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Abstract

Objective: Standard methods of evaluating tooth long axes are not comparable
(digital dental models [DDMs], panoramic and cephalometric radiographs) or expose
patients to more radiation (cone-beam computed tomography [CBCT]). This study
aimed to compare angular changes in tooth long axes using DDMs vs using CBCTs.
Settings and sample population: Secondary data analysis of DDMs and CBCTs, taken
before and after orthodontic treatment with piezocision of 24 patients.

Methods: Angular changes in tooth long axes were evaluated using landmarks on
first molars (centre of the occlusal surface and centre of the furcation), canines and
incisors (cusp tip and centre of the root at the cementoenamel junction). Wilcoxon
test, intraclass correlation coefficient (ICC) and Bland-Altman plots were used to test
intra- and inter-rater agreement and compare DDM and CBCT measurements.
Results: The mesiodistal angulation and buccolingual inclination DDM measurements
were reproducible. Overall mean differences between DDM and CBCT measure-
ments of mesiodistal angulation, 1.9°+1.5° and buccolingual inclination, 2.2 + 2.2°,
were not significant for all teeth. ICC between DDM and CBCT measurements ranged
from good (0.85 molars) to excellent (0.94 canines; 0.96 incisors). The percentages of
measurements outside the range of +5 were 17.4% for molars, 13.8% for canines and
4.5% for incisors.

Conclusions: DDM assessment of changes in tooth long axes has good reproducibil-
ity and yields comparable measurements to those obtained from CBCT within a 5°
range. These findings lay the groundwork for machine learning approaches that syn-
thesize crown and root canal information towards planning tooth movement without

the need for ionizing radiation scans.
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1 | INTRODUCTION

Proper placement of the entire tooth is crucial to treatment planning
tooth movement, monitoring and maintaining periodontal health,’
attaining stable treatment outcomes and occlusal function,? and
satisfying Andrews’ six keys to normal occlusion.® An understanding
of angular changes in tooth long axes due to orthodontic treatment
and/or ageing yields clinical insights to the three-dimensional posi-
tioning of the whole tooth.* In 1972, Dr Larry Andrews pioneered the
assessment of dental long axes angulation using the clinical crown in
dental casts.®> However, the methodology relied on a tangent line
to the buccal crown contour, making it technically challenging and
calling into question its reproducibility and robustness to anatomical
variations.?

Angular changes in tooth long axes can be mesiodistal or bucco-
lingual. Mesiodistal changes are typically assessed with panoramic
radiography.® Nonetheless, panoramic x-rays have inherent image
distortions from incorrect focal trough size and shape, projection
effects from non-orthogonal x-rays beams directed at teeth, and
errors in head positioning.”” Buccolingual inclination of incisors*®
and molars can be evaluated using, respectively, lateral and postero-
anterior cephalograms, but 2D cephalometric measurements are
subject to tracing and landmark identification errors,'! structural
superimpositions, inconsistencies with radiographic equipment,
patient positioning and/or distortion due to patient movement.'?
In contrast, cone-beam computed tomography (CBCT) scans accu-
rately evaluate root positions, dental buccolingual and mesiodistal
angulations and dentofacial structures.’®* However, the associ-
ated radiation dose demands prudence in prescribing CBCTs, espe-
cially in children, as multiple scans may be required.16 Alternative
techniques merge CBCTs with digital dental models (DDMs) and
create setups to assess root position post-treatment.’®

Digital dental models accurately evaluate clinical crown po-
sition in three dimensions without radiation exposure to the pa-
tient.) Several commercial software now allow estimation of
tooth roots position from the crown position in the DDM; how-
ever, the current tools use the crown buccal surface for estima-
tion of the root position and have not yet been validated. Massaro
el al* investigated changes in tooth long axes derived from the
buccal surfaces of crowns in DDMs and occlusal/incisal surface
and root apex in CBCT scans and reported significant differences
when using DDMs compared to CBCT measurements. For these
reasons, there is an unmet clinical need to elucidate the similarity
of estimations of root position and angulation in DDM compared
to CBCT as the gold standard. The present study does not utilize
the buccal crown surface as a reference to estimate root position.
This study proposes and evaluates a new method for assessing an-
gular changes in tooth long axes using the occlusal surface and the
furcation or midpoint at the cementoenamel junction level, com-
paring DDMs measurements to those calculated from CBCTs. We
hypothesize that measurements of the dental long axes angular
changes derived from an axis through the centre of dental crowns
in DDMs are comparable to CBCTs.

