
Orthod Craniofac Res. 2019;22:183–193.	 wileyonlinelibrary.com/journal/ocr�  |  183© 2019 John Wiley & Sons A/S. 
Published by John Wiley & Sons Ltd

 

Received: 10 December 2018  |  Revised: 27 February 2019  |  Accepted: 28 February 2019
DOI: 10.1111/ocr.12309  

O R I G I N A L  A R T I C L E

Superimposition of maxillary digital models using the palatal 
rugae: Does ageing affect the reliability?

Daniela Garib1  |   Felicia Miranda2 |   Marilia S. Yatabe3  |    
José Roberto Pereira Lauris4 |   Camila Massaro2 |   James A. McNamara Jr3 |    
Hera Kim‐Berman3 |   Guilherme Janson2 |   Rolf G. Behrents5 |   Lucia H. S. Cevidanes3 |   
Antonio Carlos de Oliveira Ruellas3

1Department of Orthodontics, Bauru Dental 
School and Hospital for Rehabilitation of 
Craniofacial Anomalies, University of São 
Paulo, Bauru, Brazil
2Department of Orthodontics, Bauru Dental 
School, University of São Paulo, Bauru, 
Brazil
3Department of Orthodontics and 
Pediatric Dentistry, School of Dental 
Medicine, University of Michigan, Ann 
Arbor, MI, USA
4Department of Public Health, Bauru Dental 
School, University of São Paulo, Bauru, 
Brazil
5Orthodontic Program at the Center for 
Advanced Dental Education of Saint Louis 
University, Saint Louis, MO, USA

Correspondence
Dr. Daniela Garib, Department of 
Orthodontics, Bauru Dental School, 
University of São Paulo, Bauru, Brazil.
Emails: dgarib@usp.br; dgarib@uol.com.br

Funding information
This work was supported by the São Paulo 
Research Foundation (FAPESP) (grant 
#2016/11400‐8).

Structured Abstract
Objectives: The aim of this study was to evaluate the reliability of 3‐dimensional 
maxillary dental changes using two methods of digital model superimposition.
Setting and Sample Population: The Department of Orthodontics of Bauru Dental 
School, University of São Paulo and University of Michigan Craniofacial Growth 
Center. Fifteen subjects with normal occlusion.
Material & Methods: The sample was composed of digital study models of 15 normal 
occlusion subjects taken at 13 (T1), 18 (T2) and 60 years of age (T3). Using the soft-
ware SlicerCMF 3.1, superimposition (registration) was conducted using 9 landmarks 
placed on the incisive papilla, second and third palatal rugae and 10 mm distal to the 
third palatal rugae. Two registration methods were compared: landmarks (LA) and 
regions of interest (ROI). Three‐dimensional changes of landmarks on the buccal cusp 
tip of posterior teeth bilaterally and the incisal edge of the right central incisor were 
measured by three examiners. Intraclass correlation coefficients and Bland‐Altman 
method evaluated intra‐ and inter‐examiner agreements.
Results: Good or excellent intra‐examiner agreement was found for T1‐T2 and T2‐T3 
measurements using both registration methods. Inter‐examiner agreements were 
good to excellent for T1‐T2 measurements and poor to fair for most T2‐T3 measure-
ments. Mean T1‐T2 differences were less than 0.5 mm for most measurements.
Conclusion: Maxillary digital dental models of patients with normal occlusion super-
imposed on palatal rugae showed an adequate reliability for a 5‐year interval com-
parison using landmarks or regions of interest. Lower than acceptable reproducibility 
using both superimposition methods was found for a 40‐year interval comparison.
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1  | INTRODUC TION

The superimposition of digital dental models is an innovative tool 
to quantify individual dental changes between two time point re-
cords.1-5 Studies have shown that dental model superimposition is a 
reliable study method.2 The methodology for superimposing digital 
dental models, however, has not been fully standardized, as other 
commonly used orthodontic methods.6,7

The major challenge regarding dental model superimposition 
is selecting reliable and stable landmarks of reference to achieve 
a consistent technique. In the maxillary arch, the palatal rugae are 
considered a stable reference region, which has been used previ-
ously for superimposition.8-12 In order to evaluate the stability of the 
palatal rugae as reference area, palatal mini‐implants have been used 
to superimpose models after orthodontic treatment.11 The medial 
points of the third palatal rugae and palatal shape were determined 
to be stable during treatment and were considered reliable reference 
landmarks for superimposition.11

A previous study used the palatal surface as reference for su-
perimposition of dental models.4 This technique presented similar 
results for tooth movement compared to cephalometric analysis.4 
Another study superimposed digital models using surface‐to‐sur-
face matching technology.13 No differences in anterior, transverse 
and vertical tooth movements were found when comparing plaster 
and digital model superimposition.13 The authors concluded that 
digital dental model superimposition was accurate and reliable for 
the assessment of orthodontic tooth movements.13

The changes produced by ageing continue throughout adult-
hood.14 Longitudinal studies have followed the maturational 
processes in normal occlusions subjects until the fifth decade of 
life.15-18 A progressive reduction in arch width, arch length and 
maxillary arch perimeter was reported over the years in the max-
illary arch.15,16,18 A reliable method of dental model superimpo-
sition would be useful to allow a more detailed observation of 
the individual three‐dimensional displacement of each individual 
tooth during ageing.

Therefore, the aim of this study was to evaluate the reliability of 
3‐dimensional maxillary dental changes using two methods of digi-
tal dental model superimposition (landmarks and regions of interest) 
and two‐time intervals (5 and 40 years). The hypotheses are that the 
two superimposition/registration methods show similar reliability at 
completion of pubertal growth and 40 years later.

2  | MATERIAL AND METHODS

This study was approved by the Institutional Review Board (Process 
number: 43931915.4.0000.5417). The sample was comprised of 
15 subjects with normal occlusion from the Bauru Dental School, 
University of São Paulo (n = 10) and from the records of the 
University of Michigan Craniofacial Growth Center (n = 5). Written 
patient consents were obtained from the Bauru Dental School, 
University of São Paulo sample. Sample size calculation considered 

a power of 80%, an alpha error of 5%, a minimum difference to be 
detected of 1 mm and a standard deviation of 1.3 mm derived from 
a preliminary sample of 10 patients. A sample of 15 patients was 
necessary.

All subjects were in the complete permanent dentition and demon-
strated Class I dental occlusions and well‐balanced faces, absence of 
crossbites, normal overjet and overbite and a maximum 2 mm of incisor 
crowding with no previous history of orthodontic treatment. Plaster 
dental models taken at 13, 18 and 60 years of age were scanned using 
a R700 3D Scanner (3Shape A/S, Copenhagen, Denmark). Impressions 
were performed with alginate, and plaster type 1 was used for all time 
points. The exclusion criteria were history of previous orthodontic 
treatment or tooth loss of 2 or more permanent teeth from T1 to T3, 
and absence of dental models at any of the 3 time points.

