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Main Points
•	 Digital model superimposition (DMS) is a novel technique used to evaluate orthodontic tooth movements.
•	 There is not enough information in the literature regarding the most reliable algorithm to use in DMS.
•	 The performance of the local best-fit (LBF) algorithm was independent of the type and degree of movement of the teeth.
•	 Landmark-based (LB) algorithm success was negatively affected by the degree of tooth movement.
•	 From a clinical standpoint, however, both algorithms were very accurate, regardless of the degree of movement of the teeth and the type of 

movement.

ABSTRACT

Objective: To assess the impact of the type or degree of tooth movement on the success of 3D model superimposition using 2 dif-
ferent algorithms.

Methods: The sample consisted of pre-treatment digital maxillary models of 40 patients. Eight different groups were created by 
applying 8 different virtual setups (VS) to each model. Teeth crowns were moved by 1 mm or 2 mm in different directions (sagittal, 
transversal, vertical, combination) using the Ortho Analyzer software. Each model obtained from the VS was overlapped with the 
original model using the landmark-based (LB) and local best-fit (LBF) algorithms. In the post-superimposition assessment, the area 
of the palate vault which was not affected by teeth movements was selected. Both groups and algorithms were compared using the 
numeric data of root mean square (RMS) and percentage of perfectly matched areas (PMA). In addition, the displacement of the right 
canine (RC) was measured after superimposition. The comparison of the superposition outcomes among the groups was evaluated 
with one-way ANOVA and Kruskal–Wallis tests. The Student’s t-test was used to compare the two algorithms.

Results: Both the algorithms were not affected by the type of tooth movement. However, the increase in the amount of tooth move-
ment negatively affected the performance of the LB algorithm. LBF achieved the model superimpositions more effectively and faster 
than LB. No difference was found in RC measurements between the LB and LBF algorithms.

Conclusion: The results indicate that LBF offers more sensitive and successful 3D model superimposition. The performance of the LB 
algorithm was, however, acceptable for analysis of 3D tooth movement.
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INTRODUCTION

Three-dimensional intraoral scanners are one of the most exciting inventions in general dentistry and ortho-
dontics.1 This evolutionary technology has enabled a wide range of innovations such as digital model analysis, 
virtual setup (VS), and customized appliance design.2-4 By VS application, the crowns of the teeth can be moved 
digitally in the desired direction and to the desired degree.5 Nowadays, VS is essential for the preparation of lin-
gual bracket jigs and clear aligner production. In addition, VS can be used to visualize treatment objectives and 
to evaluate the quality of treatment outcomes.

The initial and final digital models are compared with the 3D superimposition technique for the assessment 
of treatment results. This superimposition enables an orthodontist to analyze 3D tooth crown movements. 
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Before 3D digital modeling, movements of the teeth were evalu-
ated with a number of measurements on the plaster model 
or via cephalometric superimpositions.6-8 However, landmark 
identification errors could be seen in the cephalometric super-
impositions, due to overlapping images of bilateral anatomical 
structures and teeth.9,10 The assessment of teeth movement may 
also be adversely affected by factors such as magnification,11 cra-
niofacial growth during prolonged treatment,12 type of reference 
planes used in the cephalometric superimpositions,13 and wrong 
head position.14 In addition, the 2D tooth movement is evalu-
ated on a stable cephalometric image, while the model can be 
rotated in 3 directions of space during DMS so that more accu-
rate and valid measurements can be carried out at the appropri-
ate angle.

In 3D teeth movement analysis, digital models are superim-
posed using anatomical landmarks which can remain stable 
during orthodontic treatment.15 Palatal rugae are used to iden-
tify stable anatomical landmarks on the palatal surface of the 
patient. However, due to orthodontic treatment, dimensional 
or positional changes in the pattern of palatal rugae may 
occur.16 While the stability of rugae is widely disputed, there is 
consensus in the literature on the stability of the third rugae.17-

21 LB superimposition may not be reliable, because the stabil-
ity of the palatal rugae is questionable. But could models be 
overlapped with another algorithm without the use of palatal 
rugae? A good alternative to the LB approach is the LBF algo-
rithm. The basic working mechanism of the LBF algorithm is 
that digital models are overlapped by achieving maximum sur-
face contact.

