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Abstract: Arch expansion might be used to correct buccal corridors, improve smile aesthetics, resolve
dental cross bite, and gain space to resolve crowding. In clear aligner treatment, the predictability
of the expansion is still unclear. The purpose of this study was to evaluate the predictability of
dentoalveolar expansion and molar inclination with clear aligners. In the study, 30 adult patients
(27 ± 6.1 years old) treated with clear aligners were selected (treatment time: 8.8 ± 2.2 months). The
upper and lower arch transverse diameters were measured for canines, first and second premolars,
and first molars on two different sides (gingival margins and cusp tips); moreover, molar inclination
was measured. A paired t-test and Wilcoxon test were used to compare prescription (planned
movement) and achieved movement. In all cases, except for molar inclination, a statistically significant
difference was found between achieved movement and prescription (p < 0.05). Our findings showed
a total accuracy of 64% for the lower arch, 67% at the cusp level, and 59% at the gingival level,
with a total accuracy of 67% for the upper arch, 71% at the cusp level, and 60% at the gingival
level. The mean accuracy for molar inclination was 40%. Average expansion was greater at cusps of
canines than for premolars, and it was lowest for molars. The expansion achieved with aligners is
mainly due to the tipping of the crown rather than bodily movement of the tooth. The virtual plan
overestimates the expansion of the teeth; thus, it is reasonable to plan an overcorrection when the
arches are highly contracted.

Keywords: aligner treatment; expansion; predictability; accuracy

1. Introduction

Clear aligners are thermoplastic removable orthodontic polymeric appliances pro-
grammed by means of CAD-CAM systems that can generate orthodontic movements [1].
Since their introduction as a treatment option in orthodontics, aligners have become in-
creasing popular since they are more aesthetic than conventional fixed therapy, the dental
pain related to orthodontic movements is reduced in the first days of the treatment [2], the
risk of root resorption tends to be lower with clear aligners [3], and patients can maintain
better oral hygiene [4,5]. Today, thanks to improvements in biomechanics, clinicians have
the opportunity to use clear aligners to also treat class II and class III cases [6–9]. The use of
auxiliaries and attachments, as well as the development of aligner materials with better
mechanical and chemical characteristics [10–12], increases the possibility of achieving com-
plex movements such as rotation or torque [13]. Although the use of clear aligner therapies
is spreading worldwide and patient demand is increasing, the low predictability of some
types of tooth movements seems to negatively affect clinicians when choosing this therapy,
requiring at least two or three refinements [14]. According to the evidence, the discrepancy
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between predicted and clinical outcomes is around 50% [3,15–17]. In particular, pure tip-
ping is the movement with the highest predictability (56%) [15], and root torque movement
has the lowest accuracy [15,16]. The scientific literature supports the use of aligners as
an alternative to fixed appliances in patients with mild-to-moderate malocclusions [3].
As reported by Malik, aligners can be considered an elective tool for malocclusion when
characterized by crowding (from 1 to 5 mm), mild-to-moderate spacing, narrow arches
that can be expanded [18], or cross bite [19] and for all malocclusions that do not need
extractions, severe rotations, and bodily movements [3]. Arch expansion might be skeletal
and should be performed during growth with both skeletal and functional effects [20–22]
or dental effects and can be performed with brackets, clear aligners, or other appliances to
improve the shape of the patient’s dental arch, correct buccal corridors when excessively
present, improve smile aesthetics, resolve dental cross bite, and gain space to resolve crowd-
ing [23]. Clear aligners allow clinicians to plan arch expansion using two different tooth
movements: buccal tipping of the dental crown (increasing the angulation of the tooth)
or the translation of the tooth, which also includes root displacement. Buccal tipping of
the crown is achieved when the pressure zones of the aligners, which push and determine
tooth displacement, pass below the center of resistance, generating a movement [15]. On
the other hand, the expansion obtained by tooth translation is among the least predictable
movements because it includes root displacement [3,24]. Tooth bodily movement can be
achieved with clear aligners using rectangular or ellipsoid attachments on the buccal side
in order to modify aligner geometries, improving root control [15,24]. The contact of the
attachment with the aligners during the dental movement generates a pseudocouple of
forces, producing a counterbalancing moment. Many authors have shown that with clear
aligners, the expansion is achieved more by dental tipping than bodily translation [25–29].
The reported accuracy of upper arch expansion ranges between 41% [30] and more than
75–80% according the most recent studies by Houle et al., Bèrnardez et al., and Burruezo
et al. [25,31,32]. For the lower arch, the reported predictability is slightly higher than that
for the upper arch (87.7% [25], 90% [31]). Therefore, the aim of the present study is to assess
the predictability of the upper first molar inclination when expansion is performed.

2. Materials and Methods

The study protocol complied fully with the principles of the Declaration of Helsinki
and was approved by the Ethics Committee of the University Federico II (352/21).

2.1. Inclusion/Exclusion Criteria

This prospective longitudinal study included 30 patients (18 females, 12 males; mean
age, 27± 6.1 years) and 34 digital models (19 maxillary and 19 mandibular) according to the
following inclusion criteria: adult patients in permanent dentition >17 y.o.; and treatment
did not require extractions; no auxiliary devices during arch expansion treatment, such as
crisscross elastics, bands, quadhelix/skeletal expanders, or temporary anchorage devices.
Patients with syndromes, cleft palates, or pharmacological treatment that may affect tooth
movement (bisphosphonates or prostaglandin inhibitors) were excluded from the study.
To ensure clinical irrelevance, patients with Prescriptions for linear movements less than
0.5 mm and angular movements less than 2◦ were excluded from the statistical analysis.

2.2. Treatment Protocol

All patients were treated exclusively with Ordoline aligners (UAB Ordoline, Vilnius,
Lithuania).

Patients wore aligners full-time for a minimum of 22 h a day, except during meals and
during oral hygiene procedures.

The orthodontic treatment setup and the staging of the aligners were planned accord-
ing to the following tooth movement limits for each aligner: linear displacements (arch
expansion) of 0.25 mm and 2◦ for buccal-lingual inclination.

