-aided diagnosis systems. For decades,
landmark identification in lateral cephalometric radiograph
X-ray has been critical in diagnosis and treatment planning
in orthodontic treatment [13]. Two hundred ninety-nine
lateral cephalograms with 19 landmarks on X and Y coordi-
nates were obtained from Colombian patients. The results
showed that the selected mandibular variables were highly
predictable and useful for craniofacial reconstruction [14].

Several studies investigated automated lateral cephalo-
metric landmark identification [4, 15–18]. Arik et al. [8]
used convolutional neural networks (CNN) to detect land-
marks on lateral cephalogram automatically. Park and
Hwang trained on 1028 cephalograms using the deep learn-
ing method. The transition from manual cephalometry to
AI-based cephalogram is aimed at improving the diagnostic
value of analysis by saving time and minimizing errors. Sys-
tematic and random errors are the most common types of
errors in cephalometric analysis [19, 20]. A digital or
scanned cephalometric image is saved in the database and
added by software in automated cephalometric analysis.
The identification of landmarks by software accomplishes
the cephalometric dimensions automatically [21]. This nar-

rative review is aimed at giving an outline of cephalometric
analysis in orthodontics using AI.

2. Methodology

To select studies on AI in orthodontics, a narrative review
was performed by utilizing Google Scholar, EMBASE,
PubMed, MEDLINE, and Science Direct. An electronic liter-
ature search was conducted on August 10, 2021. The various
search terminologies used were AI, machine learning,
machine intelligence, deep learning, cognitive computing,
radiomics, prediction machine cephalometric analysis, ceph-
alometric prediction, cephalometric tracing, cephalometric
landmarks, orthodontics, and dentistry. The literature search
was restricted to the English language only and dated from
1980 to 2021. The significance of search results primarily
assessed the articles depending on their abstract and title.
After removing duplicate studies, two authors (AKS and
YC) individually filtered the abstracts and titles of the cita-
tions obtained to eliminate nonqualified articles related to
the study’s qualifying keywords and criteria. The articles
with abstracts or titles which are comprised of classified
knowledge not relevant were excluded. The review included
articles in the field of orthodontics that were AI-related.
Only sufficient records of the data were used.

What about the reliability?

3. Results

The primary search strategy yielded 8420 records. About 135
articles were considered relevant to the reported electronic
research. Seventy-one articles were omitted because they
did not fulfill the eligibility criteria, and a manual reference
search yielded no additional studies. Finally, the inclusion
criteria resulted in 64 publications being considered for nar-
rative review.

4. Discussion

4.1. History of AI in Orthodontics. The introduction of usage
of AI in dentistry and orthodontics was to solve a variety of
issues. The knowledge-based expert system was the first
effort to use AI in the field of orthodontics and dentistry.
These systems were designed primarily to assist dentists
who were not specialists in developing proper diagnoses
and successful treatment plans [22]. Research done by Alan
Turing in 1950 began to investigate whether machines will
have the same level of thinking ability as humans. Turing
proposed a test that could be used to determine whether a
machine is intelligent. The test is now regarded as a corner-
stone of artificial intelligence. Professor Cahit Arf gave a talk
at a conference in Turkey titled “Can Machines Think?” In
1958, he asked, “How does a machine think?” Professor
Arf illustrated the idea of creating a machine that can think
for itself, claiming that it is feasible [23].

After Alan Turing first proposed the “Turing test” to
check the machine’s ability to exhibit intelligent behaviour
equivalent to human intelligence in 1950, John McCarthy
provided the idea a name “Artificial Intelligence” in 1956.
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The development of stored-program electronic computers
marks the beginning of modern AI. After seven decades,
now we have an enormous set of AI-inspired applica-
tions, programs, and discoveries, with some of the most
significant involvements coming from the orthodontics
industry [20]. This discipline began when John McCarthy
arranged a popular conference in 1956, an official AI-
based research project. The conference ushered in a cru-
cial period of AI research, which lasted from the 1950s
to the 1970s [1].

Following the concept of artificial intelligence in the
1950s, the word “machine learning” was introduced in the
1980s, followed by the terms deep learning and artificial
neural networks (Figure 1). To comprehend artificial intelli-
gence, one must be familiar with terms such as machine

learning, deep learning, and neural networks [23]. Cohen
et al. made the first attempt at automated cephalogram land-
marking in 1984 [24].

4.2. AI Used for Identification and Analysis of Cephalometric
Landmarks. While artificial intelligence is essential in many
fields, it is also becoming more prevalent in orthodontics.
It has evolved into a valuable tool in orthodontics for cor-
rect diagnosis and proper management. The AI is primar-
ily used to identify and analyze cephalometric landmarks,
decision-making for tooth extraction, face analysis, tooth
and mandible segmentation, bone age determination, pre-
diction of orthognathic surgery, and temporomandibular
bone segmentation [17, 18, 23]. Orthodontic diagnosis is
a time-spending process that includes a dynamic

Figure 2: Cephalometric tracing done using Dolphin Imaging technology.

MACHINE LEARNING
1980’S

DEEP LEARNING AND
ARTIFICIAL NEURAL

NETWORK
2000

ARTIFICIAL
INTELLIGENCE

1950’s

Figure 1: History of artificial intelligence.
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examination of the patient, the review and analysis of pho-
tographs and radiographic recordings, and model analyses.
Different treatment plans may emerge as a result of this
complex assessment process among orthodontists. As a
result, the orthodontic diagnosis must be automated to
improve speed, consistency, and accuracy [25].

Despite advancements and successful implementation
of AI in clinical settings, AI applications in dentistry have
remained a rarity until now. The first favourable efforts at
automated dental decay identification on intraoral radio-
graphs were made [26, 27]. Since Broadbent and Hofrath
invented the cephalometer in 1931, it has aided in the
assessment of malocclusion and proven to be a reliable
diagnostic tool in orthodontic practice and research [21].

Table 1: Types of artificial intelligence used for cephalometric
analysis.

S/no. Types of artificial intelligence

1 Machine learning (ML)

2 Deep learning (DL)

3 Artificial neural network (ANN)

4 Convolutional neural network (CNN)

5 Planmeca Romexis Cephalometric Analysis Software

6 YOLOv3 algorithm

7 Automatic cephalon-diagnostic solutions (ACDS)

8
Web-based applications for automated

cephalometric analysis

Image filtering and knowledge-based landmark search

Model based approach

Soft-computing or learning approach

Hybrid approaches

Figure 4: Artificial intelligence approaches to identify landmarks.

Figure 3: Prediction of cephalometric landmarks using artificial intelligence.
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The cephalometric radiograph assessment of sagittal and
vertical skeletal structures introduced by Broadbent is used
even now in orthodontic treatment planning. Cephalomet-
ric radiograph analysis relies on identifying radiographic
landmarks and then measuring various distances, angles,
and ratios [8]. The cephalometric analysis is mainly used
for three reasons [23].

(1) Depending on the available standards, a sagittal eval-
uation of hard and soft tissues in the head and face is
performed

(2) Changes identified during the reinforcement and
treatment procedures

(3) Development and growth as a factor in determining
changes

Manual tracing landmarks or AI approaches could be
used to perform cephalometric analyses Figure 2. Manual
tracing has been around for a long time and is a widely
used method; moreover, it is time-consuming and liable
to errors. Based on the orthodontists’ experience, the
cephalogram’s quality, and several parameters to assess,
manual tracing can take anywhere from 15-20 minutes to
complete [26]. Upon tracing landmarks to be used in the
design, automated cephalometric analysis transfers land-
marks to a computer-attached digitizer; then, cephalometric
analysis is completed via distances and angles measured by
software after tracing landmarks. Artificial intelligence-
assisted cephalometric studies minimize analysis time and
enhance diagnostic value by reducing subjective errors [21,
28]. While the software is now generally used for cephalo-
metric assessments, identifying the landmarks is still a rou-
tine task that requires the assistance of an orthodontic
specialist. The level of quality of this analysis is primarily
determined by the expert’s experience [19]. Employing by
means of improper identification of cephalometric land-
marks can cause incorrect orthodontic treatment decisions,
detecting completely automatic and accurate cephalometric
landmarks is preferred, particularly for quality assurance
[8]. This is where AI and machine learning can help ortho-
dontists with their everyday activities. In a variety of ways,
computer vision and AI techniques were used to detect ceph-
alometric landmarks automatically Figure 3. Based on the
methods used, or a combination of approaches, these
approaches can be divided into four broad categories [21].
The approaches are explained in Figure 4.

4.3. Types of AI Programs or Software Used for
Cephalometric Analysis

4.3.1. Artificial Intelligence. While AI is a broad topic with
many categories, from a computational standpoint, there
are two major types: symbolic AI and machine learning.
Symbolic AI refers to a set of methods for constructing algo-
rithms in a way that is understandable to humans. This cat-
egorization, identified as “good old-fashioned AI” (GOFAI),
was the research framework of AI till the late 1980s [29]. The
different aspects of artificial intelligence used for cephalo-
metric analysis are illustrated in Table 1.

4.3.2. Machine Learning. The current paradigm is machine
learning, a term coined by Arthur Samuel in 1952. The chief
difference between symbolic AI and ML is that in ML, fea-
tures acquire knowledge from explanations rather than from
a system of rules devised by humans [6]. The purpose of
machine learning is to make it simpler for machines to gain
knowledge from records and find solutions without the
assistance of humans. The most widely used ML techniques
include the Bayesian Network classifier, verdict tree, rein-
force path machine, random forest, logistic regression, fuzzi-
fied k-nearest neighbour, extreme learning machine, and
convolution neural network [1, 30]. Depending on the algo-
rithm’s style of learning and the successful outcome, ML can
be divided into three categories: organized learning (it is
operated for prediction and classification based on an iden-
tified result), unorganized learning (it is used for finding
designs and hidden configures with the unidentified result),
and supported-learning (derived from previous versions,
the machine creates a modified algorithm that enhances
the intended remuneration) [31].

4.3.3. Deep Learning. Deep learning (DL) is a type of
machine learning in which a computer recognizes features
in data. The DL’s initial version is an artificial intelligence
system, which was developed in the 1900s. As computational
technology and power have increased exponentially, scien-
tists have created more difficult and deeper neural network
models to resolve more challenging and complex problems.
DL is the new name for the neural network [7].

4.3.4. Artificial Neural Network. The artificial neural net-
work (ANN) is an algorithmic system that processes data
in response to an external stimulus and is made up of artifi-
cial neurons, which are fully connected management ele-
ments. The artificial neuron is a simplified model that uses

Table 2: Type of web-based applications and software.

S/no. Type of web-based applications Reference

1
CephX (ORCA dental AI, Las Vegas, NV, an artificial intelligence-based software that performs

automatic, instant cephalometric analyses
[42]

2 WebCeph and AutoCAD software [43]

3 Dolphin Imaging, Dentofacial Planner, Quick Ceph, and FACAD [46]

4 AudaxCeph and OrisCeph Rx [45]
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Table 3: Studies related to the application of AI for cephalometric analysis.

Authors and year Aim
Number of
X-rays

Grau et al., 2001 [49] Aims to identify the landmarks on lateral cephalogram 20

Kim et al., 2020 [41]
The objective of this paper was to create a fully automated cephalometric analysis method based
on deep learning, as well as a web-based application that did not require high-end equipment.

2075

Kunz, et al., 2020
[19, 29, 48]

The goal of this study was to use a specialized AI technique to compute an automatic cephalometric
X-ray analysis.

1792

Ma et al., 2020
[56]

The goal of the research is to build a suitable automatic landmarking method depending on real
OMS data to help surgeons save time during cephalometric analysis.

66

Mario et al., 2010
[33]

To provide an analysis of the cephalometric variables, taking into consideration the system’s
unspecific, inconstant, and paracomplete data

120

Neelapu et al., 2018
[54]

The study suggested a method for automatically identifying cephalometric landmarks depending on
3D CBCT image data.

30

Nishimoto et al., 2019
[15]

The objective of this research was to create deep learning based automatic cephalometric analysis
technique for a computer using cephalogram pictures found online.

219

Rudolph et al., 1998
[53]

This study’s goal was to create and test a new computer-based technique for automatically detecting
cephalometric landmarks.

14

Rueda and Alcaniz
2006 [50]

The goal of this research is to develop an automated system that uses active appearance models
(AAMs)

83

Tanikawa et al., 2010
[25, 52, 55]

The focus of this research was to assess the reliability of the system in recognizing anatomic
landmarks and surrounding structures on lateral cephalograms using landmark-specific eligibility

criteria.
65

Tanikawa et al., 2010
[25, 52, 55]

To evaluate the system performance that automatically identifies dentoskeletal characteristics on
preadolescent children’s cephalograms, and to develop a system to do so.

859

Vučinić et al., 2010
[49]

The objective of this study was to assess an automatic method for cephalogram landmarking that
relied on an active appearance model (AAM), which is a statistical method that represents both shape
and texture variations in the model’s coverage areas by analyzing the form and grey-level appearance

of an interest point.

60

Yu et al., 2020
[42, 47]

Final analytic methods employ a neural network in each process with lateral cephalograms to provide
a reliable and accurate skeletal detection algorithm.

5890

Ed-Dhahraouy et al.,
2018 [57]

The purpose of this study was to create a new method for automatically detecting points of reference
in 3D cephalometry to overcome some of the limitations of 2D cephalometric analysis.

5

Muraev et al., 2020
[58]

The objective of this study was to create a machine learning technique capable of effectively placing
cephalometric positions on frontal cephs and relating it to human accuracy.

300

Park et al., 2019
[4, 42, 43]

The goal of this research was to compare the accuracy and efficiency of two latest deep learning
techniques for automatic cephalometric landmark identification.

1028

Hutton et al., 2000
[59]

The goal of this research was to see how precise the active shaped methodology was at locating
cephalometric landmarks automatically.

5

Liu et al., 2000
[60]

The goal of this study was to see how precise an edge-based method could make a computerized
automatic landmark detection system.

10

Yue et al., 2006
[61]

Aims to analyze all craniofacial anatomical structures. 200

Wang, C.-W., et al.,
2016

The goal of the research was to look into and relate different techniques for automatically detecting
landmarks in cephalometric X-ray images.

300

Hwang et al., 2021
[9, 61]

To compare a conventional cephalometric assessment with a fully automated cephalometric
evaluation using the most advanced deep learning method for identifying cephalometric landmarks.

1983

Lee et al., 2020
[43. 66]

The goal of the study was to use Bayesian convolutional neural networks to create a new framework
for finding cephalometric landmarks with competence areas (BCNN).

400

Jeon et al., 2021
[64]

The rapid development of artificial intelligence technologies for medical imaging has recently
enabled the automatic identification of anatomical landmarks on radiographs. The purpose of this
study was to compare the results of an automatic cephalometric analysis using a convolutional neural

network with those obtained by a conventional cephalometric approach.

35

Leonardi et al., 2008
[21, 65]

To describe the techniques used for automatic landmarking of cephalograms, highlighting the
strengths and weaknesses of each one and reviewing the percentage of success in locating each

cephalometric point.
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arithmetical structures to mimic the message assimilation
and releasing behaviour of biological neural networks [32].
Artificial neurons are linked by interconnections that con-
trol data movement between them, just like their biological
complements. Inhibitory or excitatory synapses or intercon-
nections transmit stimulus from one processing element to
another [33]. Neural networks have an advantage over tradi-
tional programmers. They can solve problems for which
there is no computational solution or the existing solution
is too complicated to find. The recognition and pattern pre-
diction are examples of issues that ANNs are well suited to
solving. ANNs have been used in the medical field for diag-
nosing, image and signal interpretation and analysis, and
drug discovery [34, 35].

4.3.5. Convolutional Neural Network. The convolutional
neural network uses a DL system that can start taking a
record picture and allocate significance to various aspects
of it while also distinguishing between them. DL refers to
CNN’s ability to learn different aspects of an image or to
be expected to handle the image’s elegance better than regu-
lar classification algorithms [36]. The CNN’s function is to
compact the pictures into a template that is simpler to man-
age while still retaining essential details. With a deeper
understanding of dentistry, CNN can create programs to
detect pathologies, automatically identify cephalometric
landmarks, segment teeth, and other structures [37].

4.3.6. Planmeca Romexis Cephalometric Analysis Software. It
allows for automatic cephalometric point detection and trac-
ing in seconds; however, the software requires that a lateral
radiograph be obtained only on the Planmeca cephalometric
imaging unit, where it is automatically calibrated, resized,
and oriented [38].

4.3.7. YOLOv3 Algorithm. Redmon et al. [39] created the
YOLO (You Only Look Once) family of CNNs for fast object
detection, which was first described in the article “You Only
Look Once: Truly united, Actual Object Recognition” pub-
lished in the year 2015. The method is divided into three
versions: YOLOv1, YOLOv2, and YOLOv3. The first version
developed a general framework, the second version sophisti-
cated the design, and the third version further enhanced the
network model and training method. For automated cepha-
lometric landmark identification in orthodontic clinical
practice, YOLOv3 appeared to be more promising [4].

4.3.8. Automatic Cephalon-Diagnostic Solutions. ACDS is an
AI-based software that provides automatic cephalometric
landmark detection, cephalometric tracing, measurements,
and cephalometric analysis. After uploading thousands of
cephalometric images to the computer database, the profes-
sor’s group at Seoul National University Dental Hospital
(SNUDH) developed the program. ACDS, according to the
manufacturer, has a high level of accuracy in detecting ceph-
alometric landmarks. Based on the evaluation of 80 land-
marks in 253 consecutive digital lateral cephalometric
radiographs, the error between the AI algorithm used in
ACDS software and human examiners was 0.9mm [40].

4.4. Web-Based Applications for Automated Cephalometric
Analysis. The AI engine server performs the automatic ceph-
alometric analysis. The user can also operate through the cli-
ent webpage to correct the predicted landmarks. Operator
information, cephalometric landmark locations, and cepha-
lograms are all stored on the database server [41]. The types
of web-based software are framed in Table 2 [42–45], and
studies related to AI in the cephalometric analysis were sum-
marised in Table 3 [4, 15, 19, 21, 32, 41, 46–63].

4.5. Conclusions and Future Perspectives. AI is increasingly
being used in the area of orthodontic treatment. In many
ways, it has been evidenced to be time-saving and a reliable
tool. The AI is a promising tool for facilitating cephalometric
tracing in routine clinical practice as well as analyzing large
databases for research purposes. This review discusses the
history, uses, and various methods of AI used for cephalo-
metric assessment. The main objective of this narrative
review was to assist clinicians and researchers in compre-
hending various features of this study area.
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Skeletal malocclusions are common phenotypes in humans and have a strong influence on genetic factors. Transforming growth
factor beta (TGFβ) controls numerous functions of the human body, including cell proliferation, differentiation, and migration.
Thus, this study is aimed at evaluating whether genetic polymorphisms in TGFB1 and its receptor TGFBR2 are associated with
mandibular retrognathism in German children and adolescents. Children and teenagers older than 8 years in the mixed or
permanent dentition were included in this study. Patients with syndromes and facial trauma and patients with congenital
alterations were excluded. Digital cephalometric tracings were performed using the anatomical landmarks point A, point B,
sella (S), and nasion (N). Patients that have a retrognathic mandible (SNB < 78°) were selected as case group, and the patients
with an orthognathic mandible (SNB = 78°– 82°) were selected as the control group. Genomic deoxyribonucleic acid (DNA)
from saliva was used to evaluate four genetic polymorphisms in TGFB1 (rs1800469 and rs4803455) and TGBR2 (rs3087465
and rs764522) using real-time PCR. Chi-square or Fisher exact tests were used to compare gender, genotype, and allele
distribution among groups. Genotype distribution was calculated in an additive and recessive model. Haplotype analysis was
also performed. The established alpha of this study was 5%. A total of 146 patients (age ranging from 8 to 18 years) were
included in this epidemiological genetic study. The genetic polymorphism rs3087465 in TGFBR2 was associated with
mandibular retrognathism. Carrying the AA genotype in the rs3087465 polymorphism decreased the chance of having
mandibular retrognathism (odds ratio = 0:25, confidence interval 95% = 0:06 to 0.94, p = 0:045). None of the haplotypes was
associated with mandibular retrognathism (p > 0:05). In conclusion, we found that the genetic polymorphism rs3087465 in the
promoter region of the TGFBR2 was associated with mandibular retrognathism in Germans.
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1. Introduction

There are a wide variety of skeletal malocclusions (dentofa-
cial deformities) in humans [1], and the frequency of each
dentofacial deformity ranges according to the studied popu-
lation/ethnicity [2]. One of the most common dental facial
deformities is mandibular retrognathism [3], which is a
facial alteration of the skeletal jaw-cranial base relationship.
Retrognathism is characterized by a retruded position of the
mandible as a result of an anomaly of the skeletal jaw-cranial
base relationship [4]. This condition has a strong genetic
background and some genes have been associated with man-
dibular retrognathism in humans from different populations
in past years [3–6]. Some previous studies associated man-
dibular retrognathism with genetic polymorphisms in genes
encodingMyosin IH (MYO1H) [5],Matrilin 1 (MATN1) [4],
bone morphogenetic protein 2 (BMP2) [7], ADAM metallo-
peptidase with thrombospondin type 1 motif 9 (ADAMTS9)
[6], and parathyroid hormone (PTH) and the vitamin-D-
related genes: vitamin D receptor (VDR), cytochrome P450
family 24 subfamily A member 1 (CYP24A1), and cytochrome
P450 family 27 subfamily B member 1 (CYP27B1) [8].

The transforming growth factor beta (TGFβ) family con-
stitutes a group of three isoforms, TGFβ1, TGFβ2, and
TGFβ3. Their structure is formed by interrelated dimeric
polypeptide chains. Pleiotropic and redundant functions of
the TGFβ family control several functions, such as cell pro-
liferation, differentiation, and migration in all human tis-
sues. The TGFβ family has numerous key roles in the bone
tissue controlling physiological phenomena regarding main-
tenance of metabolic homeostasis [9]. TGFβ isoforms and
their receptors, type I receptor (TGFβRI or ALK5) and type
II receptor (TGFβRII or TGFBR2) play innumerous essen-
tial roles in endochondral and intramembranous ossifica-
tion [10].

Several functional genetic polymorphisms were identi-
fied in TGFB1 (gene encoding TGFβ1) and TGFBR2 (gene
encoding TGFβRII) and they were associated with higher
serum or plasma level of TGFβ1 and enhanced transcrip-
tional activity of TGFβRII [11]. It is possible that some of
these functional genetic polymorphisms play a role in the
establishment of maxillary and mandibular morphology
leading to skeletal malocclusion phenotypes. Therefore, the
present study evaluated if well-known functional genetic
polymorphisms in TGFB1 and its receptor TGFBR2 are asso-
ciated with mandibular retrognathism in Germans children
and teenagers.

2. Materials and Methods

This study was approved by the Ethics Committee from the
University of Regensburg (# 19-1549-101). Informed con-
sent was obtained from all patients and/or their legal guard-
ians (in the case of minors during the sample collection),
and age-appropriate assent documents were also used for
patients younger than 14 years. This project was made fol-
lowing the Helsinki Declaration. The Strengthening the
Reporting of Genetic Association study (STREGA) state-
ment checklist was followed to design the study and report

the results. The chi-square test for sample size (power) cal-
culation was performed by PASS 15 Power Analysis and
Sample Size Software (NCSS, LLC. Kaysville, Utah, USA).
Küchler et al.’s (2021) study was used to obtain the W effect
size (0.225), with an alpha of 5% and power of 80% the test
predicts 155 patients for this study.

This is a cross-sectional nested case-control study
design. For this cross-sectional study, patients undergoing
orthodontic treatment at private orthodontic practices in
Regensburg-Germany and the University of Regensburg
were screened. Children and teenagers of both sexes were
recruited and they were consecutively included in this study
from 2020 to 2021.

Patients with underling syndromes, adults (older than 18
years), patients with mandibular prognathism and congeni-
tal alterations including tooth agenesis (except for third
molar agenesis), oral cleft patients, and patients with facial
trauma were excluded. Only one patient per family was
recruited. To minimize genetic and phenotypic variance
and to maximize data interpretability, only patients with a
Middle-European ancestry (at maximum one grandparent
not from Middle Europe) were included. All patients
included were children older than 8 years in the mixed or
permanent dentition.

2.1. Retrognathic and Orthognathic Characterization. Digital
lateral cephalograms from each patient’s orthodontic record
with the mandible in centric relationship were evaluated in
this study.

The measurements were performed by two trained and
calibrated examiners. Intraclass correlation coefficients
(ICC) were used to calculate intra- and interexaminer reli-
ability. Interexaminer reliability showed significant good
agreement for both examiners (ICC, 0.98 - 0.95). Intraexami-
ner reliability also showed significant good agreement (ICC,
0.97 - 0.91).

Digital cephalometric were tracings performed using the
software Ivoris® (Computer konkret AG, Falkenstein, Ger-
many, version 8.2.15.110). The anatomical landmarks point
A, point B, sella (S), and nasion (N) were determined man-
ually using the cephalometric analysis software, and, subse-
quently, the angular measurements SNB and ANB were
calculated (Figure 1).

Patients presenting a retrognathic mandible (SNB < 78°)
were selected as a case group, while those presenting an
orthognathic mandible (SNB = 78°– 82°) were selected as a
control group. Patients having mandibular prognathism
(SNB > 82°) were excluded.

2.2. Selection of Genetic Polymorphisms and Laboratorial
Analysis. For the selection of the genetic polymorphisms,
we searched the promoter, intronic, and coding genetic poly-
morphisms of the TGFB1 and TGFBR2 from the dbSNP
database (http://www.ncbi.nlm.nih.gov/snp/). Only genetic
polymorphisms with heterozygosity above 0.2 in the global
population were considered. The classification of each
genetic polymorphism as potentially functional (polymor-
phisms that can result in amino acid changes of the corre-
sponding proteins or occurring in the promoter region of
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the gene and potentially affecting the expression of the gene
or previously associated with other conditions and poten-
tially clinically relevant) was also taken into consideration
in the selection process. The characteristics and description
of the genetic polymorphisms selected for this study are pre-
sented in Table 1.

For the genotyping analysis, we used genomic DNA that
was isolated from buccal epithelial cells collected using two
cytobrushes placed in extraction solution (Tris-HCl
10mmol/L, pH7.8; EDTA 5mmol/L; SDS 0.5%, 1mL).
Briefly, proteinase K (100 ng/mL) were added to each tube.
Ammonium acetate was added to eliminate nondigested
proteins, and the liquid was then centrifuged. DNA was pre-
cipitated with isopropanol, washed with ethanol. The DNA
was quantified by spectrophotometry (Nanodrop 1000;
Thermo Scientific, Wilmington, DE, USA) [12].

The selected genetic polymorphisms, which were
described in Table 1, were blindly genotyped via real-time
polymerase chain reaction (PCR) using the Mastercycler®
ep realplex-S thermocycler (Eppendorf AG, Hamburg, Ger-
many). The TaqMan technology was used. Initial denatur-
ation at 95°C for 30 seconds, followed by 40 cycles of
denaturation at 92°C for 5 seconds and annealing/extension
at 60°C for 20 seconds. The 3.125μL reaction volume con-
tained 1.5μL Master Mix, 0.125μM TaqMan probe, and
4ng DNA in 1.5μM nuclease-free water. Assays and
reagents were supplied by Applied Biosystems (Foster City,
CA, USA). A negative control template was included in each

reaction (each 96-well plate), in which the reaction mixture
contains the reagents, but not the DNA. Additionally, 10%
of the samples were randomly selected in order to repeat
the analysis and showed 99% concordance.

Patients with not enough DNA or DNA samples that
failed to be genotyped in the PCR analysis were excluded
from the further analyses.

2.3. Statistical Analysis. Chi-squared test estimated the
Hardy-Weinberg equilibrium (HWE) for each studied poly-
morphism (https://wpcalc.com/en/equilibrium-hardy-
weinberg/).

Chi-squared or Fisher’s exact tests compared gender,
genotype, and allele distribution among groups and geno-
type distribution was calculated in an additive model and
recessive model. Haplotype analysis was also performed.
PLINK version 1.06 (https://zzz.bwh.harvard.edu/plink/ld
.shtml) was used for the analysis with an established alpha
of 5% (p < 0:05). The odds ratio and confidence interval
95% was calculated to investigate the chance of presenting
mandibular retrognathism for the associated genetic
polymorphism.

3. Results

A total of 168 patients were screened, two patients were
excluded due to biological relations to included patients (sib-
lings), one due to oral cleft, 13 due to age older than 18 years,

S N

A

B

S N

A

B

SNB ANB

Figure 1: Lateral cephalometric landmarks and reference lines studied. Points: point A, point B, sella (S), and nasion (N).

Table 1: Characteristics of the studied genetic polymorphisms.