Evaluation of tooth displacement via DMS is considered a reli-
able method.22 However, it is not known which factors affect 
the success of both the LB algorithm and the local best-fit algo-
rithms, and which method is more reliable and valid. We noted 
in our review that the literature on this subject does not contain 
adequate and satisfactory information.

The aim of the study was to assess the correlation between the 
dental movements (type and amount) and the accuracy of DMS, 
and to test the reliability of the 2 algorithms.

METHODS

Definition of the Groups
The experimental protocols of this study were approved by 
the Clinical Research Ethics Committee of Afyonkarahisar 
Health Science University. Forty different upper digital mod-
els were selected from our archive for the study. 3Shape TRIOS 
(Copenhagen, Denmark) had been used for the model acquisi-
tion. Accurately scanned models, particularly in the palatal area, 
were included in the study. Patients with missing teeth, partially 
erupted teeth, or decayed teeth in the maxilla were excluded. 
Informed consent forms were obtained from all the patients 
included in the study. First, each model was segmented; the seg-
mented teeth then were moved virtually in 8 different variations. 
A total of 320 new digital models were divided into 8 groups: 
Group 1: 1 mm sagittal movement of all teeth (S1), Group 2: 1 

mm transversal movement of the posterior teeth (canine to the 
second molar) (T1), Group 3: 1 mm vertical movement (extrusion) 
of all teeth (V1), Group 4: Combination of all 1-mm tooth move-
ments (C1 = S1+T1+V1), Group 5: 2 mm sagittal movement of all 
teeth (S2), Group 6: 2 mm transversal movement of the posterior 
teeth (canine to the second molar) (T2), Group 7: 2 mm vertical 
movement (extrusion) of all teeth (V2), Group 8: Combination of 
all 2-mm tooth movements (C2 = S2+T2+V2).

Digital Model Segmentation and Virtual Teeth 
Movements
Ortho Analyzer software (Copenhagen, Denmark) was used 
at this stage of the study. The workflow that guides the virtual 
segmentation (dividing teeth into a separate 3D object) of teeth 
crowns was as follows (Figure 1): 

•	 Setpoints: selecting the mesial and distal ending of each tooth.
•	 Define cut: the software automatically cut the marginal line 

of each tooth. The accuracy of all marginal lines was double-
checked. In case of need, they were edited in accurate form.

•	 Sculpt: initialization of the segmentation. The accuracy of each 
segmentation was controlled, and if necessary, the previous 
steps were renewed.

After the segmentation, each tooth was individually moved in a 
certain direction and to a degree in accordance with the group 
definitions. All individual tooth movements were reviewed in a 
chart, and the new form of each digital model was saved and 
exported in STL format after ensuring that the defined tooth 
movement was achieved.

Superimposition of the Digital Models
The non-segmented original version of the models was used as 
a reference in the superimpositions. The reference models were 
overlapped individually with each model of the experimental 
groups using the Geomagic Control X (Geomagic; Morrisville, 
USA) software. Two different algorithms were preferred in the 
DMSs: LB and LBF. Four points were marked on the third rugae 
for the LB superimposition (Figure 2). LBF (i.e., the search for 
maximally perfectly matched areas between 2 models) over-
lapped the models automatically without needing a point mark-
ing. After the superimpositions, the horizontal reference plane 
was positioned 2-3 mm below the apical gingival margin, and 
all overlapping surfaces, except the palatal roof, were removed. 
Only surface deviations on the roof of the palate were evaluated, 
because in an ideal and accurate overlap, there should be no 
surface deviation in this region. In other words, the area should 
be completely green (perfectly aligned areas) after overlapping. 
The reason why the reference plane was placed 2-3 mm below 
the apical gingival margins was that the software was unable to 
precisely mimic the movement of soft tissue during the tooth 
crown movement (Figure 3).