Aligners were changed every 10 days.
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2.3. Data Collection

For each upper and lower arch, three digital models (stereolithography/STL files)
were analyzed—digital model at the beginning of treatment (T0), digital model at the end
of the first set of aligners (T2; treatment time, 8.8 ± 2.2 months), and the virtual planned
digital model (T1)—reflecting the treatment outcome simulated with the planning software.
The digital scans (T0 and T2) were acquired by means of an intraoral scanner (IOS).

2.4. Superimposition Method

The STL files (T0, T1, and T2), were imported into Geomagic Control X (3D Systems,
Rock Hill, SC, USA), a 3D metrology software. Digital models were imported in pairs: first,
T0 − T1 were compared to measure the amount of planned movement; then, T0 − T2 were
compared to establish the amount of obtained movement. T0 was always designated as
“reference data”, and T1 or T2 were designated as “measured data”. The pretreatment
digital model (T0) was partially segmented by isolating individual teeth, from canine to
first molar on both sides (left and right) (Figure 1). The segmentation allowed us to perform
a partial surface-based best fit with 50 iterations for each tooth in order to identify the
same landmarks in the .stl files that would be used to obtain the linear measurements
(transverse diameters). To obtain the angular measurement (molar inclination), the occlusal
reference plane [33] was defined on T0. Then, for each pair of digital models (first, T0 − T1,
then T0 − T2), an initial superimposition by means of a “3-point alignment” (based on the
mesiobuccal cusp tips of the first molars and on the mesial-incisal point of the right central
incisor) was performed, followed by a global best-fit registration with 50 iterations.

Materials 2023, 16, x FOR PEER REVIEW 3 of 14 
 

 

The orthodontic treatment setup and the staging of the aligners were planned 
according to the following tooth movement limits for each aligner: linear displacements 
(arch expansion) of 0.25 mm and 2° for buccal-lingual inclination. 

Aligners were changed every 10 days. 

2.3. Data Collection  
For each upper and lower arch, three digital models (stereolithography/STL files) 

were analyzed—digital model at the beginning of treatment (T0), digital model at the end 
of the first set of aligners (T2; treatment time, 8.8 ± 2.2 months), and the virtual planned 
digital model (T1)—reflecting the treatment outcome simulated with the planning 
software. The digital scans (T0 and T2) were acquired by means of an intraoral scanner 
(IOS). 

2.4. Superimposition Method  
The STL files (T0, T1, and T2), were imported into Geomagic Control X (3D Systems, 

Rock Hill, SC, USA), a 3D metrology software. Digital models were imported in pairs: 
first, T0-T1 were compared to measure the amount of planned movement; then, T0-T2 
were compared to establish the amount of obtained movement. T0 was always designated 
as “reference data”, and T1 or T2 were designated as “measured data”. The pretreatment 
digital model (T0) was partially segmented by isolating individual teeth, from canine to 
first molar on both sides (left and right) (Figure 1). The segmentation allowed us to 
perform a partial surface-based best fit with 50 iterations for each tooth in order to identify 
the same landmarks in the .stl files that would be used to obtain the linear measurements 
(transverse diameters). To obtain the angular measurement (molar inclination), the 
occlusal reference plane [33] was defined on T0. Then, for each pair of digital models (first, 
T0-T1, then T0-T2), an initial superimposition by means of a “3-point alignment” (based 
on the mesiobuccal cusp tips of the first molars and on the mesial-incisal point of the right 
central incisor) was performed, followed by a global best-fit registration with 50 iterations.  

 

Figure 1. Tooth segmentation. 

Once the models were superimposed, the plane perpendicular to the occlusal 
reference was defined to project the vectors that define the molar inclination angle (Figure 
2). 

Figure 1. Tooth segmentation.

Once the models were superimposed, the plane perpendicular to the occlusal reference
was defined to project the vectors that define the molar inclination angle (Figure 2).
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A coordinate reference system was created with the XY plane as the transversal plane,
the XZ plane as the sagittal plane, and the YZ plane as the coronal plane.



Materials 2023, 16, 1910 4 of 12

2.5. Transverse Parameters and Molar Inclination

The superimposition protocol allowed the landmarks to be placed in the same position
for each digital model, obtaining comparable measurements. A total of 14 landmarks (10
on the buccal side and 8 on the gingival side) were chosen for each digital model [28,34]
as follows:

• Buccal cusp tips of canines and premolars;
• Mesiovestibular and distovestibular cusp tips of the first molars;
• The center of the gingival surface of canines and premolars in contact with the mucosa;
• The gingival point corresponding to the groove of the first molars in contact with

the mucosa.

The landmarks were connected via digital caliper in Geomagic Control X software to
obtain the following diameters (Figure 3):

• Upper canine gingival width (UCGW): distance between the center of the gingival
surfaces of canines in contact with the palatal mucosa;

• Upper first premolar gingival width (U1PmGW): distance between the center of the
gingival surfaces of the first premolars in contact with the palatal mucosa;

• Upper second premolar gingival width (U2PmGW): distance between the center of
the gingival surfaces of the second premolars in contact with the palatal mucosa;

• Upper first molar gingival width (UMGW): distance between the grooves of the first
molars in contact with the palatal mucosa;

