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Abstract

Objective: To evaluate the concordance of automated 3D superimposition methods applied
to digital models, with a focus on methods that consider stable palatal regions as geometric
reference landmarks versus those that do not. Design and setting: This was a prospective,
cross-sectional study using digital model files of patients undergoing orthodontic treatment
in a university clinical setting. Participants: Sixty-one patients were prospectively enrolled
and divided into three groups based on the type of orthodontic treatment they received:
(20) non-extractive orthodontic treatment without intermaxillary elastics, (21) intermaxillary
elastics, and (20) control subjects with no orthodontic movement. The inclusion criteria
included the availability of complete pre- and post-treatment digital casts and the absence
of significant craniofacial anomalies. Methods: Three superimposition methods were tested:
(1) superimposition according to palate and palatal ridges, (2) best-fit superimposition of
arches in occlusion, and (3) best-fit superimposition of individual arches. Discrepancies
were identified by comparing the spatial positions derived from each method. Within
three spatial axes, deviations of ±0.5 mm and ±1.15◦ were not considered significant.
Bland–Altman plots were used to quantify palatal rugae based and non-based spatial
differences between methods. Differences in the superimposition results between the
three patient groups were evaluated using ANOVA tests. Results: Differences in spatial
position between the superimposition methods often exceeded the acceptable range. The
results were compared between the three patient groups with a statistical significance of
α = 0.05. In the present study, the high reliability of the superimposition method based on
the palate and palatal ridges was observed. Conclusion: Superimposition methods based
on the palate and palatal rugae provide superior accuracy in determining treatment-related
changes in upper arch digital models. These findings illustrate the need for appropriate
selection of superimposition techniques based on the study objective of using clinically
relevant techniques.

Keywords: dental cast superimposition; digital models; palatal rugae; orthodontic tooth
movement accuracy

1. Introduction
Orthodontists have traditionally relied on 2D lateral cephalometric radiographs for

both treatment outcome evaluation and growth assessment [1–3]. Superimposing pre- and
post-treatment radiographs to assess changes in dental and skeletal structures is a common
modality used in this method. However, lateral cephalometry has inherent drawbacks,
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including the potential for bias associated with head positioning and distortion of 3D
structures represented in 2D [4,5].

In recent years, the use of cone-beam computed tomography (CBCT) superimposition
has been proposed as an alternative [6–8]. CBCT provides an accurate assessment of
maxillary changes through the identification of craniofacial landmarks and facilitates
the superimposition of dental structures before and after treatment, thus allowing the
assessment of orthodontic predictability [9]. Although CBCT has great potential, it is not a
standard diagnostic tool and must be used according to guidelines and regulations [10].

Superimposing three-dimensional (3D) digital models has clear advantages, including
no radiation exposure, high accuracy, and elimination of distortions introduced by the
radiographic process. However, although cuspal position can be superimposed, stable
anatomical landmarks are challenged by changes in growth or extraction space closure
during treatment [11].

The palate is considered a consistent reference structure to obtain accurate superim-
position of 3D models of the maxillary arch [6]. The stability of palatal landmarks during
orthodontic treatment with or without miniscrew reference points was compared with
classic lateral radiographs [12–17]. The aforementioned landmarks, including the medial
half of the third palatal rugae and the mid-palatal raphe, have been established in five-year
longitudinal studies and can, therefore, serve as stable landmarks [18–22].

In contrast, repetitive static mandibular landmarks are not well characterized, except
for the mandibular torus, which is missing in some patients [23]. To solve this problem,
a relative position of the mandible can be obtained by superimposing the maxillary arch,
activating an indirect relationship of the mandibular arch with the palate [17].

As a result, numerous software applications have been developed to facilitate the
automated superimposition of digital models, taking advantage of the AI algorithms used
to increase the accuracy of registration and measurements. The accuracy, cost, and ease
of use of these devices vary [24,25]. Technical variables also affect the accuracy of digital
model superimposition. Automated superimposition algorithms, including iterative closest
point (ICP) or surface-based registration methods, can be easily compromised by noisy
data, low-resolution models (below 270 microns), or matching of inappropriate regions [26–
30]. Superimposition-based methods often exclude soft tissue, as this can further bias
the results [31], especially during tooth extraction, as mandibular space closure has been
shown to alter the morphology and consequently the positions of landmarks [11]. Manual
landmark identification also introduces inter- and intra-observer variability, compromising
reproducibility [9,13]. These findings suggest that further research is needed to optimize
superimposition methods, validate computerized systems, and establish standards for
clinical application.

To date, no prospective clinical study has compared different 3D superimposition
methods for both maxillary and mandibular arches in growing and non-growing patients
using digital model analysis.

Therefore, the aim of this study was to compare the reproducibility of automated
digital 3D superimposition approaches that use anatomically stable palatal landmarks with
those that do not.

The primary null hypothesis was that there would be no significant difference in the
accuracy of model superimposition among the three techniques tested: superimposition on
palatal ridges, best-fit superimposition of arches in occlusion, and best-fit superimposition
of separate arches.

The secondary null hypothesis was that no significant differences would be observed
between the three study groups:
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(1) Individuals treated with aligners without extraction, intermaxillary elastics, or skeletal
anchorage;

(2) Patients treated with intermaxillary elastics in conjunction with clear aligners for
non-extraction Class II correction without skeletal anchorage; and

(3) Untreated controls.

2. Materials and Methods
2.1. Subjects

This prospective study analyzed digital models of 61 patients consecutively recruited
at the Department of Orthodontics of the University of Torino, between June 2018 and July
2022. Participants were selected based on predefined inclusion and exclusion criteria, using
an alphabetical list of eligible individuals. To ensure unbiased allocation, a blinded investi-
gator randomly determined the selection interval. The study was conducted according to
the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) [32] and received
ethical approval from the Ethics Committee of Città della Salute e della Scienza di Torino
(no. 157/2020). Written informed consent was obtained from all the participants before
enrollment, and all the procedures adhered to the ethical principles of the Declaration of
Helsinki of 1964 and its subsequent amendments.

The participants were categorized into three groups:

1. Group 1 (G1): A total of 20 patients (6 males and 14 females; mean age 25.6 years;
mean treatment duration 544 days) treated with clear aligners, without intermaxillary
elastics, skeletal anchorage, or extractions.

2. Group 2 (G2): In total, 21 patients (4 males and 16 females; mean age 16.38 years; mean
treatment duration 615 days) treated with clear aligners, involving class correction
with intermaxillary elastics but no extractions or skeletal anchorage.