Three-dimensional surface deviations were shown with color-
coded maps. The color codes had the following meanings: green: 
perfectly aligned areas, red; positively positioned areas relative 
to the reference model, and blue; negatively positioned areas. 
Ideally, the algorithms should overlap the upper digital models 
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on the palatal roof region that are not affected by tooth move-
ments, and no surface deviation should be seen on the palate 
roof. Therefore, to test the performance of the 2 algorithms, only 
the palatal roof was selected and only the surface deviations in 

this region were assessed (Figure 4). The following numerical sur-
face deviation data, which were calculated automatically by the 
software, were used to compare the groups with statistical analy-
sis: RMS (the square root of the arithmetic mean of the squares of 

Figure 1. A-D.  The workflow that guides the virtual segmentation. (A) Marking the teeth’s mesial and distal points; (B) Automatic determination of 
marginal boundaries; (C) Segmentation of each tooth; and (D) Illustration of segmented teeth.

Figure 2.  The point marking for the LB method. (A) Pre-setup model; (B) Post-setup model; (C) Superimposition of the 2 models. Pink dot: lateral tip 
of the right third ruga, red dot: medial tip of the right third ruga, green dot: medial tip of the left third ruga, and blue dot: lateral tip of the left third 
ruga.
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the point-to-point distance between the areas with an identical 
coordinate system) and PMA (the ratio of the perfectly matched 
area to the total area). In addition, the right canine (RC) displace-
ment was calculated to test how accurately the 1 mm or 2 mm of 
crown movement was measured using the digital superimposi-
tion technique.

Statistical Analysis
The Statistical Package for Social Sciences (SPSS) 22.0 package 
program (IBM SPSS Corp., Armonk, NY, USA) was used to calcu-
late the mean values and standard deviations of each parameter. 
For certain parameters, one-way ANOVA and post hoc Tukey 
tests were performed to compare the data between the groups, 
and the Kruskal–Wallis and post hoc Tamhane tests were used 
for some non-homogeneous data. 

Student’s t-test and Mann-Whitney U test were used to com-
pare the results of LB and LBF algorithms. RC measurements 
were repeated 10 days later by the same researcher to detect 
the intra-examiner error rate (F.S). Repeated measurements 
were compared with the intraclass correlation coefficient (ICC) 
test. Similarly, 10 randomly selected patient models were super-
imposed for the second time to test the repeatability of the LB 
technique and the results were compared with the ICC test.

RESULTS

Comparison by Type of Tooth Movement Assessment of 
1-mm Displacements
The mean percentage of the perfectly matching area (PMA) of 
all groups (S1, T1, V1, and C1) was 99.6% for LBF and 73.6% for 

Figure 3.  Illustration of poor imitation of soft tissue movements during the crown movements.

Figure 4. A, B.  (A) Illustration of the LBF algorithm results; (B) Illustration of the LB algorithm results. Color distribution in the palate was expressed 
as PMA value. RMS meant the distance between the 2 poorly matched lines.
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LB. This difference between the 2 methods was statistically sig-
nificant. The RMS value in the LBF group (1.1 µ) was quite small 
compared to the LB group (9.5 µ) (P < .001) (Tables 1 and 2).

When the performance of the 2 algorithms was statistically com-
pared in terms of the type of tooth movement, it was observed 
that neither the LB nor the LBF algorithm was affected by the 
type of tooth movement.

Comparison by Type of Tooth Movement Assessment of 
2-mm Displacements
The average PMA of the 4 groups in the LBF superimpositions 
was 99.2%. The mean value of RMS in the LBF group was 1.8 µ. 

No significant differences were observed in the comparison of 
PMA and RMS parameters among the groups (S2, T2, V2, and C2) 
(P > .05) (Table 1). 

The average PMA of the 4 groups in the LB superimpositions 
was 66.0%. The mean value of RMS in the LB group was 12.5 µ  
(Table  2). There was no statistically significant difference in 
RMS and PMA values between the groups. When comparing the 
efficiency of LBF and LB algorithms using RMS and PMA values, 
it was found that the effectiveness of the LBF technique was 
greater. 

Effect of Degree of Movement 1 mm vs 2 mm
In LB superimpositions, the PMA value was 73.6% for 1-mm dis-
placements and 66.0% for 2-mm displacements. The difference 
was statistically significant, in other words, the LB algorithm was 
affected by the amount of movement of the teeth.