• Upper canine cusp width (UCCW): distance between the buccal cusp tips of canines;
• Upper first premolar cusp width (U1PmCW): distance between the buccal cusp tips of

the first premolars;
• Upper second premolar cusp width (U2PmCW): distance between the buccal cusp tips

of the second premolars;
• Upper first molar mesiobuccal cusp width (UMMCW): distance between the mesiobuc-

cal cusp tips of the first molars;
• Upper first molar distobuccal cusp width (UMDCW): distance between the distobuccal

cusp tips of the first molars;
• Lower canine gingival width (LCGW): distance between the center of the gingival

surfaces of canines in contact with the lingual mucosa;
• Lower first premolar gingival width (L1PmGW): distance between the center of the

gingival surfaces of the first premolars in contact with the lingual mucosa;
• Lower second premolar gingival width (L2PmGW): distance between the center of the

gingival surfaces of the second premolars in contact with the lingual mucosa;
• Lower first molar gingival width (LMGW): distance between the grooves of the first

molars in contact with the lingual mucosa;
• Lower canine cusp width (LCCW): distance between the buccal cusp tips of canines;
• Lower first premolar cusp width (L1PmCW): distance between the buccal cusp tips of

the first premolars;
• Lower second premolar cusp width (L2PmCW): distance between the buccal cusp tips

of the second premolars;
• Lower first molar mesiobuccal cusp width (LMMCW): distance between the mesiobuc-

cal cusp tips of the first molars;
• Lower first molar distal cuspid width (LMDCW): distance between the distobuccal

cusp tips of the first molars.
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Figure 3. Landmarks and transverse parameters on the buccal and gingival side. (a) Upper arch
transverse diameters. Upper canine gingival width (UCGW); upper first premolar gingival width
(U1PmGW); upper second premolar gingival width (U2PmGW); upper first molar gingival width
(UMGW); upper canine cusp width (UCCW); upper first premolar cusp width (U1PmCW); upper
second premolar cusp width (U2PmCW); upper first molar mesiobuccal cusp width (UMMCW);
upper first molar distobuccal cusp width (UMDCW). (b) Lower arch transverse diameters. Lower
canine gingival width (LCGW); lower first premolar gingival width (L1PmGW); lower second
premolar gingival width (L2PmGW); lower first molar gingival width (LMGW); lower canine cusp
width (LCCW); lower first premolar cusp width (L1PmCW); lower second premolar cusp width
(L2PmCW); lower first molar mesiobuccal cusp width (LMMCW); lower first molar distobuccal cusp
width (LMDCW).

Molar inclination was measured as the angle formed by the intersection of the vectors
passing through the distobuccal and mesiolingual cusps of both maxillary first molars and
projected onto the coronal plane (Figure 2).

Hence, for all the diameters, intercanine distance, interpremolar distances, and inter-
molar distance for upper and lower arch, measurements were taken at both gingival and
cusp height.
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2.6. Prescription, Achieved Movement, and Accuracy

Molar inclination and transverse diameters (on both gingival and cusp sides) were
analyzed by assessing the following:

• Prescription (planned movement): T1 − T0 (difference between T1 measurements and
T0 measurements) (Figure 4);

• Achieved movement: T2 − T0 (difference between T2 measurements and T0 measure-
ments) (Figure 4);

• Accuracy (predictability): (T2 − T0)/(T1 − T0) % (the amount of movement that
clinically occurred compared with the movement planned in virtual plan, expressed in
percentage). Furthermore, total accuracy was calculated as the mean of the accuracy
of all the teeth for each arch.
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2.7. Statistical Analysis

Considering the first molar MV cusp width as the main outcome, an effect size of 1
was calculated in a previous study [25]. A sample size of 10 digital models was needed
using a paired Student’s t-test with an alpha error of 0.05 to achieve 80% power. Descriptive
statistical analysis included means, standard deviations, and 95% CI for prescription,
achieved movement, and accuracy. The significance level was set at 0.05. A Shapiro–Wilk
normality test was used to assess the normal distribution of the data. In the case of a
normal distribution, differences between obtained movements (T2 − T0) and prescribed
movements (T1 − T0) were assessed by a paired Student’s t-test; in cases in which data
were not normally distributed, the Wilcoxon test was used. p-values < 0.05 were considered
significant. Intraexaminer and interexaminer reproducibility of the measurements were
evaluated by means of the intraclass correlation coefficient. Twenty percent of the digital
dental models were reanalyzed by the same operator and again by a different operator
4 weeks after the first examination. Linear movements of less than 0.5 mm and angular
movements of less than 2◦ were excluded from the statistical analysis because they were
not clinically relevant. The statistical package SPSS 22 (IBM, Chicago, IL, USA) was used.

3. Results
3.1. Analysis of Intraclass Correlation Coefficient (ICC)

The reproducibility of measurements was shown by the ICC score, which was deter-
mined by the same operator at different moments and by different operators (intraexaminer
and interexaminer ICC, respectively). For the intraexaminer and extraexaminer ICC, our
study showed scores of 0.996 and 0.982, respectively.
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3.2. Analysis of Prescription and Achieved Movement

Tables 1 and 2 show means, standard deviations, upper and lower limits of 95%
confidence intervals for the prescription and achieved movement, and the differences
between the amount of planned and achieved expansion (T1 − T2) for each subgroup for
each dental arch.

Table 1. Means, standard deviations, upper and lower limits of 95% confidence intervals for the
prescription and achieved movement, and differences between the amount of expansion prescribed
and achieve for the lower arch. All measurements are in millimeters (mm). * Indicates that Wilcoxon
test was used.

Prescription Achieved Movement |AM-P| AM vs. p

n Mean ± SD 95% CI LL-UL Mean ± SD 95% CI LL-UL Mean ± SD 95% CI
LL-UL p-Value

CCW 17 1.67 ± 0.93 1.20–2.15 1.28 ± 0.53 1.01–1.56 0.35 ± 0.44 0.12–0.58 0.0025 *
CGW 17 1.57 ± 0.69 1.21–1.92 0.82 ± 0.24 0.70–0.95 0.63 ± 0.62 0.31–0.94 <0.001

1◦PmCW 19 2.34 ± 0.88 1.89–2.79 1.72 ± 0.63 1.39–2.04 0.56 ± 0.46 0.32–0.80 <0.001
1◦PmGW 17 1.85 ± 0.73 1.48–2.23 1.03 ± 0.40 0.82–1.23 0.61 ± 0.61 0.30–0.92 <0.001

2◦PmCW 18 2.44 ± 0.65 2.10–2.77 1.43 ± 0.34 1.26–1.61 0.90 ± 0.77 0.50–1.29 <0.001
2◦PmGW 17 2.08± 0.67 1.73–2.43 1.24 ± 0.51 0.98–1.50 0.75 ± 0.59 0.45–1.06 <0.001 *