3. Group 3 (G3, Control): A total of 20 untreated individuals (9 males and 11 females;
mean age 25.48 years; mean interval 576 days).

All the subjects included in the study presented with either Class I or end-to-end Class
II Division 1 malocclusion.

The inclusion criteria for the study required the participants to have all permanent
teeth present (except third molars), fully erupted second molars, and an intact palatal
vault on both the initial (T0) and final (T1) intraoral scans. The exclusion criteria ex-
cluded individuals with a history of temporomandibular disorders or craniofacial trauma,
syndromic conditions, scans showing hard or soft tissue abnormalities, the presence of
prosthetic restorations, or a history of periodontal disease, and those with prior orthodontic
or orthopedic treatment.

2.2. Records

Intraoral scans were obtained with the iTero Element 2 scanner (Align Technology, Inc.,
San Jose, CA, USA). The scans were performed by orthodontic residents who supervised
patient care and were blinded to the study to minimize bias. The scanns has been used to
avoid the errors that can be incurred by scanning with a laboratory scanner an analogic
model previously cast in plaster [33].

All the scans were securely stored on a terminal computer connected to a cryptograph-
ically secured server with access restricted to the principal investigator. The scans were
acquired at two time points: treatment initiation (T0) and treatment completion (T1). The
scans were then de-identified and exported as .stl files. These files were analyzed using
specialized software (3D Slicer (CMF 5.0, www.slicer.org (accessed on 7 July 2025)), Geo-
magic Control X (version 2020.1.1, 3D Systems, © Inc., Rock Hill, SC, USA) and Viewbox 4

www.slicer.org
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(version 4.1.0.1 BETA, dHAL Software, Kifissia, Greece), by an experienced operator at the
Department of Orthodontics, University of Torino.

2.3. Superimposition Techniques

The T0 and T1 .stl files were superimposed using three different methods using two
specialized software programs. Method 1 used 3D Slicer (CMF 5.0, www.slicer.org (accessed
on 7 July 2025)) to identify palatal ridges as stable landmarks. Methods 2 and 3 used the
best-fit algorithm in Geomagic Control X (version 2020.1.1, 3D Systems, © Inc., Rock Hill,
SC, USA), which aligns 3D models by minimizing surface distances without requiring
an initial global alignment. The reliability of this approach has been validated by Stucki
and Gkantidis [19]. Of note, all the methods were consistently applied by an experienced
operator using the same digital models.

The origin of the coordinate system varied between the methods: method 1 used the
medial palatal raphe as the central reference defined by fiducial points, whereas methods 2
and 3 used the geometric centroid of the dental arches as the spatial origin. These origins
were maintained within each method to ensure consistent analysis.

The identification of the palatine rugae (method 1) was performed using 3D Slicer,
as previously described by Anacleto et al. [34]. Seven fiducial points, as reported by
Vasilakos et al. [18], were marked: the medial ends and midpoints of the third palatal ridges
bilaterally, and three points along the midpalatal raphe (the midpoint of the fourth palatal
ridge, a point 5 mm posterior, and another 10 mm posterior) (Figure 1).

 

Figure 1. Identification of fiducial points on T0 (a) and T1 (b) scans.

The “Surface Registration/ROI Registration/Add and Move Landmarks” function in
3D Slicer was utilized to facilitate this process. The region of interest (ROI) sizes were set
at 30 mm2 for the third palatal ridges, 20 mm2 for the first two midpalatal raphe points,
and 5 mm2 for the third point, based on studies highlighting these regions’ stability and
precision [18] (Figure 2).

The T0 model was designated as the fixed reference, and the T1 model was aligned to
it using a best-fit algorithm applied to the selected ROI (Figure 3). The removal of soft tissue
(Figure 4) and the overlay comparison (Figure 5) were performed using the Geomagic
Control X software (version 2020.1.1, 3D Systems, © Inc., Rock Hill, SC, USA).

The best-fit superimposition of arches locked in occlusion (method 2) was performed
by importing the .stl files of both arches in occlusion into Geomagic Control X. After soft
tissue removal, the “Best-Fit Alignment” function automatically superimposed T1 scans
onto T0 scans for comparison (Figure 6).

www.slicer.org
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Figure 2. ROI selection on T0 (a) and T1 (b) scans.

 

Figure 3. Superimposition on the identified ROI from the occlusal (a) and frontal (b) view.

 

Figure 4. Virtual soft tissue removal after ROI overlay.

The best-fit superimposition of separate arches (method 3) was obtained by uploading
the T0 and T1 .stl files for each separate arch into Geomagic Control X. Following the
removal of soft tissue, the upper arches at T0 were aligned with corresponding upper
arches at T1 using the “Best-Fit Alignment” function and similarly, the lower arches at T0
were aligned with the corresponding lower arches at T1 (Figures 7 and 8).
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Figure 5. Color map showing how well palatal rugae region overlaps.

 

Figure 6. Superimposition using method 2. Control group patient. From left to right: scan at T0 (a),
scan at T1 (b), and color map of the best-fit superimposition of the arches in occlusion (c).

 

Figure 7. Overlay using method 3, upper arch. Control group patient. From left to right: scan at T0
(a), scan at T1 (b), and color map of the best-fit superimposition of the single upper arch (c).

In methods 2 and 3, we used the “selected data” sub-option in the best-fit superim-
position to focus the alignment process on selected data regions. In this way, irrelevant
areas such as variability-prone regions (i.e., teeth without full scans) were ignored during
alignment, which in turn could lead to more accurate results. For the best-fit superimposi-
tion, a maximum number of 30 interactions [28], a sampling ratio of 25% and no movement
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constraint in the three coordinates were used for the settings; no manual adjustment was
made afterwards, and no reference structure or symmetry assumption was employed.

 

Figure 8. Overlay using method 3, lower arch. Control group patient. From left to right: Scan at T0
(a), scan at T1 (b), and color map of the best-fit overlay of the single lower arch (c).