Maxillary digital models scanned and stored as.STL files were 
converted to.VTK meshes files, using SlicerCMF 3.1 software (www.
slicer.org). The image analysis consisted of the following steps:

2.1 | Model orientation

T1 dental models were oriented using the 3D coordinate system, using 
the transforms tool, of Slicer software (Figure 1). Using the maxillary 
occlusal perspective view, the midpalatal raphe was positioned coinci-
dent with the anteroposterior yellow line (sagittal plane). In the same 
view, the second palatal rugae were moved coincident to the superior‐
inferior green line (coronal plane). In the right side view, the occlusal 
plane, defined by passing through the maxillary first molar mesio‐buc-
cal cusp tip and maxillary canine cusp tip, was placed on the right‐left 
red line (axial plane). On the model's frontal view, the cusp tips of the 
right and left canines were positioned on the red line (axial plane).

2.2 | Model approximation

Model approximation was conducted in two steps. a) The T2 maxil-
lary digital dental model was approximated to the T1 model by plac-
ing 6 corresponding landmarks in the T2 and T1 3D digital dental 
models using the Slicer “CMF registration” tool. Dental landmarks 
approximation was performed as a first step in order to initially set 
the T2 model position. The landmarks were placed on the tip of the 

F I G U R E  1  Model orientation [Colour figure can be viewed at 
wileyonlinelibrary.com]

http://www.slicer.org
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mesio‐buccal cusp of the first molar, the buccal cusp of the first pre-
molar and in the tips of the cusp of the right and left canines. All 
landmarks were placed bilaterally. The Q3DC tool of the SlicerCMF 
3.1 software displayed the x, y and z coordinates for each landmark. 
Using the x, y and z coordinates of T1 as reference, the software 
changed the spatial position of T2 to match the T1 coordinates. As a 
result, the T2 and T1 maxillary models were approximated by super-
imposition of the corresponding landmarks. b) Using the transform 
tool, the palatal rugae of the T2 maxillary dental model with 50% 
transparency were fine‐tuned by manual approximation to the pala-
tal rugae of the oriented T1 model.

2.3 | Superimposition using Landmarks (LA)

Corresponding landmarks then were placed at the posterior limit of 
the incisive papilla, at the medial edges of the second palatal rugae 
and at the medial and lateral edges of the third rugae (Figure 2). Two 
additional landmarks were projected 10 mm distal to the medial 
edge of third rugae landmarks using the transforms tool (Figure 2). 
The Slicer “CMF registration” tool then registered the T2 maxillary 
model relative to the oriented T1 model by matching the coordinates 
of the corresponding landmarks (Figure 3).

2.4 | Superimposition using Regions of Interest 
(ROI)

The same 9 landmarks described at step 3 were used to define regions 
of interest (Figure 2). The dimension of each ROI was defined as the 
radius of 5 vertices of the model meshes for the incisive papilla and the 
third rugae projection landmarks. The medial edges of the second and 

third rugae were assigned with ROIs of radius of 20 and 15, respec-
tively. The lateral edge of third rugae had ROI of 1 in order to avoid 
extending on the tooth region. The Slicer “CMF registration” tool then 
registered the T2 maxillary model relative to the oriented T1 model 
by matching the coordinates of the corresponding regions of interest.

Steps 2 to 4 were repeated for the T3 maxillary digital models 
relative to the registered T2 models.

2.5 | Three‐dimensional quantitative measurements

Using the Q3DC tool of the Slicer software, landmarks were placed 
in T1, registered T2 and registered T3 models at the tip of the mesio‐
buccal cusp of the first molars, buccal cusp of the first premolars 
and canines bilaterally (Figure 2). A seventh landmark was placed 
on the mesial angle of the incisal edge of the right central incisor. 
Differences between the 2 time points (T1 to T2 and T2 to T3) were 
measured considering the 3D Euclidian distance displacement and 
also the changes in the coordinates x, y, and z. Forward, inferior and 
lateral displacements had positive values. Backward, superior and 
medial displacements had negative values.

2.6 | Statistical analyses

Statistical analysis was carried out using SPSS Statistical Software 
Package (version 21.0; SPSS, Chicago, IL). All above‐mentioned 
steps were performed by three examiners. The first examiner re-
peated the steps twice with a minimum 15‐day interval. Descriptive 
statistics included the mean and standard deviation of three‐di-
mensional displacements from T1 to T2 comprising a 5‐year in-
terval and from T2 to T3 comprising a 42‐year interval. Intra‐ and 

F I G U R E  2  A, Nine landmarks were used for landmark registration on the palatal rugae. B, Region of interest around the nine 
landmarks used for ROI registration. C, Landmarks used for tridimensional quantitative measurements [Colour figure can be viewed at 
wileyonlinelibrary.com]

(A) (B) (C)

F I G U R E  3  T2 models registered on 
T1 model using points of interest. Left—
Frontal view. Right—Lateral view [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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TA B L E  1  Measurement agreements using dental model registration on landmarks (LA) and regions of interest (ROI) (Intraclass correlation 
coefficient)

  Measurement

CHANGES LA 
(mm)

CHANGES ROI 
(mm)