1◦MMVW 18 1.95 ± 0.65 1.61–2.29 1.20 ± 0.46 0.96–1.44 0.59 ± 0.52 0.32–0.86 <0.001 *
1◦MDVW 17 1.69 ± 0.72 1.32–2.06 0.94 ± 0.39 0.74–1.14 0.67 ± 0.52 0.40–0.94 <0.001
1◦MGW 16 1.65 ± 0.88 1.20–2.11 0.83 ± 0.31 0.67–0.99 0.69 ± 0.76 0.30–1.08 <0.001

Table 2. Means, standard deviations, upper and lower limits of 95% confidence intervals for the
prescription and achieved movement, and differences between the amount of expansion and mo-
lar inclination prescribed and achieved for the upper arch. All measurements are in millimeters
(mm). * Indicates that Wilcoxon test was used.

Prescription Achieved Movement |AM-P| AM vs. p

n Mean ± SD 95% CI LL-UL Mean ± SD 95% CI LL-UL Mean ± SD 95% CI
LL-UL p-Value

CCW 16 1.78 ± 0.78 1.37–2.18 1.46 ± 0.64 1.13–1.78 0.27 ± 0.28 0.13–0.41 <0.001
CGW 16 1.59 ± 0.43 1.37–1.81 0.95 ± 0.18 0.85–1.04 0.54 ± 0.41 0.33–0.75 <0.001

1◦PmCW 18 3.14 ± 1.50 2.37–3.91 2.42 ± 1.19 1.81–3.04 0.71 ± 0.44 0.49–0.94 <0.001 *
1◦PmGW 18 2.19 ± 0.86 1.75–2.63 1.21 ± 0.38 1.01–1.40 0.99 ± 0.60 0.68–1.29 <0.001

2◦PmCW 18 3.22 ± 1.87 2.26–4.18 2.17 ± 1.04 1.63–2.70 1.05 ± 0.94 0.57–1.53 <0.001
2◦PmGW 18 2.29 ± 1.05 1.75–2.82 1.36 ± 0.58 1.06–1.66 0.88 ± 0.74 0.49–1.26 <0.001

1◦MMVW 17 2.57 ± 1.24 1.93–3.21 1.43 ± 0.51 1.17–1.70 1.08 ± 0.96 0.58–1.57 <0.001
1◦MDVW 17 2.05 ± 0.82 1.63–2.47 1.17 ± 0.45 0.94–1.40 0.83 ± 0.53 0.56–1.11 <0.001 *
1◦MGW 16 2.13 ± 0.87 1.68–2.58 1.00 ± 0.31 0.84–1.16 1.07 ± 0.74 0.69–1.45 <0.001

M.I. 15 −0.82 ± 6.65 −4.24–−1.37 −2.00 ± 2.82 −2.96–−0.06 0.57 ± 4.21 −1.59–−2.74 >0.05

The highest mean prescription both for lower and upper arch expansion was found at
the cusps of the second premolars (2.44 mm and 3.22 mm for the lower arch and upper arch,
respectively); the lowest mean prescription was found at the gingival level of the first molars
(1.65 mm) for the lower arch and at the distobuccal cusps of the first molars (2.05 mm) for
the upper arch.

The greatest amount of expansion was achieved at the cusps of the upper and lower
first premolars (2.42 mm and 1.72 mm, respectively), while the lowest recorded value was
found on the gingival side of the lower (0.82 mm) and upper canines (0.95 mm).

A minor difference between prescription and achieved movement of expansion for
both the lower arch and the upper arch was found at the canine cusps (LA, 0.35 mm with a
total expansion of 1.67 mm; UA 0.27 mm with a total expansion of 1.78 mm).
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In every subgroup, a statistically significant difference (p value < 0.05) was found
between the prescription and achieved movement.

3.3. Analysis of Accuracy

Table 3 shows means, standard deviations, and 95% CIs for upper and lower arch
accuracy. Our findings show a total accuracy of 64% for the lower arch, 67% at the cusp
level, and 59% at the gingival level, with a total accuracy of 67% for the upper arch, 71%
at the cusp level, and 60% at the gingival level. In particular, in the lower arch, the most
reliable area to predict the expansion was found to be the cusps of the canines (79%), while
the lowest accuracy was found at the gingival level of the first molars (57%). Similarly, in
the upper arch, the greatest accuracy was found at the cusps of canines (83%), while the
predictability of expansion was lowest at the gingival level of the first molars (55%).

Table 3. Means, standard deviations, and upper and lower limits of 95% confidence intervals for
accuracy in lower and upper arch.

Lower Arch Upper Arch

Mean ± SD 95% CI LL-UL Mean ± SD 95% CI LL-UL

CCW 79.90 ± 11.1% 74.25–86.55% 82.79 ± 12.25% 76.49–89.09%
CGW 59.78 ± 26.13% 46.34–73.22% 61.92 ± 12.91% 55.28–68.56%

1◦PmCW 75.22 ± 12.42% 68.83–81.60% 78.36 ± 10% 73.23–83.50%
1◦PmGW 60.39 ± 21.30% 49.43–71.34% 57.13 ± 11.89% 51.02–63.25%

2◦PmCW 61.95 ± 19.65% 51.84–72.05% 73.84 ± 15.64% 65.80–81.89%
2◦PmGW 61.16 ± 19.65% 51.05–71.27% 62.57 ± 16.73% 53.97–71.18%

1◦MMVW 63.39 ± 17.69% 54.29–72.49% 60.78 ± 16.29% 52.40–69.16%
1◦MDVW 58.01 ± 14.72% 50.44–65.58% 60.40 ± 14.82% 52.78–68.03%
1◦MGW 57.50 ± 21.05% 46.68–68.32% 53.18 ± 21.42% 42.16–64.20%

M.I. 40.03 ± 53.47% 11.20–65.97%

3.4. Analysis of Molar Inclination

Table 2 shows the means, standard deviations, and 95% CIs for the prescription and
achieved movement, as well as the difference between the prescribed and achieved molar
inclination. Table 3 reports the mean accuracy of molar inclination.