The LBF algorithm's PMA value for 1-mm displacement was 
99.6% and 99.2% for 2-mm displacement. This small difference 
(0.4%) was not statistically significant (P = .135). In RMS, another 
parameter that demonstrates the success of the LBF algorithm, 
there was no significant difference between 1 mm and 2 mm of 
displacement (P = .147).

Results ot Right Canine Measurements
The success of the LB and LBF algorithms allowed the 1-mm or 
2-mm tooth movements obtained in the VS to be measured as 
very close to the original (Table 3). No statistically significant 
differences were observed between groups in the RC measure-
ments. The intraclass correlation coefficient results performed to 
test the accuracy of the RC and LB data are shown in Table 4.

DISCUSSION

DMS is a practical method for 3D visual and quantitative analy-
sis of changes that occur with orthodontic treatment or growth 

Table 1.  Comparison of PMA values between LB and LBF

LB LBF

PPMA PMA

S1 74.82 ± 19.4a 99.61 ± 0.5a

T1 72.18 ± 17.2a 99.68 ± 0.3a

V1 72.39 ± 19.3a 99.52 ± 0.5a

C1 75.20 ± 19.2a 99.77 ± 0.2a

.80Total 1 73.65 ± 18.7A 99.65 ± 0.4A

S2 65.02 ± 24.9b 99.03 ± 1.0a

T2 66.59 ± 22.9b 99.34 ± 0.6a

V2 70.52 ± 27.1b 98.93 ± 1.0a

C2 62.01 ± 24.7b 99.53 ± 0.5a

.001Total 2 66.03 ± 24.9A 99.21 ± 0.8B

P < .001 P > .05
a,bStatistically significant difference between the columns, A,BStatistically signifi-
cant difference between the lines.
LB, landmark based; LBF, local best-fit; PMA, perfectly matching area; S1, sagit-
tal 1 mm; T1, transversal 1 mm; V1, vertical 1 mm; C1, combination 1 mm; S2, 
sagittal 2 mm; T2, transversal 2 mm; V2, vertical 2 mm; C2, combination 2 mm

Table 2.  Comparison of RMS values between LB and LBF (One-way 
ANOVA and Kruskal-Wallis tests)

LB LBF

PRMS RMS

S1 9.5 ± 5.2a 1.2 ± 0.7a

T1 9.7 ± 3.9a 0.9 ± 0.5a

V1 9.9 ± 5.3a 1.2 ± 0.6a

C1 8.9 ± 4.4a 0.9 ± 0.4a

.001Total 1 9.5 ± 4.7A 1.1 ± 0.6B

S2 12.7 ± 7.9b 2.1 ± 1.5a

T2 11.7 ± 8.2b 1.7 ± 0.9a

V2 11.4 ± 9.4b 2.0 ± 1.2a

C2 14.2 ± 9.6b 1.4 ± 0.6a

.001Total 2 12.5 ± 8.8A 1.8 ± 1.2B

P < .5 P > .05
a,bStatistically significant difference between the columns, A,BStatistically signifi-
cant difference between the lines. 
LB, landmark based; LBF, local best-fit; ,RMS, Root mean square; S1, sagittal 1 
mm; T1, transversal 1 mm; V1, vertical 1 mm; C1, combination 1 mm; S2, sagittal 
2 mm; T2, transversal 2 mm; V2, vertical 2 mm; C2, combination 2 mm.

Table 3.  Comparison of RC measurements between LB and LBF

Groups

LBF LB

PMean ± SDs Mean ± SDs

S1 0.99 ± 0.03 0.97 ± 0.3 787

T1 0.98 ± 0.03 1.05 ± 0.2 693

V1 0.96 ± 0.02 1.04 ± 0.2 834

S2 2.01 ± 0.09 2.02 ± 0.3 901

T2 1.99 ± 0.07 2.09 ± 0.2 854

V2 1.97 ± 0.05 2.09 ± 0.3 729

(P > .05).
SD, standard deviation; S1, sagittal 1 mm; T1, transversal 1 mm; V1, vertical 
1 mm; S2, sagittal 2 mm; T2, transversal 2 mm; V2, vertical 2 mm.