2.4. Measuring Differences in Superimposition Methods

After completing all the superimpositions, measurements were collected, focusing
solely on the fit of the dental arches without including soft tissues. Differences between
the superimpositions of methods 2 and 3 were then calculated in comparison to method
1. The superimposed .stl files from Geomagic Control X were exported as single files for
each superimposition, with updated spatial coordinates for the T1 model relative to the
T0 reference. These single .stl files were then imported into Viewbox 4 (version 4.1.0.1
BETA, dHAL Software, Kifissia, Greece) for further analysis of spatial displacements and
rotational differences. The three-dimensional displacement of the models from methods
2 and 3 relative to the model from method 1 was analyzed using the Viewbox 4 software.
Data were expressed in millimeters for translations along the three spatial axes and in
degrees for rotations around these axes. For consistency, the x-axis represents the latero-
lateral (right–left) axis, the y-axis represents the sagittal (anterior–posterior) axis, and the
z-axis represents the vertical axis. Linear measurements along the x, y, and z axes indicate
the accuracy of methods 2 and 3 in identifying the correct right–left, anterior–posterior, and
vertical positions of the T1 model, respectively, when compared to method 1. Similarly,
angular measurements along the x, y, and z axes reflect the accuracy of methods 2 and 3 in
identifying the roll, pitch, and yaw (rotation) of the T1 model, respectively, compared to
method 1.

2.5. Statistical Analysis

The required sample size was based on previous research investigating the accuracy
of software for estimating 3D orthodontic tooth movement [24,35]. Based on these findings,
20 scans were considered sufficient for this agreement study, with a minimum acceptable
reliability (ρ0) of 0.60, a maximum expected reliability (ρ1) of 0.90, and κ = 3 (representing
the number of superimposition methods). The statistical significance level (α) was set at
0.01, and the power (1 − β) at 0.9. Although the initial calculation indicated a minimum
sample size of 18, this was increased to 20 to account for any scans of insufficient quality.

All the measurements were recorded in a Microsoft Excel® spreadsheet (Microsoft,
Redmond, WA, USA) and analyzed using the SPSS® statistical software, version 24 (IBM
Corporation, Armonk, NY, USA). Variations greater than ±0.5 mm were considered signifi-
cant when comparing spatial displacements between methods 2 and 3 relative to method
1 across the three spatial axes [26,36]. For rotational differences, variations exceeding
±1.15◦ were considered significant. The threshold of ±1.15◦ was established based on the
calculation that a rotation of this magnitude for the entire arch would result in a spatial
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displacement of 0.5 mm at the molar level, given an average intermolar distance of 50 mm
(radius 25 mm) [37], calculated as follows:

Arc Length = Radius × Angle (in radians) =⇒ 25 mm × 1.15◦ × (π/180) ≈ 0.5 mm

To evaluate the discrepancies in spatial position between methods 2 and 3 com-
pared to method 1, Bland–Altman plots were used, with a 95% confidence interval for
the mean differences. The null hypothesis assumed that the confidence interval limits
would fall within ±0.5 mm for positional differences and ±1.15◦ for rotational differences.
Spatial position values outside these limits were considered significantly different. For
method 3, positional differences were calculated and analyzed separately for the upper and
lower arches.

ANOVA tests with nonparametric Friedman’s repeated measures were conducted
to assess the presence of significant differences between the medians of spatial positions
detected by the different superimposition methods. These tests compared changes in the
same spatial position variable across methods 2 and 3. If significant differences were found,
post hoc tests were applied to identify the source of the differences, with this procedure
repeated for each group.

Since the range of differences between superimposition methods relative to the stan-
dard can include both positive and negative values, the absolute values of these differences
were used in the analysis. This was performed to avoid a median close to zero, which could
obscure statistically significant differences [26].

A linear regression analysis was then performed on the control group data to test
whether variables such as sex, age at T0, and the time elapsed between T0 and T1 could
influence the superimposition results. Additionally, a linear regression was conducted on
the absolute values of the positional differences between method 1 and methods 2 and
3 to determine the absolute error between the different superimposition methods. The
regression analysis was limited to the control group, as this group was the only one without
orthodontic treatment, thus providing a homogeneous dataset. For all the tests, statistical
significance was set at p < 0.05.

3. Results
The age distribution within each group was as follows: Group 1 (mean ± SD:

25.6 ± 3.8 years, range: 20–32), Group 2 (16.38 ± 2.1 years, range: 14–19), and Group
3 (25.48 ± 4.2 years, range: 21–30).

All the superimpositions and measurements across the three software platforms
were conducted by a single experienced operator. Intra-rater variability was assessed by
repeating measurements on a subset of 10 randomly selected models, with consistency
evaluated using the intraclass correlation coefficient (ICC). The ICC values exceeded 0.95
for all measurements, indicating excellent consistency.

The Bland–Altman analysis revealed that the null hypothesis was supported for
some of the positional and rotational differences across the three spatial axes among the
different superimposition methods. However, in other cases, the differences exceeded the
predefined threshold values (±0.5 mm for positional differences and ±1.15◦ for rotational
differences). Thus, while the three superimposition methods demonstrated equal accuracy
in positioning the T1 models in space for certain positions and rotations, they showed
significant discrepancies for others (Tables 1–3 and Schemes 1–3).
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Table 1. The Bland–Altman test was utilized to assess the discrepancy between the superimposition
methods 2 and 1. The median is the median of the differences between the method of superimposition
2 and 1 (error). The standard deviation of the median difference is represented by σ, and the 95%
confidence interval is defined as the minimum and maximum values of the interval. In bold,
differences exceeding the threshold values are indicated (σ < 0.25 for x, y, and z; σ< 0.575 for x◦, y◦,
and z◦).

Superimposition Method 2 (Best-Fit Archs in Occlusion)

G1 x y z x◦ y◦ z◦

median −0.05 −0.31 −0.24 −0.03 −0.01 0.00

σ 0.23 0.68 0.42 1.43 0.30 0.54

95% CI min −0.50 −1.63 −1.07 −2.84 −0.60 −1.06

max 0.40 1.02 0.60 2.78 0.58 1.06

G2 x y z x◦ y◦ z◦

median −0.13 −0.46 −0.53 0.22 −0.08 −0.07

σ 0.43 0.70 0.44 1.18 0.61 1.02

95% CI min −0.97 −1.82 −1.40 −2.08 −1.28 −2.07

max 0.70 0.91 0.34 2.52 1.13 1.93

G3 x y z x◦ y◦ z◦

median −0.02 −0.11 0.01 −0.07 0.05 0.02

σ 0.09 0.29 0.13 0.46 0.20 0.20

95% CI min −0.20 −0.67 −0.24 −0.97 −0.33 −0.38

max 0.17 0.45 0.25 0.84 0.43 0.42

Table 2. The Bland–Altman test was utilized to assess the discrepancy between the superimposition
methods 3 (upper arch) and 1. The median is defined as the median of the differences between
the superimposition method 3 (upper arch) and 1 (error). The standard deviation of the median
difference is represented by σ, and the 95% confidence interval is expressed as the minimum and
maximum values. In bold, the differences exceeding the threshold values indicated (σ < 0.25 for x, y,
and z; σ < 0.575 for x◦, y◦, and z◦) are highlighted.