An accuracy of 40% and a non-statistically significant difference (p value > 0.05) was
found between the prescription and obtained movement.

Our study revealed an intermolar angle reduction of 2◦.

4. Discussion

The purpose of the present study was to evaluate the predictability of expansion with
clear aligners and the changes in the inclination of the upper first molars. These data were
calculated by comparing the planned orthodontic movement through the virtual setup
(T1) with the patient′s digital models (T0 − T2). In the present study, landmarks were
placed on both the coronal and gingival sides to differentiate between expansion achieved
by coronal tipping and that achieved by tooth body movement. An adult population was
chosen for this study in order to avoid bias due to the normal transverse growth effect of
the upper and lower jaws. Geomagic software was used to measure linear parameters, the
precision of which was demonstrated by Sousa et al. in 2012 [35] and by Adel SM et al.
in 2022 [36]. In 2007, Kravitz et al. [30] studied the predictability of expansion along the
anteroposterior direction, revealing a mean accuracy of 41%. In 2017, Houle et al. [25]
obtained a predictability ranging from 53% at the gingival level of the molars to 88%
at the vestibular level of the canines. In addition, Houle’s study reported a decrease in
predictability in the posterior sectors. In 2020, Solano-Mendoza et al. [28] evaluated the
accuracy of expansion of the upper arch on the gingival and buccal sides, reporting an
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average obtained movement of 1.38 mm and 0.54 mm at the cusp and gingival levels of
the canines, respectively; 1.39 mm at the gingival level of the first premolars; 1.25 mm
at the gingival level of the second premolars; and 0.56 mm at the gingival level of the
molars. In 2020 and 2021, other authors [31,32] evaluated the predictability of transverse
changes in arch expansion, reporting values ranging from 65% (second molars) to 81% (at
the level of the second premolars), and for all linear measurements evaluated between
T2 and T3 (post treatment and virtual setup), a statistically significant difference was
found. The following amount average movement was obtained: 1.87 mm for canines,
3.14 mm for the first premolars, 3.45 mm for the second premolars, 2.57 mm for the first
molars, and 0.45 mm for the second molars [32]. In 2020, Haouili et al. [16] published a
prospective study on the predictability of orthodontic movement with aligners, and an
average accuracy of 50% was reported for tooth movements with clear aligners; the highest
overall accuracy occurred with a buccal crown tip (56%). Our findings revealed that the
predictability of expansion ranges to range from 57% to 79% for the lower arch and from
54% to 83% for the upper arch. The results of our study confirm the scientific evidence,
i.e., that the predictability of expansion is greater when assessed at the cusps of the teeth
rather than at the gingival level, and there is a progressive reduction in predictability from
anterior to posterior segments. The expansion at the cusps is more predictable because the
aligners move the teeth by coronal tipping. Therefore, an increase in transverse diameters
is possible predominantly by the tipping of the crown despite body movement, which
also requires root displacement. Although clinicians can use aids such as attachments to
increase system stiffness and a counterbalancing moment to control the root displacement,
it is still considered unpredictable [3,24]. Instead, the reduction in the predictability from
the anterior to posterior segments described by Lione et al. as a “drawbridge expansion
model” [37] was mainly due to the different shapes of the teeth, the loss of tracking of the
aligners when a large amount of orthodontic movement is prescribed, the loss of fitting of
the aligners in the posterior sectors during the displacement of the anterior teeth, and the
greater multiradicular tooth resistance to orthodontic movement. Therefore, as reported
in the scientific literature, the canines and first premolars are the teeth with the highest
accuracy and greatest achieved expansion, while the molars have the lowest accuracy and
least achieved expansion [16,25]. The movement of canines and premolars is easier than
that of other teeth because they are placed on a straight line, free of any binding occlusal
contact, and the canines usually show a lower accuracy than premolars, since they are
located on the arch of a circle. Thus, their movement is influenced more by the dimensions
of anterior teeth [37]. Instead, the expansion of the intermolar diameter showed the lowest
predictability both at gingival and cusp levels; the posterior location of the molars, the
loss of fitting with anterior teeth displacements, their tendency to be curved towards the
midline, and the greatest anchorage value due to their anatomy negatively influence this
movement [27,32,37]. Nevertheless, in our study, the accuracy of expansion of the canines
was slightly higher than that of the premolars, but it could be explained by the lower
amount of expansion required in the intercanine area compared to the interpremolar area.
Although our study reveals a greater predictability for the upper arch than the lower arch,
the reported results highlight that in relation to a similar amount of prescribed movement,
the anatomical limits of the mandibular bone, as well as the greater mineralization and
occlusal stability between the upper and lower arches, could play a fundamental role in
achieving the planned expansion [38]. For all the reasons previously described, the buccal
tipping of the first upper molars increases when an expansion is performed. The accuracy
of the molar inclination movement was 40%. However, the result of inclination of the first
molars when an expansion is prescribed should be analyzed; when the required expansion
was predominantly characterized by vestibular tipping, agreement between the virtual plan
digital model and post treatment was found (accuracy of 83.6%). On the other hand, when
the prescribed expansion implied a root torque control (vestibular radicular torque) with
a consequent opening of the intermolar angle, the accuracy of the movement drastically
dropped in some cases in which buccal-radicular torque was prescribed, but there was



Materials 2023, 16, 1910 10 of 12

buccal coronal tipping. As reported by Zhou et al. [27], the ratio of the expansion movement
between the root and the crown was approximately 2:5. For this reason, during digital
planning, it is necessary to overcorrect the buccal root torque in relation to the amount and
type of planned expansion [39].