Table 4.  Intraclass correlation coefficient (ICCs) results

PMA RMS RC

ICCs 0.968 0.974 1.00
PMA and RMS value belong to the LB algorithm.
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and development. There are a variety of software packages 
used to superimpose the initial and final models, and they use 
a wide range of algorithms.23 Overlaps can be made by select-
ing points (LB) or areas (surface-based) in the palatal region.24,25 
The combination of point selection and area selection is also an 
option.26 A number of researchers have conducted studies to 
test the accuracy of these methods.18,27,28 Talaat et al. 25 reported 
that the LB algorithm is reliable, valid, and reproducible for the 
3D model superimposition. However, there is no standard for 
determining the number and location of points when using the 
LB algorithm.

The selection of different areas of the palate (in terms of size and 
location) has been shown to influence the results of surface-
based (SB) superimpositions.24 The LBF algorithm, on the other 
hand, is a fast and practical method that superimposes models 
without the need for field or point selection.29 However, there is 
insufficient data on the reliability of the LBF algorithm and its 
superiority or deficiency over other methods. To our knowledge, 
this research was the first study to assess whether the algorithms 
used in model superimpositions are affected by the degree and 
type of tooth movement. 

During the orthodontic treatment of growing patients, the 
reference points or areas used for model superimposition 
change depending on the development of the maxilla. Rugae 
are unique to individuals, like fingerprints, and provide repeat-
ability in dot positioning.30 Rugae may exhibit dimensional or 
positional changes at the end of treatment due to growth and 
development. Researchers have suggested that the longitudinal 
model analysis of the medial ruga area, similar to the third ruga, 
could be used as a stable reference area.17 Maxillary expansion 
is another factor that affects the stability of the rugae, and its 
impact on the rugae is still controversial.31,32 

Both the LB and SB methods are time-consuming and com-
puting-intensive. However, the LBF algorithm is very simple 
and practical to use. Only the 2 models for overlap need to be 
selected. The LBF procedure is more accurate than other meth-
ods because the algorithm continues to work with complex 
computer calculations until the deviation between the surfaces 
is minimized and maximum surface matching is achieved.33 The 
success of LB is correlated with the number of points marked or 
their position. So, does LBF provide a strong alternative to LB? 

Our findings showed that the PMA value for LBF was 99%, which 
indicated the high success of LBF. Additionally, neither the type 
of tooth movement nor the degree of it influenced the perfor-
mance of the LBF algorithm. The average RMS value in the LBF 
group (1-2 μ), which shows the distance of the surface deviation 
between the 2 models, revealed how accurate the algorithm was. 
Although the LB algorithm was not affected by the movement 
type, the performance of the algorithm decreased from 73.6% 
to 66.0% as the amount of displacement increased. However, we 
believe that the sensitivity of measuring tooth movement after 
superimposition was related to the RMS value, rather than to the 
PMA. The primary factor that could affect RC measurements was 
the RMS value that indicates the distance between matching 

surfaces. RC measurements were not affected as the RMS was 
as small as 1-2 μ for LBF and 9-12 μ for LB. The smaller the RMS 
value, the greater the possibility of identifying the more exact 
tooth movements. Although the RMS value showed a statisti-
cally significant difference between LB and LBF, this difference 
at the micron level did not affect the accuracy of the RC mea-
surements. This was evidence of the precise identification of the 
points by the operator and the efficient use of the LB technique. 
By measuring the displacement of the palatal ruga points and 
the central incisor movement, Jang  et  al.18 compared the LB 
algorithm to the miniscrew-assisted superimposition method 
and reported no difference between the 2 methods. According 
to Talaat et al.,15 3D LB digital dental model superimposition 
using 3 reference points marked along the mid-palatal raphe 
was a valid and reliable technique. Choi et al.27 emphasized that 
using the palatal surface provides reliable results in the DMS, but 
the effects of growth and orthopedic treatments on the palatal 
surface should be investigated. Abdi et al.28 also suggested that 
rugae points are clinically reliable for superimposition. Our RC 
measurement results were consistent with the findings of previ-
ous studies.