Intra‐exam‐
iner 
agreement 
LA

Inter‐ex‐
aminer 
agreement 
LA

Intra‐exam‐
iner 
agreement 
ROI

Inter‐exam‐
iner 
agreement 
ROIMean SD Mean SD

T1‐T2 Right first 
molar

R‐L 0.081 0.742 0.079 0.691 0.973 0.832 0.935 0.798

A‐P 1.704 0.956 1.690 1.000 — 0.659 0.946 0.733

S‐I −1.345 0.839 −1.529 0.998 0.955 0.265 0.891 0.436

3D 2.408 1.032 2.560 1.056 0.946 0.709 0.948 0.777

Right first 
premolar

R‐L 0.032 0.725 −0.001 0.768 0.975 0.750 0.962 0.864

A‐P 1.323 0.906 1.345 1.005 0.913 0.694 0.949 0.783

S‐I −0.853 0.803 −0.794 0.877 0.883 −0.052 0.906 0.037

3D 1.882 0.952 1.937 1.015 0.924 0.702 0.949 0.835

Right 
canine

R‐L −0.084 0.571 −0.021 0.570 0.945 0.676 0.903 0.637

A‐P 0.974 0.795 0.935 0.867 0.866 0.504 0.948 0.703

S‐I −0.785 0.822 −0.573 0.895 0.865 −0.012 0.942 0.142

3D 1.661 0.651 1.590 0.737 0.867 0.476 0.946 0.611

Central 
incisor

R‐L 0.090 0.424 0.089 0.502 0.716 0.050 0.869 0.332

A‐P 0.284 0.656 0.332 0.619 0.949 0.607 0.957 0.777

S‐I −0.716 1.105 −0.282 1.084 0.873 0.183 0.929 0.283

3D 1.393 0.682 1.171 0.777 0.932 0.017 0.888 −0.058

Left 
canine

R‐L 0.175 0.732 0.201 0.810 0.921 0.583 0.972 0.668

A‐P 0.774 0.972 0.898 0.848 0.946 0.627 0.956 0.754

S‐I −0.830 1.085 −0.562 0.986 0.939 0.018 0.774 0.023

3D 1.793 0.849 1.688 0.780 0.944 0.628 0.938 0.475

Left first 
premolar

R‐L 0.093 0.776 0.091 0.854 0.974 0.669 0.946 0.704

A‐P 1.139 1.132 1.268 0.974 0.955 0.692 0.979 0.749

S‐I −1.002 1.050 −0.882 1.004 0.935 0.081 0.884 0.195

3D 2.084 0.953 2.065 0.880 0.949 0.727 0.931 0.760

Left first 
molar

R‐L 0.035 0.634 0.053 0.668 0.940 0.703 0.827 0.604

A‐P 1.504 1.190 1.632 1.069 0.951 0.507 0.945 0.680

S‐I −1.440 1.243 −1.494 1.203 0.929 0.429 0.934 0.519

3D 2.474 1.244 2.518 1.251 0.950 0.782 0.974 0.846

T2‐T3 Right first 
molar

R‐L −0.224 0.963 −0.206 0.821 0.959 0.761 0.955 0.801

A‐P 1.309 1.685 1.341 1.556 0.947 0.719 0.592 0.402

S‐I −0.386 1.336 −0.440 1.471 0.924 0.490 0.855 0.370

3D 2.378 1.314 2.438 1.134 0.836 0.433 0.394 0.180

Right first 
premolar

R‐L −0.449 0.649 −0.468 0.535 0.956 0.621 0.748 0.068

A‐P 0.487 1.502 0.588 1.376 0.913 0.702 0.894 0.433

S‐I −0.585 1.281 −0.784 1.409 0.965 0.420 0.897 0.470

3D 1.939 1.128 2.055 1.027 0.866 0.153 0.685 0.039

Right 
canine

R‐L −0.267 −0.709 0.382 0.671 0.652 0.490 0.673 0.264

A‐P 0.181 1.212 0.208 1.229 0.869 0.585 0.909 0.289

S‐I −0.730 1.382 −1.037 1.461 0.981 0.518 0.904 0.561

3D 1.870 0.979 2.021 1.100 0.927 0.104 0.828 0.270

(Continues)
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inter‐examiner agreements for LA and ROI registration methods 
were calculated using intraclass correlation coefficient (ICC) and 
Bland‐Altman limits of agreement.19 ICC values from 0.75 to 1, 
from 0.6 to 0.74, from 0.4 to 0.59 and less than 0.4 were consid-
ered, excellent, good, fair and poor agreements, respectively.20

3  | RESULTS

Table 1 shows the intra‐ and inter‐examiner agreements. For both 
superimposition methods, excellent or good intra‐examiner agree-
ment was found for most T1‐T2 and T2‐T3 measurements (Table 1). 
Inter‐examiner agreements were good for T1‐T2 measurements and 
poor to fair for most T2‐T3 measurements for both LA and ROI su-
perimposition methods (Table 1).

Mean T1‐T2 differences were less than 0.5 mm for almost all vari-
ables (Tables 2 and 3). Most of the intra‐examiner error limits ranged 
from −0.5 to +0.5 mm in T1‐T2 interval and from −1 to +1 mm in T2‐T3 
interval for both LA and ROI superimposition methods (Tables 2 and 
3). Most of the inter‐examiner lower and upper error limits ranged 
from −2 to +2 mm in T1‐T2 interval and from −2.5 to +2.5 mm in T2‐T3 
interval, similarly in both superimposition methods (Tables 2 and 3).

4  | DISCUSSION

Palatal rugae have been described as relatively stable references 
during facial growth, mainly in the sagittal and transversal planes.8 

The distal limit of the incisive papilla and the medial point of palatal 
rugae have been reported as being more stable during both growth 
and orthodontic treatment.2,10,11 The medial and lateral limit of the 
third rugae also has been shown to be reliable due to its positional 
stability.2,10,11 On the other hand, the lateral limit of the first and 
second rugae points seems to change following maxillary tooth 
movements.8 However, no previous studies evaluated the reliability 
of palatine rugae in a 40‐year interval. Adipose tissue decreases over 
ageing and might affect rugae volume and definition.21

For this study, 5 landmarks were placed at stable regions, in-
cluding the posterior limit of incisive papilla and the medial end of 
second and third rugae. Additionally, two landmarks were placed at 
the lateral end of third rugae to avoid the rotation of dental models 
in the coronal plane (roll) during registration. The landmarks placed 
10 mm posteriorly to the third rugae were used to avoid the rotation 
of dental models in the sagittal plane (pitch) during superimposition.

The superimposition method using anatomical landmarks demon-
strated reliability for evaluating dental changes within a 5‐year pe-
riod with good to excellent intra‐ and inter‐examiner agreements for 
most measurements and a small range of error. Previous studies also 
found that palatal rugae were suitable for maxillary model superim-
positions.2,3,10 On the other hand, within a time interval of 42 years, 
the reproducibility of dental changes measurements was inadequate 
in view of the inter‐examiner fair to poor agreements.

Interestingly, dental changes per unit of time were rather larger 
in T1‐T2 interval compared to T2‐T3 interval. Therefore, the size of 
error from 13 to 18 years was not related directly to the amount of 
dental changes occurring, which was substantial. On the other hand, 

  Measurement

CHANGES LA 
(mm)

CHANGES ROI 
(mm)

Intra‐exam‐
iner 
agreement 
LA

Inter‐ex‐
aminer 
agreement 
LA

Intra‐exam‐
iner 
agreement 
ROI

Inter‐exam‐
iner 
agreement 
ROIMean SD Mean SD

Central 
incisor

R‐L 0.081 0.759 −0.044 0.726 0.466 0.199 0.780 0.179

A‐P −0.215 1.320 −0.260 1.282 0.960 0.852 0.984 0.745

S‐I −0.963 1.631 −1.245 1.702 0.966 0.580 0.978 0.580

3D 2.175 1.068 2.287 1.172 0.896 0.237 0.966 0.155

Left 
canine

R‐L −0.217 0.845 −0.172 0.864 0.812 0.458 0.849 0.376

A‐P 0.016 1.064 −0.151 1.002 0.634 0.417 0.874 0.520

S‐I −1.018 1.418 −0.910 1.637 0.942 0.559 0.920 0.510

3D 1.499 1.364 1.969 1.169 — 0.029 0.832 0.181

Left first 
premolar

R‐L −0.421 0.925 −0.287 0.757 — 0.066 0.874 0.470

A‐P 0.628 1.354 0.421 1.273 0.214 0.593 0.922 0.470

S‐I −0.779 1.183 −0.562 1.445 0.932 0.421 0.896 0.461

3D 1.906 1.127 1.866 1.145 0.748 0.105 0.787 0.277

Left first 
molar

R‐L 0.072 0.749 0.032 0.793 0.899 0.715 0.984 0.653

A‐P 0.970 1.282 0.826 1.308 0.697 0.311 0.809 0.236

S‐I −0.485 1.333 0.091 1.815 0.918 0.390 0.888 0.423

3D 1.962 1.118 2.141 1.284 0.768 0.173 0.611 0.163

R‐L, right‐left plane; A‐P, anteroposterior plane; S‐I, superoinferior plane; 3D, three‐dimensional.

TA B L E  1   (Continued)



188  |     GARIB et al.