Gene
Polymorphism and

base change
Comments

TGFB1
Transforming growth
factor beta 1

rs1800469 (T/C)
Polymorphism rs1800469 is located in the promoter region of the TGFB1 gene and has

the function of regulating expression levels of protein TGFβ1 (affects gene
transcriptional activity and serum levels of TGFβ1) [19, 20].

rs4803455 (C/A)

The polymorphism rs4803455 is located in intron 2 of TGFB1 gene and was associated
with a variety of different conditions (https://www.ncbi.nlm.nih.gov/snp/rs4803455).
Moreover, it was suggested as a potential genetic marker for growth response to

recombinant human growth hormone (r-hGH) treatment [38].

TGFBR2
Transforming growth
factor beta receptor 2

rs3087465(A/G)
Polymorphism rs3087465 is located in the promoter region of the gene and increases

TGFβ type II receptor expression [26].

rs764522 (G/C)
The polymorphism rs764522, which is located in 5 kb upstream in the promoter region

of TGFBR2 increases TGFβ type II receptor expression [26].
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and six patients due to mandibular prognathism. Finally,
146 patients (age ranging from 8 to 18 years) were included
in this epidemiological genetic study. The characteristics of
the included sample are presented in Table 2. Mean age in
the mandibular retrognathism group was 11.56 years
(standard deviation = 2:05), while the mean age in the man-
dibular retrognathism group was 12.66 years
(standard deviation = 2:2). The SNB angle was significantly
lower in the mandibular retrognathism group (ranging from
66.0° to 77.9°) than in the control group (ranging from 78.1°

to 81.9°) (p = 0:0014).
All the genetic polymorphisms assessed were within the

Hardy-Weinberg equilibrium (chi‐squareHWE = 0:452 for
rs1800469, chi‐squareHWE = 0:309 for rs4803455, chi‐squar
eHWE = 3:17 for rs3087465, and chi‐squareHWE = 0:161 for
rs764522). For the rs1800469 (A/G), rs4803455 (C/A),
rs3087465 (A/G), and rs764522 (G/C) polymorphisms, suc-
cess rates of genotyping were 95.9%, 90.4%, 95.9%, and
91.8%, respectively.

Table 3 shows the genotype and allele distributions and
the association results in the allele distribution and genotype
distribution in additive and recessive models. The only sig-
nificantly associated polymorphism was rs3087465 in
TGFBR2. Patients that carry the AA genotype in the poly-
morphism rs3087465 had significantly decreased the chance
to have mandibular retrognathism (odds ratio = 0:25, confi-
dence interval = 0:06 to 0.94, p = 0:045).

The haplotype analysis for the polymorphisms in TGFB1
(rs4803455-rs1800469) and TGFBR2 (rs764522-rs3087465)
is presented in Table 4. There was no statistically significant
association (p > 0:05).

4. Discussion

Some studies evaluating dentofacial deformities via cephalo-
metric images in different populations/ethnicities have been
performed in the past decades to investigate the genetic con-
tribution of different skeletal malocclusions. Literature
reviews showed that many genes involved in a range of func-

tions are associated with skeletal malocclusions [13, 14],
especially genes encoding growth factors and growth factor
receptors [8, 15–17]. Growth factors are found in all tissues;
they regulate local cell-to-cell metabolism and mediate cellu-
lar effects of different hormones. Bone matrix is a large res-
ervoir for numerous growth factors that are regulators of
bone remodeling processes [18]. Therefore, we hypothesized
that functional genetic polymorphisms in TGFB1 and
TGFBR2 could be involved in the etiology of mandibular ret-
rognathism in Germans.

In our study, we explored two well-known genetic poly-
morphisms in TGFB1. Several polymorphisms have been
described in the coding and regulatory sequences of the
TGFB1 gene, including a promoter polymorphism involving
a cytosine-to-thymine transition. The -509C/T functional
promoter polymorphism (rs1800469) within the TGFB1
gene has been extensively assessed in different genetic epide-
miological studies. Moreover, a number of studies have
attempted to investigate whether the polymorphic variants
in TGFB1 change TGFβ1 expression [19–21]. Another
genetic polymorphism widely explored in different condi-
tions is rs4803455 involving a C-to-A transition, which is
located in intron 2 of TGFB1 and was therefore selected in
our study. Although both variants (rs1800469 and
rs4803455) with a known role were hypothesized as poten-
tial candidates for mandibular retrognathism, none of these
genetic polymorphisms were associated with the phenotype
in our study. However, it is possible that other polymor-
phisms in these genes could be involved in mandibular
retrognathism.

TGFB initially binds its receptor, which is TGFBR2 and
later transactivates TGFBR1, leading to the formation of a
heterotetrameric receptor complex. TGFBR1 and TGFBR2
are members of the serine-threonine protein kinase family.
TGFBR2 is a constitutive kinase, while TGFBR1 kinase is
only activated after the formation of the TGFB/TGFBR2
complex [22]. Recently, there have been several studies
investigating the association between genetic polymor-
phisms in TGFBR2 in various diseases, such as abdominal
aortic aneurysm, papillary thyroid carcinoma, and end-
stage renal disease, especially two promoter polymorphisms
rs764522 (-1444C/G) and rs3087465 (-834A/G) [23–25].
Therefore, we decided to investigate these polymorphisms
in our study. We observed that the AA genotype in polymor-
phism rs3087465 (-834A/G) acted as a protective factor for
mandibular retrognathism. Interestingly, this genetic poly-
morphism located in a promoter region was previously asso-
ciated with alterations in TGFβ type II receptor expression
[26–28].

Although the sample size was a limitation that could lead
to a type I error, our results raised a possibility of a novel
candidate gene for mandibular retrognathism. It is interest-
ing to mention that mutations in the TGFBR2 gene are asso-
ciated with Marfan syndrome [29] and Loeys-Deitz
syndrome [30]. The craniofacial phenotypes of these both
syndromes included mandibular retrognathism as a com-
mon trait observed [31–33], which clearly suggests the role
of genetic polymorphisms in TGFBR2 in nonsyndromic
mandibular retrognathism. Also, studies with animal models

Table 2: Comparison of cephalometric variables between
mandibular retrognathism and orthognathic mandible.

Variables
Orthognathic mandible

(n = 50)
Mandibular
retrognathism

(n = 96)
p

value

Gender,
n (%)

Male 29 (58.0%) 45 (46.8%)
0.202

Female 21 (42.0%) 51 (53.2%)

SNB (°)

Mean
(SD)

79.62 (SD 1.07) 78.32 (SD 2.67) 0.001∗

ANB (°)

Mean
(SD)

3.48 (SD 2.75) 4.26 (SD 2.27) 0.068

Note: SD: standard deviation; ∗statistically significant difference (p < 0:05);
n: number of individuals; %: percent; °: degrees.
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have demonstrated that TGFBR2 plays a critical role in the
formation of the intramembranous bone and endochondral
bone and that TGFBR2 is crucial for skeletal development
[34, 35] including craniofacial development [34, 36, 37].
Deletion of Tgfbr2 via Col2a1-Cre in mice caused several
defects in the base of the skull [34]. Removal of TGFBR2
driven by Prx-Cre results in defects in the skull vault [37].
Mice with Tgfbr2 conditional gene ablation in the cranial
neural crest have craniofacial anomalies including defects
in mandibular development resulting in a smaller mandi-
ble [36].

To the best of our knowledge, this is the first study to
investigate genes involved in mandibular retrognathism in

Germans; however, it is important to emphasize that these
findings must be validated in independent larger cohorts.
Another important aspect to be discussed is that we investi-
gated children and teenagers. This approach was also per-
formed before. The study from Sasaki et al. [15]
investigated the association between a genetic polymor-
phism in the gene encoding growth hormone receptor
(GHR) and mandibular prognathism in children aged 3 to
13 years. The authors concluded that P561T in GHR may
affect mandibular growth during early childhood.

Briefly, our results add novel information regarding the
genetic contribution to mandibular retrognathism etiology
suggesting rs3087465 (-834A/G) in TGFBR2 as candidate

Table 3: Genotype distribution among group and p values.

Gene rs
Genotype distribution and allele distributions, n (%)

p valueGenotype p valueAllele p valueRecessive
Genotype Orthognathic mandible Mandibular retrognathism

TGFB1

rs1800469

TT 5 (10.0) 4 (4.4)

0.310 0.525 0.199

CT 18 (36.0) 41 (45.6)

CC 27 (54.0) 45 (50.0)

A 28 (28.0) 49 (27.2)

G 72 (72.0) 131 (72.8)

rs4803455

CC 10 (20.8) 18 (21.4)

0.740 0.692 0.478

CA 27 (56.3) 42 (50.0)

AA 11 (22.9) 24 (28.6)

C 47 (48.0) 78 (46.4)

A 49 (52.0) 90 (57.3)

TGFBR2

rs3087465

AA 6 (12.0) 3 (3.3)

0.098 0.603 0.045∗
AG 21 (42.0) 48 (53.3)

GG 23 (46.0) 39 (43.3)

A 33 (33.0) 54 (30.0)

G 67 (67.0) 126 (70.0)

rs764522

GG 0 (0.0) 2 (2.3)

0.575 0.525 0.302

GC 11 (23.9) 22 (25.0)

CC 35 (76.1) 64 (72.7)

G 11 (12.0) 26 (14.8)

C 81 (88.0) 150 (85.2)

Note: ∗means statistically significant difference; n: number of individuals; %: percent; rs: the code of polymorphisms; TGFB1: transforming growth factor beta
1; TGFBR2: transforming growth factor beta receptor 2; C: cytosine; A: adenine; T: thymine; G: guanine.

Table 4: Haplotype analysis of the studied genetic polymorphisms.

Gene Haplotype
Frequency

p value
Orthognathic mandible Mandibular retrognathism

TGFB1 rs4803455-rs1800469

CT 0.264 0.242 0.706

AT 0.027 0.025 0.930

CC 0.225 0.213 0.818

AC 0.482 0.517 0.586

TGFBR2 rs764522-rs3087465

GA 0.084 0.103 0.610

CA 0.252 0.208 0.407

GG 0.035 0.049 0.602

CG 0.627 0.639 0.855

Note: TGFB1: transforming growth factor beta 1; TGFBR2: transforming growth factor beta receptor 2; C: cytosine; A: adenine; T: thymine; G: guanine.
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gene, additionally to the previously genes suggested in stud-
ies from different populations: MYO1H [5], MATN1 [4],
BMP2 [7], ADAMTS9 [6], PTH, VDR, CYP24A1, and
CYP27B1 [8]. Once our understanding of the nature of the
genetic influences improves, we will be able to provide a
clearer idea of how genes and environmental factors interact
to influence mandibular retrognathism in humans.

5. Conclusion

The genetic polymorphism rs3087465 in the promoter
region of the TGFBR2 was associated with mandibular retro-
gnathism in Germans. Determining the factors affecting
mandibular growth will contribute to early diagnosis and
treatment of mandibular retrognathism.
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Objectives. To evaluate the efficacy of computer-aided design/computer-aided manufacturing (CAD/CAM) technology in
interventions implemented in orthodontics. Methods. A scoping review of scientific evidence was accomplished, involving
different databases. MesH terms and keywords were provided to examine clinical trials (CTs) in all languages. Exclusively CTs
that fulfilled the eligibility criteria were admitted. Results. Eight CTs were chosen. These experiments evaluated 542 patients.
Four CTs compared the computer-aided indirect bonding method versus the traditional direct bonding of orthodontic
brackets. Three CTs compared CAD/CAM retainers with other types of retainers, and one CT compared the CAD/CAM group
with multistranded stainless steel wires versus stainless steel wires. Regarding the efficacy of the interventions with CAD/CAM
technology used in orthodontics, variable results were found. The indirect bonded customized CAD/CAM brackets presented
just a slight effect on the treatment efficacy and therapy results. Two CTs showed that an indirect bonding self-ligating
standard system had a similar quality of therapy in comparison with the CAD/CAM customized bracket system. Concerning
the clinical failure rate, no differences were presented between the CAD/CAM retainer and other retainers. A CAD/CAM
system had more loose brackets than a noncustomized system and was observed also a greater amount of immediate
debonding with CAD/CAM indirect bonding than with direct bonding. CAD/CAM fixed retainers revealed inferior relapse and
fewer failures than lab-based and conventional chairside retainers. No changes between treatment groups were observed
regarding the total therapy time, amount of appointments, and quantity of archwire bends. Conclusions. In general terms, no
greater efficacy of CAD/CAM technology was observed over traditional therapies used in orthodontics. However, it was found
that gingival inflammation and the accumulation of bacterial plaque and dental calculus were lower when CAD/CAM retainers
were used. When comparing interventions that include CAD/CAM systems with conventional therapies, no significant
reduction in care times was found.

1. Introduction

The advent of computer-aided design/computer-aided
manufacturing (CAD/CAM) technology has brought much
innovation to dentistry. In orthodontics, this technology
has been incorporated during diagnosis and treatment plans.
CAD/CAM technology facilitates a fully digital workflow;
moreover, various protocol studies have postulated clinical
reliability, and it has been indicated that this technology pro-
duces very favorable feedback from patients [1, 2]. A retro-

spective study also proposed that CAD/CAM applications
reduced treatment time [3].

Regarding fixed purposes, CAD/CAM technology may
promote the accuracy of bracket placement, considering that
its location significantly influences treatment effects [4].
Some fully individualized bracket systems incorporate vir-
tual configurations to assume treatment outcomes, taking
into account individual tooth surface and morphology, and
custom archwires [5]. Furthermore, patients treated with
CAD/CAM orthodontic systems, in a retrospective study,
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required fewer appointments for archwire changes; besides,
the treatment time was shorter and presented an inferior
American Board of Orthodontics (ABO) score [6].

The CAD/CAM technology has also made it possible
to develop retainers. The CAD/CAM lingual retainer is
placed digitally, giving a particularly improved position,
greater precision of fit, and interproximal adaptation. It
causes less irritability of the tongue and prevents occlusal
interferences. The rectangular nickel-titanium archwire
offers better flexibility, improving the physiological move-
ment of the teeth. Moreover, the wire is electropolished,
making it smooth and corrosive resistant, reducing the
growth of bacterial plaque [7].

Computer technology has also permitted novel methods
of indirect bonding. The brackets are positioned in a virtual
3D dental model; then, this technology generates informa-
tion on its location, and subsequently, this is indirectly
transferred to the teeth. A prototype procedure indicated
the reduction of the time of dental consultation and the
improvement of precision [8].

Assessing the best available scientific evidence through
clinical trials that compare CAD/CAM technologies with
conventional therapies will allow clinicians to make better
decisions in their practice. In this context, it is relevant to
carry out a scoping review of clinical trials, which allows
for evaluating the efficacy of CAD/CAM technology in inter-
ventions implemented in orthodontics. To achieve this
objective, it was proposed to answer some questions related
to the efficacy, treatment times, benefits, and/or adverse
events of therapies using CAD/CAM in orthodontics.

2. Materials and Methods

This review of clinical trials was carried out considering the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-analyses) extension for scoping reviews [9]. The
scoping structure involved different databases such as SCO-
PUS, PubMed/MEDLINE, SCIELO, and LILACS, including
the gray literature. MesH terms and keywords were provided
to examine clinical trials in humans in all languages, with no
publication date range, including the terms computer-aided
design, CAD/CAM system, 3D treatment planning, ortho-
dontic, orthodontic treatment, customized brackets,
retainer, digital orthodontics, intervention studies, and clin-
ical trial. Trials comparing interventions between CAD/
CAM groups were discarded. Exclusively clinical trials
(CTs) that fulfilled the eligibility criteria were admitted.
Research related to case reports, case series, duplicate stud-
ies, in vitro experiments, and animal studies were excluded.

2.1. Questions. This scoping review aims to answer the fol-
lowing questions: In which areas of orthodontics are CAD/
CAM systems used for interventions? Do interventions with
CAD/CAM technology show greater efficacy? Do interven-
tions with CAD/CAM technology require less time? Do
CAD/CAM interventions present benefits or adverse events?

2.2. Review Process. Two investigators reviewed the titles
and abstracts and selected CTs to assess the full text for

potential eligibility. In case of disagreement between
authors, trial eligibility was made by consensus. The
Kappa statistical test was used to assess the value of agree-
ment between observers (>95).

2.3. Data Collection. A table was designed to incorporate the
most relevant data from the selected CTs. This process was
performed independently by each of the researchers. Subse-
quently, the data were compared. Recorded data included
authors’ names, date of publication, age and gender of par-
ticipants, number of participants, intervention, and control,
comparison between the groups (main studied variables),
and treatment time.

2.4. Risk of Bias. The risk of bias and quality assessment of
the included trials was performed following the Jadad scale
for CTs [10], by two authors.

3. Results

The electronic search yielded 46 studies. After reviewing the
titles and abstracts, 33 investigations were excluded. Reading
the full text resulted in the exclusion of 5 additional trials.
Finally, 8 CTs [5, 11–17] were included in this scoping
review (Figure 1).

The characteristics of the included studies are presented
in Table 1. Three CTs were randomized single-blind, con-
trolled, and with parallel design [11, 12, 17]. Three CTs were
randomized unblinded, controlled, and with parallel design
[14–16], one CT was randomized unblinded, controlled,
and with split-mouth design [13], and one CT was quasi-
randomized, controlled, with parallel design [5]. One CT
compared 4 groups [14], 2 CTs compared 3 groups [11,
12], and 5 CTs compared 2 groups [5, 13, 15–17]. These
CTs were published between 2017 and 2022.

These trials assessed 542 patients with a minimum sam-
ple of 24 patients [15] and a maximum of 174 [16]. These
experiments evaluated different interventions in orthodon-
tics. Four studies compared the computer-aided indirect
bonding method versus the traditional direct bonding of
orthodontic brackets [5, 13, 15, 16]. Three studies compared
CAD/CAM retainers with other types of retainers [12, 14,
17], and one CT compared CAD/CAM group with multi-
stranded stainless steel wires versus stainless steel Ortho-
FlexTech wires group (traditional group) and Lab group
with multistranded stainless steel wires [11].

Variable results were found regarding the efficacy of
interventions with CAD/CAM technology used in ortho-
dontics. In contrast with a direct bonded self-ligating
bracket system, the utilization of indirect bonded custom-
ized CAD/CAM brackets presented just a slight effect on
treatment efficacy. Besides, after therapy, the ABO score
in both interventions was diminished, without significant
differences [5]. Likewise, an indirect bonding self-ligating
standard system showed a similar quality of therapy in
comparison with the CAD/CAM customized bracket sys-
tem, and the final ABO score was similar [15]. Penning
et al. [16] also showed that the treatment quality was
equivalent between customized orthodontic systems and
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noncustomized orthodontic systems. Concerning the clini-
cal failure rate, no differences were presented between the
CAD/CAM retainer and other retainers, admitting that
CAD/CAM retainer has better fitting precision [12, 17].
Furthermore, the Little’s irregularity index for CAD/CAM
group was less than that of the other groups but similar
to the stainless steel retainers [14, 17]. In contrast, a cus-
tomized orthodontic system had more loose brackets than
a noncustomized system [16] and was observed also a
greater amount of immediate debonding with CAD/CAM
indirect bonding than with direct bonding [13]. Regarding
bonding fixed retainers, CAD/CAM fixed retainers
revealed inferior relapse than lab-based and conventional
chairside retainers. The CAD/CAM retainers also showed
fewer failures than lab-based retainers [11].

Considering the time spent during the interventions,
the results were also variable. It was founded that while
CAD/CAM indirect bonding proved less chair time, the
total bonding period, counting digital bracket position,
was larger than for direct bonding [13]. It was also
observed that the indirect bonding self-ligating standard
system had a 26% longer total orthodontic therapy period,
in comparison with the CAD/CAM customized bracket
system [15]. Instead, Hegele et al. [5], Adanur et al. [14],
and Penning et al. [16] did not find differences in treat-
ment time between the analyzed groups.

Responding to the fourth question of this scoping
review, it was found that gingival inflammation and the
accumulation of bacterial plaque and dental calculus were
lower when CAD/CAM retainers were used [12, 14]; how-
ever, Alrawas et al. [12] and Gelin et al. [17] did not show
statistically significant differences between groups. On the
other hand, two CTs revised here indicated that CAD/
CAM indirect bonding was more expensive than direct
bonding [13, 16]. Penning et al. [16] denoted that the
patients in the customized group had more complaints.
The rest of the clinical trials evaluated in this scoping review

did not report adverse events with the use of CAD/CAM
technology.

Two studies had a high risk of bias [5, 15], while the rest
of the selected trials had a moderate risk of bias (Table 2).

4. Discussion

To the best of the authors’ understanding, this scoping
review is the first to compare the efficacy of CAD/CAM
technology used in orthodontics with conventional thera-
pies. Considering that the new CAD/CAM technologies pro-
pose novelties related to clinical interventions performed in
orthodontics, it is essential to evaluate their clinical efficacy
with the best available scientific evidence. Taking this aspect
into account, in this review, answers were given to each of
the four proposed questions.

In contrast with a direct bonded self-ligating bracket sys-
tem, the utilization of indirect bonded customized CAD/
CAM brackets presented just a slight effect on treatment effi-
cacy and therapy results. Besides, after therapy, two trials
revised here showed that the ABO score in both interven-
tions was diminished, without significant differences [5,
15]. These findings corroborated previous results of a retro-
spective study that presented no changes between indirectly
bonded CAD/CAM brackets, indirectly bonded custom
brackets, and directly bonded custom brackets [3].

In this review, the study by Czolgoz et al. [13] showed
that CAD/CAM indirect bonding presented more immedi-
ate bonding failures than conventional direct bonding. Com-
parable results were also documented by Penning et al. [16].
It has been postulated that indirect bonding failures may be
caused by short periods of light-curing time [13].

Two CTS in this review showed that a customized ortho-
dontic system had more loose brackets than a non-
customized system [16] and it was observed also a greater
amount of immediate debonding with CAD/CAM indirect
bonding than with direct bonding [13]. Even though it is

46
studies identified through

database searching

33
articles discarded due to irrelevant title or abstract 

13
full text CTs evaluated for

eligibility

5
were excluded due to

exclusion criteria

8
CTs revised

Figure 1: Flowchart of the CTs selection method.
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Table 1: Features of the CTs evaluated.

Authors
Publication date

Participants
Mean
Age

Female
Male

Intervention
control

Main
outcomes

Treatment
time

Shim et al. 2022 46
16

years
28/18

CAD/CAM group with
multistranded stainless steel wires
versus lab group with multistranded
stainless steel wires versus a group
with stainless steel Ortho-FlexTech

wires (traditional group)

The CAD/CAM group experienced a
less intercanine width decrease

(P < 0:05). The CAD/CAM group
experienced a less increase in Little’s

irregularity index (P < 0:05).
Failures from greatest to least were

experienced by the lab group
(43.8%), the CAD/CAM group

(25%), and the
traditional group (14.3%)

6months of
bonding
fixed

retainers

Adanur-Atmaca
et al. 2021

132
16

years
92/40

Lingual retainers with 0.016 3 0.022
in dead soft wire versus Lingual
retainers with 0.0215 in 5 strand
stainless steel wire versus lingual
retainers with 0.014 3 0.014-in

CAD/CAM nitinol
versus lingual retainers with
connected bonding pads

Gingival inflammation and calculus
accumulation were the lowest in
CAD/CAM group (P < 0:05). The
Little’s irregularity for CAD/CAM
group and stainless steel retainers
was less than that of the other
groups. No clinically significant

worsening of periodontal health or
relapse was seen in any
groups after 1 year

12 months

Hegele et al.
2021

38
14

years
23/15

Indirect bonded customized CAD/
CAM brackets versus direct bonded

self-ligating brackets

No differences between both
treatment groups were found

concerning overall treatment time,
the number of appointments, and
the number of archwire bends.
Bonding failures occurred more

often using the CAD/CAM system.
Indirectly bonded brackets did not
have to be repositioned as often as
directly bonded brackets. Treatment

results with both systems were
similar concerning their effects on
the reduction of ABO score. The
number of the used archwires was
higher in the CAD/CAM group

16.7
months

Jackers et al.
2021

24
23

years
17/7

CAD/CAM custom indirect
bonding self-ligating system versus

indirect bonding self-ligating
standard system

The indirect bonding self-ligating
standard system had a 26% longer
overall orthodontic treatment time
compared with the CAD/CAM
customized bracket system

(P = 0:00002). The indirect bonding
self-ligating bracket system

demonstrated the same quality of
treatment. Patients showed a high
level of acceptance and satisfaction

with both techniques

393 days in
the CAD/
CAM group
497 days in

the
standard
system

Alrawas et al.
2021

60
20

years
43/17

CAD/CAM NiTi retainer,
multistranded stainless steel versus
single-stranded nickel-free titanium
retainer versus vacuum-formed

removable group

All groups showed some relapse in
the lower anterior teeth. No

statistical significance was found
intergroup in terms of all measured
values. Less plaque accumulation
and gingival inflammation were
observed in the CAD/CAM NiTi

retainer group but
without statistical significance

6months of
follow-up

Czolgosz et al.
2020

27
17

years
15/12

Clinical chair time for bonding half a
mouth was significantly shorter for

Not
reported
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expected that a customized bracket has an ideal fit, the cus-
tomized and the noncustomized system differ in the person-
ally computed location of the bracket slot; then, the design of
the personalized bracket is bigger, facilitating debonding
[16]. Moreover, the customized brackets were indirectly
bonded, characteristics that have also caused higher failure
rates in a previous study [18].

The trial by Alrawas et al. [12] showed no differences
between the CAD/CAM retainer and other retainers,
which corresponds with the report of Geling et al. [17]
and Attack et al. [19] and diverges with the research of
Al-Moghrabi et al. [20], who established that the fixed
retainers have higher efficacy, considering that patients

are less collaborative over time with the use of removable
retainers.

Regarding bonding fixed retainers, CAD/CAM fixed
retainers revealed inferior relapse than lab-based and con-
ventional chairside retainers. The CAD/CAM retainers also
showed fewer failures than lab-based retainers. The CAD/
CAM and lab groups utilized more rigid dentaflex wires;
moreover, they are subject to constant deformation in com-
parison with Ortho-FlexTech wires that are flexible [11].
Similarly, thicker and rigid wires have been reported to bet-
ter maintain intercanine width than flexible wires [21].

This review found that CAD/CAM indirect bonding
(clinical chair time plus digital bracket location time) was

Table 1: Continued.

Authors
Publication date

Participants
Mean
Age

Female
Male

Intervention
control

Main
outcomes

Treatment
time

Computer-aided indirect bonding
method versus traditional direct
bonding of orthodontic brackets

computer-aided indirect bonding
(P < 0:001). There was no single
immediate debonding with the
direct bonding method, while 14
brackets were lost with the indirect
bonding method (P = 0:0001). Cost-
minimization analysis showed that
computer-aided indirect bonding

was more expensive
than direct bonding

Gelin et al. 2020 41 17 years 43/18

To compare CAD/CAM
customized nitinol retainers with

standard stainless-steel
fixed retainers

No significant difference between
customized CAD/CAM nickel-
titanium lingual retainers and
standard stainless-steel lingual

retainers in terms of dental anterior
stability and retainer survival were
observed. Both retainers eventually
appeared to be equally effective in
maintaining periodontal health

12months

Penning et al.
2017

174 14 years 103/71
Customized orthodontic system

versus non-customized
orthodontic system

The customized group had more
loose brackets, a longer planning

time, and more
complaints (P < 0:05). The

customized orthodontic system was
not associated with significantly
reduced treatment duration, and
treatment quality was comparable

between the 2 systems

1.29 years
in the

customized
system

1.24 years
in the non-
customized
system

Table 2: Quality of the selected studies (Jadad et al. 1996).

Clinical trial Randomization Double blinding Withdraw Proper randomization Proper double blinding Score

Shim et al. (2022) 1 0 1 1 0 3

Adanur-Atmaca et al. (2021) 1 0 1 1 0 3

Hegele et al. (2021) 0 0 0 0 0 0

Jackers et al. (2021) 1 0 1 0 0 2

Alrawas et al. (2021) 1 0 1 1 0 3

Czolgosz et al. (2020) 1 0 1 1 0 3

Gelin et al. (2020) 1 0 1 1 0 3

Penning et al. (2017) 1 0 1 1 0 3
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larger than direct bonding [13]. A comparative study also
presented a greater total indirect bonding time [22]. How-
ever, retrospective studies with small simple sizes revealed
a diminution in therapy time and quantity of appoint-
ments for the CAD/CAM systems [3, 6]. Similarly, Xiaolei
et al. [23] indicated that the digital method was more
effective in lingual retainer construction than the standard
process. Moreover, it was more difficult to fabricate a lin-
gual retainer for the maxilla than for the mandible; the
standard technique cost two times to bend the lingual
retainer for the maxilla of the time to bend the lingual
retainer for the mandible. Instead, in this review, Hegele
et al. [5], Adanur et al. [14], and Penning et al. [16] did
not find differences in treatment time between the ana-
lyzed groups. These controversial results may have several
explanations. Implementing a novel technique during clin-
ical care is not constantly simple. The clinician’s expertise
with a new software increases with the passing of the
practice, an aspect that can impact the results [13, 16].
On the other hand, the epidemiological design, the objec-
tives, the interventions compared, the definition of chro-
nological order, and the selection criteria of the studies
may cause differences in the results [5].