2 | MATERIAL AND METHODS

The methodology described for this retrospective second-
ary data analysis was approved by and granted IRB exemption
(HUMO00167839) from the University of Michigan. The study sample
consisted of before treatment (T1) and after treatment (T2) CBCT
scans and DDMs of 24 consecutive patients that were prospectively
collected in a previous study on treatment outcomes of piezoci-
sion,?° where mandibular post-treatment CBCTs were acquired to
determine treatment response to mucograft as part of an ethically
approved and registered clinical trial. The mean age of the sample
was 22 years, ranging from 17 to 35 years old, with Angle's Class
I 'and mild Class Il or lll malocclusion, moderate mandibular ante-
rior crowding and healthy periodontium, who underwent orthodon-
tic treatment with passive self-ligating bracket system (Damon SL;
Ormco) for 13.9 + 5.5 months.

The mandibular small field of view CBCTs used for the anal-
ysis were not acquired for the purpose of the present study. The
available scans had been acquired adjusting parameters to reduce
ionizing radiation effects following the as low as diagnostically ac-
ceptable principles,?! using the Veraviewepocs 3D R100 (J Morita
Corp) following the acquisition protocol: 90 kV; 3-5 mA; 0.16-mm?®
voxel size; scan time, 9.3 seconds and field of view of 100X 80 mm.
The DDMs were acquired with the TRIOS 3D intraoral scanner (ver-
sion 1.3.4.5; 3Shape) with an accuracy of 6.9 + 0.9 pm. The sam-
ple size was determined using preliminary statistics derived from a
10-patient subsample.* For a standard deviation of 6.5° for the buc-
colingual inclination of canines, and a minimal difference between
the two methods of 4° to be detected, a sample of 23 was required
to provide 80% statistical power with o of 5%.4

The image processing procedures followed previously published

42224 sing 2 open-source software (ITK-SNAP,2° version

methods,
2.4.0, www.itksnap.org, and 3D SlicerCMF,?® version 4.0) for con-
struction of 3D volumetric label maps, orientation of mandibular
surface models, manual approximation, voxel-based registration of
CBCTs and landmark-based registration of the DDMs to the regis-
tered CBCTs.

The quantitative methods tested in the present study for mea-
suring dental long axis are as follows:

1. Pre-labelling: Twelve 3D landmarks were placed on the ori-
ented (T1) and registered (T2).

segmentations obtained from the CBCTs by changing the
colour of the label without modifying the dental anatomy. Two
landmarks used to generate the tooth long axes were positioned
on each of the following teeth, bilaterally: first molar (centre of
the occlusal surface and centre of the furcation), canine (cusp tip
and centre of the root at the level of the cementoenamel junction
[CEJ]), and central incisor (centre of the incisal edge and centre of
the root at the level of the CEJ), as shown in Figure 1. The centre
of the root at the furcation or CEJ levels were selected instead of
the root apex to avoid the frequently observed curvature in root
morphology, possible root dilacerations and/or resorptions or in-

complete root development.


http://www.itksnap.org
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FIGURE 1 Root morphology and
choice of landmarks to quantify tooth
long axis in the CBCT images and DDMs.
Note that the natural curvature commonly
observed in the root morphology of
posterior (A) and (B) anterior teeth make
the root apex not representative of the
dental long axis. C, D and E, dental long
axis of the incisor; F, G and H, dental long
axis of the canine; |, J and K, dental long
axis of the first molar. Note that in the
CBCT images (C, F and I) the landmarks
are placed on the occlusal/incisal surface
and at the root canal/furcation level; in
DDMs (D, E, G, H, J and K) the landmarks
are placed on the occlusal/incisal surface
and at the gingival level. The red and
green dots represent surface landmarks;
yellow dots represent the midpoints of
the two green dots; the dental long axis is
formed by the red and yellow dots