TA
B

LE
 2

 
In
tr
a‐
 a
nd
 in
te
r‐
ex
am
in
er
 d
iff
er
en
ce
s 
fo
r m
od
el
 re
gi
st
ra
tio
n 
us
in
g 
la
nd
m
ar
ks
 (B
la
nd
‐A
ltm
an
 m
et
ho
d)

 
M

Ex
am

in
er

 1
 ×

 1
Ex

am
in

er
 1

 ×
 2

Ex
am

in
er

 1
 ×

 3
Ex

am
in

er
 2

 ×
 3

D
iff

er
en

ce
D

iff
er

en
ce

D
iff

er
en

ce
D

iff
er

en
ce

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

T1
‐T

2
Ri
gh
t f
irs
t 

m
ol

ar
R‐
L

0.
01

0.
15

−0
.2
9

0.
31

−0
.0
1

0.
37

−0
.7
3

0.
71

0.
00

0.
47

−0
.9
3

0.
92

0.
00

0.
51

−0
.9
9

1.
00

A‐
P

1.
98

2.
48

−2
.8
8

6.
84

0.
02

0.
78

−1
.5
1

1.
55

0.
25

0.
77

−1
.2
7

1.
76

0.
23

0.
86

−1
.4
6

1.
91

S‐
I

0.
09

0.
26

−0
.4
1

0.
60

0.
15

0.
62

−1
.0
5

1.
36

−0
.2
1

1.
24

−2
.6
4

2.
22

−0
.3
6

1.
11

−2
.5
5

1.
82

3D
−0
.0
2

0.
34

−0
.6
9

0.
64

−0
.0
7

0.
74

−1
.5
2

1.
38

0.
14

0.
92

−1
.6
7

1.
94

0.
21

0.
77

−1
.3
0

1.
71

Ri
gh
t f
irs
t 

Pr
em

ol
ar

R‐
L

−0
.0
1

0.
14

−0
.2
9

0.
27

0.
04

0.
47

−0
.8
7

0.
95

−0
.0
9

0.
46

−0
.9
9

0.
81

−0
.1
3

0.
64

−1
.4
0

1.
13

A‐
P

0.
01

0.
33

−0
.6
2

0.
65

0.
01

0.
51

−0
.9
8

1.
00

0.
16

0.
76

−1
.3
2

1.
64

0.
14

0.
89

−1
.6
0

1.
88

S‐
I

0.
08

0.
30

−0
.5
1

0.
67

0.
21

0.
73

−1
.2
2

1.
65

−0
.3
3

1.
32

−2
.9
2

2.
25

−0
.5
5

1.
29

−3
.0
7

1.
98

3D
−0
.0
3

0.
30

−0
.6
3

0.
56

−0
.0
6

0.
61

−1
.2
6

1.
14

−0
.0
4

0.
85

−1
.7
0

1.
62

0.
02

0.
83

−1
.6
1

1.
64

Ri
gh
t C
an
in
e

R‐
L

−0
.0
1

0.
18

−0
.3
6

0.
33

0.
06

0.
48

−0
.8
9

1.
00

−0
.1
3

0.
39

−0
.9
0

0.
64

−0
.1
8

0.
51

−1
.1
8

0.
81

A‐
P

0.
06

0.
33

−0
.5
9

0.
71

−0
.0
8

0.
49

−1
.0
4

0.
89

0.
20

0.
85

−1
.4
7

1.
88

0.
28

0.
98

−1
.6
4

2.
20

S‐
I

0.
09

0.
35

−0
.6
0

0.
78

0.
18

0.
88

−1
.5
5

1.
91

−0
.3
6

1.
22

−2
.7
5

2.
03

−0
.5
4

1.
31

−3
.1
0

2.
02

3D
0.

00
0.

25
−0
.4
8

0.
48

−0
.0
9

0.
56

−1
.1
9

1.
02

−0
.0
3

0.
89

−1
.7
7

1.
71

0.
06

0.
77

−1
.4
5

1.
56

C
en
tr
al
 

in
ci
so
r

R‐
L

0.
00

0.
20

−0
.3
9

0.
39

0.
16

0.
64

−1
.0
9

1.
41

0.
00

0.
50

−0
.9
7

0.
98

−0
.1
6

0.
62

−1
.3
8

1.
06

A‐
P

0.
01

0.
18

−0
.3
5

0.
36

0.
02

0.
48

−0
.9
2

0.
96

0.
22

0.
49

−0
.7
5

1.
18

0.
20

0.
74

−1
.2
6

1.
66

S‐
I

0.
02

0.
33

−0
.6
2

0.
67

0.
17

0.
75

−1
.2
9

1.
63

−0
.5
5

1.
51

−3
.5
2

2.
41

−0
.7
2

1.
69

−4
.0
3

2.
58

3D
0.

04
0.

19
−0
.3
3

0.
41

−0
.2
6

0.
52

−1
.2
9

0.
76

−0
.3
8

1.
14

−2
.6
1

1.
84

−0
.1
2

1.
07

−2
.2
2

1.
99

Ex
am
in
er
 

2 
× 

3
R‐
L

0.
00

0.
21

−0
.4
2

0.
42

0.
11

0.
53

−0
.9
2

1.
14

0.
20

0.
72

−1
.2
1

1.
61

0.
09

0.
78

−1
.4
5

1.
62

A‐
P

0.
10

0.
28

−0
.4
6

0.
65

0.
15

0.
97

−1
.7
6

2.
05

0.
16

0.
68

−1
.1
6

1.
48

0.
01

0.
93

−1
.8
1

1.
84

S‐
I

−0
.0
9

0.
23

−0
.5
3

0.
36

0.
08

0.
46

−0
.8
1

0.
97

−.
68

1.
76

−4
.1
2

2.
76

−0
.7
6

1.
80

−4
.2
9

2.
76

3D
0.

12
0.

25
−0
.3
8

0.
62

−0
.2
2

0.
55

−1
.2
9

0.
85

−0
.2
8

0.
86

−1
.9
7

1.
42

−0
.0
6

0.
77

−1
.5
7

1.
45

Le
ft
 fi
rs
t 

pr
em
ol
ar

R‐
L

−0
.0
4

0.
15

−0
.3
2

0.
25

0.
05

0.
33

−0
.6
1

0.
70

0.
19

0.
73

−1
.2
4

1.
63

0.
15

0.
78

−1
.3
8

1.
68

A‐
P

0.
04

0.
28

−0
.5
1

0.
59

0.
13

1.
04

−1
.9
1

2.
18

0.
37

0.
54

−0
.6
8

1.
42

0.
23

1.
02

−1
.7
6

2.
23

S‐
I

−0
.1
3

0.
25

−0
.6
1

0.
35

0.
04

0.
48

−0
.9
1

0.
98

−0
.6
0

1.
65

−3
.8
3

2.
63

−0
.6
3

1.
70

−3
.9
7

2.
70

3D
0.

08
0.

28
−0
.4
7

0.
64

−0
.1
6

0.
82

−1
.7
6

1.
45

−0
.0
7

0.
65

−1
.3
5

1.
20

0.
08

0.
71

−1
.3
1

1.
48

Le
ft
 fi
rs
t 

m
ol

ar
R‐
L

0.
02

0.
22

−0
.4
2

0.
46

0.
02

0.
30

−0
.5
8

0.
61

0.
15

0.
58

−1
.0
0

1.
29

0.
13

0.
56

−0
.9
7

1.
24

A‐
P

0.
05

0.
30

−0
.5
5

0.
64

0.
23

1.
19

−2
.1
0

2.
57

0.
24

0.
85

−1
.4
4

1.
91

0.
01

1.
32

−2
.5
8

2.
59

S‐
I

−0
.1
7

0.
35

−0
.8
6

0.
51

−0
.0
5

0.
79

−1
.5
9

1.
50

−0
.4
6

1.
50

−3
.4
1

2.
49

−0
.4
2

1.
59

−3
.5
3

2.
70

3D
0.