Traditionally, it has been indicated that the indicators of
bacterial plaque accumulation and gingival inflammation are
higher with the use of stainless steel retainers [24]. The
smoothness and polish of CAD/CAM retainers allow less
plaque accumulation and therefore less inflammation,
aspects that were corroborated in this review [12, 14].

A clinical trial selected in this review indicated that the
costs of CAD/CAM technology are slightly higher than
those of an orthodontist using conventional treatments
[13]. Penning et al. [16] indicated that this is because
CAD/CAM technology is more expensive due to laboratory
costs. However, the costs of CAD/CAM technology present
controversial results in other specialties of dentistry. Some
studies indicate that the costs are similar to conventional
treatments, while others indicate that the values are lower
[25, 26]. More cost-effectiveness studies are required when
using CAD/CAM systems in orthodontics to present more
conclusive results in this regard.

In this scoping review, only one trial reported patient
complaints related to the thickness of customized brackets
[16]. Other studies have also described patient complaints
in other areas of dentistry when this technology has been
implemented [27, 28].

The main limitation of this scoping review is related to
the moderate and high risk of bias of the CTs selected.
Most of the biases in these studies were related to
double-blinding. It has been reported that blinding the
patient and the clinician in orthodontic interventions is
difficult [5]. However, a greater number of CTs with a
low risk of bias are required to allow more conclusive
results. Other limitations of this review are related to miss-
ing keywords and other databases. However, two of the
most important databases were used.

Finally, it is necessary to design clinical trials with longer
follow-up times, higher scientific quality, and low risks of
bias, to obtain more reliable results about CAD/CAM tech-

nologies used in orthodontics. Furthermore, the cost-
benefit and patient satisfaction with the use of these technol-
ogies should also be investigated.

5. Conclusions

In general terms, no greater efficacy of CAD/CAM technol-
ogy was observed over traditional therapies used in ortho-
dontics. However, it was found that gingival inflammation
and the accumulation of bacterial plaque and dental calculus
were lower when CAD/CAM retainers were used. When
comparing interventions that include CAD/CAM systems
with conventional therapies, no significant reduction in care
times was found.
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Purpose. The aim of this study was to investigate arch parameters and dentoalveolar changes from pretreatment to posttreatment
by comparing the Miniscrew Assisted Rapid Palatal Expansion (MARPE), Periodontally Accelerated Osteogenic Orthodontics
(PAOO), and Damon self-ligating bracket therapies. Materials and Methods. Seventy-nine patients underwent maxillary
expansion followed by or in conjunction with Damon (n = 23), PAOO (n = 28), and MARPE (n = 28) therapies. Nine maxillary
dental arch parameters were compared at pretreatment, posttreatment as well as, increments of treatment change.
Measurements were made on STL study casts using 3Shape Ortho Analyzer 3D scanner software. Results. All groups showed
significant posterior width increase in the molar area. The mean increase in inter-molar distance was more than 8X greater in
MARPE group compared to Damon and more than 4X greater compared to PAOO. MARPE showed significantly greater
increments of change in inter-molar width and palatal vault area Conclusions. All groups showed a significant width increase
in the canine and molar area. MARPE showed the greatest increase in inter-molar width, followed by PAOO and Damon.
MARPE was the only group to show a significant increase in palatal vault area.

1. Introduction

Transverse maxillary deficiency is a frequently occurring
problem in patients presenting for orthodontic treatment.
Approximately 9% of the US population have a transverse
maxillary deficiency associated with a posterior crossbite
[1]. Transverse maxillary deficiency is a skeletal deficiency
and may also cause and influence the sagittal and occlusal
dimensions, such as dental protrusion and crowding. Treat-
ment of the transverse dimension therefore plays a vital part
in resolving arch perimeter problems, especially when
extractions are contraindicated [2].

Conventional rapid palatal expansion (RPE) has been
used as a proven method for treating transverse maxillary
deficiency in pre-pubertal children. Its usefulness in post-
pubertal patients however is limited, as the circum-

maxillary sutures fuse, resulting in little or no skeletal effects
[3]. Due to the lack of skeletal expansion and the potential
for damage to the periodontium, surgically assisted rapid
palatal expansion (SARPE) has traditionally been the gold
standard when treating transverse maxillary deficiency in
the adult patient [4]. SARPE is an invasive procedure how-
ever, and the costs, risks, and morbidity associated to the
surgery may discourage many patients, and orthodontists,
from seeking correction through this procedure [5].

Much attention has been given recently to less invasive
expansion procedures. The ability to resolve severe maloc-
clusion without the need for surgical intervention has tre-
mendous potential for benefit to the patient and
orthodontist [6]. Lee et al. [7] introduced the Miniscrew
Assisted Rapid Palatal Expansion (MARPE), in which min-
iscrews are used in conjunction with an expansion
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appliance, and reported successful opening of the midpalatal
suture. Despite the high success rate of MARPE, in older
patients, where the sutures may be closely interdigitated, it
may still be difficult to split the midpalatal and circum-
maxillary sutures despite utilizing cortical anchorage [8].

Wilcko et al. [9] introduced the Periodontally Acceler-
ated Osteogenic Orthodontics (PAOO) which involves alve-
olar decortication with bone graft augmentation, combined
with orthodontic treatment. PAOO has been shown to not
only expand the scope of orthodontic tooth movement by
200 to 300% in most dimensions, but also hastens tooth
movement due to the Regional Acceleratory Phenomenon
(RAP) [10]. Ferguson et al. [10] demonstrated that up to
7mm of inter-canine width was attained by expansion via
the arch wires alone, following labial and lingual corticot-
omy and bone graft augmentation extending anteriorly
between the two maxillary first molars.

The conventional notion was that once skeletal maturity
had been reached, orthodontic treatment alone could not
offer significant nor stable expansion of the maxilla for defi-
ciencies greater than 5mm [11]. Birnie [12] however
claimed that the Damon System, which is a passive self-
ligation system, has the ability to achieve significant poste-
rior expansion without any need for auxiliary appliances
such as RPE appliances. The Damon philosophy indicates
that light forces do not overpower the musculature and peri-
odontium, but rather the arch form aligns by posterior
expansion due to the lesser resistance of the musculature.

To date, there have been no investigations of the treat-
ment effects of expansion with Damon, MARPE, or PAOO.
The aim of this study was to investigate arch parameters and
dentoalveolar changes from pretreatment to posttreatment
by comparing MARPE, PAOO, and Damon self-ligating
bracket therapies. The null hypothesis tested was no signifi-
cant difference in dentoalveolar changes when using Damon
self-ligating non-extraction treatment compared to PAOO
and MARPE therapies.

2. Materials and Methods

2.1. Sample. This retrospective cohort study evaluated the
pretreatment and posttreatment STL study casts of adult
patients treated with maxillary expansion using three differ-
ent orthodontic treatment modalities. Inclusion criteria were
as follows: (1) moderate to severe transverse skeletal discrep-
ancy (5mm or more); (2) patients greater than 16 years of
age; (3) presence of a posterior unilateral or bilateral cross-
bite; (4) availability of pretreatment and final outcome study
casts; (5) presence of all teeth anterior to, and including, the
first molars; and (6) non-extraction orthodontic treatment.
Exclusion criteria were as follows: (1) prior orthodontic
treatment, (2) craniofacial congenital anomalies, and (3) tak-
ing any medication that might affect bone density.

2.2. Study Groups. A total of 79 patients fit the criteria:
Damon (n = 23), MARPE (n = 28), and PAOO (n = 28).
According to the orthodontic literature with a sample of
approximately 26 subjects in each group, the study had a

power of at least 80%, to detect a 1.25 standard deviation
mean difference between the groups [13].

2.2.1. Damon. Maxillary expansion was obtained with arch
wires only, following the Damon treatment philosophy with
Damon brackets and Damon Cu-NiTi wide arch wires. All
patients finished with .019x.025 TMA or stainless steel upper
arch wires. The sample of 23 patients was obtained from a
private clinic in Mexico treated between 2015 and 2018.

2.2.2. MARPE. Four self-drilled miniscrews with a length of
7mm and a diameter of 1.8mm (ORLUS, Ortholution,
Seoul, Korea) were inserted in the palate following local
anesthesia. The miniscrews were placed in the center of,
and perpendicular to, the 4mm diameter helical hooks
attached to the MARPE appliance. The miniscrews were
then connected to the helices using a light-cured resin
(Transbond, 3M Unitek, St Paul, MN, USA) to fix the min-
iscrews and MARPE appliance together, as well as reduce the
potential for irritation to the tongue. The MARPE appliance
was activated by a quarter of a turn (0.2mm) every second
day, and expansion was stopped when the palatal cusp of
the maxillary first molars came in contact with the buccal
cusp tips of the mandibular first molars. The MARPE appli-
ance was then kept for 3 months after active expansion was
ceased. Orthodontic treatment with a .022 x.028 inch edge-
wise straight wire appliances was then commenced. The
MARPE sample of 28 patients was treated in Korea for
transverse maxillary deficiency at the Department of Ortho-
dontics, Yonsei Dental Hospital, Seoul, Korea, between 2004
and 2010.

2.2.3. PAOO. A full-thickness periosteal flap was reflected,
and intentional scoring of both labial and lingual alveolar
maxillary cortices was performed. Demineralized freeze-
dried bone allograft (DFDBA) or bovine bone xenograft
was used to augment the corticotomy sites. The surgical flap
was sutured in place, and the patient was seen for orthodon-
tic adjustments every second week after the surgical proce-
dure. The surgical procedure was performed within one
week of placement of the orthodontic brackets, and the arch
wires were placed and ligated at the time of surgery. PAOO
patients were treated with .022 x .028 inch edgewise straight
wire appliances until the initial malocclusion was fully
resolved. The PAOO adult sample of 28 patients were
treated in the private practices of William and Thomas
Wilcko (an orthodontist and periodontist, respectively) in
Erie, Pennsylvania, USA.

2.3. Measurements.Measurements were made on digital STL
models utilizing 3Shape Ortho Analyzer 3D scanner soft-
ware (3Shape, Copenhagen, Denmark) for all 79 subjects in
an identical manner. The 3Shape Ortho Analyzer software
(3Shape, Copenhagen, Denmark) technique validity has
been previously demonstrated [14].

2.3.1. Arch Width. The maxillary transverse arch width was
recorded at the level of the canines and first molars. For
the inter-canine width, the measurement was made from
the cusp tip to cusp tip. For the first molars, the
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measurement was made from the mesiolingual groove at the
gingival margin to the contralateral tooth [15] (Figure 1).

2.3.2. Arch Perimeter. Arch perimeter was measured in three
segments per quadrant, starting from the mesial surface of
first molars to the mesial surface of first premolars, then
from the mesial surface of the first premolars to the mesial
surface of the canine, and finally from the mesial surface of
the canine to the mesial contact point of the central incisors.
The arch perimeter was then calculated by adding the mea-
surements of six segments in each arch [16, 17] (Figure 1).

2.3.3. Arch Depth. Arch depth was determined by measuring
a perpendicular line constructed from the mesial contact
point of the central incisors to a line connecting the mesial
aspect of the first molars. The mesial contact point of the
central incisors was determined as the midpoint between
the mesial points of the central incisors [16, 17] (Figure 1).

2.3.4. Clinical Crown Height. The clinical crown height was
determined by measuring the distance from the most occlu-
sal point of the buccal groove to the gingival level directly
below the buccal groove. This allows for an indirect measure
of buccal gingival attachment change from pretreatment to
posttreatment [13] (Figure 2(a)).

2.3.5. Palatal Height. The model was cross-sectioned at the
plane of the buccal groove of the first molars. A linear line
was then dropped to the palatal level, and the height was
measured (Figure 2(b)).

2.3.6. Molar Angulations. Molar angulation was determined
by measuring the angle of intersection of the lines drawn
tangent to the mesio-facial and mesio-palatal cusp tips of
the maxillary first molars. Angulation differences between
pre- and posttreatment indicate the extent of molar tipping
during treatment [18] (Figure 2(c)).

2.3.7. Palatal Vault Area. The palatal vault area was defined
as the area superior to the palatal margin of the maxillary
first molars [13, 19]. (Figure 2(D)).

2.4. Statistical Analysis. To analyze the reliability of the mea-
surements and digital analysis used in this investigation, 10
maxillary dental models were selected randomly and mea-
sured twice by a single operator (intraoperator reliability)
and then by a second operator (interoperator reliability).
The investigator was blinded when performing the measure-
ments. Paired t-tests were used to determine intraoperator
and interoperator systematic error. The data collected was
recorded on a Microsoft Excel Sheet and converted for use
with SPSS software (version 20; IBM, Armonk, NY) for data
analysis.

A Shapiro-Wilk’s test showed that the data was normally
distributed; therefore, parametric statistical testing was
applied. The mean differences between the pretreatment
and posttreatment measurements (increment of change) in
each group were evaluated for statistical significance using
paired t-tests. The mean differences between the three
groups were evaluated by analysis of variance (ANOVA) in

combination with the Scheffe post hoc test. A P value thresh-
old of ≤.05 was accepted as statistically significant.

3. Results

The measurement technique used in the study was found to
be reliable; repeated measurements on 10 randomly selected
study casts demonstrated no significant differences in intra-
or interoperator assessments.

At pretreatment, the three groups were heterogeneous
for ethnicity, age, and male-female ratios. Mean age of the
PAOO (31.7 years) sample was significantly older than the
MARPE (20.9 years P ≤ :001) sample. Active orthodontic
treatment time was significantly shorter for PAOO (8.6
months, P ≤ 0:001) than for MARPE and Damon (24.1 and
16.0 months, respectively). There were also more females
in the Damon and PAOO groups (64% and 68%, respec-
tively), compared to the MARPE (32%, P = 0:19) sample
(Table 1).

Heterogeneous (P ≤ :05) pretreatment variables were
inter-canine width, inter-molar width, and left clinical
crown heights. Pretreatment inter-canine width was smaller
in PAOO (33.2mm) compared to Damon (36.1mm, P ≤
:001), and inter-molar width was smaller in PAOO
(33.3mm, P ≤ :01) than Damon (36.5mm) and MARPE
(36.4mm). The left first molar clinical crown height
(CCH) for PAOO (4.8mm) was smaller than MARPE
(5.7mm, P ≤ :01) (Table 2). For the three arch parameters
that differed significantly at pretreatment, only increments
of treatment change were compared among the three study
groups. The remaining six arch variables with homogenous
pretreatment means were compared at posttreatment in
addition to the treatment effect (increments of change)
comparisons.

3.1. Intergroup Treatment Effects. For the initial variables
that were homogenous at pretreatment, posttreatment arch

1b

3

1a

2c

2b

2a

Figure 1: Linear measurements of maxillary dental arch
parameters: (1a) inter-canine width from cusp tip to cusp tip;
(1b) inter-molar width from mesio-lingual groove at the gingival
margin; (2) arch perimeter; and (3) arch depth.
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perimeter was significantly greater for MARPE (75.2mm) at
posttreatment than PAOO (72.5mm, P ≤ :05). Arch depth
was smaller for MARPE (25.7mm, P ≤ :05) than both
Damon (27.1mm) and PAOO (27.0mm). Posttreatment
right first molar clinical crown height was increased in the
MARPE group in comparison to the PAOO group (5.8 vs
5.0mm, P = :01). Palatal vault area was significantly smaller
for PAOO (287.6, P ≤ :05) than Damon and MARPE (335.5
and 343.1, respectively). There were no significant differ-
ences for palatal vault height and molar angulations between
the groups (Table 3).

3.2. Intergroup Treatment Effects (Increment of Change). For
the initial variables that were heterogeneous at pretreatment,
posttreatment inter-canine arch width change was signifi-
cantly less in Damon (1.4mm) compared to MARPE
(2.3mm, P = :04) and PAOO (3.0mm, P ≤ :001). Inter-
molar width increase was larger for MARPE (4.2mm) than

PAOO and Damon (1 and 0.5mm, respectively, P ≤ :001).
(Table 4).

3.3. Intragroup Treatment Effects. Inter-canine and inter-
molar arch widths were significantly increased for all groups
posttreatment (P ≤ :001). Arch perimeter increased signifi-
cantly in only the MARPE and PAOO groups (P ≤ :001).
Clinical crown height for MARPE increased significantly
for the right first molar. Palatal vault height for MARPE sig-
nificantly decreased, and palatal vault area for MARPE
increased significantly. PAOO demonstrated a significant
increase in first molar angulations (Table 5).

4. Discussion

The three groups compared were heterogeneous for ethnic-
ity, age, and male-female ratios as well as total treatment
time. The MARPE group was considerably younger, with a
mean age of 20.9, which seems to be around the ideal age
to attempt MARPE, i.e., after sutural closure, but prior to
maturation [20]. Treatment using PAOO was completed
within 9 months, which is purported to be due to the
Regional Acceleratory Phenomenon (RAP) [8, 10, 21, 22].
Damon showed a swift 16-month treatment time, while
patients treated with MARPE completed the treatment in a
slower 24-month period. Treatment time using MARPE
could have been slower due to the dual phase nature of the
treatment, in which the first stage utilized the MARPE appli-
ance itself and the second phase utilized the conventional
fixed appliance. The treatment of the MARPE group also
took place in an academic setting, unlike the former which
were treated privately, thereby perhaps extending the treat-
ment time as well. Therefore, not too much can be read into
these differences due to the heterogonous collection of the
sample, and the differing protocols by the various

(a) (b)

(c) (d)

Figure 2: Measurements of maxillary first molar and palate. (a) First molar crown height was determined from the most occlusal point of
the buccal groove to the gingival margin below the buccal groove; (b) palatal height was measured at the level of the buccal groove of the first
molars with a linear line extended to palate; (c) first molar angulation was determined by measuring the angle of intersection of the lines
drawn tangent to the mesio-facial and mesio-palatal cusp tips of the maxillary first molars; and (d) palate vault area measured from the
palatal gingival level of the first molars.

Table 1: Demographics representing the three study samples
including sample size, mean age (in years), gender (number and
percent of sample), and active orthodontic treatment time (in
months). Note significant differences (∗P ≤ :05) in PAOO age,
male and female ratio for MARPE, and active treatment time for
PAOO.

Variable Damon MARPE PAOO

Sample size 23 28 28

Mean age (in years) 25.6 20.9 31.7∗

Gender

Male 8 (35%) 19 (68%)∗ 9 (32%)

Female 15 (65%) 9 (32%)∗ 19 (68%)

Active Tx (months) 16:0 ± 2:0 24:1 ± 9:3 8:6 ± 3:2 ∗
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practitioners. Three pretreatment dental arch parameters
also differed, i.e., left clinical crown height and arch widths
at the inter-canine and inter-molar levels. In treatment effect
studies, a study design with statistically homogeneous initial
means is optimal. Because three arch parameters differed
significantly at pretreatment, intergroup posttreatment
means were not compared for these three study variables.

However, statistical comparisons were made among the
three samples for the remaining six maxillary dental arch
variables.

Posttreatment, MARPE therapy had a greater impact on
arch perimeter than PAOO resulting in 2.7mm greater arch-
perimeter than PAOO-treated patients. However, the post-
treatment arch depth was smaller for MARPE (25.7 mm)

Table 2: Heterogeneous pretreatment maxillary dental arch variables among the three study samples. Note that the PAOO sample had
significantly (∗) smaller (P ≤ :006) mean pretreatment dimensions for inter-canine and inter-molar widths as well as left first molar
clinical crown height (CCH).

Initial mean P sig.
Damon MARPE PAOO D-M D-P M-P

Inter-canine width 36.1 34.6 33.2 NS ≤.001∗ NS

Inter-molar width 36.5 36.4 33.3 NS ≤.01∗ ≤.01∗

Left CCH 5.2 5.7 4.8 NS NS ≤.01∗

Table 3: A comparison among the three study samples of posttreatment variables that were homogeneous at pretreatment.

Post Tx mean P sig.
Damon MARPE PAOO D-M D-P M-P

Arch perimeter 74.5 75.2 72,5 NS NS ≤.05∗

Arch depth 27.1 25.7 27 ≤.05∗ NS ≤.01∗

Right CCH 5.3 5.8 5 NS NS ≤.01∗

Palatal vault height 18.6 18.4 17.1 NS NS NS

Palatal vault area 335.5 343.1 287.6 NS ≤.05∗ ≤.01∗

Molar angulation 158 162 160.4 NS NS NS

Table 4: An intergroup comparison of mean increments of treatment change for pretreatment variables that were heterogeneous.

Mean change from pre- to
posttreatment

Damon MARPE PAOO
D-M D-P M-P

Mean dif. P sig. Mean dif. P sig. Mean dif. P sig.

Inter-canine width 1.4 2.3 2.8 -0.9 ≤0.05 -1.4 ≤0.01 -0.5 NS

Inter-molar width 0.5 4.2 1.0 -3.6 ≤0.01 -0.5 NS 3.2 ≤0.01

Table 5: Paired t-tests demonstrated pre- to posttreatment intragroup treatment changes.

Variable
Damon group

n = 23 (8M; 15F)
MARPE group

n = 28 (19M; 9F)
PAOO group

n = 28 (9M; 19F)
Mean change SD P signif Mean change SD P signif Mean change SD P signif

Inter-canine width 1.4 1.66 ≤.001∗ 2.3 1.21 ≤.001∗ 3.0 0.76 ≤.001∗

Inter-molar width 0.5 1.21 .048∗ 4.2 1.87 ≤.001∗ 1.0 0.72 ≤.001∗

Arch perimeter 1.6 4.38 NS 2.5 2.55 ≤.001∗ 1.2 1.53 ≤.001∗

Arch depth 0.4 2.16 NS -0.1 2.05 NS 0.3 2.25 NS

Right clinical crown height 0.2 0.60 NS 0.3 0.51 .003∗ -0.1 0.90 NS

Left clinical crown height 0.0 0.49 NS 0.2 0.43 NS -0.1 0.63 NS

Palatal vault height 0.4 1.20 NS -0.5 1.18 .025∗ -0.2 -0.91 NS

Palatal vault area 12.9 30.6 NS 19.8 35.36 .006∗ -6.8 18.26 NS

Molar angulations -3.9 9.34 NS -1.9 8.97 NS 2.5 6.14 .040∗
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than both Damon (27.1 mm) and PAOO (27.0 mm). The
likely explanation for these two results is that the 4.5mm
average inter-molar width increase with MARPE caused
the initial long, narrow arches to expand significantly, thus
normalizing the arch form and reducing the arch depth after
space closure. In the Damon and PAOO groups, the expan-
sion would seem to be inadequate to cause a significant
change in arch form and hence arch depth.

The palatal vault area was significantly smaller at post-
treatment for PAOO (287.6) than Damon and MARPE
(335.5 and 343.1, respectively). This result is explained by
the surgical addition of the bone graft placed palatally in
the PAOO group during the procedure, thereby reducing
palatal area at the first molar level. Posttreatment right first
molar clinical crown height was greater for MARPE than
PAOO (5.8 vs 5.0mm). The MARPE design in this study
utilized bands on the upper first molars; therefore, some
force was placed on the dentition during the expansion. This
force on the upper first molars may have caused some detri-
mental effects on the periodontium. PAOO, on the other
hand, had reduced clinical crown height perhaps due to
the alveolar bone graft placed labially resulting in a more
robust periodontium.

The increments of change of initially heterogeneous var-
iables showed that the inter-canine expansion obtained was
significantly less in the Damon (1.4mm) treatment system
compared to MARPE (2.3mm) and PAOO (2.8mm) and
also confirms the results of a previous study comparing con-
ventional RME and Damon [23]. Similarly, inter-molar
expansion with MARPE (4.3mm) dramatically exceeded
Damon (0.5mm) and PAOO (1.0mm), i.e., inter-molar
expansion with MARPE was over 8-times greater than
Damon and over 4-times greater than PAOO. The inter-
molar changes clearly demonstrate the superiority of skeletal
expansion caused by sutural separation from the MARPE
appliance compared to the limited dental arch wire expan-
sion from both the Damon and PAOO group. Arch wire
expansion seems to expand the inter-canine width much
more than the inter-molar area, which may result in reduced
long-term stability. Surprisingly, the PAOO group showed
slightly greater expansion in the canine area compared to
the MARPE group.

Intragroup results show that arch depth and left clinical
crown height did not significant change within any of the
three study groups. All three study groups demonstrated sig-
nificant inter-molar and inter-canine expansion. In the
Damon group, none of the seven remaining arch variables
changed significantly during treatment. Within the MARPE
group, arch perimeter increased (2.5mm), palatal height
decreased significantly (-0.5mm), but palatal vault area
increased (19.8). The use of miniscrews likely prevented
the maxillary first molars from extruding, and the 4.5mm
expansion would explain the increase in palatal vault area
in the maxillary first molar region. The arch perimeter also
increased within the PAOO (1.2mm) group, and the 2.5
degree increase in molar angulation would suggest that
molar expansion with arch wires resulted in some buccal tip-
ping of the crowns of the first molars. All intragroup statis-
tically significant changes also exceeded clinically significant

guidelines except for the inter first molar expansion using
the Damon bracket system treatment which was only mar-
ginally clinically significant, i.e., 0.5mm.

4.1. Limitations. The retrospective nature of the study and
the heterogeneous groups mean that the results of this study
should be construed with some caution. The Damon sample
was obtained from Mexico, the MARPE sample was from
South Korea, and the PAOO sample was obtained from
the USA. All patients treated by expansion were followed
by straight wire treatment mechanics, with various finishing
wires and arch forms that may have impacted some results.
Moreover, impressions were taken immediately posttreat-
ment, and gingival inflammation and/or gingiva compres-
sion during alginate impression may have affected the STL
models. This study was based only on model evaluation,
and CBCT was not performed, and thus skeletal changes
could not be investigated.

5. Conclusions

(i) All groups showed significant width increase in the
canine and molar area

(ii) MARPE obtained significantly greater amount of
posterior expansion (4.2mm) compared to PAOO
(1mm) and Damon (0.5mm)

(iii) MARPE and PAOO showed significantly greater
expansion in the canine area (2.3mm and 3mm,
respectively) compared to Damon (1.4mm)

(iv) MARPE was the only group to show a significant
increase in palatal vault area
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Purpose. The aim of this study was to investigate the effect of reduced radiation doses on the image quality of cone-beam
computed tomography scans and the suitability of such imaging for orthodontics, oral surgery, dental implantology,
periodontology, and endodontology. Materials and Methods. Cone-beam computed tomography scans of a live patient were
performed using seven attenuation filters with increased thickness to decrease the effective radiation dose from 22.4 to 1.8 μSv,
and the effects of different radiation doses on image quality were further analysed. Quantitative image quality was calculated
using dedicated measures, such as signal and contrast-to-noise ratio and sharpness. A panel of five certified raters assessed the
cone-beam computed tomography scans qualitatively. Nine anatomical structures relevant to dentistry were identified, and the
overall acceptance was assessed. Results. Linear reduction of the effective radiation dose had a nonlinear effect on image
quality. A 5-fold reduction in the effective dose led to acceptable quantitative and qualitative image quality measures, and the
identification rate of dental anatomical structures was 80% or greater. The use of less than 40% of the reference dose was
unacceptable for all dental specialties. Conclusions. The ideal radiation dose for specific diagnostic requirements remains a
patient-related and specialty-related decision that must be made on an individual basis. Based on the results of this study, it is
possible to reduce exposure in selected patients, and at the same time obtain sufficient quality of images for clinical purposes.

1. Introduction

Cone-beam computed tomography (CBCT) was introduced
in 1998 [1] and has since been used in all dental disciplines
[2, 3], and specific indications have been identified in ortho-
dontics [4], oral surgery [5], dental implantology [6], peri-
odontology [7, 8], and endodontics [9, 10]. CBCT provides
three-dimensional (3D) images, which are represented two-
dimensionally, and can add valuable diagnostic information
[11, 12]; however, the effective radiation dose increases with

image quality [13], and clinicians are advised to use ionizing
radiation with the lowest achievable radiation dose for safety
purposes [14].

During CBCT scans, patients are exposed to radiation
doses between 11 and 374 microsievert (μSv) [15, 16] that
are significantly higher than those in dental panoramic
tomography (DPT) or other routinely used imaging modal-
ities in the maxillofacial area (5–15μSv) [17–19]. The
applied dose depends on the physical process of radiation
production, the irradiated area, and the sensitivity of the
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radiation-detecting equipment. However, the diagnostic
value of an image not only is determined by the radiation
dose but also depends on the equipment on which the image
is visualized, as well as the person who assesses the image
[20–23].