In our study, displacement of the teeth was performed using VS 
technology. The reality was imitated by a virtual approach. This 
could be considered as a limitation of the research. In real life, 
the height and width of the palatal alveolar process increases 
with the effect of craniofacial growth that continues during orth-
odontic treatment in some patients.34 Therefore the pattern and 
location of rugae can possibly change.35 In addition, when we 
achieve transverse tooth movement with maxillary expansion, 
the palatal vault expands and the rugae also undergo dimen-
sional and positional changes.32 All of these changes in the sta-
bility of the rugae may negatively affect the performance of the 
LB algorithm. However, with the method followed in our study, 
these factors that could have affected the results were elimi-
nated, because no changes were observed in the rugae during 
the VS.

CONCLUSION

•	 It was not the type of tooth movement, but its degree that 
negatively affected LB superimposition performance. This 
was however too small (at micron level) to affect the measure-
ments that evaluate the quantum of tooth displacement. 

•	 The LBF method provided faster, easier, and more efficient 
overlaps. The performance of the LB algorithm was accept-
able, but it required the operator to be very careful and precise 
with marking.

•	 The displacement of the RC measured after the LB method was 
not significantly different from the LBF method, which indi-
cated that the 2 methods could be used reliably to evaluate 
the degree of teeth displacement.

Ethics Committee Approval: This study was approved by Afyonkarahisar 
Health Science University Clinical Research Ethics Committee.
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Camcı and Salmanpour. Orthodontic Digital Model Superimposition� Turk J Orthod 2021; 34(4): 220-226

226

Peer Review: Externally peer-reviewed.

Author Contributions: Concept - H.C.; Design - H.C.;  Data Collection and/or 
Processing - H.C., F.S.; Analysis and/or Interpretation - H.C., F.S.; Writing - H.C.; 
Critical Review - H.C.

Conflict of Interest: The authors have no conflicts of interest to declare.

Financial Disclosure: The authors declared that this study has received no 
financial support.

REFERENCES

1. 	 Sun LJ, Lee JS, Choo HH, Hwang HS, Lee KM. Reproducibility of an 
intraoral scanner: A comparison between in-vivo and ex-vivo 
scans. Am J Orthod Dentofacial Orthop. 2018;154(2):305-310. 
[CrossRef]

2. 	 Im  J, Cha  JY, Lee  KJ, Yu  HS, Hwang  CJ. Comparison of virtual and 
manual tooth setups with digital and plaster models in extraction 
cases. Am J Orthod Dentofacial Orthop. 2014;145(4):434-442. 
[CrossRef]

3. 	 Koretsi V, Kirschbauer C, Proff P, Kirschneck C. Reliability and intra-
examiner agreement of orthodontic model analysis with a digital 
caliper on plaster and printed dental models. Clin Oral Investig. 
2019;23(8):3387-3396. [CrossRef]

4. 	 Breuning KH. Custom appliance design. In: Digital Planning and Cus-
tom Orthodontic Treatment. Hoboken, NJ: John Wiley & Sons, Inc.; 
2017:41-46.

5. 	 Camardella  LT, Rothier  EKC, Vilella  O V., Ongkosuwito  EM, Breun-
ing KH. Virtual setup: application in orthodontic practice. J Orofac 
Orthop. 2016;77(6):409-419. [CrossRef]

6. 	 Keles A, Sayinsu K. A new approach in maxillary molar distalization: 
intraoral bodily molar distalizer. Am J Orthod Dentofacial Orthop. 
2000;117(1):39-48. [CrossRef]

7. 	 Chen K, Han X, Huang L, Bai D. Tooth movement after orthodontic 
treatment with 4 second premolar extractions. Am J Orthod Dentof-
acial Orthop. 2010;138(6):770-777. [CrossRef]

8. 	 Caprioglio  A, Cafagna  A, Fontana  M, Cozzani  M. Comparative 
evaluation of molar distalization therapy using pendulum and distal 
screw appliances. Korean J Orthod. 2015;45(4):171-179. [CrossRef]

9. 	 Grauer D, Cevidanes LSH, Styner MA et al. Accuracy and landmark 
error calculation using cone-beam computed tomography-gener-
ated cephalograms. Angle Orthod. 2010;80(2):286-294. [CrossRef]

10. 	 Chang ZC, Hu FC, Lai E et al. Landmark identification errors on cone-
beam computed tomography-derived cephalograms and conven-
tional digital cephalograms. Am J Orthod Dentofacial Orthop. 
2011;140:e289-e297. [CrossRef]