12
0.

39
−0
.6
5

0.
90

−0
.1
7

1.
00

−2
.1
2

1.
78

0.
07

0.
73

−1
.3
6

1.
50

0.
24

0.
79

−1
.3
1

1.
78

(C
on

tin
ue

s)



     |  189GARIB et al.

 
M

Ex
am

in
er

 1
 ×

 1
Ex

am
in

er
 1

 ×
 2

Ex
am

in
er

 1
 ×

 3
Ex

am
in

er
 2

 ×
 3

D
iff

er
en

ce
D

iff
er

en
ce

D
iff

er
en

ce
D

iff
er

en
ce

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

T2
‐T

3
Ri
gh
t f
irs
t 

m
ol

ar
R‐
L

0.
10

0.
31

−0
.5
0

0.
70

−0
.0
7

0.
63

−1
.3
0

1.
16

0.
32

0.
70

−1
.0
5

1.
68

0.
39

0.
58

−0
.7
6

1.
53

A‐
P

0.
04

0.
46

−0
.8
7

0.
94

−0
.1
8

1.
27

−2
.6
8

2.
32

0.
25

0.
71

−1
.1
5

1.
64

0.
43

1.
69

−2
.8
9

3.
75

S‐
I

−0
.0
6

0.
45

−0
.9
5

0.
83

−0
.2
2

0.
62

−1
.4
3

0.
99

0.
11

1.
59

−3
.0
1

3.
23

0.
33

1.
69

−2
.9
8

3.
64

3D
0.

04
0.

50
−0
.9
4

1.
02

−0
.3
4

1.
28

−2
.8
5

2.
16

0.
19

1.
06

−1
.8
9

2.
28

0.
54

1.
79

−2
.9
6

4.
04

Ri
gh
t f
irs
t 

Pr
em

ol
ar

R‐
L

−0
.0
9

0.
16

−0
.4
1

0.
23

0.
15

0.
51

−0
.8
6

1.
15

0.
15

0.
50

−0
.8
4

1.
13

0.
00

0.
70

−1
.3
7

1.
37

A‐
P

0.
08

0.
49

−0
.8
7

1.
04

0.
13

1.
11

−2
.0
5

2.
30

0.
24

0.
77

−1
.2
7

1.
74

0.
11

1.
60

−3
.0
2

3.
24

S‐
I

−0
.0
2

0.
26

−0
.5
4

0.
49

−0
.1
6

0.
87

−1
.8
7

1.
55

0.
24

1.
37

−2
.4
4

2.
93

0.
40

1.
82

−3
.1
7

3.
96

3D
0.

04
0.

36
−0
.6
7

0.
74

−0
.5
9

1.
09

−2
.7
2

1.
54

−0
.2
2

1.
35

−2
.8
6

2.
43

0.
38

1.
85

−3
.2
5

4.
00

Ri
gh
t C
an
in
e

R‐
L

−0
.0
9

0.
40

−0
.8
7

0.
70

−0
.0
1

0.
68

−1
.3
4

1.
31

−0
.0
4

0.
69

−1
.3
9

1.
31

−0
.0
2

0.
86

−1
.7
1

1.
66

A‐
P

0.
04

0.
45

−0
.8
4

0.
93

−0
.0
9

0.
99

−2
.0
4

1.
86

0.
14

0.
83

−1
.4
8

1.
76

0.
24

1.
50

−2
.7
0

3.
17

S‐
I

0.
02

0.
23

−0
.4
4

0.
48

−0
.0
6

1.
12

−2
.2
7

2.
14

0.
37

1.
06

−1
.7
1

2.
46

0.
44

1.
82

−3
.1
3

4.
00

3D
0.

10
0.

26
−0
.4
1

0.
62

−0
.7
4

1.
07

−2
.8
5

1.
36

−0
.2
9

1.
15

−2
.5
4

1.
95

0.
45

1.
53

−2
.5
5

3.
46

C
en
tr
al
 

in
ci
so
r

R‐
L

−0
.2
5

0.
50

−1
.2
2

0.
73

0.
02

1.
03

−2
.0
0

2.
03

−0
.2
8

0.
57

−1
.3
9

0.
83

−0
.2
9

1.
20

−2
.6
4

2.
06

A‐
P

−0
.1
1

0.
32

−0
.7
5

0.
53

0.
03

0.
64

−1
.2
2

1.
29

−0
.1
5

0.
68

−1
.4
9

1.
19

−0
.1
8

0.
89

−1
.9
1

1.
56

S‐
I

0.
08

0.
32

−0
.5
5

0.
71

0.
05

1.
47

−2
.8
3

2.
93

0.
67

1.
14

−1
.5
6

2.
89

0.
61

1.
76

−2
.8
4

4.
07

3D
0.

04
0.