Physical parameters, such as beam quality and dose,
determine the image quality of radiographs [14, 24–28].
Some image quality parameters, such as signal-to-noise ratio
(SNR), contrast-to-noise ratio (CNR), and sharpness, can be
objectively measured; thus, subjective image quality is of
essential importance and may have a critical impact on diag-
nosis and treatment planning. A number of studies have
often used dry skull phantoms to determine subjective image
quality [20, 21, 23, 24]. However, images obtained from dry
skulls differ considerably from live patient images because of
the absence of soft tissues; therefore, a dry skull model is
poorly appropriate for clinical settings [24]. Hence, this
study aimed to acquire CBCT images from a live patient
using interchangeable filters and to reduce the effective radi-
ation dose. In addition, we also attempted to determine the
effect of radiation doses on subjective image quality and
assess the ability of such imaging to identify anatomical
structures. The images used for this study were acquired
with a commercially available CBCT machine that had been
modified using seven copper filters.

2. Methods

2.1. Ethical Approval. The study was performed on a live
individual who is one of the authors of this study. He had
a skiing accident that resulted in a fractured #21 and war-
rented a CBCT scan as a part of his clinical care. The subject
was assessed by a psychiatrist and found to be competent to
evaluate the risks and benefits and to accept full responsibil-
ity for the conduct of the experiment. The Declaration of
Helsinki does not comment on self-experimentation. The
requirement for ethics approval therefore does not apply.
Nevertheless, approval for the series of radiographs was
obtained from the Trier District Dental Association Public
corporation Loebstrasse 18, 54292 Trier. Since the author
was also the subject, the requirement for informed consent
does not apply. But for the purpose of publication of data,
the patient provided an explicit informed consent to partic-
ipate in the study.

2.2. Imaging. A fully dentate live patient was included in this
study. No artefacts due to metal objects were visible on
CBCT images.

2.3. CBCT Unit Preparation and Acquisition of Data Sets.
Orthophos® XG 3D (Sirona, Bensheim, Germany) was used
for imaging. For dose reduction, a series of seven copper
(Cu) filters (F1-F7) (10mm × 10mm in size) with different
thicknesses (Table 1) were used to attenuate the radiation
beam; they were mounted as close as possible to the radia-
tion source. The effective radiation dose for F0 (no filter)
was 36μSv (Ludlow et al. [29]) and was used to calculate
the interpolated effective dose values by linear regression,
which was performed based on air kinetic energy released

per unit mass measured using a PTW Nomex® ionization
chamber (PTW, Freiburg, Germany) in the central line of
the beam at the detector’s iso-center. The same instrument
parameters (7mA and 85 kV) were used for all imaging
experiments.

The field of view was 8 cm × 8 cm with a voxel size of
0.160mm3. Eight different 3D data sets were obtained and
stored in Digital Imaging and Communications in Medicine
(DICOM) format (one for each filter setting) [30]. All the
scans were done in under 10 minutes without changing the
setups for each scan. Furthermore, the minor head move-
ments were controlled with the support of the headrest.

2.4. Materials Used for Rating. DICOM data was used
throughout the study without any image modification/pro-
cessing. To standardize the images for the ratings, three
image sections (A, coronal view section of the lower first
molar; B, mandibular axial; and C, maxillary axial) were pre-
pared from each volume dataset. These sections were chosen
because they represented the same anatomical location and
orientation, as demonstrated in other investigations [20].
The three specific sections depict relevant anatomy for dif-
ferent dental specialties considered in our study. A total of
24 slices were used.

An overview of the 24 slices with relevant filtration
settings (F0-F7) for the patient is presented in Figure 1.
Images were used without enhancement to achieve a stan-
dardized rating environment. Three slices (A, B, and C) were
arranged next to each other for every filtration setting. The
slides of different attenuations were randomly distributed
for blind assessment to prevent preconditioning during the
evaluation phase. The contrast and brightness settings were
kept constant.

2.5. Qualitative Evaluation. Five CBCT-certified senior
dentists at the Dental University Hospital undertook a qual-
itative analysis of images. The assessors were given verbal

Table 1: Filter settings and effective and relative radiation doses.

Filters
Cu-filter

thickness (mm)
Air kerma
(μGy)

Relative
absorbed
dose (%)

Interpolated
effective

dose∗ (μSv)

F0
0 (no filter/
reference)

1255 100 36†

F1 0.2 779 62 22.4

F2 0.4 480 38 13.8

F3 0.7 328 26 9.4

F4 1.0 202 16 5.8

F5 1.3 134 11 3.8

F6 1.5 104 8 3.0

F7 2.0 63 5 1.8

F0 (no filter) was used as the reference dose. Relative absorbed doses were
assessed based on ion chamber dosimetric (air kerma) measurements with
a repeatability error of <0.03-1%. Interpolated effective doses were
calculated as linear interpolation in relation to F0. †Taken from Ludlow
et al. [29]. ∗Interpolation was calculated based on relative absorbed dose
measurements and a real effective dose reference value.
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and written instructions on how to view and assess/rate the
images using custom questionnaires. The images were pre-
sented in a randomized order, no time limit was set, and a
calibrated and certified diagnostic monitor (terra® LCD
2430W, Wortmann AG, Hüllhorst, Germany) was used
under standardized conditions.

Based on the questionnaire, subjective image quality was
scored using a five-point rating scale (Q1-Q5) (Liang et al.
[20]): 1 = excellent, 2 = good, 3 = acceptable, 4 = poor, and
5 = very poor. Evaluators were asked to identify the follow-
ing nine dental and anatomical structures (A1-A9): A1,
mental foramen; A2, mandibular canal; A3, cortical bone;
A4, dental pulp; A5, dentin, A6, incisal canal; A7, enamel;
A8, periodontal ligament; and A9, cancellous bone. Identifi-
cation of anatomical structures A1-A9 was scored as “yes” or
“no.” All examiners were asked to assess whether these
images were appropriate for the following specialties: S1,
orthodontics; S2, oral surgery; S3, dental implantology; S4,
periodontology; and S5, endodontology.

2.6. Objective Image Quality. Objective image quality was
analysed based on three tissues (bone, dentin, and soft tis-
sue) on the anatomical sections (Figure 2). The following
three key metrics were analysed.

(1) SNR. The SNR was calculated as shown below (equa-
tion (1)). The mean value of the signal (μsignal) was
measured from the bone, and the standard deviation
of the background noise (σbackground) was calculated
from the soft tissue

SNR =
μsignal

σbackground
: ð1Þ

(2) Contrast-to-Noise Ratio (CNR). The CNR was calcu-
lated as shown in equation (2). The mean signal
values were measured for the dentine (μA) and bone
(μB); the background noise (σbackground) was mea-
sured from the soft tissue

CNR = ∣μA − μB ∣
σbackground

: ð2Þ

(3) The sharpness and edge visibility were calculated as
shown in equation (3) on a hard bone-soft tissue
edge based on the variation of the 2D line spread
function, which is expressed by the 2D gradient of
the image (∇f ðxÞ)

sharpness = σ ∣∇f xð Þ ∣ð Þ
σbackground

: ð3Þ

2.7. Statistical Analysis. Intra- and interexaminer reliabilities
were calculated using the intraclass correlation coefficient
based on two separate measurements taken four weeks apart:
they were 0.80 and 0.77, respectively. Nonlinear regression
was used to calculate the association between the mean
detection rate and subjective image quality. Qualitative mea-
sures from observer ratings are presented as means and

Fi
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Figure 1: Overview of the 3 slices from 3D CBCT using filters F0-
F7. Slice A, coronal view of the lower first molar; slice B,
mandibular axial; slice C, maxillary axial.

a
b

c

d

Figure 2: Example of areas used for quantitative image analysis. (a)
Background noise; (b) signal bone; (c) signal dentine; (d) the bone
soft-tissue edge for sharpness analysis.
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standard deviations. Statistical analyses were performed
using SPSS® for Windows, version 22.0 (IBM Corp.,
Armonk, New York, USA). Statistical significance was set
at p < 0:05.

3. Results

A detailed data analysis of image quality for anatomical
structures is shown in Table 2. The cortical bone (A3) and
the incisal canal (A6) had the best image quality, whereas
the periodontal ligament (A8) had generally poor image
quality. Figure 3 shows the mean image quality ratings for
all anatomical structures.

Figure 4 shows objective image quality. Image noise was
more pronounced for filters higher than F4; SNR and CNR
markedly decreased for doses less than 10% of the reference
dose. However, it became difficult to measure sharpness

when image noise was high, so differentiation between filters
F4-F7 was not performed. For filter settings F0-F3, the iden-
tification rates were between 80% and 100% (Figure 5).

The perceived usefulness for different dental specialties
(S1-S5) is shown in Table 3. CBCT data acquired in this
study were most suitable for orthodontics (S1) but were least
suitable for endodontics (S5). Filter settings F3-F7 were
rated as inappropriate for all specialties.

The relationship between the identification rate of anat-
omy and image quality (A1-A9) is shown in Figure 6. Nota-
bly, the plots followed a polynomial function of the second
order; in other words, the relationship was not linear.

4. Discussion

This investigation assessed the subjective image quality of
attenuated CBCT images and their ability to identify

Table 2: Image quality rating of anatomical structures A1-A9 for filter settings F0-F7.

F0 F1 F2 F3 F4 F5 F6 F7

Anatomical structures M± SD M± SD M± SD M± SD M ± SD M± SD M ± SD M± SD
A1 1:4 ± 0:9 3:2 ± 2:0 3:0 ± 1:6 2:8 ± 1:8 3:6 ± 1:7 4:2 ± 1:8 3:0 ± 2:0 3:4 ± 2:2
A2 2:8 ± 1:3 2:6 ± 1:1 3:2 ± 1:3 4:0 ± 1:2 4:6 ± 0:9 4:6 ± 0:5 4:8 ± 0:4 4:8 ± 0:4
A3 1:6 ± 0:5 2:2 ± 1:8 2:6 ± 1:1 2:8 ± 1:6 3:0 ± 1:6 3:2 ± 2:0 3:4 ± 1:8 3:2 ± 1:8
A4 3:0 ± 1:0 3:4 ± 1:3 3:6 ± 1:3 3:0 ± 1:0 4:0 ± 1:4 4:0 ± 1:2 4:4 ± 0:9 4:0 ± 1:0
A5 2:0 ± 0:7 3:4 ± 1:3 3:4 ± 1:5 3:4 ± 1:1 3:4 ± 1:5 3:8 ± 1:3 4:4 ± 0:9 4:2 ± 0:8
A6 1:4 ± 0:5 1:8 ± 0:8 2:8 ± 1:3 2:6 ± 1:1 3:4 ± 1:5 3:2 ± 2:0 3:6 ± 1:9 3:4 ± 1:7
A7 1:8 ± 0:8 3:0 ± 1:4 3:0 ± 1:6 3:2 ± 1:3 3:0 ± 1:6 3:8 ± 1:3 4:2 ± 1:1 3:8 ± 1:1
A8 3:0 ± 1:2 3:8 ± 1:6 3:6 ± 1:3 4:0 ± 1:0 4:2 ± 1:1 4:4 ± 0:9 4:4 ± 0:9 4:2 ± 0:8
A9 1:4 ± 0:5 3:6 ± 1:3 3:4 ± 1:3 3:4 ± 1:1 3:8 ± 1:6 4:4 ± 0:9 4:2 ± 1:1 4:0 ± 1:0
A1: foramen mentale, A2: mandibular canal, A3: cortical bone, A4: dental pulp, A5: dentine, A6: incisal canal, A7: enamel, A8: periodontal ligament, and A9:
cancellous bone. All assessors’ (n = 5) quality ratings are presented as means (M) and standard deviations (SD).
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Figure 3: Image quality ratings for all anatomical structures (Q1 to Q5).
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Figure 4: Overall subjective image quality ratings. All assessors’ quality ratings (Q1-Q5) for the anatomical structures (A1-A9) investigated
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5BioMed Research International



anatomical structures. We attempted to determine if CBCT
radiographs with reduced effective radiation doses were still
able yet maintain the image quality and identify anatomical
structures. To the best of our knowledge, this study is the
first to analyse the relationship between the identification
rate of anatomy and image quality of the attenuated CBCT
on a live dentate patient.

For the purpose of this study, we had specifically chosen
regions that represented the most relevant structures in dif-
ferent dental disciplines, for example, cortical bone, cancel-
lous bone, root, crowns, enamel, foramina, and other
structures of diagnostic interest.

The patient received a combined effective radiation dose
of 96μSv for all images (F0-F7, exposures range from 1.8 to
36μSv based on interpolation). The radiation burden to the
patient in this study was lower than that of other commer-
cially available equipment that could expose the patient to
674μSv [15]. The copper filters F1-F3 used in our investiga-
tion led to effective radiation doses of 22.4, 13.8, and 9.4μSv,
respectively. Notably, the effective radiation dose for a digital
full-size DPT and the cephalometric view is approximately
15μSv [17, 19], and the effective radiation dose of an
intraoral radiograph is approximately 5μSv [18].

4.1. Image Quality and Identification of Anatomy. In our
investigation, subjective and objective image quality mea-
sures decreased with increased thickness of the copper filters
(i.e., reduced radiation dose); the findings further confirm
that an increase in the radiation dose improves the image
quality [13]. However, ratings on subjective image quality
showed considerable variations (Figure 3). These variations
may have been due to the random order of presentation of
the images. The mean identification rate of anatomy
(Figure 5) for filter settings F1-F3 was high. The raters were
able to identify 80% of anatomy structures (A1-A9). Objec-
tive image quality (SNR, CNR, and sharpness) and subjec-
tive image quality were similar for filters F1-F3 (Figure 4).
The modulation transfer function (MTF) was not used
because it has been shown to be less robust for back-
ground noise [31]. These results highlight that the use of
filters F1-F3, which correspond to 62%, 38%, and 26% of
the reference dose, respectively, did not lead to a linear
decrease in image quality; the image quality was consistent
with all criteria (SNR, CNR, sharpness, subjective image
quality, and mean identification). However, the use of fil-

ters F4-F7 led to a remarkable decrease in image quality,
indicating a limited clinical availability of filters F4-F7.
Notably, additional scattering effects caused by the filters
were unlikely to influence our present results since the
copper plates were very thin [32].

4.2. Applicability in Dental Specialties. Accumulating evi-
dence indicates that CBCT is a very valuable imaging modal-
ity for endodontics and has been considered to have a
significant impact on diagnosis and treatment planning.
However, CBCT is currently only recommended for a small
group of patients with complex endodontic problems [9].
Differences between different anatomical sites (mandibular
vs. maxillary, anterior vs. posterior, etc.) needs related to
the patient, and the specific clinical situation may have dif-
ferent implications on the outcome and the usefulness of
the images in dentistry.

In our study, the assessors found that CBCT images
obtained from filters F1-F3 were best suited for orthodon-
tics, oral surgery, and dental implantology, in a descending
order. Since periodontology, and endodontics dealt with
very small anatomical structures, the images from the filters
were deemed inappropriate. However, the assessors rated
the data sets obtained from filters F3-F7 as inappropriate
for any of the dental specialties (S1-S5) considered in our
study. This finding suggests that the attenuated CBCT imag-
ing technique is unlikely to be clinically used in dental spe-
cialties relying on the identification of small (micro)
structures, such as the periodontal ligament and the root
canal system.

4.3. Correlation of the Identification Rate of Anatomy with
Image Quality. The nonlinear regression showed a good cor-
relation between identification of anatomy and image qual-
ity (R2 = 0:92, p < 0:001). These findings demonstrate the
usefulness of the attenuated CBCT imaging technique,
despite the relatively small number of evaluators. Despite
the overall poor median image quality measures, F0 settings
exhibited good identification, except for small anatomical
structures A4 (dental pulp) and A8 (periodontal ligament).
The usefulness of the images for endodontics (S5) and peri-
odontology (S4) was rated lowest.

4.4. Strengths and Limitations of the Study. The CBCT tech-
nique in this study was designed to standardize the testing
conditions. However, the slides presented to the evaluators
were not necessarily relevant to the dental subspecialties.
Indeed, scrolling through all the CBCT images leads to a bet-
ter representation of 3-dimensional structures on a 2-
dimensional monitor and allows for changes in brightness,
contrast, and different settings of the Hounsfield units (HU).

Although the assessors were certified CBCT image
raters, our present results only reflect their subjective
impressions of image availability for different dental special-
ties. Whether an image is considered acceptable for clinical
use often depends on the subjective evaluation of clinicians
[20–23], regardless of whether an image can be modified
for viewing. Our findings confirm that the reduced CBCT
radiation dose may still allow reliable assessment of the

Table 3: Perceived usefulness ratings.

Perceived usefulness ratings (%)
F0 F1 F2 F3 F4 F5 F6 F7

S1 100 40 40 0 0 0 0 0

S2 100 40 20 0 0 0 0 0

S3 80 20 40 0 0 0 0 0

S4 60 0 40 0 0 0 0 0

S5 60 0 0 0 0 0 0 0

Perceived usefulness ratings (%) and different dental specialties depended
on filter settings F0-F7. S1: orthodontics; S2: oral surgery; S3: dental
implantology; S4: periodontology; S5: endodontics.
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anatomy [23, 33, 34] as long as it is well indicated for a par-
ticular specialty.

The assessors considered 25% of CBCT images as inap-
propriate. The findings are not consistent with those in some
current studies, which suggest that CBCT-derived cepha-
lometry is generally comparable, despite not being more reli-
able [35–41]. Our investigation did not determine the
accuracy of amalgamated CBCT images compared with con-
ventional cephalometry. We assessed noncephalometric
landmarks on CBCT images using modified equipment with
reduced radiation burden. With the equipment used in our
study, the radiation burden of CBCT was roughly equivalent
to that of combined conventional DPT and cephalometric
radiograph [17–19]. This finding suggests that the combined
conventional DPT and cephalometric radiograph, which
have often been used as part of the initial standard diagnos-
tics [42], could be replaced by CBCT. However, this assump-
tion is only correct if all images are of diagnostic quality.
Further studies are needed to determine the reliability of
CBCT images acquired by the modified equipment used in
our study. Furthermore, different types of filters may have
varying effects on the reduction of the subject’s radiation
exposure as well as the quality of the images obtained. This
could be a possible evaluation for further studies. Using fil-
ters F1-F3, which were comparable to 62–26 percent of the
reference dose, was possible and resulted in reliable anatom-
ical structure identification. As a result, a further dose reduc-
tion within this range could be intriguing for future research.

5. Conclusion

Higher radiation doses led to better objective and subjective
image quality and identification ratings. However, the rela-
tionship between the applied radiation dose and image qual-
ity measures was nonlinear. In addition, the use of filters F1-
F3, which were equivalent to 62–26% of the reference dose,
was feasible and still resulted in reliable identification of ana-
tomical structures. However, image quality decreased mark-
edly for filter settings where less than 11% of the reference
dose was used. Moreover, attenuated CBCT was considered

acceptable for orthodontics, oral surgery, and dental implan-
tology, but not for periodontology and endodontics. While
the loss of image quality may be acceptable for some indica-
tions, such imaging approaches cannot be recommended for
imaging small anatomical structures, such as the periodontal
ligament and the root canal system. Our findings suggest
that the best radiation dose for specific diagnostic require-
ments remains a specialist-patient related decision, which
has to be made on an individual basis, and it is possible to
reduce exposure in selected patients, and at the same time
obtain sufficient quality of images for clinical purposes.
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Introduction. We aimed (1) to measure the mesiodistal and buccolingual widths of the permanent dentition in Iranian orthodontic
patients, (2) to determine cut-off points for sex identification based on the mesiodistal and buccolingual diameters, and (3) to
calculate Bolton indices. Methods. The mesiodistal and buccolingual dimensions of 28 maxillary and mandibular permanent
teeth in 331 Iranian nonsyndromic orthodontic patients (dental casts and radiographs) aged 12 to 35 years old with fully
erupted permanent dentitions (except the third molars and some sporadic cases of a few teeth missing or excluded) were
measured. The anterior, posterior, and overall Bolton ratios were calculated in cases with no missing teeth in the 6-to-6 range.
Potentially associated factors (the skeletal Angle classes, crowding, sex, jaws, sides, and age), as well as the value of these
measurements for sex determination and cut-off points for sex identification based on these measurements were assessed using
receiver-operator characteristic (ROC) curves, analysis of variance (ANOVA), Tukey, unpaired t-test, partial and Pearson
correlation coefficients, and multiple linear regression (α = 0:05). Results. Sex dimorphism was very frequent (P ≤ 0:05 in 41 out
of 56 measurements). Only the buccolingual widths of the maxillary lateral and the mandibular central and lateral differed across
the Angle classes (ANOVA/Tukey, P < 0:05). Cut-off points were estimated for 38 dental measurements, which were proper for
sex identification (P < 0:05), with 8 (2 maxillary and 6 mandibular) measurements being highly appropriate (having areas under
ROC curves ≥ 64%, P < 0:05). Both the mandibular canines were the only teeth with all four measurements highly appropriate for
this purpose. Controlling for the role of sex, aging was associated negatively with several crown dimensions (the buccolingual
widths of the maxillary first and second premolar and mandibular second premolar and first molar; the mesiodistal diameters
of the maxillary central, canine, first premolar, and first molar, mandibular central, lateral, first premolar, and first molar, P ≤
0:05, partial correlation coefficient). There were significant correlations among crown sizes. All the 28 (right/left-averaged)
measurements were smaller in microdontia cases (P ≤ 0:002). The anterior, posterior, and overall Bolton indices were 78.05,
105.42, and 91.87, respectively. There were correlations between the overall Bolton ratio with the other two Bolton ratios
(Pearson R = 0:696, R = 0:740, P < 0:0005) but not between the anterior and posterior Bolton ratios (R = 0:045, P = 0:459). The
skeletal Angle classes might not be associated with the overall and anterior Bolton ratios (ANOVA, regression, Pearson, P >
0:05). However, the posterior Bolton ratio was smaller in class II cases compared to classes I or III (Tukey, P ≤ 0:045). In the
whole sample, there was no sex dimorphism in Bolton ratios (t-test, P > 0:05). However, in Angle class II patients, the anterior
Bolton ratio was greater in men than in women (P = 0:014). Conclusions. Sex dimorphism might be very common in the
dentition of Iranians, with aging significantly reducing some measurements. The buccolingual widths of some incisors might
differ across the skeletal Angle classes. Mandibular canines are the most appropriate teeth for sex identification. The Angle
classes might not be associated with the anterior and overall Bolton ratios; nevertheless, the posterior Bolton ratio might be
smaller in class II cases compared to others. In general, sex might not affect Bolton ratios; however, in class II patients, the
anterior Bolton ratios might be larger in men.
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1. Introduction

An important issue in dentistry is metric dental traits or
mesiodistal and buccolingual crown sizes [1]. Tooth sizes are
important in orthodontics, prosthodontics, restorative
dentistry, anatomy, and even anthropological and forensic
studies. One of the functions of orthodontists is to correct
problems caused by dental size discrepancies in order to
improve the mastication efficiency, the beauty of the face,
and the orderliness of the dental arch [2]. Knowing the size
of the teeth in populations and individuals is critical for proper
diagnosis, planning an appropriate treatment, and predicting
the results of orthodontic treatment [2–4]. The buccolingual
dimension of the teeth is clinically important as one of the
determining factors of the width of the upper and lower jaws,
the width of the palate, and the space of the tongue. Therefore,
the buccolingual dimensions of the teeth are related to the
correct arrangement of the posterior teeth [5]. The mesiodistal
dimension of the teeth has crucial orthodontic implications: to
obtain an optimal occlusion, the mesiodistal measurements of
the mandibular andmaxillary teeth should relate to each other
[6, 7]. Considerable intermaxillary mesiodistal size discrepan-
cies—which are not uncommon—disallow aligning the teeth
into an optimal occlusion [7–9]. To account for such inter-
maxillary relationships, Bolton [10] devised the concept of
anterior and overall intermaxillary mesiodistal tooth size
ratios (Bolton indices). Later, it was shown that Bolton ratios
might be ethnic-specific and therefore should be assessed in
different populations [6, 7, 11].

Dental crown dimensions can be used in anthropological
studies, evolutionary research, and forensic sciences [3,
12–15]. Gender identification in injured bodies is an essential
step and even the first step for forensic purposes [16, 17]. Deter-
mining sex through dental traits is a common practice in
forensic dentistry and anthropology [18]. The most common
measurements used for such purposes are mesiodistal and
buccolingual widths which are convenient and reliable [19].
Numerous factors can interfere with tooth size variability,
including genetic, epigenetic, or environmental factors [20].
Dental crowns might be larger in men than in women, espe-
cially in the case of the canines [13, 21–26]. Therefore, teeth
are one of the desirable items for human and sex identification
[24, 27, 28]. Dental sizes might also be used to estimate age [29].

Since not many studies have been done on metric dental
traits especially large studies or studies in the Iranian popula-
tion, we aimed to document the metric dental traits (56 mesio-
distal and buccolingual crown dimensions of 28 permanent
teeth) and then to determine sex dimorphism in each of the
dimensions of each permanent tooth. Furthermore, the useful-
ness of thesemeasurements in identifying the sex was assessed,
and the cut-off point for gender determination was estimated.
The associations between metric dental traits with the skeletal
Angle classification and crowding were examined. Finally, we
measured the Bolton intermaxillary mesiodistal tooth size
ratios (Bolton indices); we also evaluated the associations
between Bolton ratios with the skeletal Angle classes, sex,
and age. Besides, we compared the Bolton ratios in this ethnic
group with the original ratios measured by Bolton in Ameri-
can Caucasians [10].

2. Materials and Methods

This cross-sectional epidemiological study was performed
on 662 maxillary and mandibular dental casts of 331 Iranian
orthodontic patients attending the Orthodontic Department
and two private orthodontic clinics in Ahvaz, Iran.

For data collection, all the available patients’ records and
their archival radiographs and casts were subsequently checked
and approved/rejected until reaching the desired sample size.
The inclusion criteria were being Iranian, 12 to 35 years old,
and having a full permanent dentition except for the third
molars and with no more than 2 extractions. The exclusion
criteria were patients with cleft palates or lips or any systemic
diseases or syndromes; patients with any history of previous
prosthodontic, surgical, or orthodontic treatments; patients
without a complete set of permanent teeth (except cases of
hypodontia, cases of single excluded teeth, cases of one or
two extracted teeth, and also except the third molars); cases
with more than two extracted teeth; patients with more than
two partially erupted permanent teeth; cases with poor cast
quality; and cases without lateral cephalographs and panoramic
radiographs. Additionally, single teeth that were not fully
erupted or had (visible or a filed history of) dental caries, crown
fractures, restorations, or veneers were excluded. Information
on age, sex, and type of the skeletal Angle classification was
recorded from the patients’ files and their cephalographs. Data
collection was performed from 2018 to 2020 [30, 31].

The used casts and radiographs were all archival, and
thus, no harm was identified with this study. The protocol
ethics were approved by the research committee of the uni-
versity in accordance with the Helsinki Declaration (ethics
code: U-98142).

All the used dental casts had been poured with white
dental stone for orthodontic use. All the 56 dental buccolin-
gual and mesiodistal dimensions of the 28 teeth were
measured by a trained dentist at the quarter level (for each
hemimaxilla or hemimandible of each patient separately): a
digital caliper at an accuracy of 0.01mm was used to mea-
sure the buccolingual distance (the largest distance between
the buccal and lingual surfaces of the crown perpendicular
to the mesiodistal width of that tooth, from the buccal to
the lingual height of contours) and mesiodistal dimension
(as the maximum distance between the mesial contact point
and distal contact point, when the caliper is parallel to the
buccal tooth surface); in case the proximal tooth was absent
or the tooth was rotated, the anatomically normal contact
points of the tooth would be detected by the observer [1,
20]. Microdontia was considered a very small size of a tooth
but with a normal shape [32].

Cases with any missing teeth within the tooth range of
bimaxillary first 12 teeth (bilateral centrals to the first molars)
were identified and excluded. In the remaining 268 patients
with no missing teeth in the bimaxillary 6–6 range, the sums
of the mesiodistal diameters of the anterior 3 teeth (canine-
to-canine) were calculated in the maxilla and also in the man-
dible. The anterior Bolton ratio was calculated as “100 × the
sum of the mesiodistal widths of the 6 mandibular anterior
teeth/the sum of the mesiodistal widths of the 6 maxillary
anterior teeth” [7–10]. Similarly, in these 268 cases, the sums
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Table 1: Descriptive statistics and 95% CIs for the mesiodistal and buccolingual widths (mm) in the right and left sides of the maxilla in
males versus females (compared using the t-test).