Superimposition Method 3 (Best-Fit Separate Arches: Upper Arch)

G1 x y z x◦ y◦ z◦

median −0.05 −0.05 −0.23 0.29 0.02 0.23

σ 0.18 0.81 0.43 1.49 0.32 1.35

95% CI min −0.40 −1.64 −1.07 −2.63 −0.61 −2.41

max 0.30 1.53 0.60 3.22 0.66 2.87

G2 x y z x◦ y◦ z◦

median −0.12 0.21 −0.47 0.53 −0.09 −0.21

σ 0.39 0.74 0.52 1.24 0.58 1.33

95% CI min −0.89 −1.24 −1.50 −1.90 −1.23 −2.81

max 0.65 1.66 0.55 2.96 1.05 2.40

G3 x y z x◦ y◦ z◦

median −0.01 −0.13 −0.01 −0.10 0.01 0.02

σ 0.10 0.33 0.14 0.52 0.20 0.21

95% CI min −0.21 −0.78 −0.29 −1.11 −0.39 −0.40

max 0.19 0.51 0.27 0.92 0.41 0.44
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Table 3. Results derived from the Bland–Altman test, which was utilized for the purpose of comparing
the superimposition methods 3 (lower arch) and 1. The median is defined as the median of the
differences between the superimposition methods 3 (lower arch) and 1 (error). The standard deviation
of the median difference is represented by σ, and the 95% confidence interval is indicated by CI. In
bold, the differences exceed the threshold values indicated (σ < 0.25 for x, y, and z; σ < 0.575 for x◦,
y◦, and z◦).

Superimposition Method 3 (Best-Fit Separate Arches: Lower Arch)

G1 x y z x◦ y◦ z◦

median −0.08 −0.57 −0.20 −0.69 −0.02 −0.01

σ 0.26 0.75 0.48 1.41 0.32 0.53

95% CI min −0.60 −2.05 −1.13 −3.45 −0.64 −1.05

max 0.44 0.91 0.74 2.08 0.61 1.02

G2 x y z x◦ y◦ z◦

median −0.25 −1.08 −0.44 0.12 −0.10 −0.50

σ 0.77 0.82 0.52 1.91 0.76 1.51

95% CI min −1.77 −2.69 −1.46 −3.62 −1.60 −3.46

max 1.27 0.53 0.59 3.86 1.39 2.46

G3 x y z x◦ y◦ z◦

median −0.02 −0.09 0.01 −0.07 0.09 0.00

σ 0.13 0.27 0.13 0.48 0.27 0.23

95% CI min −0.28 −0.63 −0.25 −1.01 −0.45 −0.45

max 0.25 0.44 0.28 0.88 0.63 0.46

Scheme 1. Visual assessment of the discrepancy between the superimposition methods 2 and 1.

In Table 1 the values in bold emphasize the importance of selecting appropriate super-
imposition methods depending on the clinical context. While method 2 (Best-Fit Alignment)
may work for broader comparisons, it appears less reliable for precise measurements in
cases where rotational or translational accuracy is critical.

In Table 2 the results in bold suggest that method 3 (Best-Fit Separate Arches: Upper
Arch) introduces greater variability compared to method 1 due to the lack of reliance on
stable anatomical landmarks. While method 3 may suffice for broader assessments, it is
less suitable for applications requiring high precision, such as evaluating subtle tooth or
skeletal changes.
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Scheme 2. Visual assessment of the discrepancy between the superimposition methods 3 (upper arch)
and 1.

Scheme 3. Visual assessment of the discrepancy between the superimposition methods 3 (lower arch)
and 1.

The bold values reported in Table 3 indicate that method 3 (Best-Fit Separate Arches:
Lower Arch) introduces greater variability compared to method 1, particularly for precise
measurements of translational and rotational changes. These discrepancies suggest that
method 3 is less reliable for detailed assessments of mandibular movements or rotations.

The ANOVA test comparing superimposition methods 2, 3 (upper jaw), and 3 (lower
jaw) revealed statistically significant differences in a few cases. Specifically, the following
results were revealed:

- In Group 1, a significant difference was found in translation along the x-axis
(p = 0.022).

- In Group 2, significant differences were observed in translation along the x-axis
(p = 0.01) and y-axis (p < 0.001), as well as in rotation around the x-axis (p = 0.041) and
y-axis (p = 0.013).

- In Group 3, a significant difference was found in translation along the x-axis (p = 0.01).

Pairwise comparisons were performed to identify which methods caused these differ-
ences. The key findings were as follows:

- Group 1: A significant difference in translation along the x-axis was found between
method 2 and lower jaw method 3 (p = 0.034).
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- Group 2: Significant differences were found in the following:
- Translation along the x-axis between method 2 and lower jaw method 3 (p = 0.01).
- Translation along the y-axis between method 2 and lower jaw method 3 (p = 0.001),

and between upper jaw method 3 and lower jaw method 3 (p = 0.002).
- Rotation around the x-axis between method 2 and lower jaw method 3 (p = 0.041).
- Rotation around the y-axis between method 2 and lower jaw method 3 (p = 0.026), and

between upper jaw method 3 and lower jaw method 3 (p = 0.041).
- Group 3: A significant difference in translation along the x-axis was found between

method 2 and lower jaw method 3 (p = 0.013).

These results highlight that in some spatial dimensions, the superimposition methods
differ in their accuracy when comparing the upper and lower jaws.

The method error for palatal superimposition in the control group using method 1
was found to be within ±0.3 mm for linear displacements and ±0.8◦ for rotations based on
repeat measurements by independent operators. This confirms the reliability of method 1
for the purposes of this study.

The linear regression analysis, which explored how the variables “age of patients at
T0,” “time elapsed between T0 and T1,” and “sex of patients” in the control group affected
the agreement between the different superimposition methods, showed a correlation only
between the variable “age at T0” and two spatial position variables. The collinearity index
(VIF), which measures how strongly the variables are related to each other, had values close
to 1 for all measurements. This indicates that there were no collinearity issues between the
variables (this applies to all models, as the independent variables were the same in each
case). Table 4 displays the linear regression indices (R-squared) and the significance levels
for each independent variable.