38
−0
.7
0

0.
77

−0
.7
5

0.
95

−2
.6
1

1.
12

−0
.5
3

1.
25

−2
.9
8

1.
91

0.
21

1.
55

−2
.8
2

3.
24

Le
ft
 c
an
in
e

R‐
L

−0
.0
2

0.
44

−0
.8
9

0.
84

0.
33

0.
70

−1
.0
4

1.
69

0.
09

0.
97

−1
.8
1

1.
98

−0
.2
4

0.
97

−2
.1
5

1.
66

A‐
P

−0
.4
6

0.
64

−1
.7
2

0.
80

0.
04

1.
26

−2
.4
4

2.
52

−0
.2
4

0.
84

−1
.8
8

1.
40

−0
.2
8

1.
36

−2
.9
5

2.
39

S‐
I

0.
10

0.
35

−0
.5
9

0.
79

0.
21

0.
74

−1
.2
4

1.
66

0.
79

1.
31

−1
.7
7

3.
35

0.
58

1.
62

−2
.5
8

3.
75

3D
−1
.2
4

1.
06

−3
.3
1

0.
84

−1
.7
3

1.
02

−3
.7
3

0.
26

−1
.7
6

1.
63

−4
.9
5

1.
43

−0
.0
3

1.
81

−3
.5
7

3.
52

Le
ft
 fi
rs
t 

pr
em
ol
ar

R‐
L

0.
26

1.
35

−2
.3
9

2.
91

0.
32

1.
56

−2
.7
5

3.
38

0.
21

1.
37

−2
.4
8

2.
90

−0
.1
1

0.
78

−1
.6
3

1.
41

A‐
P

−1
.4
9

0.
98

−3
.4
2

0.
43

0.
25

1.
16

−2
.0
3

2.
53

−0
.3
4

1.
03

−2
.3
6

1.
68

−0
.5
9

1.
41

−3
.3
6

2.
18

S‐
I

0.
10

0.
26

−0
.4
1

0.
61

0.
11

0.
59

−1
.0
6

1.
27

0.
62

1.
42

−2
.1
6

3.
40

0.
52

1.
52

−2
.4
6

3.
50

3D
−0
.1
3

0.
51

−1
.1
3

0.
87

−0
.4
5

0.
63

−1
.6
9

0.
79

−0
.7
3

1.
67

−4
.0
0

2.
54

−0
.2
8

1.
85

−3
.9
0

3.
34

Le
ft
 fi
rs
t 

m
ol

ar
R‐
L

0.
11

0.
30

−0
.4
8

0.
70

0.
14

0.
46

−0
.7
6

1.
04

0.
20

0.
62

−1
.0
3

1.
42

0.
06

0.
60

−1
.1
2

1.
24

A‐
P

−0
.4
3

0.
52

−1
.4
5

0.
60

0.
44

1.
37

−2
.2
4

3.
11

−0
.1
6

1.
14

−2
.3
8

2.
07

−0
.6
4

1.
78

−4
.1
2

2.
84

S‐
I

0.
11

0.
25

−0
.3
9

0.
60

0.
25

0.
91

−1
.5
3

2.
04

0.
49

1.
61

−2
.6
7

3.
65

0.
26

1.
67

−3
.0
2

3.
53

3D
−0
.2
3

0.
52

−1
.2
4

0.
78

−0
.2
7

0.
68

−1
.5
9

1.
05

−0
.6
6

1.
80

−4
.1
9

2.
86

−0
.4
2

1.
60

−3
.5
5

2.
71

M
, m
ea
su
re
m
en
t; 
R‐
L,
 ri
gh
t‐
le
ft
 p
la
ne
; A
‐P
, a
nt
er
op
os
te
rio
r p
la
ne
; S
‐I
, s
up
er
oi
nf
er
io
r p
la
ne
; 3
D
, t
hr
ee
‐d
im
en
si
on
al
.

TA
B

LE
 2

 
(C
on
tin
ue
d)



190  |     GARIB et al.

TA
B

LE
 3

 
In
tr
a‐
 a
nd
 in
te
r‐
ex
am
in
er
 d
iff
er
en
ce
s 
fo
r m
od
el
 re
gi
st
ra
tio
n 
us
in
g 
re
gi
on
s 
of
 in
te
re
st
 (B
la
nd
‐A
ltm
an
 m
et
ho
d)

 
M

Ex
am

in
er

 1
 ×

 1
Ex

am
in

er
 1

 ×
 2

Ex
am

in
er

 1
 ×

 3
Ex

am
in

er
 2

 ×
 3

D
iff

er
en

ce
D

iff
er

en
ce

D
iff

er
en

ce
D

iff
er

en
ce

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

T1
‐ T2

Ri
gh
t f
irs
t 

m
ol

ar
R‐
L

0.
10

0.
23

−0
.3
5

0.
55

−0
.0
3

0.
32

−0
.6
6

0.
60

0.
18

0.
53

−0
.8
6

1.
22

0.
20

0.
43

−0
.6
4

1.
05

A‐
P

0.
02

0.
33

−0
.6
2

0.
66

0.
08

0.
69

−1
.2
7

1.
43

0.
47

0.
68

−0
.8
6

1.
80

0.
39

0.
68

−0
.9
5

1.
72

S‐
I

0.
08

0.
41

−0
.7
1

0.
88

0.
03

0.
52

−1
.0
0

1.
05

−0
.3
0

1.
33

−2
.9
1

2.
31

−0
.3
2

1.
19

−2
.6
7

2.
02

3D
−0
.0
5

0.
37

−0
.7
7

0.
67

−0
.0
7

0.
77

−1
.5
7

1.
43

0.
29

0.
71

−1
.1
0

1.
69

0.
36

0.
58

−0
.7
8

1.
50

Ri
gh
t f
irs
t 

Pr
em

ol
ar

R‐
L

−0
.0
2

0.
19

−0
.4
0

0.
36

0.
03

0.
32

−0
.6
0

0.
66

−0
.0
9

0.
43

−0
.9
3

0.
75

−0
.1
2

0.
47

−1
.0
5

0.
80

A‐
P

0.
04

0.
30

−0
.5
5

0.
64

0.
05

0.
55

−1
.0
2

1.
11

0.
36

0.
64

−0
.9
0

1.
62

0.
31

0.
72

−1
.0
9

1.
72

S‐
I

0.
05

0.
26

−0
.4
6

0.
55

−0
.0
5

0.
49

−1
.0
0

0.
90

−0
.5
2

1.
50

−3
.4
6

2.
43

−0
.4
6

1.
35

−3
.1
1

2.
18

3D
−0
.0
1

0.
30

−0
.6
0

0.
58

−0
.0
4

0.
55

−1
.1
3

1.
04

0.
15

0.
64

−1
.1
1

1.
42

0.
20

0.
59

−0
.9
6

1.
35

Ri
gh
t c
an
in
e

R‐
L

0.
03

0.
22

−0
.4
0

0.
46

−0
.0
5

0.
60

−1
.2
3

1.
13

−0
.1
2

0.
39

−0
.8
9

0.
65

−0
.0
7

0.
49

−1
.0
3

0.
89

A‐
P

−0
.0
5

0.
22

−0
.4
9

0.
39

−0
.0
3

0.
50

−1
.0
1

0.
96

0.
28

0.
76

−1
.2
0

1.
77

0.
31

0.
69

−1
.0
3

1.
66

S‐
I

0.
02

0.
23

−0
.4
3

0.
47

−0
.2
1

0.
46

−1
.1
1

0.
70

−0
.6
2

1.
43

−3
.4
3

2.
19

−0
.4
1

1.
28

−2
.9
3

2.
10

3D
−0
.0
1

0.
19

−0
.3
8

0.
37

−0
.0
5

0.
46

−0
.9
5

0.
86

0.
11

0.
81

−1
.4
8

1.
69

0.
15

0.
70

−1
.2
1

1.
52

C
en
tr
al
 

in
ci
so
r

R‐
L

0.
00

0.
21

−0
.4
2

0.
42

0.
19

0.
64

−1
.0
5

1.
43

−0
.1
2

0.
49

−1
.0
8

0.
84

−0
.3
1

0.
56

−1
.4
1

0.
80

A‐
P

0.
01

0.
17

−0
.3
2

0.
34

0.
05

0.
27

−0
.4
8

0.
57

0.
25

0.
45

−0
.6
2

1.
13

0.
21

0.
43

−0
.6
4

1.
06

S‐
I

−0
.0
1

0.
24

−0
.4
7

0.
46

−0
.2
2

0.
37

−0
.9
4

0.
50

−0
.7
8

1.
50

−3
.7
3

2.
17

−0
.5
6

1.
49

−3
.4
9

2.
36

3D
−0
.0
5

0.
20

−0
.4
5

0.
34

−0
.1
1

0.
54

−1
.1
6

0.
95

−0
.2
5

1.
26

−2
.7
3

2.
23

−0
.1
4

1.
43

−2
.9
5

2.
66

Le
ft
 c
an
in
e

R‐
L

−0
.0
2

0.
18

−0
.3
7

0.
32

0.
16

0.
51

−0
.8
4

1.
16

0.
16

0.
63

−1
.0
8

1.
40

0.
00

0.
85

−1
.6
7

1.
67

A‐
P

−0
.0
4

0.
24

−0
.5
0

0.
43

0.
10

0.
67

−1
.2
1

1.
41

0.
03

0.
58

−1
.1
0

1.
16

−0
.0
7

0.
61

−1
.2
7

1.
13

S‐
I

−0
.0
3

0.
39

−0
.8
1

0.
74

−0
.1
1

0.
49

−1
.0
7

0.
85

−0
.7
9

1.
49

−3
.7
2

2.
14

−0
.6
8

1.
65

−3
.9
1

2.
55

3D
0.