Side Dimension Tooth Sex N Mean SD 95% CI Min Max P

Right

Buccolingual 1 Female 257 7.369 0.584 7.30 7.44 5.61 9.22 0.044

Male 73 7.522 0.520 7.40 7.64 6.34 8.88

Total 330 7.403 0.573 7.34 7.47 5.61 9.22

2 Female 250 6.536 0.644 6.46 6.62 4.47 8.15 0.003

Male 72 6.812 0.816 6.62 7.00 4.22 9.91

Total 322 6.598 0.694 6.52 6.67 4.22 9.91

3 Female 253 8.178 0.647 8.10 8.26 5.65 9.65 <0.0005
Male 73 8.497 0.751 8.32 8.67 6.36 9.88

Total 326 8.250 0.683 8.18 8.32 5.65 9.88

4 Female 248 9.302 0.642 9.22 9.38 6.62 10.87 0.031

Male 72 9.488 0.624 9.34 9.63 7.79 10.85

Total 320 9.344 0.642 9.27 9.41 6.62 10.87

5 Female 254 9.450 0.644 9.37 9.53 6.16 10.94 0.047

Male 73 9.622 0.657 9.47 9.77 8.29 10.92

Total 327 9.489 0.650 9.42 9.56 6.16 10.94

6 Female 254 11.373 0.631 11.30 11.45 9.58 12.78 0.008

Male 72 11.600 0.640 11.45 11.75 10.24 13.11

Total 326 11.423 0.639 11.35 11.49 9.58 13.11

7 Female 253 11.338 0.798 11.24 11.44 8.75 13.60 0.033

Male 70 11.570 0.817 11.38 11.76 9.19 13.26

Total 323 11.388 0.806 11.30 11.48 8.75 13.60

Mesiodistal 1 Female 257 8.626 0.573 8.56 8.70 6.60 10.37 0.031

Male 73 8.789 0.556 8.66 8.92 7.62 9.98

Total 330 8.662 0.572 8.60 8.72 6.60 10.37

2 Female 250 6.759 0.708 6.67 6.85 3.90 9.69 0.560

Male 72 6.812 0.620 6.67 6.96 4.70 8.14

Total 322 6.771 0.689 6.70 6.85 3.90 9.69

3 Female 255 7.675 0.467 7.62 7.73 6.12 9.15 0.001

Male 73 7.896 0.509 7.78 8.02 6.93 8.82

Total 328 7.724 0.485 7.67 7.78 6.12 9.15

4 Female 249 6.946 0.499 6.88 7.01 5.02 9.04 0.187

Male 72 7.034 0.497 6.92 7.15 5.67 8.16

Total 321 6.966 0.499 6.91 7.02 5.02 9.04

5 Female 254 6.665 0.499 6.60 6.73 4.93 9.08 0.472

Male 73 6.713 0.513 6.59 6.83 5.78 8.05

Total 327 6.676 0.502 6.62 6.73 4.93 9.08

6 Female 254 10.050 0.723 9.96 10.14 6.54 13.16 0.018

Male 72 10.277 0.691 10.11 10.44 8.52 12.13

Total 326 10.100 0.721 10.02 10.18 6.54 13.16

7 Female 252 9.780 0.676 9.70 9.86 7.60 11.63 0.001

Male 70 10.076 0.616 9.93 10.22 8.68 11.45

Total 322 9.844 0.674 9.77 9.92 7.60 11.63
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Table 1: Continued.

Side Dimension Tooth Sex N Mean SD 95% CI Min Max P

Left

Buccolingual 1 Female 256 7.342 0.620 7.27 7.42 5.79 9.01 0.017

Male 74 7.536 0.591 7.40 7.67 5.78 9.57

Total 330 7.386 0.618 7.32 7.45 5.78 9.57

2 Female 252 6.547 0.627 6.47 6.62 4.62 8.41 0.013

Male 72 6.782 0.931 6.56 7.00 4.80 12.46

Total 324 6.599 0.711 6.52 6.68 4.62 12.46

3 Female 250 8.172 0.694 8.09 8.26 5.85 9.87 <0.0005
Male 73 8.500 0.727 8.33 8.67 6.20 10.05

Total 323 8.246 0.714 8.17 8.32 5.85 10.05

4 Female 250 9.297 0.633 9.22 9.38 6.19 10.91 0.026

Male 72 9.485 0.616 9.34 9.63 8.27 10.86

Total 322 9.339 0.633 9.27 9.41 6.19 10.91

5 Female 253 9.406 0.675 9.32 9.49 5.86 10.90 0.040

Male 74 9.588 0.641 9.44 9.74 8.18 11.05

Total 327 9.447 0.670 9.37 9.52 5.86 11.05

6 Female 256 11.327 0.629 11.25 11.40 9.53 12.94 0.004

Male 74 11.568 0.653 11.42 11.72 10.03 13.24

Total 330 11.381 0.641 11.31 11.45 9.53 13.24

7 Female 253 11.247 0.779 11.15 11.34 8.35 13.14 0.001

Male 71 11.602 0.727 11.43 11.77 9.61 13.62

Total 324 11.325 0.781 11.24 11.41 8.35 13.62

Mesiodistal 1 Female 256 8.659 0.607 8.58 8.73 6.46 10.61 0.017

Male 74 8.851 0.601 8.71 8.99 7.52 10.67

Total 330 8.702 0.610 8.64 8.77 6.46 10.67

2 Female 252 6.788 0.636 6.71 6.87 4.57 8.43 0.685

Male 72 6.822 0.624 6.68 6.97 4.64 7.96

Total 324 6.795 0.633 6.73 6.86 4.57 8.43

3 Female 251 7.602 0.478 7.54 7.66 5.02 9.13 0.001

Male 73 7.814 0.527 7.69 7.94 6.66 9.02

Total 324 7.650 0.496 7.60 7.70 5.02 9.13

4 Female 250 6.965 0.503 6.90 7.03 4.86 9.02 0.280

Male 72 7.039 0.543 6.91 7.17 5.49 8.38

Total 322 6.981 0.512 6.93 7.04 4.86 9.02

5 Female 253 6.642 0.575 6.57 6.71 5.01 9.73 0.037

Male 74 6.805 0.646 6.66 6.95 5.61 9.96

Total 327 6.679 0.595 6.61 6.74 5.01 9.96

6 Female 256 10.059 0.632 9.98 10.14 8.26 11.53 0.005

Male 74 10.297 0.642 10.15 10.45 8.96 11.65

Total 330 10.113 0.641 10.04 10.18 8.26 11.65

7 Female 253 9.845 0.648 9.77 9.93 8.20 11.66 0.002

Male 71 10.115 0.561 9.98 10.25 8.95 11.43

Total 324 9.904 0.639 9.83 9.97 8.20 11.66

Tooth numbers 1 to 7 denote the most anterior (the central) to the most posterior (the second molar) teeth. SD: standard deviation; CI: confidence interval;
Min: minimum; Max: maximum.
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Table 2: Descriptive statistics and 95% CIs for crown measurements (mm) in the mandible, compared between the sexes (using the t-test).

Side Dimension Tooth Sex N Mean SD 95% CI Min Max P

Right

Buccolingual 1 Female 255 6.243 0.489 6.18 6.30 4.50 8.02 0.104

Male 73 6.352 0.546 6.22 6.48 4.95 7.63

Total 328 6.267 0.503 6.21 6.32 4.50 8.02

2 Female 255 6.511 0.487 6.45 6.57 5.26 8.33 0.078

Male 74 6.634 0.651 6.48 6.78 4.79 7.89

Total 329 6.539 0.530 6.48 6.60 4.79 8.33

3 Female 256 7.398 0.589 7.33 7.47 5.63 8.75 <0.0005
Male 73 7.783 0.799 7.60 7.97 5.80 9.65

Total 329 7.483 0.660 7.41 7.55 5.63 9.65

4 Female 253 7.956 0.587 7.88 8.03 6.00 9.50 <0.0005
Male 73 8.258 0.660 8.10 8.41 7.05 9.97

Total 326 8.024 0.616 7.96 8.09 6.00 9.97

5 Female 250 8.700 0.585 8.63 8.77 6.44 11.18 0.085

Male 69 8.841 0.651 8.68 9.00 7.60 9.96

Total 319 8.731 0.601 8.66 8.80 6.44 11.18

6 Female 254 10.704 0.530 10.64 10.77 8.80 12.22 0.002

Male 72 10.928 0.610 10.78 11.07 9.74 12.56

Total 326 10.753 0.556 10.69 10.81 8.80 12.56

7 Female 255 10.509 0.635 10.43 10.59 8.56 12.29 <0.0005
Male 71 10.822 0.608 10.68 10.97 9.36 12.19

Total 326 10.577 0.641 10.51 10.65 8.56 12.29

Mesiodistal 1 Female 257 5.380 0.445 5.33 5.43 4.08 6.80 0.377

Male 73 5.431 0.391 5.34 5.52 4.51 6.32

Total 330 5.391 0.433 5.34 5.44 4.08 6.80

2 Female 255 5.913 0.424 5.86 5.96 4.62 7.22 0.023

Male 74 6.041 0.430 5.94 6.14 5.33 7.18

Total 329 5.941 0.428 5.90 5.99 4.62 7.22

3 Female 257 6.599 0.476 6.54 6.66 5.17 8.78 <0.0005
Male 73 6.941 0.458 6.83 7.05 5.74 8.02

Total 330 6.674 0.493 6.62 6.73 5.17 8.78

4 Female 253 7.038 0.497 6.98 7.10 5.32 8.87 0.106

Male 73 7.144 0.482 7.03 7.26 5.73 8.26

Total 326 7.061 0.495 7.01 7.12 5.32 8.87

5 Female 250 7.051 0.550 6.98 7.12 5.86 9.40 0.078

Male 69 7.184 0.557 7.05 7.32 5.86 8.38

Total 319 7.080 0.553 7.02 7.14 5.86 9.40

6 Female 254 10.782 0.699 10.70 10.87 8.60 12.82 0.017

Male 72 11.009 0.747 10.83 11.18 9.13 13.05

Total 326 10.832 0.715 10.75 10.91 8.60 13.05

7 Female 255 10.226 0.676 10.14 10.31 8.20 12.42 <0.0005
Male 71 10.554 0.697 10.39 10.72 8.94 12.45

Total 326 10.297 0.693 10.22 10.37 8.20 12.45
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Table 2: Continued.

Side Dimension Tooth Sex N Mean SD 95% CI Min Max P

Left

Buccolingual 1 Female 255 6.224 0.491 6.16 6.28 4.83 7.77 0.036

Male 74 6.364 0.548 6.24 6.49 4.57 7.70

Total 329 6.256 0.507 6.20 6.31 4.57 7.77

2 Female 256 6.487 0.544 6.42 6.55 4.88 8.20 0.081

Male 74 6.611 0.501 6.49 6.73 5.29 8.04

Total 330 6.515 0.536 6.46 6.57 4.88 8.20

3 Female 257 7.424 0.604 7.35 7.50 5.53 9.10 <0.0005
Male 74 7.795 0.760 7.62 7.97 6.15 9.20

Total 331 7.507 0.659 7.44 7.58 5.53 9.20

4 Female 254 7.972 0.573 7.90 8.04 6.16 9.48 <0.0005
Male 73 8.274 0.652 8.12 8.43 6.56 9.62

Total 327 8.040 0.604 7.97 8.11 6.16 9.62

5 Female 250 8.699 0.575 8.63 8.77 6.56 10.78 0.048

Male 71 8.860 0.682 8.70 9.02 6.73 9.96

Total 321 8.735 0.603 8.67 8.80 6.56 10.78

6 Female 250 10.707 0.558 10.64 10.78 8.83 12.23 0.020

Male 73 10.887 0.643 10.74 11.04 9.74 12.67

Total 323 10.748 0.582 10.68 10.81 8.83 12.67

7 Female 255 10.492 0.625 10.41 10.57 8.56 12.05 0.004

Male 70 10.735 0.627 10.59 10.88 9.31 12.17

Total 325 10.544 0.632 10.48 10.61 8.56 12.17

Mesiodistal 1 Female 257 5.397 0.425 5.35 5.45 4.09 6.59 0.202

Male 74 5.468 0.388 5.38 5.56 4.20 6.39

Total 331 5.413 0.417 5.37 5.46 4.09 6.59

2 Female 256 5.954 0.449 5.90 6.01 4.38 7.21 0.149

Male 74 6.040 0.465 5.93 6.15 4.87 6.98

Total 330 5.973 0.454 5.92 6.02 4.38 7.21

3 Female 257 6.651 0.457 6.59 6.71 5.44 9.66 <0.0005
Male 74 6.901 0.488 6.79 7.01 5.70 7.85

Total 331 6.707 0.475 6.66 6.76 5.44 9.66

4 Female 254 7.031 0.532 6.96 7.10 5.17 8.88 0.048

Male 73 7.166 0.443 7.06 7.27 6.15 8.26

Total 327 7.061 0.516 7.00 7.12 5.17 8.88

5 Female 251 7.130 0.595 7.06 7.20 5.82 10.75 0.185

Male 72 7.234 0.559 7.10 7.37 6.22 8.96

Total 323 7.153 0.588 7.09 7.22 5.82 10.75

6 Female 250 10.795 0.704 10.71 10.88 6.84 12.65 0.009

Male 73 11.040 0.685 10.88 11.20 9.35 12.92

Total 323 10.851 0.706 10.77 10.93 6.84 12.92

7 Female 255 10.239 0.703 10.15 10.33 8.44 12.28 0.003

Male 70 10.514 0.608 10.37 10.66 9.02 11.78

Total 325 10.298 0.692 10.22 10.37 8.44 12.28

Tooth numbers 1 to 7 indicate the most anterior to the most posterior teeth. SD: standard deviation; CI: confidence interval; Min: minimum; Max: maximum.
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of the mesiodistal widths of the anterior 12 teeth (6–6) in the
maxilla and also in the mandible were calculated. The overall
Bolton ratio was computed as “100 × the sum of the mesiodis-
tal diameters of the mandibular first 12 teeth (6–6, from the
right first molar to the left first molar)/the sum of the mesio-
distal dimensions of the maxillary first 12 teeth” [7–10]. The
sums of the mesiodistal widths of the bimaxillary bilateral first
premolar, second premolar, and first molar were calculated.
The posterior Bolton ratio was calculated as “100 × the sum
of the mesiodistal measurements of the mandibular premolars

and first molars/the sum of the mesiodistal widths of the max-
illary premolars and first molars” [33, 34].

2.1. Interexaminer Reproducibility Assessment. A second
observer (FG) measured all the buccolingual and mesiodistal
dimensions in all teeth of 35 randomly selected patients (4
quadrants, each). The intraclass correlation coefficient (a total
of 28 Cronbach alpha values) showed excellent and high inter-
observer agreements between the two observers inmost exam-
inations (12 out of 28 Cronbach alpha values >0.9, 11 other
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Figure 1: ROC curves of all the assessed mesiodistal and buccolingual dimensions of all the teeth in the left and right sides of the maxilla.
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Table 3: The areas under ROC curves and the cut-off points for sex determination (mm).

Jaw Side Dimension Tooth Area SE P 95% CI Cut-off (mm)

Maxilla

Right

Buccolingual

Central 0.596 0.040 0.021 0.517 0.675 7.715

Lateral 0.628 0.041 0.002 0.547 0.709 6.950

Canine 0.662 0.040 <0.0005 0.584 0.741 8.665

First premolar 0.587 0.043 0.037 0.502 0.672 9.915

Second premolar 0.590 0.045 0.031 0.502 0.677 10.175

First molar 0.589 0.041 0.032 0.509 0.670 11.715

Second molar 0.567 0.041 0.107 0.487 0.648 —

Mesiodistal

Central 0.575 0.041 0.072 0.494 0.656 —

Lateral 0.526 0.041 0.527 0.446 0.606 —

Canine 0.628 0.041 0.002 0.547 0.710 7.930

First premolar 0.526 0.042 0.528 0.444 0.609 —

Second premolar 0.536 0.044 0.383 0.449 0.623 —

First molar 0.590 0.041 0.030 0.509 0.671 10.275

Second molar 0.598 0.041 0.018 0.518 0.678 10.235

Left

Buccolingual

Central 0.602 0.038 0.011 0.529 0.676 7.355

Lateral 0.606 0.039 0.009 0.529 0.683 6.535

Canine 0.643 0.040 <0.0005 0.566 0.721 8.780

First premolar 0.583 0.041 0.039 0.503 0.663 9.845

Second premolar 0.591 0.041 0.024 0.512 0.671 9.865

First molar 0.596 0.040 0.018 0.518 0.674 11.505

Second molar 0.616 0.037 0.004 0.543 0.690 11.235

Mesiodistal

Central 0.591 0.039 0.025 0.513 0.668 8.570

Lateral 0.537 0.039 0.363 0.460 0.614 —

Canine 0.627 0.041 0.002 0.546 0.708 7.835

First premolar 0.532 0.042 0.422 0.450 0.615 —

Second premolar 0.583 0.041 0.041 0.503 0.663 7.365

First molar 0.595 0.040 0.019 0.516 0.673 10.815

Second molar 0.611 0.039 0.006 0.536 0.687 10.155

Mandible

Right

Buccolingual

Central 0.578 0.043 0.056 0.494 0.662 —

Lateral 0.572 0.043 0.078 0.488 0.655 —

Canine 0.652 0.043 <0.0005 0.568 0.736 7.905

First premolar 0.652 0.041 <0.0005 0.572 0.732 8.285

Second premolar 0.572 0.045 0.078 0.484 0.660 —

First molar 0.594 0.042 0.021 0.512 0.677 11.455

Second molar 0.629 0.039 0.002 0.553 0.705 10.755

Mesiodistal

Central 0.536 0.040 0.372 0.457 0.615 —

Lateral 0.577 0.041 0.059 0.497 0.656 —

Canine 0.720 0.036 <0.0005 0.650 0.790 6.835

First premolar 0.575 0.040 0.066 0.497 0.653 —

Second premolar 0.563 0.041 0.119 0.483 0.644 —

First molar 0.605 0.040 0.010 0.526 0.684 10.885

Second molar 0.620 0.038 0.003 0.545 0.695 10.275

Left Buccolingual

Central 0.617 0.039 0.003 0.540 0.695 6.175

Lateral 0.610 0.039 0.006 0.534 0.686 6.575

Canine 0.683 0.041 <0.0005 0.604 0.763 7.765

First premolar 0.673 0.039 <0.0005 0.596 0.749 8.275

Second premolar 0.606 0.043 0.008 0.522 0.689 9.025

First molar 0.571 0.042 0.077 0.489 0.652 —
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Cronbach alpha values between 0.8 and 0.9, four remaining
Cronbach alpha values between 0.75 and 0.8, and one last
Cronbach alpha = 0:664, all P values < 0.0005).

2.2. Statistical Analyses. Statistical analysis was performed
using SPSS 25 (IBM, Armonk, NY, USA). Descriptive statis-
tics and 95% confidence intervals (CIs) were calculated.
Since age might affect some crown dimensions [35], the ages
of males and females were compared using an unpaired t
-test. Crown dimensions were compared between men and
women, using an unpaired t-test. A receiver operating char-
acteristic (ROC) curve was used to estimate the areas under
the curve (AUC) and cut-off points for the identification of
individuals’ sex based on dental measurements. A partial
correlation coefficient, controlling for the variable sex, was
used to assess correlations between age and crown measure-
ments as well as correlations among dental measurements.
In all of these analyses, the analyses for the right and left
sides were conducted separately.

2.2.1. Associations between Metric Traits with the Angle
Classification and Crowding. The averages were calculated
for measurements on the left and right sides. Associations
between these average buccolingual or average mesiodistal
dimensions with the skeletal Angle classes, crowding, and
microdontia were assessed using an independent-sample t
-test as well as a one-way analysis of variance (ANOVA)
followed by a Tukey post hoc test.

2.2.2. Bolton Anterior, Posterior, and Overall Ratios. An
unpaired t-test and a one-way ANOVA followed by a Tukey
test were used to compare the Bolton ratios between males
and females and among the Angle classes, respectively. The
effects of sex and the Angle classes on Bolton ratios were
assessed using a multiple linear regression. Correlations
between age and Bolton ratios were assessed using a Pearson
correlation coefficient. The Bolton ratios were compared
with the original ratios reported by Bolton [10] using an
unpaired t-test. The level of significance was set at 0.05.

3. Results

There were 74 males and 257 females included in the study.
The mean (SD) age of patients was 19:21 ± 4:87 years (range:
12–35). Mean ages of men and women were 18:29 ± 20:49

and 18:55 ± 19:76 years, respectively. The sexes were bal-
anced in terms of age (t-test, P = 0:716). Of the patients,
182 (55.7%), 127 (38.8%), and 18 (5.5%) were classes I, II,
and III, respectively (the Angle classifications of four
patients were not entered). Crowding was observed in 89
out of 331 cases (26.9%).

Numerous teeth had sex dimorphism in terms of bucco-
lingual or mesiodistal measurements (t-test, P values ≤ 0.05,
Tables 1 and 2). The few measurements without sex dimor-
phism in the maxilla were as follows: mesiodistal dimensions
of the lateral and both premolars on the right and the lateral
and first premolars on the left. In the mandible, the sizes
without sex dimorphism were as follows: the buccolingual
widths of the central, lateral, and second premolars on the
right, and the left lateral, as well as the mesiodistal measure-
ments of the right central and premolars, and the left
incisors and second premolar.

The t-test did not show any significant differences
between the left versus right sides in any of the teeth of
either the maxilla or the mandible (all P values > 0.05).

The statistically significant areas under the ROC curves
indicated that numerous teeth can be used for sex determina-
tion (Figure 1, Table 3) although AUCs were not considerably
large in many of the statistically significant measurements. In
each measurement of each quadrant, the canine had the great-
est area under the curve among all other teeth. The highest
AUC belonged to the mesiodistal dimension of the mandibu-
lar canine. The measurements with AUCs ≥ 64% were as fol-
lows: the buccolingual size of the right and left maxillary
canines and the buccolingual size of the right and left mandib-
ular canines and the right and left mandibular first premolars,
as well as the mesiodistal dimension of the right and left man-
dibular canines (Figures 1 and 2, Table 3). The cut-off points
for determining the sex based on the buccolingual and mesio-
distal measurements of the maxillary and mandibular perma-
nent teeth are presented in Table 3.

Controlling for the role of sex, age was negatively and
weakly correlated with buccolingual widths of the right maxil-
lary first premolar (r = −0:119, P = 0:045, partial correlation
coefficient) and second premolar (r = −0:121, P = 0:040,
Figure 3(a)), the left maxillary first premolar (r = −0:131, P =
0:025) and second premolar (r = −0:145, P = 0:013,
Figure 3(b)), the right mandibular second premolar
(r = −0:138, P = 0:017) and first molar (r = −0:155, P = 0:007,

Table 3: Continued.

Jaw Side Dimension Tooth Area SE P 95% CI Cut-off (mm)

Second molar 0.603 0.040 0.010 0.526 0.681 10.610

Mesiodistal

Central 0.553 0.038 0.183 0.478 0.628 —

Lateral 0.547 0.042 0.238 0.465 0.629 —

Canine 0.668 0.041 <0.0005 0.589 0.748 6.960

First premolar 0.585 0.038 0.033 0.511 0.658 6.965

Second premolar 0.554 0.041 0.172 0.473 0.635 —

First molar 0.598 0.039 0.014 0.522 0.673 10.910

Second molar 0.631 0.037 0.001 0.559 0.703 10.275

SE: standard error; CI: confidence interval for the AUC. Measurements below the cut-off points belong to women.
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Figure 3(c)), and the left mandibular second premolar
(r = −0:131, P = 0:023) and first molar (r = −0:135, P = 0:019,
Figure 3(d), Appendix 1).

Age was also correlated negatively, significantly, and
weakly with mesiodistal dimensions of the right maxillary first
premolar (r = −0:124, P = 0:034) and first molar (r = −0:185,
P = 0:002, Figure 4(a)); the left maxillary central (r = −0:159,
P = 0:006), canine (r = −0:129, P = 0:027), first premolar
(r = −0:133, P = 0:023), and first molar (r = −0:134, P =
0:022, Figure 4(b)); the right mandibular lateral (r = −0:177,
P = 0:002), first premolar (r = −0:149, P = 0:010); and first

molar (r = −0:159, P = 0:006, Figure 4(c)); and the left man-
dibular central (r = −0:163, P = 0:004), lateral (r = −0:131, P
= 0:022), and first premolar (r = −0:175, P = 0:002,
Figure 4(d), Appendix 1).

3.1. Associations between Metric Traits with the Angle
Classification. According to the ANOVA, the teeth that had
different sizes in different classes were the maxillary lateral
(buccolingual measurement only) and the mandibular central
and lateral (buccolingual only, Table 4). According to the
Tukey post hoc test, the buccolingual dimension of maxillary
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Figure 2: ROC curves of all the assessed mesiodistal and buccolingual dimensions of all the teeth in the left and right sides of the mandible.
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lateral differed only between classes I and II (P = 0:030). Sim-
ilarly, the buccolingual width of the mandibular central dif-
fered only between classes I and II (P = 0:032). The
buccolingual diameter of the mandibular lateral differed
between classes I and II (P = 0:025, Table 4).

All dental measurements were similar between cases
with and without crowding (t-test, P > 0:05, Table 5).

All “left/right-averaged” buccolingual and mesiodistal
measurements of all the 14 teeth (the maxillary and mandibu-
lar centrals to the second molars, regardless of their right and

left sides) differed significantly between the cases with micro-
dontia versus those without it (t-test, P ≤ 0:002, Table 6).

There were significant positive correlations among all
different crown measurements of all the assessed teeth
(Appendix 1).

3.2. Bolton Indices. Between men and women, there was no sig-
nificant difference in terms of Bolton ratios (t-test, Table 7).
There was no significant difference among different Angle clas-
ses in terms of the overall or anterior Bolton ratios (Table 7).
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Figure 3: Scatterplots showing the significant correlations between age (the X axis, year) and the buccolingual widths (the Y axis, mm), in
(a) the right maxillary teeth, (b) the left maxillary teeth, (c) the right mandibular teeth, and (d) the left mandibular teeth.
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However, the posterior Bolton ratios differed significantly
across the Angle classes (ANOVA, Table 7). The Tukey test
showed that the mean posterior Bolton ratio in class II patients
was smaller than those in both class I (P = 0:029) and class III
patients (P = 0:045). There was no significant difference
between classes I and III (P = 0:369, Tukey). The multiple
regression did not detect any significant effect of sex
(P ≥ 0:080) or the Angle classification (P ≥ 0:304) on any
Bolton ratios.

There was no correlation between ages with any Bolton
ratios (PearsonR ≤ 0:064, P ≥ 0:297). The correlations between

the overall Bolton index with the anterior Bolton index (Pear-
son R = 0:696, P < 0:00000005) and the posterior Bolton index
(R = 0:740, P < 0:00000005) were significant. However, the was
no significant correlation between the anterior and posterior
Bolton ratios (R = 0:045, P = 0:459).

The unpaired t-test was used to compare the sexes
within each Angle class separately (Table 8). Because of the
small number of class III males, no comparisons were done
for class III cases. As the only significant comparison, the
anterior Bolton ratio of class II men was significantly larger
than that of class II women (P = 0:014, Table 8).

13

14

12

11

10

9

8

7

6

5

4
10 12 14 20 22 2416 18 26 28 30 32 34 36

Age

First premolar
First molar

(a)

12

11

10

9

8

7

6

5

4
10 12 14 20 22 2416 18 26 28 30 32 34 36

Age

First premolarCentral
Canine First molar

(b)

13

14

12

11

10

9

8

7

6

5

4
10 12 14 20 22 2416 18 26 28 30 32 34 36

Age

Lateral
First premolar
First molar

(c)

4

10 12 14 20 22 2416 18 26 28 30 32 34 36
Age

Lateral
First premolar

Central

10

9

8

7

6

5

3

(d)

Figure 4: Scatterplots illustrating the significant correlations between age (the X axis, year) and the mesiodistal widths (the Y axis, mm), in
(a) the right maxillary teeth, (b) the left maxillary teeth, (c) the right mandibular teeth, and (d) the left mandibular teeth.

12 BioMed Research International



Table 4: Descriptive statistics and 95% CIs for dental measurements (averages of the right and left sides, mm) in different Angle classes. The
classes are compared using the one-way ANOVA.