Table 4. Linear regression indices (R-squared) and the significance levels for each independent variable.
R Square is a metric of linear regression indices. Sig is the significance coefficient for the relationship
specified for each of the independent variables. In bold the statistically significant values (p < 0.05).

Control Group (G3)

Method 2 (Best Fit. Arch in Occlusion)

Dependent variables: x y z x◦ y◦ z◦

R Square 0.4 0.288 0.219 0.297 0.532 0.288

Independent variables Sig. Sig. Sig. Sig. Sig. Sig.

age at T0 0.008 0.058 0.572 0.106 <0.001 0.178

time between T0 and T1 (days) 0.424 0.233 0.085 0.067 0.65 0.09

Gender = F 0.284 0.896 0.442 0.835 0.696 0.067

Method 3 sup. (Best Fit. Upper Arch)

Dependent variables: x y z x◦ y◦ z◦

R Square 0.293 0.329 0.371 0.379 0.647 0.358

Independent variables Sig. Sig. Sig. Sig. Sig. Sig.

age at T0 0.027 0.033 0.782 0.064 <0.001 0.111

time between T0 and T1 (days) 0.888 0.204 0.009 0.02 0.077 0.019

Gender = F 0.932 0.994 0.237 0.409 0.407 0.282

Method 3 inf. (Best Fit. Lower Arch)

Dependent variables: x y z x◦ y◦ z◦

R Square 0.448 0.238 0.184 0.228 0.276 0.204

Independent variables Sig. Sig. Sig. Sig. Sig. Sig.

age at T0 0.021 0.123 0.403 0.083 0.042 0.591

time between T0 and T1 (days) 0.044 0.285 0.133 0,47 0.941 0.19

Gender = F 0.939 0.711 0.845 0.868 0.808 0.103
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4. Discussion
Clinical orthodontics has always focused on achieving controlled tooth movement in

all three planes of space according to the specific treatment plan. Advances in technology
now provide orthodontists with increasingly precise tools to evaluate treatment outcomes.
One such tool is the superimposition of .stl files, which provides a relatively straightforward
method of evaluation.

The purpose of this study was to investigate the differences in superimposition re-
sults between two treatment groups. Both G1 and G2 patients underwent non-extraction
orthodontic treatment; however, only G2 patients used intermaxillary elastics, which
allowed the evaluation of the reliability of the lower arch superimposition during
sagittal corrections.

4.1. Relevance and Comparison of Superimposition Methods

The results showed that different clinical situations lead to different superimposition
results and that different superimposition methods can lead to inconsistent results even for
the same clinical condition.

Superimposition of 3D digital models using the palatal surface has been shown to
provide accurate and reliable data [19,38–40], even over a 5-year period in adolescents [41].

Although the superimposition methods evaluated in this study have inherently dif-
ferent reference areas and serve different purposes, a comparison between them is both
valid and essential for several reasons. First, understanding the level of agreement between
these methods helps clinicians and researchers make informed decisions about their use
in specific contexts. Second, such comparisons allow the reliability of each method to be
assessed and its limitations to be identified, ensuring that appropriate methods are used
based on desired outcomes. Using quantitative tools such as Bland–Altman plots, this
study objectively assesses the discrepancies and acceptable ranges of agreement between
the methods, providing practical insights into their clinical and research applications.

4.2. Impact of Sagittal Corrections on Superimposition Accuracy

The superimposition methods analyzed in this study revealed notable limitations
of best-fit algorithms in patients who underwent sagittal corrections (G2). Specifically,
these methods proved less reliable in capturing mandibular positional changes, both in
superimpositions of arches locked in occlusion and in individual arch superimpositions,
highlighting the reduced accuracy of best-fit algorithms under conditions involving antero-
posterior adjustments.

The analysis of patients without planned sagittal corrections (G1) shows that the
automatic best-fit superimposition of arches locked in occlusion produces results very
comparable to those obtained by palatal superimposition. In particular, the superimposition
of arches in occlusion produces more accurate results than the superimposition of individual
arches. Specifically, differences were observed in spatial positions along the y-axis (sagittal
axis) and z-axis (vertical axis), as well as rotational orientation along the x-axis (roll axis),
compared to palatal superimposition. However, rotational orientation along the y-axis
(pitch axis) was accurate for both methods 2 and 3, with method 2 (arches in occlusion)
demonstrating greater accuracy than method 3 in terms of latero-lateral positioning and
rotational alignment.

4.3. Clinical Implications of Methodological Differences

The different superimposition methods provide complementary perspectives. Palatal-
based superimposition is particularly suitable for detecting global arch stability and growth-
related changes, especially in the upper arch.
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In contrast, best-fit algorithms are more appropriate for evaluating intra-arch changes,
particularly when skeletal growth is minimal or absent, such as in adult patients.

Although Table 2 shows an apparent difference in the measurements obtained using
the best-fit superimposition method for the maxilla between G1 and G2, the ANOVA test
revealed that this difference was not statistically significant. Conversely, the difference
observed between G1 and G2 for the best-fit superimposition of the lower arch was sta-
tistically significant. This finding is consistent with the differences in the anteroposterior
position of the mandible between the two groups when comparing the single arch palatal
and best-fit superimpositions. Similar results were found when comparing the best-fit su-
perimpositions of single arches with those of arches locked in occlusion, further supporting
this concept.

From a practical clinical and research perspective, these results suggest that the best-fit
superimposition of the maxillary arch closely mirrors the results obtained from superimpo-
sition using palatal anatomical references. This is true regardless of whether elastics were
used during orthodontic treatment. In other words, automatic best-fit superimposition is a
reliable alternative to palatal-based superimposition for upper arch analysis. However, the
same cannot be said for the lower arch. Automatic best-fit superimposition of the lower
arch is less reliable because it does not take into account changes in the intermaxillary
relationship, such as those caused by sagittal corrections or other adjustments to the posi-
tion of the mandible. This highlights the limitation of using best-fit superimposition for
the lower arch, as it may miss important changes in occlusion and jaw alignment. There-
fore, more accurate methods—such as palatal reference-based superimposition—should be
considered when evaluating mandibular movement, especially in cases where there are
changes in intermaxillary relationships. This distinction is critical for both clinical practice
and research, as accurate superimposition is essential for evaluating the effectiveness of
orthodontic treatment.