2. For DDMs, both T1 and T2, landmarks were placed on
the first molars, canines, and central incisors, bilaterally), using
the ‘Quantification of 3D Components’ (Q3DC) tool.?° For each
tooth, two landmarks were placed on the cervical part of the
crown just above the gingival margin (midpoint of the buccal
and midpoint of the lingual). The midpoint of these two cervical
landmarks is defined in this study as the ‘centroid’ of the tooth
(Figure 1). A third point was placed on each tooth: the centre of
the occlusal surface for the molar, the cusp tip for the canine,
and the centre of the incisal edge for the incisor, as shown on
Figure 1. The predicted long axis was generated from this third
occlusal/incisal landmark and the centroid generated from the
first two cervical landmarks.

3. Measurements were performed using the Q3DC tool?® to
compare the changes in buccolingual inclination and mesiodistal
angulation between T1 and T2 generated from DDMs vs CBCTs

¥ -WiLEY-®

(Figure 2). The two operators (AC and CM) were trained and cali-

brated before measuring.

2.1 | Statistical analysis

To evaluate the intra-rater agreement of DDM, rater 1 (AC) repeated
30% of the measurements after a waiting period of 2 weeks. To de-
termine the inter-rater agreement, rater 2 (CM) measured the same
sample. Intra- and inter-rater agreement were tested by using the
intraclass correlation coefficient (ICC), absolute agreement at a 95%
confidence interval, and Bland-Altman plots.?” Non-parametric
tests were performed to compare DDM and CBCT methods, since
Kolmogorov-Smirnov tests showed a non-normal distribution
for 4 out of the 12 variables analysed. The two-tailed Wilcoxon

test (P < .05) was used to determine statistical significance in the
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FIGURE 2 Quantification of dental long axes in DDMs. The red and green dots represent surface landmarks; yellow dots represent the
midpoints of the two green dots; the dental long axis is formed by the red and yellow dots. A, occlusal view of the dental long axis of first
molars, canines and incisors; B and C, dental long axes for mandibular central incisor at T1 and T2; D and E, dental long axes for the first
molar at T1 and T2; B and D, mesiodistal angulation; C and E, buccolingual inclination

TABLE 1 Comparison and absolute agreement of CBCT and DDM measurements with Wilcoxon's test, and Intraclass Correlation (ICC)

CBCT Mean
n (SD) DDM Mean (SD)
Molar BL 48 -0.1(5.0) -0.(4.6)
Molar MD 48 0.2(4.2) -0.2(3.5)
Canine BL 48 0.3(5.5) -0.6(7.3)
Canine MD 48 -5.0(5.6) -5.5(5.3)
Incisor BL 48 -2.5(6.0) -2.8(6.2)
Incisor MD 48 1.1(4.4) 0.6 (4.6)

Wilcoxon ICC 95% CI

P-value ICC Lower-Upper Agreement
.89 0.82 0.68-0.90 Good

.35 0.87 0.78-0.93 Good

16 0.93 0.87-0.96 Excellent
14 0.95 0.91-0.97 Excellent
A3 0.99 0.97-0.99 Excellent
.06 0.93 0.88-0.96 Excellent

Note:: Angular measurements in degrees (°). Positive values (distal and lingual angulation changes) and negative values (mesial and buccal angulation

changes).

Abbreviations: BL, buccolingual inclination; CBCT, cone-beam computed tomography; DDM, digital dental model; ICC, intraclass correlation
coefficient; MD, mesiodistal angulation; r,, Spearman'’s correlation coefficient; SD, standard deviation.