Finally, one study compared the expansion between conventional and aligner tech-
niques, supporting the idea of a greater expansion with self-ligating brackets [40]. However,
the amount of expansion with aligners is directly correlated with the amount of planned
expansion in the virtual checkup. Furthermore, different tooth movement can be supposed
with multi-brackets therapy; in the first phase of the treatment with an undersized wire,
there was less control of tooth movement, and dental tipping occurred, whereas control of
the root position was achieved only with a full-thickness wire. On the other hand, with
aligners, through virtual staging it is possible to plan from the beginning, a force balancing
the vestibular crown movement to reduce the pure tipping.

Regarding the predictability of linear measurements, as for buccal root torque, a
statistically significant difference was found between the planned and actual movement.
Therefore, it is reasonable to also plan an overcorrection during expansion movement. In
particular, it could be quite useful when there are very contracted arches or when teeth are
placed in more palatal orientation and must achieve a considerable amount of expansion
movement in the buccal direction.

This study is subject to some limitations. The sample size was small, but it satisfied
the criteria of the sample size calculation. It was not possible to use CBCTs to assess the
true root displacement and the changes in inclination of the first upper molars [39], nor was
it possible to monitor patient compliance. However, the method used for superimposition
is highly supported by the literature. In this paper, we introduced data on a new brand of
aligners, and all the superimpositions were performed at the end of the first set of aligners.
Only one brand of aligners was included in the study, so it was not possible to compare the
achieved results with those of other brands of aligners, and results are related only to the
Ordoline aligners.

5. Conclusions

In this study conducted with Ordoline aligners, the mean accuracy of dentoalveolar
upper arch expansion was 71% at the cusps and 60% at the gingival level, which is similar
to the mean accuracy of dentoalveolar lower arch expansion, which was 67% at the cusps
and 59% at the gingival level.

The amount of the movement achieved was higher for canines than for premolars, and
it was lowest for molars. When expansion is required, aligners increase molar inclination.
Thus, the expansion achieved with aligners is mainly due to the tipping of the crown rather
than bodily movement of the tooth, which also includes root displacement.

Aligners do not achieve 100% of the prescription; thus, constant monitoring and an
overcorrection of the expansion might be recommended.

Author Contributions: Conceptualization, V.D. and R.V.; methodology, V.D. and R.R.; software,
L.D.M.; validation, V.D., R.R. and F.R.; formal analysis, R.V. and L.D.M.; investigation, L.D.M. and
R.K.; resources, V.D. and F.R.; data curation, L.D.M. and R.R.; writing—original draft preparation,
L.D.M. and V.D.; writing—review and editing, F.R. and R.R.; visualization, R.K.; supervision, R.V.,
V.D. and R.R.; project administration, V.D. and R.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study protocol complied fully with the principles of the
Declaration of Helsinki and was approved by the Ethics Committee of the University Federico II
(352/21, 3 December 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Materials 2023, 16, 1910 11 of 12

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Weir, T. Clear Aligners in Orthodontic Treatment. Aust. Dent. J. 2017, 62, 58–62. [CrossRef]
2. Cardoso, P.C.; Espinosa, D.G.; Mecenas, P.; Flores-Mir, C.; Normando, D. Pain Level between Clear Aligners and Fixed Appliances:

A Systematic Review. Prog. Orthod. 2020, 21, 3. [CrossRef] [PubMed]
3. Yassir, Y.A.; Nabbat, S.A.; McIntyre, G.T.; Bearn, D.R. Clinical Effectiveness of Clear Aligner Treatment Compared to Fixed

Appliance Treatment: An Overview of Systematic Reviews. Clin. Oral Investig. 2022, 26, 2353–2370. [CrossRef]
4. Levrini, L.; Mangano, A.; Montanari, P.; Margherini, S.; Caprioglio, A.; Abbate, G.M. Periodontal Health Status in Patients Treated

with the Invisalign® System and Fixed Orthodontic Appliances: A 3 Months Clinical and Microbiological Evaluation. Eur. J. Dent.
2015, 9, 404–410. [CrossRef] [PubMed]

5. Pango Madariaga, A.C.; Bucci, R.; Rongo, R.; Simeon, V.; D’Antò, V.; Valletta, R. Impact of Fixed Orthodontic Appliance and
Clear Aligners on the Periodontal Health: A Prospective Clinical Study. Dent. J. 2020, 8, 4. [CrossRef]

6. Rongo, R.; Dianišková, S.; Spiezia, A.; Bucci, R.; Michelotti, A.; D’Antò, V. Class II Malocclusion in Adult Patients: What Are the
Effects of the Intermaxillary Elastics with Clear Aligners? A Retrospective Single Center One-Group Longitudinal Study. J. Clin.
Med. 2022, 11, 7333. [CrossRef] [PubMed]

7. Dianiskova, S.; Rongo, R.; Buono, R.; Franchi, L.; Michelotti, A.; D’Antò, V. Treatment of Mild Class II Malocclusion in Growing
Patients with Clear Aligners versus Fixed Multibracket Therapy: A Retrospective Study. Orthod. Craniofac. Res. 2022, 25, 7333.
[CrossRef] [PubMed]

8. Staderini, E.; Patini, R.; Meuli, S.; Camodeca, A.; Guglielmi, F.; Gallenzi, P. Indication of Clear Aligners in the Early Treatment of
Anterior Crossbite: A Case Series. Dent. Press J. Orthod. 2020, 25, 33–43. [CrossRef]

9. D’Antò, V.; Valletta, R.; de Simone, V.; Pisano, M.; Martina, S. Clear Aligners Treatment of Class III Subdivision with an Extraction
of a Lower Bicuspid. Int. J. Environ. Res. Public Health 2023, 20, 3550. [CrossRef]

10. Bucci, R.; Rongo, R.; Levatè, C.; Michelotti, A.; Barone, S.; Razionale, A.V.; D’Antò, V. Thickness of Orthodontic Clear Aligners
after Thermoforming and after 10 Days of Intraoral Exposure: A Prospective Clinical Study. Prog. Orthod. 2019, 20, 36. [CrossRef]