4.4. Evaluation of Method Reproducibility and Algorithm Limitations

The control group was used to evaluate the reproducibility of the palatal superimpo-
sition method (method 1). Ideally, if the dental anatomy remains unchanged between T0
and T1, the automatic best-fit superimposition should produce reliable results [42]. How-
ever, measurements in the control group revealed significant differences in anteroposterior
positioning when comparing the three superimposition methods. The linear regression
analysis showed no correlation between these differences and patient age, sex, or time
elapsed between the two intraoral scans. The stability of the palatal reference regions,
particularly the medial third of the third palatal rugae and the midpalatal raphe, has been
shown to be robust to growth-related changes, thereby mitigating potential confounding
from age differences within the sample [41,43]. This suggests that the differences observed
in the control group in this study may be due to limitations in the accuracy of the best-fit
algorithm used rather than changes in palatal anatomy per se.

The superimposition technique based on palatal ridges has inherent limitations be-
cause the palate itself undergoes morphological changes [41,43]. Although this method
has been used as a reference for comparison with the other superimposition techniques,
it is not the ideal gold standard. A more accurate reference would be superimposition
techniques based on stable cranial regions identified by CBCT, which are less susceptible to
growth-related changes. The inclusion of CBCT-based superimposition would increase the
accuracy and reliability of future studies.
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4.5. Software Limitations

Our study acknowledges the inherent limitations associated with the use of the Geo-
magic Control X, 3D Slicer, and Viewbox 4.0 software platforms [44]. Potential sources of
error include resolution limitations, alignment discrepancies, and measurement sensitivity
in Geomagic Control X; segmentation accuracy and interpolation errors in 3D Slicer; and
point marking variability and software-specific limitations in Viewbox 4.0. While efforts
were made to standardize workflows and use a single experienced operator to perform all
the procedures, the possibility of subtle operator-dependent influences remains. Future
studies could address these limitations by incorporating automated and machine learning-
based workflows to reduce human variability and by using cross-platform validations to
verify results, further increasing the robustness of the results. We minimized these limi-
tations by performing all the landmark placements and analyses by a single experienced
operator, standardizing measurement workflows, and using a subset of data to confirm
repeatability of the results.

By comparing methods under controlled conditions, this study not only highlights
the limitations of best-fit algorithms in certain scenarios, but also underscores the reliabil-
ity of palatal reference-based superimposition in maintaining stability across a range of
clinical applications.

4.6. Study Limitations

Possible limitations of the study are as follows:

- The superimposition process on the palatal rugae remains partially operator-
dependent, which may introduce variability.

- Age-related anatomical changes, despite being minimized by using stable palatal
reference areas, may still influence outcomes, especially in younger patients.

- The absence of CBCT data limits the ability to correlate dental changes with skeletal
movements, particularly in cases involving sagittal corrections.

- The inclusion of only patients with Class I and Class II malocclusions. While this deci-
sion helped ensure a more homogeneous sample and minimized skeletal variability,
it may reduce the generalizability of the results, particularly to Class III cases or in
extraction cases. Future research should include a wider range of malocclusion types
to better assess the applicability of findings across different clinical conditions.

5. Conclusions
This study highlights the importance of selecting superimposition methods based on

their distinct applications. For the maxillary arch, palatal-based superimposition is ideal
for assessing upper arch stability, growth-related changes, and longitudinal outcomes, due
to its reliance on stable anatomical landmarks. In contrast, for the mandibular arch, best-fit
algorithms proved more consistent and are more suitable for evaluating intra-arch changes
or inter-arch relationships in stable clinical conditions. These findings emphasize that the
choice of method should align with the specific clinical or research objectives, providing a
practical framework for optimizing orthodontic assessments.

Author Contributions: Conceptualization, S.A. and T.C.; methodology, S.A.; software, S.A.; valida-
tion, T.C., F.S. and S.P.; formal analysis, S.A.; investigation, S.A.; resources, T.C.; data curation, S.A.;
writing—original draft preparation, S.A.; writing—review and editing, T.C. and S.P.; visualization,
F.S.; supervision, T.C.; project administration, T.C. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors declare that no funds, grants, or other support were received during the
preparation of this manuscript.



Bioengineering 2025, 12, 839 16 of 17

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and has received ethical approval from the Ethics Committee of the Città della Salute e
della Scienza di Torino (no. 157/2020).

Informed Consent Statement: Informed consent for the processing of personal data for research and
scientific publication purposes has been provided by the patients in written form.

Data Availability Statement: The full anonymized dataset of the study was opened and available
from the corresponding author when it is required.

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

References
1. Björk, A. Facial Growth in Man, Studied with the AID of Metallic Implants. Acta Odontol. Scand. 1955, 13, 9–34. [CrossRef]
2. Ricketts, R.M. A four-step method to distinguish orthodontic changes from natural growth. J. Clin. Orthod. JCO 1975, 9, 208–228.
3. Ghafari, J.; Engel, F.E.; Laster, L.L. Cephalometric superimposition on the cranial base: A review and a comparison of four

methods. Am. J. Orthod. Dentofac. Orthop. 1987, 91, 403–413. [CrossRef] [PubMed]
4. Sandham, A. Repeatability of Head Posture Recordings from Lateral Cephalometric Radiographs. Br. J. Orthod. 1988, 15, 157–162.

[CrossRef] [PubMed]
5. Yoon, Y.J.; Kim, D.H.; Yu, P.S.; Kim, H.J.; Choi, E.H.; Kim, K.W. Effect of head rotation on posteroanterior cephalometric

radiographs. Angle Orthod. 2002, 72, 36–42.
6. Giudice, A.L.; Ronsivalle, V.; Zappalà, G.; Leonardi, R.; Campagna, P.; Isola, G.; Palazzo, G.; Kukiattrakoon, B. The Evolution of

the Cephalometric Superimposition Techniques from the Beginning to the Digital Era: A Brief Descriptive Review. Int. J. Dent.
2021, 2021, 6677133. [CrossRef]

7. Pei, Y.; Ma, G.; Chen, G.; Zhang, X.; Xu, T.; Zha, H. Superimposition of Cone-Beam Computed Tomography Images by Joint
Embedding. IEEE Trans. Biomed. Eng. 2017, 64, 1218–1227. [CrossRef] [PubMed]

8. Park, J.H.; Tai, K.; Owtad, P. 3-Dimensional cone-beam computed tomography superimposition: A review. Semin. Orthod. 2015,
21, 263–273. [CrossRef]

9. Dai, F.F.; Liu, Y.; Xu, T.M.; Chen, G. Exploring a new method for superimposition of pre-treatment and post-treatment mandibular
digital dental casts in adults. Beijing Da Xue Xue Bao Yi Xue Ban 2018, 50, 271–278.