00
0.

23
−0
.4
6

0.
46

−0
.0
5

0.
56

−1
.1
4

1.
04

−0
.1
6

0.
95

−2
.0
2

1.
71

−0
.1
1

0.
91

−1
.8
9

1.
67

Le
ft
 fi
rs
t 

Pr
em

ol
ar

R‐
L

−0
.0
2

0.
27

−0
.5
6

0.
51

0.
04

0.
43

−0
.8
1

0.
89

0.
24

0.
61

−0
.9
5

1.
43

0.
20

0.
88

−1
.5
2

1.
92

A‐
P

0.
01

0.
19

−0
.3
7

0.
39

0.
12

0.
59

−1
.0
3

1.
27

0.
12

0.
66

−1
.1
7

1.
42

0.
01

0.
87

−1
.7
1

1.
72

S‐
I

−0
.0
3

0.
33

−0
.6
7

0.
62

−0
.0
7

0.
51

−1
.0
8

0.
93

−0
.5
1

1.
37

−3
.2
1

2.
18

−0
.4
4

1.
63

−3
.6
3

2.
75

3D
0.

02
0.

30
−0
.5
7

0.
61

0.
09

0.
51

−0
.9
1

1.
09

−0
.1
5

0.
59

−1
.3
2

1.
01

−0
.2
4

0.
73

−1
.6
7

1.
18

Le
ft
 fi
rs
t 

m
ol

ar
R‐
L

−0
.0
3

0.
32

−0
.6
5

0.
60

−0
.0
8

0.
34

−0
.7
5

0.
59

0.
29

0.
62

−0
.9
3

1.
50

0.
36

0.
67

−0
.9
6

1.
68

A‐
P

−0
.1
1

0.
27

−0
.6
4

0.
41

0.
04

0.
88

−1
.6
8

1.
76

0.
01

0.
89

−1
.7
3

1.
75

−0
.0
3

0.
92

−1
.8
3

1.
77

S‐
I

−0
.0
6

0.
40

−0
.8
4

0.
72

0.
00

0.
57

−1
.1
1

1.
11

−0
.4
5

1.
24

−2
.8
8

1.
97

−0
.4
5

1.
52

−3
.4
3

2.
53

3D
−0
.0
4

0.
29

−0
.6
0

0.
53

−0
.1
2

0.
62

−1
.3
4

1.
10

−0
.0
5

0.
86

−1
.7
5

1.
64

0.
06

0.
67

−1
.2
5

1.
38

(C
on

tin
ue

s)



     |  191GARIB et al.

 
M

Ex
am

in
er

 1
 ×

 1
Ex

am
in

er
 1

 ×
 2

Ex
am

in
er

 1
 ×

 3
Ex

am
in

er
 2

 ×
 3

D
iff

er
en

ce
D

iff
er

en
ce

D
iff

er
en

ce
D

iff
er

en
ce

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

M
ea

n
SD

Lo
w

er
 

lim
it

U
pp

er
 

lim
it

T2
‐ T3

Ri
gh
t f
irs
t 

m
ol

ar
R‐
L

−0
.1
5

0.
24

−0
.6
2

0.
31

−0
.0
7

0.
39

−0
.8
3

0.
68

0.
00

0.
66

−1
.3
0

1.
30

0.
07

0.
54

−0
.9
8

1.
13

A‐
P

−0
.4
2

0.
90

−2
.1
9

1.
35

−0
.2
9

1.
73

−3
.6
7

3.
10

−0
.0
9

1.
59

−3
.2
0

3.
02

0.
20

1.
94

−3
.6
0

3.
99

S‐
I

−0
.2
6

0.
51

−1
.2
6

0.
74

−0
.2
3

1.
80

−3
.7
6

3.
30

0.
22

1.
63

−2
.9
7

3.
42

0.
45

1.
62

−2
.7
2

3.
63

3D
−0
.2
9

0.
77

−1
.8
1

1.
22

−0
.8
2

1.
48

−3
.7
1

2.
07

−0
.5
6

0.
99

−2
.5
0

1.
38

0.
26

1.
65

−2
.9
9

3.
50

Ri
gh
t f
irs
t 

Pr
em

ol
ar

R‐
L

0.
03

0.
38

−0
.7
2

0.
78

0.
11

0.
83

−1
.5
1

1.
73

−0
.0
3

0.
58

−1
.1
6

1.
11

−0
.1
4

0.
80

−1
.7
1

1.
44

A‐
P

−0
.1
9

0.
36

−0
.9
0

0.
53

0.
07

1.
51

−2
.9
0

3.
03

0.
05

1.
28

−2
.4
6

2.
57

−0
.0
1

1.
74

−3
.4
2

3.
39

S‐
I

−0
.1
7

0.
46

−1
.0
7

0.
73

0.
02

1.
15

−2
.2
3

2.
27

0.
24

1.
67

−3
.0
3

3.
52

0.
23

1.
62

−2
.9
5

3.
41

3D
0.

00
0.

49
−0
.9
6

0.
97

−0
.6
5

1.
19

−2
.9
8

1.
69

−0
.5
5

1.
25

−3
.0
0

1.
90

0.
10

1.
70

−3
.2
2

3.
42

Ri
gh
t c
an
in
e

R‐
L

−0
.0
3

0.
46

−0
.9
3

0.
88

−0
.0
1

0.
89

−1
.7
6

1.
74

−0
.2
3

0.
66

−1
.5
3

1.
07

−0
.2
2

0.
90

−1
.9
8

1.
54

A‐
P

−0
.1
3

0.
34

−0
.8
1

0.
54

0.
02

1.
55

−3
.0
3

3.
06

−0
.0
1

1.
45

−2
.8
6

2.
84

−0
.0
3

1.
53

−3
.0
4

2.
98

S‐
I

−0
.1
1

0.
53

−1
.1
4

0.
92

0.
17

0.
99

−1
.7
7

2.
10

0.
23

1.
56

−2
.8
3

3.
29

0.
07

1.
62

−3
.1
1

3.
25

3D
0.

19
0.
47

−0
.7
4

1.
11

−0
.4
4

0.
98

−2
.3
6

1.
48

−0
.5
0

1.
26

−2
.9
6

1.
97

−0
.0
6

1.
66

−3
.3
1

3.
20

C
en
tr
al
 

in
ci
so
r

R‐
L

0.
10

0.
35

−0
.5
9

0.
79

0.
17

0.
92

−1
.6
4

1.
97

−0
.2
2

0.
80

−1
.8
0

1.
35

−0
.3
9

1.
04

−2
.4
3

1.
65

A‐
P

−0
.0
1

0.
21

−0
.4
2

0.
39

0.
20

1.
10

−1
.9
6

2.
35

−0
.1
2

0.
73

−1
.5
6

1.
31

−0
.3
2

0.
93

−2
.1
5

1.
51

S‐
I

0.
04

0.
31

−0
.5
6

0.
65

0.
36

1.
09

−1
.7
7

2.
50

0.
39

1.
53

−2
.6
1

3.
39

0.
03

2.
04

−3
.9
7

4.
03

3D
0.