Statistically significant at P < .05.

differences between data obtained from DDMs and CBCTs. Bland-
Altman plots were used to illustrate the comparison between DDM
and CBCT assessments. All statistical analyses were performed by
IBM SPSS Statistics software (version 26.0.0.1; SPSS Inc). Bland-
Altman plots were generated by GraphPad Prism 8 (version 8.4.3;
GraphPad Software, LLC).

3 | RESULTS
The Wilcoxon test showed no difference when comparing left and
right sides; therefore, the data were pooled together for subsequent

analyses.

The ICCs varied from 0.72 to 0.98 for intra-rater agreement and
from 0.67 to 0.88 for inter-rater agreement. All variables had good to
excellent intra-rater agreement, except for molar mesiodistal angu-
lation, which had moderate agreement. For inter-rater reproducibil-
ity, all variables had good agreement, except for molar mesiodistal
angulation and incisor buccolingual inclination, which had moderate
agreement.

The differences between measurements obtained from the
DDMs and the CBCTs were not statistically significant (Table 1).
When comparing the measurements obtained from the DDMs vs
the CBCTs, both mesiodistal and buccolingual angular changes for
molars showed good agreement, while all other variables showed

excellent agreement, with ICCs ranging from 0.82 to 0.99. The mean
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angular changes from T1 to T2 were the smallest for molars (<0.2°
average change for both mesiodistal and buccolingual measure-
ments) and largest for canine mesiodistal angular change (averaging
around 5° of proclination).

Figures 3 and 4 show the Bland-Altman plots for intra- and inter-
rater reproducibility, and comparison of measurements, in degrees,
obtained from DDMs and CBCTs for each tooth type and move-
ment. For each plot, the x-axis represents the mean of the compared
measurements, and the y-axis represents the difference between
the compared measurements. The black dotted line represents the
bias, and the red dotted lines represent the upper and lower limits
of agreement.

The means and standard deviations of the difference between
the DDMs and CBCTs measurements for operator 1 are shown in
Table 2. The overall mean differences were 1.9° + 1.5° of all mea-
surements for mesiodistal angulation and 2.2° + 2.2° for buccolin-
gual inclination. The percentages of difference in measurements
between the DDMs and the CBCTs outside the +2.5° or +5° clini-
cally acceptable ranges are reported in Table 2.

4 | DISCUSSION

Proper root position is one of the requirements for orthodon-
tic treatment success as determined by the American Board of
Orthodontics.?®. DDMs are reliable for measuring tooth size, arch

29,30

dimensions and irregularity index. It behoves orthodontic pro-

fessionals to explore the potential wealth of DDM data and extract
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clinically meaningful information, one of which may be the angular
changes in dental long axes during orthodontic treatment, as a proxy
for predicting root position, which is critical in planning tooth move-
ments before and during treatment. Current commercial software
such as OrthoAnalyzer® (3Shape A/S),%! iTero® (Align Technology,
Inc)®? and ArchForm®® among others use artificial intelligence to
automatically locate landmarks that clinicians can visually edit in
the buccal surface of DDMs and then estimate the tooth long axis.
However, the virtual simulation of the tooth long axis has not yet
been validated. The present study is the first step to integrate in-
formation from DDMs and CBCTs, using CBCT as the gold standard,
in a secondary analysis of available data sets. This study evaluated
the reproducibility of a new method to measure angular changes in
tooth long axes on DDMs, compared with measurements obtained
from CBCT scans.