10. European Commission. Cone Beam CT for Dental and Maxillofacial Radiology: Evidence Based Guidelines, Radiation Protection
Publication 172; European Commission: Brussels, Belgium, 2012.

11. Ganzer, N.; Feldmann, I.; Liv, P.; Bondemark, L. A novel method for superimposition and measurements on maxillary digital 3D
models-studies on validity and reliability. Eur. J. Orthod. 2018, 40, 45–51. [CrossRef]

12. Bailey, L.T.; Esmailnejad, A.; Almeida, M.A. Stability of the palatal rugae as landmarks for analysis of dental casts in extraction
and nonextraction cases. Angle Orthod. 1996, 66, 73–78. [PubMed]

13. Lanteri, V.; Cossellu, G.; Farronato, M.; Ugolini, A.; Leonardi, R.; Rusconi, F.; De Luca, S.; Biagi, R.; Maspero, C. Assessment of the
Stability of the Palatal Rugae in a 3D-3D Superimposition Technique Following Slow Maxillary Expansion (SME). Sci Rep. 2020,
10, 2676. [CrossRef]

14. Jang, I.; Tanaka, M.; Koga, Y.; Iijima, S.; Yozgatian, J.H.; Cha, B.K.; Yoshida, N. A novel method for the assessment of three-
dimensional tooth movement during orthodontic treatment. Angle Orthod. 2009, 79, 447–453. [CrossRef]

15. Chen, G.; Chen, S.; Zhang, X.Y.; Jiang, R.P.; Liu, Y.; Shi, F.H.; Xu, T.M. Stable region for maxillary dental cast superimposition in
adults, studied with the aid of stable miniscrews. Orthod Craniofac Res. 2011, 14, 70–79. [CrossRef]

16. Cha, B.K.; Lee, J.Y.; Jost-Brinkmann, P.G.; Yoshida, N. Analysis of tooth movement in extraction cases using three-dimensional
reverse engineering technology. Eur. J. Orthod. 2007, 29, 325–331. [CrossRef]

17. José Viñas, M.; Pie de Hierro, V.; Ustrell-Torrent, J.M. Superimposition of 3D digital models: A case report. Int. Orthod. 2018, 16,
304–313. [CrossRef]

18. Vasilakos, G.; Schilling, R.; Halazonetis, D.; Gkantidis, N. Assessment of different techniques for 3D superimposition of serial
digital maxillary dental casts on palatal structures. Sci. Rep. 2017, 7, 5838. [CrossRef]

19. Stucki, S.; Gkantidis, N. Assessment of techniques used for superimposition of maxillary and mandibular 3D surface models to
evaluate tooth movement: A systematic review. Eur. J. Orthod. 2020, 42, 559–570. [CrossRef]

20. Abdi, A.H.; Nouri, M. Registration of serial maxillary models via the weighted rugae superimposition method. Orthod. Craniofac.
Res. 2017, 20, 79–84. [CrossRef] [PubMed]

21. van der Linden, F.P. Changes in the position of posterior teeth in relation to ruga points. Am. J. Orthod. 1978, 74, 142–161.
[CrossRef] [PubMed]

https://doi.org/10.3109/00016355509028170
https://doi.org/10.1016/0889-5406(87)90393-3
https://www.ncbi.nlm.nih.gov/pubmed/3472459
https://doi.org/10.1179/bjo.15.3.157
https://www.ncbi.nlm.nih.gov/pubmed/3166972
https://doi.org/10.1155/2021/6677133
https://doi.org/10.1109/TBME.2016.2598584
https://www.ncbi.nlm.nih.gov/pubmed/28541185
https://doi.org/10.1053/j.sodo.2015.07.007
https://doi.org/10.1093/ejo/cjx029
https://www.ncbi.nlm.nih.gov/pubmed/8678349
https://doi.org/10.1038/s41598-020-59637-5
https://doi.org/10.2319/042308-225.1
https://doi.org/10.1111/j.1601-6343.2011.01510.x
https://doi.org/10.1093/ejo/cjm019
https://doi.org/10.1016/j.ortho.2018.03.017
https://doi.org/10.1038/s41598-017-06013-5
https://doi.org/10.1093/ejo/cjz075
https://doi.org/10.1111/ocr.12142
https://www.ncbi.nlm.nih.gov/pubmed/28150411
https://doi.org/10.1016/0002-9416(78)90081-7
https://www.ncbi.nlm.nih.gov/pubmed/278487


Bioengineering 2025, 12, 839 17 of 17

22. Dai, F.F.; Xu, T.M.; Shu, G. Comparison of achieved and predicted tooth movement of maxillary first molars and central incisors:
First premolar extraction treatment with Invisalign. Angle Orthod. 2019, 89, 679–687. [CrossRef]

23. An, K.; Jang, I.; Choi, D.S.; Jost-Brinkmann, P.G.; Cha, B.K. Identification of a stable reference area for superimposing mandibular
digital models. J. Orofac. Orthop. 2015, 76, 508–519. [CrossRef]

24. Talaat, S.; Kaboudan, A.; Bourauel, C.; Ragy, N.; Kula, K.; Ghoneima, A. Validity and reliability of three-dimensional palatal
superimposition of digital dental models. Eur. J. Orthod. 2017, 39, 365–370. [CrossRef] [PubMed]

25. Bichu, Y.M.; Hansa, I.; Bichu, A.Y.; Premjani, P.; Flores-Mir, C.; Vaid, N.R. Applications of artificial intelligence and machine
learning in orthodontics: A scoping review. Prog. Orthod. 2021, 22, 18. [CrossRef] [PubMed]

26. 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]

27. Haouili, N.; Kravitz, N.D.; Vaid, N.R.; Ferguson, D.J. Makki LHas Invisalign improved? Aprospective follow-up study on the
efficacy of tooth movement with Invisalign Am, J. Orthod. Dentofac. Orthop. 2020, 158, 420–425. [CrossRef] [PubMed]

28. Grauer, D.; Proffit, W.R. Accuracy in tooth positioning with a fully customized lingual orthodontic appliance. Am. J. Orthod.
Dentofac. Orthop. 2011, 140, 433–443. [CrossRef]

29. Al-Nadawi, M.; Kravitz, N.D.; Hansa, I.; Makki, L.; Ferguson, D.J.; Vaid, N.R. Effect of clear aligner wear protocol on the efficacy
of tooth movement. Angle Orthod. 2021, 91, 157–163. [CrossRef]

30. Grauer, D.; Cevidanes, L.H.; Tyndall, D.; Styner, M.A.; Flood, P.M.; Proffit, W.R. Registration of orthodontic digital models.
Craniofac. Growth Ser. 2011, 48, 377–391.