Jaw Measurement Tooth Class N Mean SD 95% CI Min Max P

Maxilla

Buccolingual 1 I 182 7.355 0.540 7.28 7.43 5.91 8.68 0.271

II 127 7.440 0.623 7.33 7.55 5.88 9.04

III 18 7.528 0.539 7.26 7.80 6.47 8.45

2 I 177 6.516 0.617 6.42 6.61 4.47 8.29 0.039

II 127 6.706 0.683 6.59 6.83 5.06 10.13

III 17 6.635 0.576 6.34 6.93 5.84 7.66

3 I 179 8.193 0.657 8.10 8.29 6.24 9.62 0.205

II 125 8.329 0.689 8.21 8.45 6.18 9.87

III 18 8.206 0.571 7.92 8.49 7.10 9.37

4 I 177 9.309 0.588 9.22 9.40 6.41 10.74 0.454

II 125 9.397 0.646 9.28 9.51 7.50 10.69

III 17 9.381 0.539 9.10 9.66 8.21 10.12

5 I 181 9.425 0.652 9.33 9.52 6.01 10.91 0.360

II 126 9.522 0.615 9.41 9.63 7.66 10.99

III 18 9.549 0.557 9.27 9.83 8.19 10.41

6 I 181 11.386 0.575 11.30 11.47 9.73 12.80 0.797

II 127 11.431 0.657 11.32 11.55 9.81 13.17

III 18 11.440 0.689 11.10 11.78 9.96 12.78

7 I 178 11.336 0.752 11.23 11.45 8.98 13.04 0.651

II 125 11.404 0.801 11.26 11.55 9.34 13.32

III 18 11.263 0.743 10.89 11.63 9.78 12.80

Mesiodistal 1 I 182 8.694 0.545 8.61 8.77 6.64 10.06 0.842

II 127 8.656 0.580 8.55 8.76 6.84 10.47

III 18 8.664 0.673 8.33 9.00 7.14 9.85

2 I 177 6.790 0.620 6.70 6.88 3.90 8.10 0.846

II 127 6.749 0.662 6.63 6.87 4.42 8.04

III 17 6.741 0.676 6.39 7.09 5.29 7.70

3 I 180 7.697 0.501 7.62 7.77 5.57 9.14 0.558

II 126 7.689 0.427 7.61 7.76 6.84 8.84

III 18 7.572 0.386 7.38 7.76 6.78 8.10

4 I 177 6.984 0.488 6.91 7.06 5.58 9.03 0.849

II 125 6.956 0.491 6.87 7.04 4.94 8.29

III 17 7.006 0.385 6.81 7.20 6.38 7.81

5 I 181 6.675 0.526 6.60 6.75 5.61 8.96 0.851

II 126 6.673 0.484 6.59 6.76 4.97 8.09

III 18 6.745 0.547 6.47 7.02 5.25 7.52

6 I 181 10.080 0.598 9.99 10.17 8.46 11.89 0.161

II 127 10.185 0.668 10.07 10.30 8.63 11.76

III 18 9.932 0.656 9.61 10.26 9.16 11.12

7 I 178 9.848 0.592 9.76 9.94 8.26 11.48 0.159

II 125 9.937 0.631 9.83 10.05 8.23 11.62

III 18 9.666 0.688 9.32 10.01 8.77 10.98
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Table 4: Continued.

Jaw Measurement Tooth Class N Mean SD 95% CI Min Max P

Mandible

Buccolingual 1 I 182 6.209 0.457 6.14 6.28 4.78 7.55 0.042

II 125 6.348 0.491 6.26 6.43 5.20 7.82

III 18 6.273 0.477 6.04 6.51 5.25 7.01

2 I 182 6.481 0.476 6.41 6.55 5.17 7.66 0.009

II 127 6.628 0.502 6.54 6.72 5.38 7.97

III 18 6.346 0.483 6.11 6.59 5.64 7.23

3 I 182 7.442 0.626 7.35 7.53 5.89 8.92 0.235

II 127 7.565 0.621 7.46 7.67 6.07 9.43

III 18 7.480 0.638 7.16 7.80 6.42 8.75

4 I 178 8.002 0.572 7.92 8.09 6.11 9.59 0.484

II 127 8.083 0.603 7.98 8.19 6.11 9.71

III 18 8.015 0.558 7.74 8.29 7.05 8.94

5 I 180 8.729 0.569 8.65 8.81 6.56 9.95 0.766

II 124 8.747 0.596 8.64 8.85 6.56 10.18

III 18 8.642 0.465 8.41 8.87 7.52 9.29

6 I 182 10.734 0.526 10.66 10.81 9.32 12.09 0.908

II 126 10.752 0.580 10.65 10.85 8.82 12.62

III 18 10.787 0.532 10.52 11.05 9.86 11.85

7 I 181 10.560 0.616 10.47 10.65 9.26 12.04 0.934

II 125 10.546 0.612 10.44 10.65 8.56 12.04

III 18 10.600 0.546 10.33 10.87 9.56 11.62

Mesiodistal 1 I 182 5.391 0.393 5.33 5.45 4.12 6.41 0.814

II 127 5.408 0.412 5.34 5.48 4.24 6.45

III 18 5.449 0.423 5.24 5.66 4.46 6.00

2 I 182 5.962 0.407 5.90 6.02 4.97 7.22 0.554

II 127 5.959 0.434 5.88 6.04 4.50 7.11

III 18 5.850 0.441 5.63 6.07 4.94 6.51

3 I 182 6.715 0.426 6.65 6.78 5.48 8.00 0.527

II 127 6.661 0.481 6.58 6.75 5.39 7.85

III 18 6.649 0.394 6.45 6.84 5.80 7.37

4 I 178 7.081 0.462 7.01 7.15 5.98 8.30 0.711

II 127 7.035 0.494 6.95 7.12 5.44 8.26

III 18 7.051 0.559 6.77 7.33 5.72 7.57

5 I 181 7.127 0.498 7.05 7.20 6.06 8.79 0.656

II 124 7.090 0.539 6.99 7.19 5.86 8.67

III 18 7.199 0.568 6.92 7.48 6.00 8.46

6 I 182 10.853 0.676 10.75 10.95 8.95 12.65 0.255

II 126 10.769 0.723 10.64 10.90 8.17 12.99

III 18 11.031 0.514 10.77 11.29 10.14 11.84

7 I 181 10.317 0.595 10.23 10.40 8.96 12.01 0.648

II 125 10.253 0.692 10.13 10.38 8.52 12.31

III 18 10.346 0.628 10.03 10.66 9.48 11.78

Tooth numbers 1 to 7 indicate the central to the second molar teeth. SD: standard deviation; CI: confidence interval; Min: minimum; Max: maximum.
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Table 5: Descriptive statistics and 95% CIs for dental measurements (averages of the right and left sides, mm) in crowded versus
noncrowded dentitions. The groups are compared using the t-test.

Jaw Measurement Tooth Crowding N Mean SD 95% CI Min Max P

Maxilla

Buccolingual 1 No 242 7.411 0.606 7.33 7.49 5.88 9.04 0.443

Yes 89 7.356 0.480 7.26 7.46 5.93 8.17

Total 331 7.396 0.575 7.33 7.46 5.88 9.04

2 No 237 6.622 0.682 6.53 6.71 4.47 10.13 0.191

Yes 88 6.515 0.569 6.39 6.64 5.27 7.60

Total 325 6.593 0.654 6.52 6.66 4.47 10.13

3 No 239 8.257 0.660 8.17 8.34 6.24 9.87 0.670

Yes 87 8.221 0.680 8.08 8.37 6.18 9.55

Total 326 8.248 0.664 8.18 8.32 6.18 9.87

4 No 239 9.349 0.617 9.27 9.43 6.41 10.74 0.805

Yes 84 9.330 0.592 9.20 9.46 8.01 10.44

Total 323 9.344 0.610 9.28 9.41 6.41 10.74

5 No 241 9.454 0.636 9.37 9.53 6.01 10.99 0.512

Yes 88 9.506 0.627 9.37 9.64 7.90 10.91

Total 329 9.468 0.633 9.40 9.54 6.01 10.99

6 No 241 11.403 0.611 11.33 11.48 9.73 13.17 0.999

Yes 89 11.403 0.632 11.27 11.54 9.81 12.76

Total 330 11.403 0.616 11.34 11.47 9.73 13.17

7 No 236 11.361 0.783 11.26 11.46 8.98 13.32 0.918

Yes 88 11.351 0.737 11.19 11.51 9.34 13.04

Total 324 11.358 0.770 11.27 11.44 8.98 13.32

Mesiodistal 1 No 242 8.687 0.602 8.61 8.76 6.64 10.47 0.771

Yes 89 8.667 0.466 8.57 8.76 7.47 10.13

Total 331 8.682 0.568 8.62 8.74 6.64 10.47

2 No 237 6.781 0.653 6.70 6.86 3.90 8.07 0.726

Yes 88 6.753 0.602 6.63 6.88 4.75 8.10

Total 325 6.773 0.639 6.70 6.84 3.90 8.10

3 No 239 7.701 0.446 7.64 7.76 6.78 9.14 0.375

Yes 89 7.649 0.521 7.54 7.76 5.57 8.84

Total 328 7.687 0.467 7.64 7.74 5.57 9.14

4 No 239 6.977 0.480 6.92 7.04 4.94 9.03 0.870

Yes 84 6.967 0.497 6.86 7.07 5.58 8.08

Total 323 6.974 0.484 6.92 7.03 4.94 9.03

5 No 241 6.670 0.507 6.61 6.73 4.97 8.96 0.660

Yes 88 6.698 0.514 6.59 6.81 5.19 8.57

Total 329 6.677 0.508 6.62 6.73 4.97 8.96

6 No 241 10.090 0.607 10.01 10.17 8.46 11.70 0.424

Yes 89 10.152 0.694 10.01 10.30 8.47 11.89

Total 330 10.106 0.631 10.04 10.17 8.46 11.89

7 No 236 9.857 0.595 9.78 9.93 8.26 11.59 0.405

Yes 88 9.921 0.668 9.78 10.06 8.23 11.62

Total 324 9.874 0.616 9.81 9.94 8.23 11.62
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Table 5: Continued.

Jaw Measurement Tooth Crowding N Mean SD 95% CI Min Max P

Mandible

Buccolingual 1 No 241 6.279 0.507 6.21 6.34 4.78 7.82 0.295

Yes 88 6.216 0.401 6.13 6.30 5.19 7.04

Total 329 6.262 0.481 6.21 6.31 4.78 7.82

2 No 242 6.559 0.512 6.49 6.62 5.17 7.97 0.052

Yes 89 6.440 0.439 6.35 6.53 5.46 7.33

Total 331 6.527 0.496 6.47 6.58 5.17 7.97

3 No 242 7.499 0.632 7.42 7.58 5.89 9.43 0.754

Yes 89 7.475 0.605 7.35 7.60 6.07 8.65

Total 331 7.492 0.624 7.42 7.56 5.89 9.43

4 No 241 8.025 0.564 7.95 8.10 6.11 9.32 0.696

Yes 86 8.054 0.635 7.92 8.19 6.63 9.71

Total 327 8.033 0.583 7.97 8.10 6.11 9.71

5 No 239 8.730 0.577 8.66 8.80 6.56 9.95 0.955

Yes 87 8.726 0.574 8.60 8.85 7.33 10.18

Total 326 8.729 0.575 8.67 8.79 6.56 10.18

6 No 242 10.767 0.551 10.70 10.84 8.82 12.62 0.220

Yes 88 10.683 0.539 10.57 10.80 9.32 11.88

Total 330 10.745 0.548 10.69 10.80 8.82 12.62

7 No 238 10.565 0.625 10.48 10.64 8.56 12.04 0.824

Yes 89 10.548 0.578 10.43 10.67 9.26 11.75

Total 327 10.560 0.612 10.49 10.63 8.56 12.04

Mesiodistal 1 No 242 5.412 0.405 5.36 5.46 4.12 6.45 0.510

Yes 89 5.379 0.393 5.30 5.46 4.47 6.27

Total 331 5.403 0.402 5.36 5.45 4.12 6.45

2 No 242 5.969 0.414 5.92 6.02 4.50 7.22 0.387

Yes 89 5.924 0.430 5.83 6.01 4.75 6.98

Total 331 5.957 0.418 5.91 6.00 4.50 7.22

3 No 242 6.695 0.442 6.64 6.75 5.39 7.98 0.785

Yes 89 6.680 0.464 6.58 6.78 5.45 8.00

Total 331 6.691 0.447 6.64 6.74 5.39 8.00

4 No 241 7.067 0.462 7.01 7.13 5.44 8.30 0.703

Yes 86 7.044 0.526 6.93 7.16 5.67 8.26

Total 327 7.061 0.479 7.01 7.11 5.44 8.30

5 No 239 7.121 0.522 7.05 7.19 5.86 8.79 0.984

Yes 88 7.120 0.523 7.01 7.23 6.09 8.62

Total 327 7.121 0.521 7.06 7.18 5.86 8.79

6 No 242 10.848 0.673 10.76 10.93 8.78 12.99 0.515

Yes 88 10.792 0.733 10.64 10.95 8.17 12.65

Total 330 10.833 0.689 10.76 10.91 8.17 12.99

7 No 238 10.278 0.640 10.20 10.36 8.52 12.31 0.397

Yes 89 10.345 0.625 10.21 10.48 8.95 11.84

Total 327 10.297 0.635 10.23 10.37 8.52 12.31

Tooth numbers 1 to 7 indicate the central to the second molar teeth. SD: standard deviation; CI: confidence interval; Min: minimum; Max: maximum.
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Table 6: Descriptive statistics and 95% CIs for dental sizes (averages of the right and left sides, mm) in cases with and without microdontia.
The groups are compared using the t-test.

Jaw Measurement Tooth Microdontia N Mean SD 95% CI Min Max P

Maxilla

Buccolingual 1 No 203 7.489 0.550 7.41 7.56 5.91 9.04 <0.0005
Yes 128 7.250 0.584 7.15 7.35 5.88 8.52

Total 331 7.396 0.575 7.33 7.46 5.88 9.04

2 No 199 6.681 0.650 6.59 6.77 4.51 10.13 0.002

Yes 126 6.454 0.639 6.34 6.57 4.47 8.19

Total 325 6.593 0.654 6.52 6.66 4.47 10.13

3 No 200 8.370 0.659 8.28 8.46 6.18 9.87 <0.0005
Yes 126 8.054 0.628 7.94 8.16 6.24 9.54

Total 326 8.248 0.664 8.18 8.32 6.18 9.87

4 No 196 9.483 0.525 9.41 9.56 8.01 10.74 <0.0005
Yes 127 9.129 0.668 9.01 9.25 6.41 10.68

Total 323 9.344 0.610 9.28 9.41 6.41 10.74

5 No 202 9.663 0.508 9.59 9.73 8.36 10.99 <0.0005
Yes 127 9.156 0.689 9.04 9.28 6.01 10.78

Total 329 9.468 0.633 9.40 9.54 6.01 10.99

6 No 202 11.584 0.558 11.51 11.66 10.11 13.17 <0.0005
Yes 128 11.117 0.595 11.01 11.22 9.73 12.47

Total 330 11.403 0.616 11.34 11.47 9.73 13.17

7 No 197 11.609 0.678 11.51 11.70 9.54 13.32 <0.0005
Yes 127 10.969 0.743 10.84 11.10 8.98 12.89

Total 324 11.358 0.770 11.27 11.44 8.98 13.32

Mesiodistal 1 No 203 8.834 0.514 8.76 8.91 7.63 10.47 <0.0005
Yes 128 8.440 0.567 8.34 8.54 6.64 10.33

Total 331 8.682 0.568 8.62 8.74 6.64 10.47

2 No 199 6.977 0.513 6.91 7.05 4.74 8.10 <0.0005
Yes 126 6.451 0.685 6.33 6.57 3.90 7.70

Total 325 6.773 0.639 6.70 6.84 3.90 8.10

3 No 201 7.826 0.444 7.76 7.89 6.84 9.14 <0.0005
Yes 127 7.467 0.416 7.39 7.54 5.57 8.47

Total 328 7.687 0.467 7.64 7.74 5.57 9.14

4 No 196 7.107 0.430 7.05 7.17 5.58 8.29 <0.0005
Yes 127 6.770 0.492 6.68 6.86 4.94 9.03

Total 323 6.974 0.484 6.92 7.03 4.94 9.03

5 No 202 6.817 0.469 6.75 6.88 5.70 8.57 <0.0005
Yes 127 6.455 0.490 6.37 6.54 4.97 8.96

Total 329 6.677 0.508 6.62 6.73 4.97 8.96

6 No 202 10.318 0.588 10.24 10.40 8.74 11.89 <0.0005
Yes 128 9.773 0.549 9.68 9.87 8.46 11.12

Total 330 10.106 0.631 10.04 10.17 8.46 11.89

7 No 197 10.100 0.568 10.02 10.18 8.59 11.62 <0.0005
Yes 127 9.524 0.517 9.43 9.61 8.23 11.05

Total 324 9.874 0.616 9.81 9.94 8.23 11.62
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Table 6: Continued.

Jaw Measurement Tooth Microdontia N Mean SD 95% CI Min Max P

Mandible

Buccolingual 1 No 201 6.329 0.470 6.26 6.39 4.78 7.82 0.001

Yes 128 6.157 0.481 6.07 6.24 4.83 7.37

Total 329 6.262 0.481 6.21 6.31 4.78 7.82

2 No 203 6.598 0.472 6.53 6.66 5.21 7.97 0.001

Yes 128 6.414 0.513 6.32 6.50 5.17 7.53

Total 331 6.527 0.496 6.47 6.58 5.17 7.97

3 No 203 7.595 0.650 7.51 7.69 5.89 9.43 <0.0005
Yes 128 7.329 0.543 7.23 7.42 5.91 8.71

Total 331 7.492 0.624 7.42 7.56 5.89 9.43

4 No 200 8.169 0.535 8.09 8.24 6.97 9.59 <0.0005
Yes 127 7.818 0.592 7.71 7.92 6.11 9.71

Total 327 8.033 0.583 7.97 8.10 6.11 9.71

5 No 198 8.891 0.510 8.82 8.96 7.33 9.95 <0.0005
Yes 128 8.479 0.581 8.38 8.58 6.56 10.18

Total 326 8.729 0.575 8.67 8.79 6.56 10.18

6 No 202 10.914 0.501 10.84 10.98 9.82 12.62 <0.0005
Yes 128 10.477 0.515 10.39 10.57 8.82 11.60

Total 330 10.745 0.548 10.69 10.80 8.82 12.62

7 No 199 10.732 0.541 10.66 10.81 9.31 12.04 <0.0005
Yes 128 10.292 0.621 10.18 10.40 8.56 11.88

Total 327 10.560 0.612 10.49 10.63 8.56 12.04

Mesiodistal 1 No 203 5.495 0.377 5.44 5.55 4.51 6.45 <0.0005
Yes 128 5.257 0.397 5.19 5.33 4.12 6.41

Total 331 5.403 0.402 5.36 5.45 4.12 6.45

2 No 203 6.054 0.387 6.00 6.11 5.18 7.11 <0.0005
Yes 128 5.803 0.421 5.73 5.88 4.50 7.22

Total 331 5.957 0.418 5.91 6.00 4.50 7.22

3 No 203 6.811 0.424 6.75 6.87 5.74 7.98 <0.0005
Yes 128 6.502 0.418 6.43 6.58 5.39 8.00

Total 331 6.691 0.447 6.64 6.74 5.39 8.00

4 No 200 7.207 0.430 7.15 7.27 6.06 8.30 <0.0005
Yes 127 6.831 0.462 6.75 6.91 5.44 7.80

Total 327 7.061 0.479 7.01 7.11 5.44 8.30

5 No 199 7.286 0.500 7.22 7.36 6.19 8.79 <0.0005
Yes 128 6.864 0.445 6.79 6.94 5.86 8.13

Total 327 7.121 0.521 7.06 7.18 5.86 8.79

6 No 202 11.066 0.606 10.98 11.15 9.41 12.99 <0.0005
Yes 128 10.467 0.652 10.35 10.58 8.17 12.15

Total 330 10.833 0.689 10.76 10.91 8.17 12.99

7 No 199 10.508 0.567 10.43 10.59 9.18 12.31 <0.0005
Yes 128 9.968 0.597 9.86 10.07 8.52 11.84

Total 327 10.297 0.635 10.23 10.37 8.52 12.31

Tooth numbers 1 to 7 denote the central to the second molar teeth. SD: standard deviation; CI: confidence interval; Min: minimum; Max: maximum.
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Table 7: The Bolton ratios in men, women, and different Angle classes.

Bolton ratio Variables N Mean SD 95% CI Min Max P

Overall

Female 210 91.78 2.48 91.44 92.12 83.97 99.09 0.229

Male 58 92.22 2.42 91.58 92.85 86.32 99.87

Total 268 91.87 2.47 91.58 92.17 83.97 99.87

Anterior

Female 210 77.86 3.11 77.44 78.29 69.00 89.43 0.059

Male 58 78.74 3.02 77.94 79.53 71.45 87.61

Total 268 78.05 3.11 77.68 78.43 69.00 89.43

Posterior

Female 210 105.42 3.77 104.91 105.93 96.20 114.43 0.995

Male 58 105.41 3.83 104.41 106.42 97.14 115.59

Total 268 105.42 3.77 104.96 105.87 96.20 115.59

Overall

Class I 142 91.96 2.43 91.56 92.37 86.32 99.09 0.083

Class II 110 91.55 2.41 91.10 92.01 83.97 99.87

Class III 13 93.03 2.50 91.52 94.54 88.94 97.73

Anterior

Class I 142 77.90 2.98 77.41 78.40 71.45 86.06 0.667

Class II 110 78.16 3.30 77.54 78.79 69.00 89.43

Class III 13 78.56 2.96 76.77 80.35 74.48 85.40

Posterior

Class I 142 105.80 3.64 105.19 106.40 96.78 112.49 0.008

Class II 110 104.60 3.69 103.90 105.30 96.20 115.59

Class III 13 107.19 4.16 104.67 109.70 100.42 112.31

SD: standard deviation; CI: confidence interval; Min: minimum; Max: maximum. The P values for comparisons between men and women are calculated using
the unpaired t-test. The P values for comparisons across Angle classes are calculated using the one-way ANOVA.

Table 8: The Bolton indices in men versus women within different Angle classes.

Angle classes Bolton ratio Sex N Mean SD 95% CI Min Max P

Class I

Overall
Female 115 91.91 2.48 91.45 92.37 86.40 99.09 0.586

Male 27 92.19 2.22 91.32 93.07 86.32 95.72

Anterior
Female 115 77.89 2.97 77.34 78.44 72.16 86.06 0.909

Male 27 77.96 3.09 76.74 79.18 71.45 86.02

Posterior
Female 115 105.69 3.72 105.00 106.38 96.78 112.37 0.472

Male 27 106.25 3.28 104.96 107.55 99.47 112.49

Class II

Overall
Female 82 91.35 2.35 90.83 91.86 83.97 97.67 0.121

Male 28 92.17 2.53 91.19 93.15 87.72 99.87

Anterior
Female 82 77.72 3.33 76.99 78.45 69.00 89.43 0.014

Male 28 79.48 2.92 78.35 80.61 74.52 87.61

Posterior
Female 82 104.64 3.60 103.85 105.43 96.20 114.43 0.841

Male 28 104.48 4.01 102.92 106.03 97.14 115.59

Class III

Overall
Female 11 93.46 2.48 91.79 95.13 88.94 97.73 —

Male 2 90.69 0.57 — — 90.28 91.09

Anterior
Female 11 78.72 3.15 76.60 80.83 74.48 85.40 —

Male 2 77.68 2.09 — — 76.20 79.15

Posterior
Female 11 107.94 4.09 105.20 110.69 100.42 112.31 —

Male 2 103.03 0.46 — — 102.71 103.36

SD: standard deviation; CI: confidence interval; Min: minimum; Max: maximum. The P values are calculated using the unpaired t-test.
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The comparison of the overall Bolton ratio of this sample
(Table 7) with the original overall Bolton ratio (mean: 91.3,
SD: 1.91, n = 55) [10] did not show a significant difference
(unpaired t-test, P = 0:107). However, the anterior Bolton
ratio of this sample was significantly greater (t-test, P =
0:0498, Table 7) than the original anterior Bolton ratio
(mean: 77.2, SD: 1.65, n = 55) [10].

4. Discussion

Tooth size variation is influenced by environmental and
genetic factors including race, sex, heredity, cellular changes,
and bilateral asymmetry [4, 20, 36]. Environmental factors
include nutrition, disease, and climate, which might affect
the prenatal dental system and seem to make little change
to the normal dental system [37]. The strong contribution
of genetic factors to the differences in dental measurements
has been shown, but the influence of environmental factors
seems plausible as well. Both environmental and genetic fac-
tors play a role in the etiology of supernumerary teeth, hypo-
dontia, megadontia, and microdontia [38]. Sizes of teeth
might vary in different populations [1, 20, 39]. Sex dimor-
phism has been reported as ranging between 0.82% and
5.97% for all teeth [4]. An example of a sex difference is
the tendency of men to have larger teeth than women, which
reflects the relationship between the X chromosome and the
Y chromosome. For example, men who are XXY and XYY
have teeth larger than XY men [1]. Our results were in line
with these suggestions.

Keiser and Julius examined mesiodistal and buccolingual
tooth sizes and concluded that they could be used to determine
sex [40]. Using the dental dimensions of one ethnic group
might be used in other ethnicities as well [41]. One of the
preferred methods is to use the canine index, which uses the
mesiodistal size of the mandibular canine together with
intercanine width [42–44]. But the most widely used method
is the mesiodistal and buccolingual dimensions [13, 22, 23].
The mandibular canine seems to have the greatest sex dimor-
phism among all teeth while incisors might have the least
sexual dimorphism [24–26]. A recent meta-analysis suggested
that the canine might have the most sex dimorphism among
all teeth, which might be due to the longer duration of amelo-
genesis of this tooth inmen compared to women [4]. This is in
agreement with our findings of the possibility of the use of
mandibular canines in predicting gender. Some researchers
have shown that when the mesiodistal size of the canine tooth
is larger than 7.0 to 7.2mm, there is a very high probability
that the person is male [16, 24, 45], and this was in line with
our results pertaining to the mandibular canine. Some authors
have suggested that both the mesiodistal and buccolingual
dimensions are needed together for sex determination [46].
In our study, many molar teeth could be used for sex identifi-
cation. In earlier research, this tooth was sometimes useful,
and in some studies, it was useful merely alongside other teeth
for sex determination, indicating the role of ethnicity in sex
dimorphism [47–51].

Our findings indicated that aging might reduce the mesio-
distal and buccolingual dimensions of certain teeth. In archae-
ological studies, the pattern of increased wear appears to be

age-dependent, while in modern populations, men are more
prone to tooth wear than women [35]. Such wear might affect
both epidemiological and clinical outcomes and should be
taken into account in such examinations.

The Bolton ratios found in this study were within the range
reported earlier [6, 7, 11, 33, 34]. In comparison to the original
Bolton ratios, our sample’s anterior Bolton ratio was larger.
This should be considered when practicing on Iranian patients;
still, it should be noted that such results are not definitive, and
sometimes, even studies conducted within the same ethnicity
and country yield different results [6, 11]. The Angle classes
were not associated with the anterior and posterior Bolton
ratios in this sample. This finding was similar to some previous
studies [8, 52–54] but in contrast to some others [33, 55]. It was
found, however, that the posterior Bolton ratio might be
smaller in class II patients, compared to classes I and III. In
terms of sex dimorphism in Bolton ratios, when our whole
sample was assessed, no sexual dimorphism was observed in
this study. This finding was in line with most previous studies
as well as the conclusion of a recent meta-analysis on Bolton
ratios [6, 7, 53–55]. However, when sex dimorphismwas exam-
ined separately within each of the Angle classes I or II, it was
found that in class II patients, the anterior Bolton ratio might
be greater in men than in women. We observed a 70% positive
correlation between the anterior and overall Bolton indices.
This was greater than the studies of Bolton (50% correlation)
[10] or White (-12% correlation) [56] but slightly smaller than
a study on Sudanese people (79% correlation) [7]. The contro-
versies might be attributable to real ethnic differences as well as
methodological variations such as eligibility criteria or sample
sizes. The concept of the posterior Bolton ratio is introduced
and assessed in merely two studies [33, 34]. We observed a
74% correlation between the posterior and overall Bolton
ratios and almost no correlation between the anterior and pos-
terior Bolton ratios. More studies are needed on the posterior
Bolton ratio.

This study was limited by some factors. The number of
females was much greater than males, although both seemed
to be adequate. Moreover, the sample size pertaining to the
Bolton ratios of class III men was very small. Hence, we
did not perform inferential statistics on this subgroup. The
generalizability of some aspects of this research was limited
to the target population (Iranian orthodontic patients).

5. Conclusions

Within the limitations of this study, the following key points
can be summarized:

(1) Sex dimorphism existed in most dental measure-
ments. ROC curve analyses indicated that (A) the
mandibular teeth mostly seemed better than the
maxillary ones for sex identification; (B) the most
appropriate dental measurements for sex determina-
tion were the buccolingual dimension of the right
and left maxillary canines, the buccolingual mea-
surement of the right and left mandibular canines
and the right and left mandibular first premolars,
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as well as (C) the mesiodistal dimension of the right
and left mandibular canines

(2) Cut-off points for sex identification based on proper
dental measurements were calculated for 38 teeth. In
the maxilla, the buccolingual cut-off points ranged
from 7.715mm for the central to 11.715mm for the
first molar; the mesiodistal cut-offs ranged from
8.750mm for the central to 10.815mm for the first
molar. In the mandible, the range of buccolingual
cut-off points was 6.175mm to 11.455mm (the cen-
tral to the first molar), while the range of mesiodistal
cut-off points was 6.835mm to 10.910mm (the
canine to the first molar).