The Bland-Altman plots for inter- and intra-rater reliability test-
ing had biases that were close to zero (Figure 3), with most points
within upper and lower limits of agreement of 5 degrees, demon-
strating that the mesiodistal angulation and buccolingual inclination
measurements by the two operators were reproducible between
and within them. Intra-rater reliability (ICC range: 0.72-0.98) and
inter-rater reliability (ICC range: 0.67-0.88) were consistent with
other studies.**” For all tooth and movement types investigated, no
significant differences were observed between measurements ob-
tained from DDMs and CBCTs (Table 1). ICC agreement between
DDM and CBCT measurements ranged from good (0.85 for molars)
to excellent (0.94 for canines; 0.96 for incisors). The Bland-Altman
plots®*% indicate that most differences between DDM and CBCT

Inter-rater Reliability
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FIGURE 3 Bland-Altman plots for intra and inter-rater reliability of DDM measurements
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FIGURE 4 Bland-Altman plots for
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measurements for all tooth types are within 5 degrees, with a few
outliers (Figure 4). These findings differ from those reported by
Massaro et al* who used the buccal crown surfaces of DDMs to es-
timate the long axis and observed that changes in angular measure-
ments were discordant when measured in the digital models (clinical
crown) and in the CBCT images (whole tooth).

The present study considered the percentages of measures be-
tween a range of 2.5° and between 5° (Table 2). Approximately 31%
of mesiodistal angulation measurements and 33% of buccolingual
inclination measurements were outside the +2.5° range. By tooth
type, 42.9% of molar measurements, 36.6% of canine measurements,

and 18.8% of central incisor measurements were outside the +2.5°
range. When we extend the range to +5°, then the percentage of
measurements falling outside the range drops to a mean of 17.4%
for molars, 13.8% for canines, and 4.5% for incisors. The mean dif-
ferences between measurements from DDMs and CBCT scans were
1.9° + 1.5° for mesiodistal angulation and 2.2° + 2.2° for buccolin-
gual inclination. Previous studies that used panoramic radiographs
and therefore have other intrinsic errors, considered a clinical ac-
ceptability range of 2.5° for assessment of root angulation, with 53%
to 73% of root angulations falling outside this clinically acceptable
range when measured.®” In the study of Lee at al,*’ the average of 5

TABLE 2 Differences between CBCT measurements and DDM measurements

Tooth and Mean absolute Difference by
movement difference Difference by tooth movement
Molar BL 2.7°+2.8° Molars: 2.3° + 2.3° BL:2.2° +2.2°
Molar MD 1.9°+1.6°

Canine BL 2.7°+21° Canines: 2.3° + 1.9°

Canine MD 1.9°+1.5° MD: 1.9° + 1.5°
Incisor BL 1.20°+£0.9° Incisors: 1.5° + 1.2°

Incisor MD 1.8°+1.4°

Total

Note: Abbreviations: BL, buccolingual inclination; MD, mesiodistal angulation.

Measurements > +2.5°

Operator 1 set 1; Operator 1 set 2;

n=48 n=16 Operator2n =48
19 (39.58%) 7 (43.75%) 23 (47.92%)

17 (35.42%) 3(18.75%) 27 (56.25%)

19 (39.58%) 8(50.00%) 20 (41.67%)

13 (27.08%) 2 (12.50%) 20 (41.67%)
6(12.50%) 0 (0%) 11 (22.92%)

9 (18.75%) 1(6.25%) 15 (31.25%)

83 (28.82%) 21(21.88%) 116(40.28%)



CONG ET AL.

times repeated measurements was used to compare post-treatment
setups to post-treatment CBCTs, with a 2.5° clinically acceptable
range.

In this study, pre- and post-treatment CBCT models were first
superimposed using the mandibular regional voxel-based registra-
tion methods, validated by Ruellas et al?®> DDMs were then su-
perimposed to the CBCT models.?? Clinically, the before and after
treatment registration of the DDMs validated by loshida et al??
does not require a pre-treatment CBCT. If CBCT images are not
taken, the pre- and post-treatment DDMs can be directly super-
imposed using stable reference anatomical landmarks in the intra-
oral scan, such as the mucogingival junction for the mandibular
models?? and the palatal rugae for maxillary models.%® While DDM
superimposition methods using these landmarks have been vali-
dated and can be performed quickly, it adds an extra step. One re-
cent innovation along this vein is the iTero® Element TimeLapse.®’
However, the structures of reference used for registration and
quantification approaches in commercial software have not yet
been investigated and their clinical validity remains unknown. The
superimposition of teeth between time points using whole crown
surface anatomies has been proposed by Lee et al,*® with su-
perimposition of each crown individually in the initial DDM to
CBCT, as well as in progress and final DDMs to the setup. In that
method®”%® as long as the patient has a pre-treatment CBCT and
pre-treatment DDM, then the root position setup can be gener-
ated, and at any time during treatment when a DDM is taken, each
crown on a treatment progress DDM can be superimposed indi-
vidually to the root position setup, in such a way that the root po-
sitions mid-treatment can be evaluated without a mid-treatment
CBCT or panoramic x-ray.