31. 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]

32. Kottner, J.; Audigé, L.; Brorson, S.; Donner, A.; Gajewski, B.J.; Hróbjartsson, A.; Roberts, C.; Shoukri, M.; Streiner, D.L. Guidelines
for reporting reliability and agreement studies (GRRAS) were proposed. J. Clin. Epidemiol. 2011, 64, 96–106. [CrossRef]

33. Henninger, E.; Vasilakos, G.; Halazonetis, D.; Gkantidis, N. The effect of regular dental cast artifacts on the 3D superimposition of
serial digital maxillary dental models. Sci. Rep. 2019, 9, 10501. [CrossRef]

34. Anacleto, M.A.; Souki, B.Q. Superimposition of 3D maxillary digital models using open-source software. Dental Press J. Orthod.
2019, 24, 81–91. [CrossRef]

35. Talaat, S.; Kaboudan, A.; Breuning, H.; Ragy, N.; Elshebiny, T.; Kula, K.; Ghoneima, A. Reliability of linear and angular dental
measurements with the OrthoMechanics Sequential Analyzer. Am. J. Orthod. Dentofac. Orthop. 2015, 147, 264–269. [CrossRef]

36. American Board of Orthodontics. Grading System for Dental Casts and Panoramic Radiographs. Available online: https:
//americanboardortho.com/media/1191/grading-system-casts-radiographs.pdf (accessed on 7 July 2025).

37. Lombardo, L.; Setti, S.; Molinari, C.; Siciliani, G. Intra-arch widths: A meta-analysis. Int. Orthod. 2013, 11, 177–192. [CrossRef]
[PubMed]

38. Choi, D.S.; Jeong, Y.M.; Jang, I.; Jost-Brinkmann, P.G.; Cha, B.K. Accuracy and reliability of palatal superimposition of three-
dimensional digital models. Angle Orthod. 2010, 80, 497–503. [CrossRef] [PubMed]

39. Liu, J.; Koh, K.M.; Choi, S.H.; Kim, J.H.; Cha, J.Y. Validation of three-dimensional digital model superimpositions based on palatal
structures in patients with maximum anterior tooth retraction following premolar extraction. Korean J. Orthod. 2022, 52, 258–267.
[CrossRef] [PubMed]

40. Fan, Y.; Han, B.; Zhang, Y.; Guo, Y.; Li, W.; Chen, H.; Meng, C.; Penington, A.; Schneider, P.; Pei, Y.; et al. Natural reference
structures for three-dimensional maxillary regional superimposition in growing patients. BMC Oral Health 2023, 23, 655.
[CrossRef]

41. Garib, D.; Miranda, F.; Yatabe, M.S.; Lauris, J.R.P.; Massaro, C.; McNamara, J.A., Jr.; Kim-Berman, H.; Janson, G.; Behrents, R.G.;
Cevidanes, L.H.S.; et al. Superimposition of maxillary digital models using the palatal rugae: Does ageing affect the reliability?
Orthod. Craniofac. Res. 2019, 22, 183–193. [CrossRef]

42. 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]

43. Hoggan, B.R.; Sadowsky, C. The use of palatal rugae for the assessment of anteroposterior tooth movements. Am. J. Orthod.
Dentofacial. Orthop. 2001, 119, 482–488. [CrossRef] [PubMed]

44. Adel, S.M.; Vaid, N.R.; El-Harouni, N.; Kassem, H.; Park, J.H.; Zaher, A.R. Quantifying maxillary anterior tooth movement in
digital orthodontics: Does the choice of the superimposition software matter? J. World Fed. Orthod. 2023, 12, 187–196. [CrossRef]
[PubMed]

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.

https://doi.org/10.2319/090418-646.1
https://doi.org/10.1007/s00056-015-0310-8
https://doi.org/10.1093/ejo/cjx008
https://www.ncbi.nlm.nih.gov/pubmed/28339627
https://doi.org/10.1186/s40510-021-00361-9
https://www.ncbi.nlm.nih.gov/pubmed/34219198
https://doi.org/10.2319/022717-147.1
https://doi.org/10.1016/j.ajodo.2019.12.015
https://www.ncbi.nlm.nih.gov/pubmed/32620479
https://doi.org/10.1016/j.ajodo.2011.01.020
https://doi.org/10.2319/071520-630.1
https://doi.org/10.1186/s12903-022-02129-x
https://doi.org/10.1016/j.jclinepi.2010.03.002
https://doi.org/10.1038/s41598-019-46887-1
https://doi.org/10.1590/2177-6709.24.2.081-091.bbo
https://doi.org/10.1016/j.ajodo.2014.07.027
https://americanboardortho.com/media/1191/grading-system-casts-radiographs.pdf
https://americanboardortho.com/media/1191/grading-system-casts-radiographs.pdf
https://doi.org/10.1016/j.ortho.2013.02.005
https://www.ncbi.nlm.nih.gov/pubmed/23558045
https://doi.org/10.2319/101309-569.1
https://www.ncbi.nlm.nih.gov/pubmed/20482354
https://doi.org/10.4041/kjod21.126
https://www.ncbi.nlm.nih.gov/pubmed/35875849
https://doi.org/10.1186/s12903-023-03367-3
https://doi.org/10.1111/ocr.12309
https://doi.org/10.1016/j.ajodo.2007.05.018
https://doi.org/10.1067/mod.2001.113001
https://www.ncbi.nlm.nih.gov/pubmed/11343019
https://doi.org/10.1016/j.ejwf.2023.07.002
https://www.ncbi.nlm.nih.gov/pubmed/37625927

	Introduction 
	Materials and Methods 
	Subjects 
	Records 
	Superimposition Techniques 
	Measuring Differences in Superimposition Methods 
	Statistical Analysis 

	Results 
	Discussion 
	Relevance and Comparison of Superimposition Methods 
	Impact of Sagittal Corrections on Superimposition Accuracy 
	Clinical Implications of Methodological Differences 
	Evaluation of Method Reproducibility and Algorithm Limitations 
	Software Limitations 
	Study Limitations 

	Conclusions 
	References