(3) (A) Aging might slightly reduce the buccolingual
crown dimension in a few posterior teeth: the right
and left maxillary first premolar and second premo-
lar and right and left mandibular second premolar
and first molar. (B) It might also slightly reduce the
mesiodistal widths of certain anterior and posterior
teeth: the right maxillary first premolar and first
molar, the left maxillary central, canine, first premo-
lar, first molar, the right mandibular lateral, first pre-
molar, and first molar, and the left mandibular
central, lateral, and first premolar

(4) (A) The only measurements differing among the
skeletal Angle classes were the buccolingual widths
of the maxillary lateral, the mandibular central, and
the mandibular lateral. These differed mainly
between classes I and II. (B) Dental measurements
might not differ between crowded and noncrowded
dentitions. (C) All crown sizes might be smaller in
microdontia cases compared to cases without this
anomaly

(5) The anterior, posterior, and overall Bolton indices
were 78.05, 105.42, and 91.87, respectively. The skel-
etal Angle classification might not be associated with
the anterior and overall Bolton ratios. However, class
II patients might have smaller posterior Bolton ratios
compared to class I or III patients. Aging might not
affect Bolton indices. In the whole sample, there
was no sexual dimorphism in either of these indices.
However, in class II patients, the anterior Bolton
ratio was greater in men than in women. There were
69.6% and 74.0% correlations between the overall
Bolton indexes with the anterior and posterior Bol-
ton indices, respectively. The anterior and posterior
Bolton indices might not be correlated. The overall
Bolton ratio in this population might not differ
much from the original overall Bolton ratio. None-
theless, this population’s anterior Bolton ratio might
be greater than Bolton’s original anterior ratio
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Objective. To analyze the width and height ratios of maxillary anterior teeth at different crown levels through photographs, 3D,
and plaster dental model techniques in a subset of the Pakistani population. Material and Methods. This clinical study
consisted of 230 participants. The maxillary impression, standardized photographs, and models were constructed for crown
width and height analysis. The SPSS version 25 was used for statistical analysis. Descriptive statistics were carried out for
mean, standard deviation, and percentage calculation of teeth width and height, gender, and age of participants. Paired t-test
analysis was carried out to compare the dependent variables (teeth size, width, and height ratios) with independent variables
(techniques applied, side disparity). A p value of ≤ 0.05 was considered statistically significant. Results. The mean width and
height of maxillary anterior teeth obtained through photographs, 3D, and plater models were statistically different. The 3D
dental model analysis showed reliable and accurate results. The mean width and height ratio of teeth were different on both
sides of the arch. There was a significant difference (p = 0:001) in crown width-height ratios at different crown levels.
Conclusion. The width and height ratios in the studied population were different at various crown levels. The dimensions of
teeth varied from the incisal to the cervical part of the crown. Hence, rather than relying on a single, fixed ratio of 78% to 80%
suggested by researchers for anterior teeth, the clinician should adopt different crown width-height ratios to restore teeth with
the optimum esthetic outcome.
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1. Introduction

Esthetic restoration of smiles is a complicated process man-
dating a multidisciplinary approach [1]. The major concern
for patients seeking esthetic dental treatment is the appear-
ance of anterior teeth [2]. Among other parameters, the
dimensions of maxillary anterior teeth are the most signifi-
cant factors in achieving harmonious and esthetic outcomes
[3]. However, defining ideal tooth dimensions is rather diffi-
cult owing to individual variations and proximal tooth
wear [4].

Maxillary anterior teeth, being the most prominent ones,
are paramount to the restoration of anterior dental esthetics
as well as overall facial esthetics [5]. Selection of appropriate
crown length and width is essential to creating esthetically
pleasing smiles. Crown width to length ratio is considered
as the most stable parameter, essential to achieve a harmony
between dental esthetics and facial contours [6]. For maxil-
lary anterior teeth, several theories exist suggesting the ideal
proportions that may result in esthetic results such as golden
proportion, golden percentage, and recurring esthetic dental
proportion [7].

The ratio between height and width of maxillary anterior
has been assessed using several methods. Sterret et al. [8]
employed dental casts to assess the crown width to height ratio
(CWHR) of maxillary anterior teeth. They reported a CWHR
of 85%, 76%, and 77% for males and 86%, 79%, and 81% for
females for maxillary central incisors, lateral incisors, and
canines, respectively. Magne et al., in contrast, utilized
extracted teeth to measure CWHR and observed mean ratios
of 78% for central incisors and 73% each for lateral incisors
and canines [9]. While Chu [10] reported a CWHR of 78%
for all maxillary anterior teeth using “Chu’s esthetic propor-
tion gauge,” Shahid et al. [11] and Yuan et al. [5] utilized dig-
ital calipers to measure the dimensions of maxillary teeth and
reported significant differences only in terms of crown widths
and height between males and females and not in CWHR.
With advancements in digital dentistry, 3D digital models
and software are now being used for easier and faster measure-
ments of dental clinical parameters [7, 12].

As previously stated, knowledge about crown width and
height (W/H) ratio is critical for optimal restoration of max-
illary anterior teeth. A study presenting crown width-height
ratio of maxillary anterior teeth at different crown levels is
lacking. The present study, therefore, is aimed at determin-
ing the crown width-height ratio of maxillary anterior teeth
at different clinical crown levels utilizing 2D photographs,
plaster, and 3D digital dental models. Specific objectives of
the study included the following:

(i) To evaluate the mean mesiodistal widths and inciso-
cervical lengths of maxillary anterior teeth using 2D
photographs, 3D models, and standard plaster
models

(ii) To evaluate the mesiodistal widths and incisocervi-
cal lengths of maxillary anterior teeth using 2D pho-
tographs, 3D models, and standard plaster models
at different crown levels

(iii) To evaluate the width-height ratios of maxillary
anterior teeth at different crown levels

(iv) To compare the mean width-height ratios of maxil-
lary anterior teeth at different crown levels

2. Materials and Methods

2.1. Study Setting and Sample Size. This analytical study was
carried out at the Altamash Institute of Dental Medicine,
Pakistan. A total of 230 subjects participated in this study.
The age range of participants was 18 to 30 years. A nonprob-
ability convenience sampling technique was used to recruit
participants in this study. The flow diagram of the stepwise
methodological approach adopted in this study is described
in Figure 1. The sample size was calculated with public ser-
vice of creative research systems survey software (creative
research systems, version 9, Petaluma, California, United
States). Considering the width and height ratio of 85.55%
for central incisor [13], the estimated sample size at 5% mar-
gin of error with 95% confidence interval, 230 individuals
with intact natural maxillary anterior teeth were invited to
participate in this study, considering the 10,000,000
population.

2.2. Participant Recruitment and Ethical Consideration. The
ethical permission was obtained from the ethical review
board of AIDM number AIDM/EC/06/2019/06 and Univer-
siti Sains Malaysia number USM/JEPeM/19060380. The par-
ticipants were interviewed. The informed consent for
voluntary participation and refusal at any time from the
study was carried out for each participant. The form num-
ber, nationality, age, gender, height, weight of participants,
and contact details were noted. The intraoral and extraoral
examination was carried out to eliminate facial malforma-
tion, asymmetry, deviation of temporomandibular joint,
and difficulty in mouth opening. The participants were also
screened for dental caries, any restoration in anterior teeth,
malalignment of teeth, gingival inflammation, and history
of orthodontic treatment. Two hundred and fifty partici-
pants were initially screened to be included in the study.
Later, 20 participants were excluded based on malalignment
of teeth, facial asymmetry, restored teeth, i.e., composite res-
toration, crown, and bridgework, subjects with blur/unclear
photographs, impression making errors, and broken or
destroyed dental casts in the process of fabrication.

2.3. Capturing Retracted Smile Intraoral Photograph. A digi-
tal camera (Canon EOS, DSLR Camera, CMOS, 18MP,1920
X 1080 p/30 fps) was used to capture crisp clear images. The
camera was equipped with a built-in magnification lens of
(18 – 55mm + 75 – 300mm) to capture reproducible images.
The 1 : 1 macro setting was used for close-up photography of
teeth and generally included 4 four maxillary incisors and
canine teeth on the sensor. The 1 : 1 setting was used for cap-
turing anterior teeth images with a focus set on subject’s cen-
tral incisor tooth. The camera was set at the 12 o’clock
position, mounted on a tripod with a standardized focus
and distance of 1.5 meters from the participants to ensure
distortion-free images. The surrounding lighting remained

2 BioMed Research International



the same for all the photographs. A ring flashlight source
system (LED-FD,480II, Medike Photo and Video Co., Ltd.
Yidoblo, Guangdong, China) was used, and its configuration
consisted of a light unit that was mounted next to the cam-
era lens. The design was of a movable type which consisted
of a light (fluorescent) that was mounted further from the
lens placed in variable custom positions around a circular
mounting bracket. A photograph of anterior teeth for assess-
ment of study subjects was taken from the front, with the
subject in a seated position. The head position was guided
by the investigator to assist the participants in assuming
their natural head position. The height of the lens of the
camera was adjusted on the tripod to match the level of

the incisors for retracted smile image capture. The partici-
pants were seated upright with shoulders and head held
straight and facing forward, looking straight ahead at the
lens of the camera; the natural head position was standard-
ized along both horizontal and vertical axes. In all intraoral
photos, the upper and lower lips were retracted to display
the maxillary anterior teeth. This procedure was like the pro-
tocol described by Bidra et al. [14] (Figure 2).

2.4. Maxillary Impression and Dental Cast Making. For the
fabrication of the maxillary cast, the perforated type of
stainless-steel maxillary impression tray was carefully
selected; the tray must cover the hamular notches and fovea

Recruitment of participants from Altamash Institute of Dental Medicine Pakistan

Pre-treatment records, basic information, and 
clinical examinations were recorded.

Inclusion criteria and exclusion criteria 
Screened (n=250) excluded (n=20) 

Included in study (n=230)

Data collection and entry in 
data collection sheet

 Dental impression making and photographs capturing

Measurements of dental models

Statistical analysis

Patients was selected via convenience sampling

Results and 
outcome 

Construction of stone cast and 3D dental models 

Figure 1: Flow diagram of the study methodology.
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palatine and also provide adequate space for 3-4 millimeters
for the impression material uniformly. The borders of the
tray were extended up to the functional sulcus depth without
causing physical discomfort to the participants.

The impressions of the maxillary arch were made of all
subjects using irreversible hydrocolloid material (fast setting
alginate hydrogum; Zharmack Spa). It was manipulated
according to manufacturer’s instructions. The errorless
impressions after making were washed under running tap
water for 10 seconds to remove debris and salivary pellicle.
Every impression was immersed in dimethyl ammonium
chloride solution (BODE) for 10 minutes to achieve disinfec-
tion. After disinfection, a serial number was allotted to each
impression for identification purposes. The impressions
were poured with type IV dental stone (ISO Type 3, Elite
Rock Zharmack Spa). The dental cast was removed from
the impression after 30 minutes to avoid errors like dimen-
sional changes and desiccation of the cast by the set impres-
sion material. After removal, the cast was coded with a serial
number of subjects using a permanent marker. The bases of
casts were made with soft plaster using standardized base
formers. To obtain a 3D model, the cast was scanned by
UP3D Dental Laboratory Scanner (UP360+, 300 × 300 ×
400mm, 3D scanner, Shenzhen, China). The scanner was
equipped with 2.0MP cameras that can scan with high pre-
cision up to 6μm. The full-arch 3D scan was obtained in 20
seconds. The scanned images were displayed on a compati-
ble dental design software (UPCAD, UP3D, Shenzhen,
China), then transferred via USB to store in a personal
computer.

2.5. Plaster, Photographic, and 3D Dental Cast Teeth Width
Measurement. The photographic and 3D dental cast mesio-
distal width of the maxillary anterior teeth was recorded
with a measuring tool in millimeters setting through Photo-
shop software (Adobe, version 21.0.2, San Jose, California,
United States). The plaster dental cast widths were calcu-
lated with a sharp-tipped digital Vernier calliper (Neiko
01407A Electronic Digital Calliper), read to the nearest
0.02mm. The mesiodistal widths of central incisors, lateral
incisors, and canines were measured from the facial side.

The width of the maxillary anterior teeth crown was
measured at the incisal third, middle third, and cervical third
of the crown from the labial aspect. The height of the crown
was measured from 3 aspects; the mesial third of the crown
from incisal edge to base of interdental papilla similarly at
the distal third the crown length was measured in millime-
ters and recorded. The crown height was also measured at
the middle one-third from the incisal edge to the deepest
point in the cervical third of the crown (Figure 3). The infor-
mation regarding teeth measurements obtained from all
three sources was recorded and transferred to a computer
spreadsheet.

2.6. Calculation of Crown Width and Height Ratios. To cal-
culate the crown width and height (W/H) ratios, the incisal
third width was divided by mesial third height, middle third
width was divided by middle third crown height, and cervi-
cal third width was divided by distal third crown height. This
way, the width and height ratio of each tooth was calculated
at three different crown levels.

2.7. Validity and Reliability Assessment. The data methods
and collection were performed by a single operator (N.A.).
Initially, for interoperator assessment, the data collection
was performed by a senior colleague (J.S.). The data was then
subjected to correlation analysis; a strong correlation value
of (0.739) was noted between the operator measurements.

To minimize intraoperator errors, each measurement
was performed thrice; a constant or mean value of variables
was then noted in proforma. Furthermore, 20% of photo-
graphs and dental models were assessed after 2 weeks by
the same operator. The data was analyzed later by the Dahl-
berg formula to detect intraoperator reliability through cor-
relation statistics.

For validity purposes, 20% of dental cast measurements
that were carried out with a Vernier calliper were compared
with 3D dental cast measurements through adobe photo-
shop software (Adobe, version 21.0.2, San Jose, California,
United States). The intraclass correlation coefficient test
(ICC) was carried to obtain an association between the two
sets of measurements. A strong correlation value of (0.816)
was found because of the analysis.

To minimize the photographic error, the actual width of
maxillary anterior teeth obtained from the dental cast was
divided by perceived width from photographs to obtain a
conversion factor [15]. The perceived teeth widths were then
multiplied by the conversion factor, to overcome magnifica-
tion error and achieve the true width captured in the
photograph.

Figure 2: Pictorial illustration showing methodology of obtaining
standard digital images with subject in natural head position.

Figure 3: Demonstrating the method applied to measure maxillary
anterior teeth width and height.
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2.8. Statistical Analysis. The data were analyzed with Statis-
tical Package for the Social Sciences Software (IBM, SPSS
Statistics, version 25, Chicago, Illinois, United States). The
distribution of data was analysed with normality plots and
testing (Shapiro-Wilk and Kolmogorov-Smirnov). Descrip-
tive analysis of categorical (gender) and continuous (age,
teeth width, height, and ratios) variables was performed, to
calculate frequency, percentage, mean, and standard devia-
tion. Moreover, mean values of dependent variables (width
and height ratios of maxillary anterior teeth) were compared
using paired t-test to detect the mean differences and side
disparity. A p value ≤ 0.05 was taken as statistically
significant.

3. Results

The dropout rate of participants in this study was 0.08%.
The mean age of the participants was 24:210 ± 3:541. There
were 112 (48.7%) male and 118 (51.3%) female participants
in this study.

The mean width of maxillary anterior teeth obtained
through 2D dental images was recorded 16:114 ± 2:366 for
right central incisor, 13:888 ± 5:156 for right lateral incisors,
and 11:079 ± 3:093 for a canine tooth. The mean width of
the left central incisor was 16:366 ± 5:655, 13:308 ± 1318 lat-
eral incisor, and 10:937 ± 0:803 for a canine tooth.

The mean width of maxillary anterior teeth obtained
through 3D dental images was 8:397 ± 0:540 in the right
central incisor, 7:735 ± 0:554 right lateral incisor, and
8:042 ± 0:390 for a canine tooth. The mean width of the left
central incisor was 8:788 ± 0:426, 7:847 ± 0:620 lateral inci-
sors, and 8:157 ± 0:464 in the canine tooth.

The mean width of maxillary anterior teeth obtained
through plaster dental cast was 8:627 ± 0:453 in the right
central incisor, 7:371 ± 0:539 in the right lateral incisor,
and 7:864 ± 0:457 for a canine tooth. The mean width of
the left central incisor was 8:723 ± 0:479, while 7:623 ±
0:637 in the lateral incisor and 7:959 ± 0:482 in the canine
tooth (Table 1).

The clean width of maxillary anterior teeth in this study
was 8:130 ± 0717 in the right central incisor, while for the
lateral incisor, it was 6:241 ± 0:903, and 6:619 ± 1:319 in
the canine tooth, whereas in left central incisor 7:965 ±
0:848, lateral incisor 5:983 ± 0:937, and 6:384 ± 1:320 in
the canine tooth. There was a significant difference
(p < 0:05) between the mean values of photographic and
clean widths of maxillary anterior teeth (Table 2).

The combined width of maxillary anterior teeth analyzed
through 2D photographs were 81:722 ± 9:924, 3D digital
models were 48:969 ± 1:508, clean mesiodistal width was
40:788 ± 4:090, and plaster dental cast was 48:170 ± 1:551
(Table 3).

The mean mesiodistal widths of the right central incisor
at incisal one-third of the crown was 8:912 ± 0:476, middle
third 8:623 ± 0:444, and cervical third 8:354 ± 0:487. The
lateral incisor incisal one-third width was 7:826 ± 0:602,
the middle third width was 8:623 ± 0:444, and the width at
cervical third was 8:354 ± 0:487. Canine tooth incisal one-
third width was 8:364 ± 0:457, middle one-third width was

Table 1: Distribution of mean maxillary anterior teeth widths obtained from 2D images and 3D and plaster dental models (n = 230).

Maxillary teeth
2D photographic width 3D digital model width Plaster dental cast width

Mean Standard deviation Mean Standard deviation Mean Standard deviation

Right central incisor 16.114 2.366 8.397 0.540 8.627 0.453

Right lateral incisor 13.888 5.156 7.735 0.554 7.371 0.539

Right canine 11.079 3.093 8.042 0.390 7.864 0.457

Left central incisor 16.366 5.655 8.788 0.426 8.723 0.479

Left lateral incisor 13.308 1.318 7.847 0.620 7.623 0.637

Left canine 10.937 0.803 8.157 0.464 7.959 0.482

Combine six teeth width 81.722 9.924 48.969 1.508 48.170 1.551

2D: two-dimensional; 3D: three-dimensional.

Table 2: Comparison of mean maxillary anterior teeth widths
obtained from 2D images and clean width obtained after
photographic error assessment (n = 230).

Maxillary teeth

2D photographic
width

Clean width

Mean
Standard
deviation

Mean
Standard
deviation

Right central
incisor

16.114 2.366 8.130 0.717

Right lateral
incisor

13.888 5.156 6.241 0.903

Right canine 11.079 3.093 6.619 1.319

Left central
incisor

16.366 5.655 7.965 0.848

Left lateral incisor 13.308 1.318 5.983 0.937

Left canine 10.937 0.803 6.384 1.320

Combine six teeth
width

81.722 9.924 40.788 4.090

Clean width: mesiodistal teeth dimension obtained after photographic error
estimation assessment; 2D: two-dimensional (p < 0:05).

Table 3: Comparison of different combined mesiodistal widths of
six maxillary anterior teeth (n = 230).

Variables Mean Standard deviation

2D photographic 81.722 9.924

3D digital model 48.969 1.508

Clean mesiodistal teeth width 40.788 4.090

Plaster dental cast 48.170 1.551
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7:864 ± 0:457, while the mean cervical third width was
6:864 ± 0:457.

Similarly, on the left side of the arch, the mean incisal
one-third width of the central incisor tooth was 9:219 ±
0:506, middle third width recorded 8:723 ± 0:479, and cervi-
cal third 7:765 ± 0:526; as far as the lateral incisor is con-
cerned, the mean incisal one-third width was 8:123 ± 0:637
, middle one-third 7:623 ± 0:637, and cervical one-third
was 6:623 ± 0:637. Whereas the mean width of the canine
tooth at incisal one-third was 8:455 ± 0:475, the middle third
was 7:959 ± 0:482, and at the cervical one-third, it was
6:984 ± 0:489 (Table 4).

Furthermore, the mean length of maxillary anterior teeth
at different crown levels was the following. The mesial one-
third length of the right central incisor was 8:023 ± 0:908,
the middle third length was 9:990 ± 0:883, and the distal
third length was 7:059 ± 0:921, whereas in lateral incisor,
mesial third length was 7:611 ± 0:603, middle third length
was 9:093 ± 0:642, while the distal third length was recorded
as 6:608 ± 0:613. The mesial third length of the canine tooth
was 7:305 ± 0:638, the middle third length was 8:805 ± 0:638
, and the cervical third was 7:235 ± 0:635.

However, on the left side of the arch, the mean mesial
one-third length of the central incisor tooth was 7:435 ±

0:558, middle third length 8:929 ± 0:520, and the distal third
was 7:059 ± 0:623. As far as the lateral incisor is concerned,
the mean mesial one-third length was 7:196 ± 0:670, middle
one-third length 8:485 ± 0:691, and distal one-third was
7:456 ± 0:713, whereas the mean length of the canine tooth
at mesial one-third was 7:281 ± 0:665, middle third 8:839
± 0:884, and at the distal one-third, it was 6:766 ± 0:775
(Table 5).

The W/H ratios of maxillary anterior teeth at different
crown levels revealed a value of 112:245 ± 13:443 at incisal
one-third in the right central incisor, while 87:271 ± 8:798
at the middle third of the crown, and 120:286 ± 16:753 at a
cervical third of the crown. Similarly, the width to height
ratio at incisal one-third of the right lateral incisor was
99:738 ± 13:479, the middle one-third ratio was 98:965 ±
14:596, whereas at the cervical third, the ratio obtained was
97:143 ± 13:315. The incisal one-third width and height
ratio of the right canine was 113:773 ± 17:642, the middle
third ratio was 88:651 ± 12:509, and the cervical third was
95:682 ± 14:268.

Moreover, the width to height ratio of maxillary anterior
teeth at the left side of the arch revealed a ratio of 124:178
± 10:436 at incisal one-third in the left central incisor,
98:202 ± 6:781 at the middle third of the crown, while
110:570 ± 9:846 for the cervical third of the crown. Addi-
tionally, the width to height ratio at incisal one-third of left
lateral incisor was 113:226 ± 15:983, the middle one-third
ratio was 89:830 ± 11:437, whereas at the cervical third, the
ratio of 89:527 ± 12:697 was found. The incisal one-third
width and height ratio of the left canine was 114:978 ±
17:024, the middle third was 96:446 ± 111:824, and the cer-
vical third was 102:848 ± 15:729 (Table 6).

Table 7 is presenting paired t-test analysis of crownW/H
ratios at different crown levels. There was a significant differ-
ence (p = 0:001) between width and height ratio of central
incisor at incisal third, supported by a greater t-value of
-11.932 indicating a large difference between the mean values.
The width-height ratio at the middle third was also significant
(p = 0:001), shown by a large t-value (-16.034). Similarly, the
cervical third width and height ratios were also statistically sig-
nificant (p = 0:001), and a large t-value was noted (7.895).

Furthermore, the comparison of side disparity in maxil-
lary anterior teeth revealed a significant difference (p = 0:001
) between the width and height ratio of lateral incisor at inci-
sal third, aided by a greater t-value of (12.033) indicating a
large difference between the mean values. The width-height
ratio at the middle third showed a significant difference
(p = 0:001), supported by a large t-value (9.568). Likewise,
the cervical third width and height ratio was also statistically
significant (p = 0:001), endorsed by a large t-value (8.092).

However, no significant difference (p = 0:296) was found
between the width and height ratio of the canine tooth at
incisal third level, supported by a small t-value of -1.048
indicating no variation between the mean values. The
width-height ratio at the middle third was also statistically
significant (p = 0:001); this finding was supported by a t
-value (-3.404). Likewise, the cervical third level width and
height ratios showed a significant difference (p = 0:001) in
mean values, indicated by a large t-value (-17.145).

Table 4: Characteristics of mesiodistal widths of maxillary anterior
teeth different crown level (n = 230).

Variables
Incisal third

width
Middle third

width
Cervical third

width

Right central
incisor

8:912 ± 0:476 8:623 ± 0:444 8:354 ± 0:487

Right lateral
incisor

7:826 ± 0:602 7:371 ± 0:539 6:366 ± 0:543

Right canine 8:364 ± 0:457 7:864 ± 0:457 6:864 ± 0:457
Left central
incisor

9:219 ± 0:506 8:723 ± 0:479 7:765 ± 0:526

Left lateral
incisor

8:123 ± 0:637 7:623 ± 0:637 6:623 ± 0:637

Left canine 8:455 ± 0:475 7:959 ± 0:482 6:984 ± 0:489

Table 5: Characteristics of incisocervical length of maxillary
anterior teeth at different crown levels (n = 230).

Variables
Mesial third

length
Middle third

length
Distal third

length

Right central
incisor

8:023 ± 0:908 9:990 ± 0:883 7:059 ± 0:921

Right lateral
incisor

7:611 ± 0:603 9:093 ± 0:642 6:608 ± 0:613

Right canine 7:305 ± 0:638 8:805 ± 0:638 7:235 ± 0:635
Left central
incisor

7:435 ± 0:558 8:929 ± 0:520 7:059 ± 0:623

Left lateral
incisor

7:196 ± 0:670 8:485 ± 0:691 7:456 ± 0:713

Left canine 7:281 ± 0:665 8:839 ± 0:884 6:766 ± 0:775
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4. Discussion

The present study is aimed at evaluating the crown width-
height ratio of maxillary anterior teeth at different clinical
crown levels utilizing 2D photographs and 3D digital dental
models. The mean combined mesiodistal widths of maxillary
anterior teeth were 81:722 ± 9:924 for 2D photographs,
48:969 ± 1:508 using 3D digital models, 40:788 ± 4:090 clean
width after error correction for 2D photographs, and 48:170
± 1:551 using plaster models. A statistically significant differ-
ence (p < 0:05) between the mean values of photographic and
clean widths ofmaxillary anterior teeth was seen. The values of
photographic width were drastically different form clean
width of anterior teeth; the reason is lack of minimizing the
photographic error during capture. The images get distorted
and enlarged due to difference in a camera focal length, shutter
speed, and macro settings; hence, it effects a photograph accu-
racy and reproducibility. The current study overcomes the dis-
tortion effect by adopting the “conversion factor” method
proposed byWard [15] to obtain an accurate and reproducible
dental images. The use of such photographic error assessment
techniques was also recommended in other studies carried out
by Kois [16] and Pitel et al. [17].

In this study, a statistically significant difference (p = 0:001
) was observed between the width and height ratio of all right
and left side anterior teeth at incisal, middle, and cervical
thirds except for maxillary canine where the width-height
ratio at incisal third was not statistically significant
(p = 0:296). The crown width and height ratios were measured
at different anatomical levels in this study; therefore, a single
value of W/H ratio (73 to 95%) like proposed by Shahid
et al. [11] in both sexes that was concluded, based on the mid-
dle third width and height of the teeth, and further compared
with arch form, arch perimetry and width cannot be compared
with our study due to difference in methodology.

In the present study, for maxillary anterior teeth, the great-
est crown dimensions were observed formaxillary central inci-
sors, followed by maxillary canines and maxillary lateral
incisors. This is by the findings of Alqahtani et al. [2], Sitthi-
phan et al. [6], Sah et al. [18], Orozco-Varo et al. [19], and
Aldegheishem et al. [20]. In the current study, the mean
width-height ratio for the right central incisor at the incisal,
middle, and cervical thirds of the crown was 112.24%,
87.27%, and 120.286%, respectively (mean: 106.59%), while
for the left central incisor, these ratios were 124.17%, 98.2%,

and 110.57%, respectively (mean: 110.98%). Likewise, for the
right lateral incisor, mean width-height ratios were 99.7%,
98.9%, and 97.1% (mean: 98.56%), and for the left lateral inci-
sor, mean width-height ratios were 113.22%, 89.8%, and
89.52% (mean: 97.5%). For the right canine, mean width-
height ratios were 113.77%, 88.65%, and 95.68% (mean:
99.36%), while for the left canine, ratios were 114.97%,
96.44%, and 102.84% (mean: 104.75%). Song et al. [21] in their
study carried out similar work but measured the crown width-
height ratios at two levels only, namely, mesiodistal width to
length (MDW/L) ratio and the cervical width to length
(CW/L) ratio. They reported a mean MDW/L of 86% and
CW/L of 73% for the central incisors, 84% MDW/L and 67%
CW/L for lateral incisors, and 87% MDW/L and 71% CW/L
ratio for maxillary canines in the Korean population indicat-
ing an increased length of teeth in the said population. These
differences can be attributed to differences in ethnicity that
have been suggested to affect tooth dimensions among popu-
lations [22].