A limitation of this study was that we did not assess axial ro-
tations. However, rotational movement can create challenges in
landmark placement on DDMs, as the gingival contour may change
significantly with derotation. Therefore, if a tooth was initially se-
verely rotated, we must interpret the result with caution. In fact, a
previous study has even excluded teeth with severe rotations when
performing angulation assessment.’? Upon inspection, many of the
outliers found in this study are associated with severe rotation in the

Measurements > +5°

©-WiLEY-

initial malocclusion, but we decided to include all the teeth in the
sample to more accurately represent clinical situations. As always,
practitioners should exercise their best clinical judgment when using
DDMs in the clinic to assess long axes changes and predict root po-
sitions. Another limitation is that the method may not be accurate in
the case of significant attrition, fracture, or restorations on the cusp
tips, incisal edges, or if gingival recession occurs during orthodontic
treatment after the initial DDM was acquired.

This study presents a new method for precise quantification of
Andrew's keys of occlusion for angular and torque changes of the
dental long axis, not the crown buccal surface, using DDMs. Outliers
can occur, however, meaning this new method merits further re-
finement using machine learning approaches and practitioners’ best
judgment when applied in a clinical setting. While the unique non-
extraction sample had available previously acquired small field of
view high-resolution CBCTs, the estimation of the dental long axis
using DDMs is much improved with the new methods presented
here. Ongoing work machine learning approaches40 are refining
the methods presented in this study to synthesize information from
crown, root, and root canal morphology towards planning tooth
movement without the need for ionizing radiation scans. Such ad-
vances will be applicable to the evaluation of biomechanics of tooth
movement with any treatment modality, and generalizable for plan-
ning crown restorations and implant loading axes. Future studies to
assess teeth with greater angular changes between two time points
may further elucidate the combined effect of multiple tooth move-

ments and patterns of displacement.

5 | CONCLUSIONS

The proposed DDM method of assessing changes in tooth long axes
has good intra- and inter-rater reproducibility and yields compara-
ble measurements to those obtained from CBCT within a 5° range.
The results from this study lay the groundwork for machine learning
approaches that synthesize information from crown and root canal
morphology towards understanding dental movement for each pa-
tient without the need for ionizing radiation scans.

Operator 1set1; Operator 1 set 2;
Pooled n =112 By tooth n =224 n=48 n=16 Operator2n=48 Pooledn=112 By toothn =224
49 (43.75%) Molars: 96 5(10.42%) 3(18.75%) 10 (20.83%) 18 (16.07%) Molars: 39
47 (41.96%) (42.86%) 3(6.25%) 0(0%) 18 (37.50%) 21 (18.75%) (17.41%)
47 (41.96%) Canines: 82 8 (16.67%) 3(18.75%) 7 (14.58%) 18 (16.07%) Canines: 31
35 (31.25%) (36.61%) 4(8.33%) 2 (12.50%) 7 (14.58%) 13 (11.61%) (13.84%)
17 (15.18%) Incisors: 42 2(40.17%) 0(0%) 2 (4.17%) 4(3.57%) Incisors: 10
25 (22.32%) (18.75%) 4(8.33%) 1(6.25%) 1(2.08%) 6 (5.36%) (4.46%)
220 (32.74%) 26 (9.03%) 9(9.38%) 45 (15.63%) 80 (11.90%)
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