09
0.

21
−0
.3
3

0.
50

−0
.4
9

1.
18

−2
.8
1

1.
82

−0
.4
5

1.
54

−3
.4
6

2.
56

0.
05

1.
81

−3
.5
1

3.
60

Le
ft
 c
an
in
e

R‐
L

0.
04

0.
35

−0
.6
5

0.
72

0.
23

0.
83

−1
.3
9

1.
86

−0
.0
8

1.
04

−2
.1
1

1.
96

−0
.3
1

1.
05

−2
.3
7

1.
75

A‐
P

−0
.0
2

0.
40

−0
.8
0

0.
76

0.
20

1.
23

−2
.2
1

2.
62

−0
.2
1

0.
85

−1
.8
7

1.
46

−0
.4
1

0.
82

−2
.0
2

1.
20

S‐
I

0.
25

0.
51

−0
.7
6

1.
25

0.
08

1.
42

−2
.7
0

2.
86

0.
56

1.
77

−2
.9
0

4.
03

0.
48

1.
71

−2
.8
6

3.
83

3D
0.

18
0.

49
−0
.7
9

1.
15

−0
.3
4

1.
08

−2
.4
6

1.
78

−0
.3
8

1.
62

−3
.5
4

2.
79

−0
.0
3

1.
77

−3
.5
0

3.
43

Le
ft
 fi
rs
t 

Pr
em

ol
ar

R‐
L

0.
02

0.
30

−0
.5
7

0.
61

0.
17

0.
63

−1
.0
7

1.
41

−0
.1
6

0.
78

−1
.6
9

1.
37

−0
.3
3

0.
91

−2
.1
1

1.
45

A‐
P

−0
.0
5

0.
43

−0
.8
9

0.
80

0.
51

1.
46

−2
.3
5

3.
36

−0
.2
8

1.
25

−2
.7
2

2.
17

−0
.7
8

1.
04

−2
.8
1

1.
25

S‐
I

0.
16

0.
42

−0
.6
6

0.
97

−0
.3
0

1.
23

−2
.7
2

2.
12

0.
32

1.
69

−2
.9
9

3.
63

0.
62

1.
56

−2
.4
4

3.
68

3D
0.

01
0.

43
−0
.8
4

0.
85

−0
.3
1

0.
72

−1
.7
3

1.
11

−0
.4
7

1.
63

−3
.6
6

2.
72

−0
.1
6

1.
62

−3
.3
4

3.
01

Le
ft
 fi
rs
t 

m
ol

ar
R‐
L

0.
10

0.
37

−0
.6
2

0.
83

0.
18

0.
79

−1
.3
8

1.
73

0.
03

0.
55

−1
.0
5

1.
11

−0
.1
6

0.
89

−1
.9
0

1.
58

A‐
P

0.
26

0.
49

−0
.7
0

1.
21

0.
63

1.
76

−2
.8
3

4.
08

−0
.0
4

1.
43

−2
.8
4

2.
75

−0
.7
2

1.
39

−3
.4
5

2.
01

S‐
I

0.
33

0.
46

−0
.5
6

1.
23

−0
.6
1

1.
63

−3
.8
1

2.
58

0.
19

1.
82

−3
.3
9

3.
77

0.
86

2.
07

−3
.2
0

4.
92

3D
0.

30
0.

61
−0
.8
9

1.
49

−0
.5
2

1.
27

−3
.0
2

1.
97

−0
.3
9

1.
79

−3
.9
0

3.
12

0.
14

1.
92

−3
.6
1

3.
90

M
, m
ea
su
re
m
en
t; 
R‐
L,
 ri
gh
t‐
le
ft
 p
la
ne
; A
‐P
, a
nt
er
op
os
te
rio
r p
la
ne
; S
‐I
, s
up
er
oi
nf
er
io
r p
la
ne
; 3
D
, t
hr
ee
‐d
im
en
si
on
al
.

TA
B

LE
 3

 
(C
on
tin
ue
d)



192  |     GARIB et al.

from 18 to 60 years of age, dental changes were very small per unit 
of time and the error then was consequential.

All three examiners faced difficulties identifying rugae land-
marks in T3 models due to three reasons: a slight elongation of 
the lateral termination of the third rugae; some loss of volume and 
definition of the palatal rugae with ageing; and missing anatomical 
landmarks in some impressions. Therefore, palatal rugae seem to be 
unreliable when the time interval for model registration corresponds 
to decades instead of years.

Similar levels of agreement and error limits were found for 
registration using regions of interest as were found using anatom-
ical landmarks. The use of regions of interest for computation of 
consecutive dental model registration has not produced a more 
reliable method of measuring changes in the dentition over time. 
There was some similarity between LA and ROI registration for 
measurements that demonstrated high inter‐examiner errors from 
T2 to T3. These results were expected in that the definition of the 
region of interest is dependent of the same landmark identifica-
tion used for point of interest registration. Therefore, errors in the 
identification landmark might decrease the reliability of LA and ROI 
registration methods.

Considering the similar adequate reproducibility found from T1 
to T2 for both LA and ROI registrations, the authors assume registra-
tion based on landmarks may be the preferable method for this un-
treated sample. This approach also may be useful in the evaluation of 
patients undergoing orthodontic treatment as long as the location of 
the landmarks has not been affected by intervention involving arch 
expansion or closure of extraction spaces. Considering the digital 
model surface mesh is organized differently in each time point, a 
same radius of regions of interest produced different size areas in T1, 
T2 and T3 dental models. These differences sometimes produced 
some changes in the degree of pitch, roll and yaw (Figure 1) in the 
registered model. A solution to overcome these problems would be 
to “remesh” or normalize the surface meshes before registration, as 
open source software and commercial tools allow. But even if the 
meshes were more regular, the different time points do not have ex-
actly the same corresponding meshes.

Registration of digital models allows assessments of individual 
tooth movement rather than overall skeletal displacement of the cra-
niofacial complex, as registration relative to the cranial base allows. 
Using metallic implants, Gu and McNamara22 have found that the 
lingual curvature of the hard palate shows apposition and downward 
displacement during growth. We assume that palatal rugae follow 
hard palate changes. Therefore, the superimposition on the palatine 
rugae might underestimate the vertical movements of the maxillary 
dentition. This underestimation is a limitation of registering digital 
dental models on the palatal rugae. For this reason, researchers and 
clinicians should carefully interpret measurements relative to struc-
tures of reference used.

The evaluation of three‐dimensional tooth movement during 
long‐term ageing process was not reliable using palatal rugae reg-
istration due to low inter‐examiner agreements. Short‐term as-
sessment of three‐dimensional dental changes using palatal rugae 

registration that was based both on landmarks or regions of interest 
showed adequate reproducibility. When using this method, dental 
changes should be described relatively to the palatal rugae. Future 
studies using registration of cone‐beam computed tomography and 
digital dental model images should evaluate the accuracy of maxil-
lary dental model superimposition.

5 | CONCLUSION

Maxillary digital dental models of patients with normal occlusion su-
perimposed on palatal rugae for measuring three‐dimensional dental 
changes over a 5‐year interval showed an adequate reliability using 
both landmarks and regions of interest. On the other hand, 40‐year 
interval measurements using both superimposition methods showed 
lower than acceptable reproducibility.
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