11. 	 Rino Neto J, de Paiva JB, Queiroz GV, Attizzani MF, Miasiro Junior H. 
Evaluation of radiographic magnification in lateral cephalograms 
obtained with different X-ray devices: experimental study in human 
dry skull. Dent Press J Orthod. 2013;18(2):17.e1-17.e7. [CrossRef]

12. 	 Arat ZM, Türkkahraman H, English JD, Gallerano RL, Boley JC. Lon-
gitudinal growth changes of the cranial base from puberty to adult-
hood- A comparison of different superimposition methods. Angle 
Orthod. 2010;80(4):537-544. [CrossRef]

13. 	 Arat ZM, Rübendüz M, Akgül AA. The displacement of craniofacial 
reference landmarks During puberty: A comparison of three 
superimposition methods. Angle Orthod. 2003;73(4):374-380. 
[CrossRef]

14. 	 Yoon YJ, Kim KS, Hwang MS et al. Effect of head rotation on lateral 
cephalometric radiographs. Angle Orthod. 2001;71(5):396-403. 
[CrossRef]

15. 	 Talaat  S, Kaboudan  A, Abdelbary  O et  al. 3D superimposition of 
dental casts based on coloured landmark detection using com-
bined computer vision and 3D computer graphics techniques. 
Comput Methods Biomech Biomed Eng Imaging Vis. 2020;8(1):87-93. 
[CrossRef]

16. 	 Ali B, Shaikh A, Fida M. Stability of palatal rugae as a forensic marker 
in orthodontically treated cases. J Forensic Sci. 2016;61(5):1351-
1355. [CrossRef]

17. 	 Chen G, Chen S, Zhang XY et al. Stable region for maxillary dental 
cast superimposition in adults, studied with the aid of stable mini-
screws. Orthod Craniofac Res. 2011;14(2):70-79. [CrossRef]

18. 	 Jang I, Tanaka M, Koga Y et al. A novel method for the assessment 
of three-dimensional tooth movement during orthodontic treat-
ment. Angle Orthod. 2009;79(3):447-453. [CrossRef]

19. 	 Christou P, Kiliaridis S. Vertical growth-related changes in the posi-
tions of palatal rugae and maxillary incisors. Am J Orthod Dentofa-
cial Orthop. 2008;133(1):81-86. [CrossRef]

20. 	 Hoggan  BR, Sadowsky  C. The use of palatal rugae for the assess-
ment of anteroposterior tooth movements. Am J Orthod Dentofacial 
Orthop. 2001;119(5):482-488. [CrossRef]

21. 	 Kim  HK, Moon  SC, Lee  SJ, Park  YS. Three-dimensional biometric 
study of palatine rugae in children with a mixed-model analysis: A 
9-year longitudinal study. Am J Orthod Dentofacial Orthop. 
2012;141(5):590-597. [CrossRef]

22. 	 Thiruvenkatachari B, Al-Abdallah M, Akram NC, Sandler J, O’Brien K. 
Measuring 3-dimensional tooth movement with a 3-dimensional 
surface laser scanner. Am J Orthod Dentofacial Orthop. 
2009;135(4):480-485. [CrossRef]

23. 	 Vasilakos  G, Koniaris  A, Wolf  M, Halazonetis  D, Gkantidis  N. Early 
anterior crossbite correction through posterior bite opening: a 3D 
superimposition prospective cohort study. Eur J Orthod. 
2018;40(4):364-371. [CrossRef]

24. 	 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(1):5838. [CrossRef]

25. 	 Talaat  S, Kaboudan  A, Bourauel  C et  al. Validity and reliability of 
three-dimensional palatal superimposition of digital dental mod-
els. Eur J Orthod. 2017;39(4):365-370. [CrossRef]

26. 	 Choi  J Il, Cha BK, Jost-Brinkmann PG, Choi DS, Jang  IS. Validity of 
palatal superimposition of 3-dimensional digital models in cases 
treated with rapid maxillary expansion and maxillary protraction 
headgear. Korean J Orthod. 2012;42(5):235-241. [CrossRef]

27. 	 Choi  DS, Jeong  YM, Jang  I, Jost-Brinkmann  PG, Cha  BK. Accuracy 
and reliability of palatal superimposition of three-dimensional digi-
tal models. Angle Orthod. 2010;80(4):497-503. [CrossRef]