In the present study, the mean width and height of cen-
tral incisors were 8.59mm and 8.08mm, respectively. For
lateral incisors, the mean width and length were 7.32mm
and 7.74mm, while for canine, respective values were
7.75mm and 7.71mm. These findings are comparable to
those reported by Melo et al. [23] who implied that the find-
ings are not by the “ideal tooth dimensions.” We failed to
find any study that evaluated widths and lengths of maxillary
anterior teeth at various crown levels, and hence, it was dif-
ficult to draw comparisons.

Attempts have been made to curtail possible sources of
error and bias in the present study. The main limitation of
the study is perhaps its relatively smaller sample size. Future
studies with a larger and more diverse sample may reveal
interesting results. To limit human error in data collection,
all procedures have been carried out by a single operator,
where equipment has been used such as cameras and
intraoral scanners; the inherent margin of error of the said
equipment may have been incorporated, but as such, it does
not appear to affect the study results.

In the context of external validity, the results of the pres-
ent study are generalizable to the Pakistani population in
particular and the Southeast Asian population in general.
The subjects for this study have been selected from the gen-
eral population presenting to institute’s OPD. Since it is a
purely observational study, the effect of any intended

Table 6: Distribution of width-height ratios of maxillary anterior teeth at different crown levels (n = 230).

Variables
Incisal third width and height ratio

% SD
Middle third width and height ratio

% SD
Cervical third width and height ratio

% SD

Right central incisor 112:245 ± 13:443 87:271 ± 8:798 120:286 ± 16:753
Right lateral incisor 99:738 ± 13:479 98:965 ± 14:596 97:143 ± 13:315
Right canine 113:773 ± 17:642 88:651 ± 12:509 95:682 ± 14:268
Left central incisor 124:178 ± 10:436 98:202 ± 6:781 110:570 ± 9:846
Left lateral incisor 113:226 ± 15:983 89:830 ± 11:437 89:527 ± 12:697
Left canine 114:978 ± 17:024 96:446 ± 111:824 102:848 ± 15:729
%: percentage; SD: standard deviation.
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interventions and their subsequent outcomes is ruled out by
default. If the study were to be repeated in the same popula-
tion with a different sample, it should yield similar results.
However, if subjects from different ethnic backgrounds are
selected, results may vary.

5. Conclusions

The results of this revealed the following outcome.

(1) There was a significant difference when the mean
mesiodistal widths and incisocervical lengths of
maxillary anterior teeth obtained through 2D photo-
graphs were compared with 3D models and standard
plaster models, whereas no difference was found
between maxillary anterior teeth width of 3D and
plaster models. The 3D dental model analysis is
accurate and reliable

(2) The width and height ratios in the studied popula-
tion were different at various crown levels. The
dimensions of teeth varied from the incisal to the
cervical part of the crown. In the current study, the
width-height ratio for the right central incisor was
112.24% at incisal, 87.27% middle, and 120.286% at
the cervical level of the crown, respectively. The
mean W/H ratio was 106.59%. In the left central
incisor, these ratios were 124.17%, 98.2%, and
110.57%, respectively, with a mean ratio of 110.98%

(3) Likewise, for the right lateral incisor, width-height
ratios were 99.7%, 98.9%, and 97.1%, while the mean
ratio was 98.56%. In the left lateral incisor, mean
width-height ratios were 113.22%, 89.8%, and
89.52% whereas, the mean ratio was 97.5%

(4) The width-height ratios in right canine tooth were
113.77%, 88.65%, and 95.68% (mean: 99.36%), while
for the left canine, the ratios were 114.97%, 96.44%,
and 102.84% (mean: 104.75%)

(5) Hence, rather than relying on a fixed and single ratio
of 78% to 80%, the clinician should adopt different
width-height ratios to restore teeth with the opti-
mum esthetic outcome
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One of the main requirements for orthodontic treatment is continuous image acquisition. However, the conventional system of
orthodontic image acquisition, which includes manual classification, archiving, and monitoring, is time-consuming and prone
to errors caused by fatigue. This study is aimed at developing an effective artificial intelligence tool for the automated
classification and monitoring of orthodontic images. We comprehensively evaluated the ability of a deep learning model based
on Deep hidden IDentity (DeepID) features to classify and archive photographs and radiographs. This evaluation was
performed using a dataset of >14,000 images encompassing all 14 categories of orthodontic images. Our model automatically
classified orthodontic images in an external dataset with an accuracy of 0.994 and macro area under the curve of 1.00 in
0.08min. This was 236 times faster than a human expert (18.93min). Furthermore, human experts with deep learning
assistance required an average of 8.10min to classify images in the external dataset, much shorter than 18.93min. We conclude
that deep learning can improve the accuracy, speed, and efficiency of classification, archiving, and monitoring of orthodontic
images.

1. Introduction

Image data are fundamental in most medical settings. In
dentistry, for example, imaging is useful for diagnosis, treat-
ment planning, monitoring, and doctor-patient communica-
tion. Orthodontists use image data for clinical decision-
making, tracking teeth, and planning treatment. Tradition-
ally, these images have been indexed (i.e., labeled based on
clinical features) and stored manually, but as digital den-
tistry has advanced, imaging data are increasingly indexed
and stored in digital archives or patient management sys-
tems, allowing for easy retrieval for further diagnostics,
treatment, and monitoring [1]. Therefore, it would be useful
to develop a fully automated classification and archiving
method to improve the quality of dental work, as well as
relieve the workload for orthodontists.

Image indexing is an image classification task that can be
automated using artificial intelligence (AI), especially AI

based on deep learning [2]. Deep learning is a branch of
machine learning that excels in analyzing high-dimensional
data such as text and images [3]. Deep learning has
completely replaced certain traditional machine learning-
based tasks in computer vision, such as classification [4],
segmentation [5], and detection [6]. In dentistry, studies
have begun applying deep learning to diagnosis, screening,
and decision-making [7]. For example, one study [8] used
deep learning to assist orthodontists in skeletal classification
using a large dataset of lateral cephalograms (5890 images).
After training and validating the model, those authors
reported that their deep learning model performed vertical
and sagittal skeletal classification with sensitivity, specificity,
and accuracy of >90%. Another study reported a deep learn-
ing method that was able to detect dental caries in near-
infrared transillumination imaging with an overall mean
intersection-over-union score of 72.7% relative to the perfor-
mance of professional dentists [9]. Additionally, deep
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learning can be used to automatically identify landmarks in
X-ray images for the analysis of orthodontic treatments
[10]. However, the imaging data in that study had to be
manually selected from case data, as required in commonly
used dental applications such as the Invisalign (Align Tech-
nology, Santa Clara, CA, USA) orthodontic system. There-
fore, developing an automated classification, archiving, and
monitoring method that can work in conjunction with other
special analysis algorithms may lead to an end-to-end dental
AI application that can improve the quality of clinical
practice.

In the present study, we propose an automated deep
learning method for the classification and archiving of
orthodontic images based on the DeepID model [11], which
leverages deep convolutional networks (ConvNets) to
extract features and joint Bayesian [12] algorithm for verifi-
cation. For practical application, this framework is also easy
to extend new functions without retraining the model,
because the classification result is obtained by comparing
DeepID features of sample. Figure 1 depicts a standard flow-
chart for the construction of deep learning model. A total of
15,819 orthodontic images were collected for model training,
validation, and testing. A comprehensive evaluation of our
model showed that we were able to accurately classify ortho-
dontic images into six different intraoral photos, six different
extraoral photos, and two radiographs. We also conducted
experiments to make a comparison of our method and sev-
eral popular models, such as ResNet-34 [13], GoogLeNet
[14], and MobileNetV2 [15]. The results showed that
although our model is relatively shallower, we still have
achieved an excellent performance of 99.4% accuracy. Fur-
thermore, our model was able to detect repeated or missing
images in case data. As far as we know, this is the first report
of an AI method to classify and archive orthodontic images.
Our findings suggest that deep learning models can reduce

tedious and repetitive work as well as improve the quality
of orthodontic treatment, making AI a powerful tool for
clinical practice.

2. Materials and Methods

2.1. Study Population. We retrospectively examined ortho-
dontic images obtained from 1000 patients who received
orthodontic treatment between January and December
2019 in the Sichuan Hospital of Stomatology, the Simai
Clinic, and the Yingke Clinic. In order to evaluate our
method, orthodontic images from 100 patients at the Haoya
Clinic were obtained as an external dataset. Demographic
and clinical characteristics of the patients included in the
study are shown in Table 1.

2.2. Image Dataset. In this study, orthodontic images were
defined as 14 categories: frontal at rest, frontal smile, oblique
at rest, oblique smile, profile at rest, profile smile, intraoral
right, intraoral front, intraoral left, maxillary occlusal, man-
dibular occlusal, overjet, lateral cephalogram, and pano-
ramic radiograph. Data collection is shown in Figure 2.
Representative examples of orthodontic images obtained
from patients are shown in Figure 3.

Using these images, we created two nonoverlapping data-
sets: one was used as an internal dataset formodel training and
validation, and another was used as an external dataset to
compare and evaluate the efficacy of human experts (ortho-
dontists) versus the deep learning method. In both datasets,
all orthodontic images were manually classified by an experi-
enced orthodontist. To avoid mislabeled data and ensure the
reliability of the dataset, a more senior orthodontic specialist
with 30 years of experience reexamined all the images.

The original image was archived based on the patient list
using unlabeled images. We found that half of the patients in

Image collection

Deep 
learning

Manual
annotation

Training stage

Validation stage

... ...

Forward propagation

Backpropagation

Orthodontic images
with annotation

Orthodontic
images

Classification
results

Pre-
processing

Figure 1: The construction of a deep learning model.
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the external dataset had repeated and/or missing images (~2
repeated and/or missing images per patient), and the remain-
ing patients had a total of 14 qualified orthodontic images.

2.3. Classification of Orthodontic Images Based on Deep
Learning. In this study, we propose a method of orthodontic
image classification based on DeepID [11] that comprises
three stages: preprocessing, classification, and postproces-
sing. All RGB images were checked and resized to 450 ×
300 or 300 × 450 pixels based on their aspect ratio. A flow-
chart depicting the orthodontic image classification based
on DeepID is shown in Figure 4.

The preprocessing stage included three functions: face
detection, intraoral image transposition, and grayscale image
tagging. The face detector was powered by OpenCV using
the single-shot multibox detector (SSD) method [16]. In
the case of dental imaging, the lateral cephalogram and the
panoramic radiograph are typical grayscale images. Gray-
scale images are “one-channel”, and other images are RGB
image with “three-channel”. Therefore, the grayscale images
can be found easily available because of their “one-channel”
characteristic. The final outputs of the preprocessing stage
were facial regions, transposed original images, and gray-
scale images, if included.

In the next stage, the deep learning model processed the
facial regions and the transposed photographs to classify
each RGB image based on 12 categories. In addition, the
grayscale images were examined in terms of their aspect
ratio: the aspect ratio (width : height) of the lateral cephalo-

gram was approximately 1.2 : 1, and that of the panoramic
radiograph was approximately 2 : 1. Thus, classifying these
images was straightforward. The deep learning model was
trained using facial regions observed in intraoral photo-
graphs corresponding to 12 categories; these images were
annotated by an orthodontist based on the guidelines pro-
vided by the orthodontic naming rule [17].

We designed our framework based on the concept of
DeepID, which are high-level overcomplete features that
contain discriminative information for recognition; after
DeepID features have been produced, the joint Bayesian
model will make classification based on them. The illustra-
tion of our DeepID features extraction process is shown in
Figure 5.

Our framework is composed of convolutional layers,
subsampling layers, ReLU layers, and residual blocks, as
shown in Figure 5. In the method, we designed most of the
convolutional functions with 3 × 3 filters; while concerning
the images that fed into the network often with a larger size,
we adopt 7 × 7 filters for the input layer. For improving con-
vergence and reducing overfitting, we applied residual short-
cuts after the Conv2 layer, Conv3 layer, Conv4 layer, and
Conv5 layer, respectively. All residual blocks with the same
architecture are illustrated in Figure 6. In the end, DeepID
features were obtained based on the output of the Conv6
layer and Conv7 layer with a skip connection.

The residual architecture was proposed to address the
issue of vanishing/exploding gradients and degradation that
happened in traditional CNNs. After the inference step,

Table 1: Clinical and demographic characteristics of included patients.

Characteristic
Internal dataset (n = 1,000)

External dataset (n = 100)
Training (n = 900) Validation (n = 100)

Age in years 29 (4-62) 27.9 (4-58) 28.7 (4-60)

Sex

Male 248 (27.6) 30 (30) 32 (32)

Female 652 (72.4) 70 (70) 68 (68)

Photograph classification

Frontal at rest 950 (7.3) 100 (7.1) 110 (7.7)

Frontal smile 1,012 (7.8) 100 (7.1) 99 (7)

Oblique at rest 896 (6.9) 100 (7.1) 109 (7.7)

Oblique smile 906 (7) 100 (7.1) 123 (8.7)

Profile at rest 1,002 (7.7) 100 (7.1) 87 (6.1)

Profile smile 935 (7.2) 100 (7.1) 90 (6.3)

Intraoral right 976 (7.5) 100 (7.1) 102 (7.2)

Intraoral front 899 (6.9) 100 (7.1) 109 (7.7)

Intraoral left 1,009 (7.7) 100 (7.1) 107 (7.5)

Maxillary occlusal 828 (6.4) 100 (7.1) 98 (6.9)

Mandibular occlusal 932 (7.2) 100 (7.1) 97 (6.8)

Overjet 854 (6.6) 100 (7.1) 89 (6.3)

Radiograph classification

Lateral cephalogram 900 (6.9) 100 (7.1) 100 (7)

Panoramic radiograph 900 (6.9) 100 (7.1) 100 (7)

Total number of images 12,999 1,400 1,420

Values are n, n (%), or median (range).
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produced DeepID features are passed to the joint Bayesian
model [12] and yield the final classification results.

During orthodontic treatment, photographs of the maxil-
lary and mandibular occlusal are obtained using an intraoral
mirror, and orthodontists have to manually flip these images
in order to analyze them further. Missing and repeat ortho-
dontic images also frequently occur, making analysis even
more inconvenient. In this study, we performed a mirror flip
operation and an integrity check during the postprocessing
stage based on the results obtained in the classification stage.
Finally, experienced orthodontists confirmed the results of
the deep learning model classification and, if necessary, cor-
rected them for later orthodontic analysis.

2.4. Statistical Analysis and Evaluation Criteria. All statisti-
cal analyses were performed using SPSS 26.0 (IBM, Chi-
cago, IL, USA) and the Python sklearn library. To
evaluate the performance of our method, we used the fol-

lowing metrics: accuracy, macro area under the curve
(macro-AUC), time taken to archive, and receiver operat-
ing characteristic (ROC) curves. To compare the efficacy
of the deep learning method against that of human
experts, we compared the classification performance of
three orthodontic specialists with more than five years of
experience with that of the deep learning model on the
same set of orthodontic images from the external dataset.
The three specialists had been trained to identify images
using orthodontic naming conventions [17]. In our AI sys-
tem, deep learning generated an archiving spreadsheet that
showed predictive classification and hyperlinks for each
image (Figure 7), and the orthodontists had to confirm
whether the classification generated by the deep learning
model was consistent with their interpretation or not. In
the case of inconsistencies, they corrected the classification
of those particular images. If there were duplicate images
in certain categories, the specialists selected one image that

DSC_0002.JPG DSC_0003.JPG DSC_0004.JPG DSC_0005.JPG DSC_0006.JPG

DSC_0009.JPGDSC_0008.JPGDSC_0007.JPG

DSC_0010.JPG DSC_0011.JPG DSC_0012.JPG

Radiograph_0002.BMPRadiograph_0001.BMP

DSC_0001.JPG

Figure 2: Diagram of data collection.

Case 1 Case 2 Case 3

Missing

Repeated

Figure 3: Representative examples of orthodontic images obtained from patients.
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could be retained for that category. In addition, the spe-
cialists recorded missing images and categories (Figure 8).

3. Results

3.1. Imaging Dataset. A total of 16,221 orthodontic images
were obtained from the included patients. Of these, we
excluded blurred images (106) as well as other photographs

and radiographs (296) that did not meet the requirements of
the American Board of Orthodontists [18]. We included a
total of 14,399 orthodontic images in the internal dataset
and 1,420 orthodontic images in the external dataset. The
internal dataset was then randomly divided into two groups:
a training set (12,999 images) and a validation set (1400
images; 100 images corresponding to each of the 14
categories).

12 categories
Frontal at rest
Frontal smile
Oblique at rest
Oblique smile
Profile at rest
Profile smile

Deep 
Learning

Intraoral front
Intraoral right

Intraoral left
Overjet
Maxillary occlusal
Mandibular occlusal

Check the aspect
ratio of the image Panoramic radiograph

Lateral cephalogram

Figure 4: Flowchart depicting classification of orthodontic images using deep learning.
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6×6×20 DeepID
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Max pooling

Residual block

Figure 5: The architecture of the proposed model.
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Figure 6: The structure of residual block.
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3.2. Deep Learning Model. All experiments were performed
using Python 3.6 and TensorFlow 1.9 on a single NVIDIA
RTX 2080Ti [19]. We proposed a modified model for auto-
mated classification, archiving, and monitoring of orthodon-
tic images based on DeepID. In the training phase, we
randomly selected 100 patients from the internal dataset as

a validation set and performed a cross-validation procedure.
Regarding the configuration of the hyperparameter, we used
a learning rate of 0.001 and a batch size of 50 in the Adam
optimizer. “Cross-Entropy” was chosen as the loss function,
and the epoch number was set to 100 for model training.
According to the performance of the validation set, the

Deep learning system
Slideshow

Images input Spreadsheet

Figure 7: Overview of the classification and monitoring application.
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Figure 8: Slideshow examples of classification and monitoring of orthodontic images using deep learning.
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Figure 9: Receiver operating characteristic (ROC) curves associated with the deep learning model. Areas under the curve (AUCs) are
provided in parentheses.

Figure 10: Gradient-weighted class activation maps (heat maps) highlighting regions in orthodontic images that were particularly relevant
for classification.
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highest performance with respect to image classification
occurred between 45 and 60 epochs. We selected the model
based on the validation set with the highest performance for
all subsequent work. Figure 8 shows slideshow examples of
automated classification for orthodontic images according
to the human-reviewed archiving table.

The deep learning model was able to classify images
within 0.08min at an accuracy of 0.994 and a macro-AUC
of 1.00. The ROC curves of our model are depicted in
Figure 9, including macro- and micro-AUC, as well as
ROC curves of all 12 categories. Although deep learning is
considered to be a “black box”, gradient-weighted class acti-
vation mapping (Grad-CAM) can provide an explanation
for the way in which deep learning systems make decisions
based on their interpretation of the input data [20]. Grad-
CAM provided visualizations of the weighted activation
maps in the form of heat maps that highlight active regions
of an image that were most relevant to the classification
results (Figure 10).

3.3. Comparison of Advanced Deep Learning Models. We
have conducted experiments on different models as well as
other machine learning methods to make the evaluation, as
illustrated in Table 2 and Table 3. We compared them by
applying the metrics of parameter numbers, classification
accuracy, and operation efficiency. For all models, we set
input size as 300 × 300 × 3, and the Python package thop is
applied to calculate the floating point operations per second
(FLOPs). We can easily observe that GoogLeNet and our
model achieved the highest accuracy, while our model
requires the least parameters. In comprehensive consider-
ation, our model can make precise recognition with less
computational resources; it is significant for the application
field.

3.4. Comparison of Model-Only and Expert-Only
Classification. The deep learning model demonstrated a
strong ability to learn from features in the radiographs, as
well as from manually annotated intra- and extraoral
images. Compared to expert-only classification, our model
showed excellent performance and high accuracy for archiv-
ing orthodontic images (Table 4). Although the values of

accuracy and macro-AUC were similar for the deep learning
model and the human experts, we found that the deep learn-
ing model required only 0.08min to archive 100 orthodontic
patients (1,420 images), while a human expert required an
average of 18.93min to classify, select, remove, and record
the same set of orthodontic images (Table 4). Our results
indicate that the fully automated method based on deep
learning was 236 times faster than the human expert.

3.5. Comparison of Human Experts with or without Deep
Learning Assistance. To comprehensively evaluate the appli-
cability of our deep learning model, we compared the effi-
ciency of human-only and human-machine methods to
classify, select, remove, and record orthodontic images.
Three human experts with deep learning assistance required
on average 8.10min to classify and monitor images from the
external dataset (100 patients), which was more efficient
than manual classification performed by the human expert
(18.93min). Deep learning assistance also improved the
accuracy of classification by 1% and the macro-AUC value
by 0.1 (Table 4).

4. Discussion

Since orthodontic treatment requires continuous image
acquisition, orthodontists have begun implementing auto-
mated classification and monitoring systems based on deep
learning algorithms. The average length of orthodontic treat-
ment can last anywhere between 12 and 36 months. All
treatment begins with one or two initial consultations with
an orthodontist, during which the orthodontist takes radio-
graphs and photographs of patients, discusses the treatment
options, and provides a detailed plan. However, during tra-
ditional acquisition of photographs and radiographs, miss-
ing and repeat orthodontic images frequently occur,
making manual data archiving necessary for every patient.
In the present study, we propose a practical deep learning-
based method for the automated classification, archiving,
and monitoring of orthodontic images. Our findings indi-
cate that deep learning models can be used to quickly and
effectively classify and monitor orthodontic images with very
high accuracy, as well as support decisions about further
orthodontic treatment.

Many studies have reported that deep learning methods
have an impressive learning capacity and classification accu-
racy in dental applications, such as skeletal classification,
detection of white spot lesions, and detection of dental caries
[8, 25, 26]. However, very few studies have examined deep
learning in the classification of orthodontic images. In the
present study, we found that deep learning models can be

Table 2: Comparison of our algorithm with several popular
models.

Method
Parameters

(M)
Accuracy

(%)
Efficiency
(MFLOPs)

AlexNet [21] 57.1 98.2 1198.7

GoogLeNet [14] 5.6 99.4 2589.1

MobileNet V2
[15]

2.2 98.7 587.5

ResNet-34 [13] 21.2 99.2 6849.5

DenseNet-121
[22]

6.9 98.2 4991.4

ShuffleNet V2
[15]

0.35 97.3 78.6

Ours 0.17 99.4 211.9

Table 3: Comparison of our model and other machine learning
methods.

Method Accuracy (%)

BCAoMID-F [23] 84.3

CPoAMoTI [24] 77.2

Ours 99.4
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used to effectively classify and monitor orthodontic images
using a set of annotated photographs; the model tested in
our study demonstrated excellent classification, as assessed
using ROC curves and macro-AUC values. Additionally,
the Grad-CAM heat maps indicated that our deep learning
model, working only from image-level annotation, was able
to identify differences in features across orthodontic catego-
ries. The heat maps in our study highlighted regions in the
mouth, ear, and retractor as particularly relevant to classifi-
cation. In addition, human experts with deep learning assis-
tance classified orthodontic images with higher accuracy and
efficiency than experts on their own.

In the present study, images of each orthodontic patient
included six intraoral photographs, six extraoral photo-
graphs, and two radiographs. A study involving dental
radiographs applied deep learning models to classify pano-
ramic, periapical, bitewing, and cephalometric radiographs
into four categories for image indexing and storing [27]: they
found that deep learning showed superior performance in
the classification task, with an accuracy of 99.7%, but they
did not monitor the occurrence of repeated or missing
images. In contrast to that work, we recommend classifying
lateral cephalograms and panoramic radiographs using a
computer program and clear classification rules if the aspect
ratio is significantly different between lateral cephalogram
and panoramic radiograph. However, the aspect ratio of
radiographs is based on the radiograph machine so that
the aspect ratio does not always exist significant differences.
The ratio-based method may be ineffective if the aspect ratio
is not significantly different between lateral cephalogram
and panoramic radiograph. Under this condition, it is neces-
sary to consider the deep learning method proposed by
Cejudo et al. for radiograph classification [27]. Hence, we
concluded that ratio-based method is more suitable for the
radiographs with significant difference in aspect ratio, but
deep learning as the second choice is also considered for
the classification if the aspect ratio without significant differ-
ences. In addition, other machine learning methods (BCAo-
MID-F and CPoAMoTI) were compared to our deep
learning model (Table 3). The experimental results demon-
strated that traditional machine learning methods cannot
accurately distinguish orthodontic images due to their lim-
ited capacity of feature extraction.

Our model takes advantage of residual architectures,
which successfully prevented the problem that the model
does not converge on the learning process due to vanish-

ing/exploding gradients. The proposed model is quite small
compared to advanced methods, so we can avoid many
problems, like overfitting, the limitation constrained by
computational resources [28]. A small model also leads to
a fast recognition speed. It helps the real-time application.
The model is custom-made for a certain target, and the size
and architecture of it balanced the accuracy and speed.
Therefore, after plenty of parameters adjust work, it is supe-
rior to these advanced models on this kind of orthodontic
image recognition task. For the task of fixed-number catego-
ries, DeepID-based method does not show superiority rela-
tive to other classification models, but concerning the
expansibility, the produced DeepID features can directly
transfer for other tasks without retraining network; this is
significant for practical application.

We are unaware of previous studies using deep learning
to classify extraoral images. We speculated that deep learn-
ing models cannot effectively learn features from extraoral
images if they are trained using images at the original reso-
lution. Indeed, our model also showed unsatisfactory perfor-
mance when asked to classify extraoral images at their
original resolution. Studies on face recognition show that
developers prefer to train deep learning models using facial
regions within images, rather than the entire images [29].
Differences among facial regions are usually visible in the
regions of the mouth, ears, and facial wrinkles. However,
the resolution in these regions can be much smaller than
the resolution of the original image, so the model may find
it difficult to learn the relevant features. In order to over-
come this difficulty, we made sure that facial regions were
detected and cropped to identify feature constraints; these
facial regions were then used for model training and testing
for the classification of extraoral photographs. According to
our experimental results, deep learning showed high accu-
racy in the classification of extraoral photographs when the
facial region detector was used.

As far as we know, the present work is the first study
testing a deep learning model for the classification, archiv-
ing, and monitoring of orthodontic images. Many popular
orthodontic systems still use manual classification methods
for archiving and managing patient data: our proposed
method can be effectively integrated into these applications
to help orthodontists save time and effort. Our findings
show that the differences among orthodontic images are
large enough that deep learning can easily classify them. In
fact, we were able to identify all 14 categories of orthodontic

Table 4: Performance of human experts and deep learning during classification of orthodontic images in the external dataset.

Operator Method Accuracy Macro-AUC Time taken to archive (min)

Deep learning Automatic 0.994 1.00 0.08

Expert 1
Manual 0.988 0.992 19.19

Deep learning assistance 0.998 0.997 8.27

Expert 2
Manual 0.987 0.985 18.97

Deep learning assistance 0.997 0.996 7.92

Expert 3
Manual 0.983 0.983 18.63

Deep learning assistance 0.996 0.996 8.10

AUC: area under the curve.
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images using our model. We also demonstrated that deep
learning is a superior and promising method as a useful tool
for dental practice. And further validation is still required by
using different types of datasets from different sources, dif-
ferent practices, and different regions across the world.

As digital dentistry has advanced, many dental applica-
tions have been developed for the automated analysis of
dental imaging. As a fundamental yet flexible method, our
deep learning approach can help these dental applications
quickly find the required data among a massive number of
orthodontic images. For example, deep learning can be used
to detect and localize malocclusion in intraoral photographs
[30], and it can assess facial attractiveness based on extraoral
photographs [31]. Deep learning can also extract features
from radiographs and then identify landmarks or detect dis-
ease in an automated way [7, 10]. In future, it may be possi-
ble to apply deep learning to even more complex tasks, such
as angle’s classifications of malocclusion.

Nevertheless, our study presents several limitations.
Firstly, our results must be considered with caution in light
of the fact that our method was based on orthodontic-
required images. We applied the model only to images that
experienced orthodontists had manually reviewed in order
to ensure adequate quality and appropriateness. Hence, our
model may not achieve enough high accuracy in other data-
sets which exist significant differences with our dataset. Sec-
ondly, the performance of deep learning mainly relies on
massive training samples with high-quality annotation.
However, the manual annotation is a labor-intensive work,
especially in dentistry. Thus, annotation for model training
may not carry out in some geographical areas because of
the lack of dentists. Finally, deep learning is a data-driven
method so that the quality of massive sample is required to
be controlled by human experts. Future work should explore
automated quality evaluation of images prior to classifica-
tion, which will be especially important for processing
extremely large datasets.

5. Conclusions

In this paper, a deep learning model was developed for clas-
sifying and archiving orthodontic images based on DeepID.
The performance of the model was comprehensively evalu-
ated by an external testing set and comparison with ortho-
dontists. Our findings show that deep learning methods
can be used to automatically classify, archive, and monitor
orthodontic images with higher accuracy and speed than
manual methods. The modified model based on DeepID
used in this study demonstrated an excellent ability to clas-
sify orthodontic images. Additionally, deep learning can
help make dental follow-up and treatment more efficient,
while reducing dentists’ workload.
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