11. Martina, S.; Rongo, R.; Bucci, R.; Razionale, A.V.; Valletta, R.; D’Antò, V. In Vitro Cytotoxicity of Different Thermoplastic Materials
for Clear Aligners. Angle Orthod. 2019, 89, 942–945. [CrossRef]

12. Tamburrino, F.; D’Antò, V.; Bucci, R.; Alessandri-Bonetti, G.; Barone, S.; Razionale, A.V. Mechanical Properties of Thermoplastic
Polymers for Aligner Manufacturing: In Vitro Study. Dent. J. 2020, 8, 47. [CrossRef]

13. D’Antò, V.; Bucci, R.; de Simone, V.; Huanca Ghislanzoni, L.; Michelotti, A.; Rongo, R. Evaluation of Tooth Movement Accuracy
with Aligners: A Prospective Study. Materials 2022, 15, 2646. [CrossRef]

14. Kravitz, N.D.; Dalloul, B.; Zaid, Y.A.; Shah, C.; Vaid, N.R. What Percentage of Patients Switch from Invisalign to Braces? A
Retrospective Study Evaluating the Conversion Rate, Number of Refinement Scans, and Length of Treatment. Am. J. Orthod.
Dentofac. Orthop. 2022. [CrossRef] [PubMed]

15. Upadhyay, M.; Arqub, S.A. Biomechanics of Clear Aligners: Hidden Truths & First Principles. J. World Fed. Orthod. 2022, 11,
12–21. [PubMed]

16. Haouili, N.; Kravitz, N.D.; Vaid, N.R.; Ferguson, D.J.; Makki, L. Has Invisalign Improved? A Prospective Follow-up Study on the
Efficacy of Tooth Movement with Invisalign. Am. J. Orthod. Dentofac. Orthop. 2020, 158, 420–425. [CrossRef] [PubMed]

17. D’Antò, V.; Valletta, R.; Ferretti, R.; Bucci, R.; Kirlis, R.; Rongo, R. Predictability of Maxillary Molar Distalization and Derotation
with Clear Aligners: A Prospective Study. Int. J. Environ. Res. Public Health 2023, 20, 2941. [CrossRef]

18. Malik, O.H.; McMullin, A.; Waring, D.T. Invisible Orthodontics Part 1: Invisalign. Dent. Update 2013, 40, 203–204. [CrossRef]
19. Giancotti, A.; Mampieri, G. Unilateral Canine Crossbite Correction in Adults Using the Invisalign Method: A Case Report.

Orthodontics 2012, 13, 122–127.
20. Bucci, R.; D’Antò, V.; Rongo, R.; Valletta, R.; Martina, R.; Michelotti, A. Dental and Skeletal Effects of Palatal Expansion Techniques:

A Systematic Review of the Current Evidence from Systematic Reviews and Meta-Analyses. J. Oral Rehabil. 2016, 43, 543–564.
[CrossRef]

21. Bucci, R.; Montanaro, D.; Rongo, R.; Valletta, R.; Michelotti, A.; D’Antò, V. Effects of Maxillary Expansion on the Upper Airways:
Evidence from Systematic Reviews and Meta-Analyses. J. Oral Rehabil. 2019, 46, 377–387. [CrossRef]

22. Michelotti, A.; Rongo, R.; Valentino, R.; D’Antò, V.; Bucci, R.; Danzi, G.; Cioffi, I. Evaluation of Masticatory Muscle Activity in
Patients with Unilateral Posterior Crossbite before and after Rapid Maxillary Expansion. Eur. J. Orthod. 2019, 41, 46–53. [CrossRef]

23. Krishnan, V.; Daniel, S.T.; Lazar, D.; Asok, A. Characterization of Posed Smile by Using Visual Analog Scale, Smile Arc, Buccal
Corridor Measures, and Modified Smile Index. Am. J. Orthod. Dentofac. Orthop. 2008, 133, 515–523. [CrossRef] [PubMed]

24. Rossini, G.; Parrini, S.; Castroflorio, T.; Deregibus, A.; Debernardi, C.L. Efficacy of Clear Aligners in Controlling Orthodontic
Tooth Movement: A Systematic Review. Angle Orthod. 2015, 85, 881–889. [CrossRef]

25. Houle, J.P.; Piedade, L.; Todescan, R.; Pinheiro, F.H.S.L. The Predictability of Transverse Changes with Invisalign. Angle Orthod.
2017, 87, 19–24. [CrossRef] [PubMed]

http://doi.org/10.1111/adj.12480
http://doi.org/10.1186/s40510-019-0303-z
http://www.ncbi.nlm.nih.gov/pubmed/31956934
http://doi.org/10.1007/s00784-021-04361-1
http://doi.org/10.4103/1305-7456.163218
http://www.ncbi.nlm.nih.gov/pubmed/26430371
http://doi.org/10.3390/dj8010004
http://doi.org/10.3390/jcm11247333
http://www.ncbi.nlm.nih.gov/pubmed/36555949
http://doi.org/10.1111/ocr.12500
http://www.ncbi.nlm.nih.gov/pubmed/34013659
http://doi.org/10.1590/2177-6709.25.4.033-043.oar
http://doi.org/10.3390/ijerph20043550
http://doi.org/10.1186/s40510-019-0289-6
http://doi.org/10.2319/091718-674.1
http://doi.org/10.3390/dj8020047
http://doi.org/10.3390/ma15072646
http://doi.org/10.1016/j.ajodo.2022.03.016
http://www.ncbi.nlm.nih.gov/pubmed/36539316
http://www.ncbi.nlm.nih.gov/pubmed/34965910
http://doi.org/10.1016/j.ajodo.2019.12.015
http://www.ncbi.nlm.nih.gov/pubmed/32620479
http://doi.org/10.3390/ijerph20042941
http://doi.org/10.12968/denu.2013.40.3.203
http://doi.org/10.1111/joor.12393
http://doi.org/10.1111/joor.12766
http://doi.org/10.1093/ejo/cjy019
http://doi.org/10.1016/j.ajodo.2006.04.046
http://www.ncbi.nlm.nih.gov/pubmed/18405815
http://doi.org/10.2319/061614-436.1
http://doi.org/10.2319/122115-875.1
http://www.ncbi.nlm.nih.gov/pubmed/27304231