28. 	 Abdi  AH, Nouri  M. Registration of serial maxillary models via the 
weighted rugae superimposition method. Orthod Craniofac Res. 
2017;20(2):79-84. [CrossRef]

29. 	 Cho MY, Choi JH, Lee SP, Baek SH. Three-dimensional analysis of the 
tooth movement and arch dimension changes in Class i malocclu-
sions treated with first premolar extractions: A guideline for virtual 
treatment planning. Am J Orthod Dentofac Orthop. 2010;138(6):747-
757. [CrossRef]

30. 	 De Angelis  D, Riboli  F, Gibelli  D, Cappella  A, Cattaneo  C. Palatal  
rugae as an individualising marker: reliability for forensic odontol-
ogy and personal identification. Sci Justice. 2012;52(3):181-184. 
[CrossRef]

31. 	 Barbieri  AA, Scoralick  RA, Naressi  SCM  et  al. The evidence of the 
rugoscopy effectiveness as a human identification method in 
patients submitted to rapid palatal expansion. J Forensic Sci. 
2013;58(suppl 1):S235-S238. [CrossRef]

32. 	 Bing L, Kwon TG, Xiao W et al. Model analysis of anatomical mor-
phology changes of palatal rugae Before and After orthodontic 
treatment. Int J Morphol. 2017;35(4):1224-1229. [CrossRef]

33. 	 Lanteri V, Cossellu G, Farronato M et al. Assessment of the stability 
of the palatal rugae in a 3D-3D superimposition technique follow-
ing slow maxillary expansion (SME) [sci rep:2676). Sci Rep. 
2020;10(1):2676. [CrossRef]

34. 	 Lebret L. Growth changes of the palate. J Dent Res. 1962;41(6):1391-
1404. [CrossRef]

35. 	 Simmons JD, Moore RN, Erickson LC. A longitudinal study of anter-
oposterior growth changes in the palatine rugae. J Dent Res. 
1987;66(9):1512-1515. [CrossRef]

https://doi.org/10.1016/j.ajodo.2017.09.022
https://doi.org/10.1016/j.ajodo.2013.12.014
https://doi.org/10.1007/s00784-018-2772-8
https://doi.org/10.1007/s00056-016-0048-y
https://doi.org/10.1016/s0889-5406(00)70246-0
https://doi.org/10.1016/j.ajodo.2009.01.030
https://doi.org/10.4041/kjod.2015.45.4.171
https://doi.org/10.2319/030909-135.1
https://doi.org/10.1016/j.ajodo.2011.06.024
https://doi.org/10.1590/s2176-94512013000200005
https://doi.org/10.2319/080709-447.1
https://doi.org/10.1043/0003-3219(2003)073<0374:TDOCRL>2.0.CO;2
https://doi.org/10.1043/0003-3219(2001)071<0396:EOHROL>2.0.CO;2
https://doi.org/10.1080/21681163.2019.1585295
https://doi.org/10.1111/1556-4029.13129
https://doi.org/10.1111/j.1601-6343.2011.01510.x
https://doi.org/10.2319/042308-225.1
https://doi.org/10.1016/j.ajodo.2007.07.009
https://doi.org/10.1067/mod.2001.113001
https://doi.org/10.1016/j.ajodo.2011.11.018
https://doi.org/10.1016/j.ajodo.2007.03.040
https://doi.org/10.1093/ejo/cjx074
https://doi.org/10.1038/s41598-017-06013-5
https://doi.org/10.1093/ejo/cjx008
https://doi.org/10.4041/kjod.2012.42.5.235
https://doi.org/10.2319/101309-569.1
https://doi.org/10.1111/ocr.12142
https://doi.org/10.1016/j.ajodo.2008.11.033
https://doi.org/10.1016/j.scijus.2011.09.002
https://doi.org/10.1111/j.1556-4029.2012.02263.x
https://doi.org/10.4067/S0717-95022017000401224
https://doi.org/10.1038/s41598-020-59637-5
https://doi.org/10.1177/00220345620410061801
https://doi.org/10.1177/00220345870660092001