Materials 2023, 16, 1910 12 of 12

26. Zheng, M.; Liu, R.; Ni, Z.; Yu, Z. Efficiency, Effectiveness and Treatment Stability of Clear Aligners: A Systematic Review and
Meta-Analysis. Orthod. Craniofac. Res. 2017, 20, 127–133. [CrossRef]

27. Zhou, N.; Guo, J. Efficiency of Upper Arch Expansion with the Invisalign System. Angle Orthod. 2020, 90, 23–30. [CrossRef]
28. Solano-Mendoza, B.; Sonnemberg, B.; Solano-Reina, E.; Iglesias-Linares, A. How Effective Is the Invisalign® System in Expansion

Movement with Ex30′ Aligners? Clin. Oral Investig. 2017, 21, 1475–1484. [CrossRef]
29. Galan-Lopez, L.; Barcia-Gonzalez, J.; Plasencia, E. A Systematic Review of the Accuracy and Efficiency of Dental Movements

with Invisalign®. Korean J. Orthod. 2019, 49, 140–149. [CrossRef]
30. Kravitz, N.D.; Kusnoto, B.; BeGole, E.; Obrez, A.; Agran, B. How Well Does Invisalign Work? A Prospective Clinical Study

Evaluating the Efficacy of Tooth Movement with Invisalign. Am. J. Orthod. Dentofac. Orthop. 2009, 135, 27–35. [CrossRef]
[PubMed]

31. Vidal-Bernárdez, M.L.; Vilches-Arenas, Á.; Sonnemberg, B.; Solano-Reina, E.; Solano-Mendoza, B. Efficacy and Predictability of
Maxillary and Mandibular Expansion with the Invisalign® System. J. Clin. Exp. Dent. 2021, 13, e669. [CrossRef]

32. Morales-Burruezo, I.; Gandía-Franco, J.L.; Cobo, J.; Vela-Hernández, A.; Bellot-Arcís, C. Arch Expansion with the Invisalign
System: Efficacy and Predictability. PLoS ONE 2020, 15, e0242979. [CrossRef]

33. Grünheid, T.; Loh, C.; Larson, B.E. How Accurate Is Invisalign in Nonextraction Cases? Are Predicted Tooth Positions Achieved?
Angle Orthod. 2017, 87, 809–815. [CrossRef] [PubMed]

34. Riede, U.; Wai, S.; Neururer, S.; Reistenhofer, B.; Riede, G.; Besser, K.; Crismani, A. Maxillary Expansion or Contraction and
Occlusal Contact Adjustment: Effectiveness of Current Aligner Treatment. Clin. Oral Investig. 2021, 25, 4671–4679. [CrossRef]
[PubMed]

35. Sousa, M.V.S.; Vasconcelos, E.C.; Janson, G.; Garib, D.; Pinzan, A. Accuracy and Reproducibility of 3-Dimensional Digital Model
Measurements. Am. J. Orthod. Dentofac. Orthop. 2012, 142, 269–273. [CrossRef] [PubMed]

36. Adel, S.M.; Vaid, N.R.; El-Harouni, N.; Kassem, H.; Zaher, A.R. Digital Model Superimpositions: Are Different Software
Algorithms Equally Accurate in Quantifying Linear Tooth Movements? BMC Oral Health 2022, 22, 103. [CrossRef]

37. Lione, R.; Paoloni, V.; Bartolommei, L.; Gazzani, F.; Meuli, S.; Pavoni, C.; Cozza, P. Maxillary Arch Development with Invisalign
System. Angle Orthod. 2021, 91, 433–440. [CrossRef] [PubMed]

38. Chugh, T.; Jain, A.K.; Jaiswal, R.K.; Mehrotra, P.; Mehrotra, R. Bone Density and Its Importance in Orthodontics. J. Oral Biol.
Craniofac. Res. 2013, 3, 92–97. [CrossRef]

39. D’Alessandro, A.C.; D’Antò, V.; Razionale, A.V.; Allesandri-Bonetti, G. Integrating CBCT and Virtual Models for Root Movement
with Clear Aligners. J. Clin. Orthod. 2020, 54, 159–166.

40. Pavoni, C.; Lione, R.; Laganà, G.; Cozza, P. Self-Ligating versus Invisalign: Analysis of Dento-Alveolar Effects. Ann. Stomatol.
2011, 2, 23–27.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/ocr.12177
http://doi.org/10.2319/022719-151.1
http://doi.org/10.1007/s00784-016-1908-y
http://doi.org/10.4041/kjod.2019.49.3.140
http://doi.org/10.1016/j.ajodo.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/19121497
http://doi.org/10.4317/jced.58315
http://doi.org/10.1371/journal.pone.0242979
http://doi.org/10.2319/022717-147.1
http://www.ncbi.nlm.nih.gov/pubmed/28686090
http://doi.org/10.1007/s00784-021-03780-4
http://www.ncbi.nlm.nih.gov/pubmed/33474622
http://doi.org/10.1016/j.ajodo.2011.12.028
http://www.ncbi.nlm.nih.gov/pubmed/22858338
http://doi.org/10.1186/s12903-022-02129-x
http://doi.org/10.2319/080520-687.1
http://www.ncbi.nlm.nih.gov/pubmed/33570617
http://doi.org/10.1016/j.jobcr.2013.01.001

	Introduction 
	Materials and Methods 
	Inclusion/Exclusion Criteria 
	Treatment Protocol 
	Data Collection 
	Superimposition Method 
	Transverse Parameters and Molar Inclination 
	Prescription, Achieved Movement, and Accuracy 
	Statistical Analysis 

	Results 
	Analysis of Intraclass Correlation Coefficient (ICC) 
	Analysis of Prescription and Achieved Movement 
	Analysis of Accuracy 
	Analysis of Molar Inclination 

	Discussion 
	Conclusions 
	References

