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PURPOSE. This study aimed to predict the positional coordinates of incisor points
from the scan data of conventional complete dentures and verify their accuracy.
MATERIALS AND METHODS. The standard triangulated language (STL) data of
the scanned 100 pairs of complete upper and lower dentures were imported into
the computer-aided design software from which the position coordinates of the
points corresponding to each landmark of the jaw were obtained. The x,y, and z
coordinates of the incisor point (X, Y, and Z,) were obtained from the maxillary
and mandibular landmark coordinates using regression or calculation formulas,
and the accuracy was verified to determine the deviation between the measured
and predicted coordinate values. Y, was obtained in two ways using the hamular-
incisive-papilla plane (HIP) and facial measurements. Multiple regression analysis
was used to predict Z,. The root mean squared error (RMSE) values were used

to verify the accuracy of the X, and Y,. The RMSE value was obtained after cross-
validation using the remaining 30 cases of denture STL data to verify the accuracy
of Z.. RESULTS. The RMSE was 2.22 for predicting X,. When predicting Y., the
RMSE of the method using the HIP plane and facial measurements was 3.18 and
0.73, respectively. Cross-validation revealed the RMSE to be 1.53. CONCLUSION.
Yp and Z, could be predicted from anatomical landmarks of the maxillary and
mandibular edentulous jaw, suggesting that Y, could be predicted with better
accuracy with the addition of the position of the lower border of the upper lip. [J
Adv Prosthodont 2023;15:281-9]

KEYWORDS
Automation; Incisor point; Anatomical landmarks; Digital complete dentures; CAD

© 2023 The Korean Academy of Prosthodontics

@This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(https://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited.

281




INTRODUCTION

Most of the fabrication processes of conventional
complete dentures are automated in the fabrication
process of digital complete dentures, but virtual
tooth arrangement and festooning require the skilled
experience and technical skills of dental technicians.
Therefore, even during the fabrication of complete
digital dentures, skilled computer technicians per-
form tooth arrangements and festooning. In addition,
the fabrication process of digital complete dentures
can be completed without the “trial fitting” time
for the patient; however, many studies have recom-
mended a trial fitting time because patients often
complain about the esthetic aspect of the final digital
dentures.* Even skilled dentists may make errors in
checking the lip support and position of the anterior
incisors, which are related to esthetic complaints.
Although no studies have reported the automation
of festooning, several reports have been published
on the automation of tooth arrangement. Busch and
Kordass® reported a method of tooth arrangement
based on information only from edentulous maxil-
lary and mandibular jaws. They performed a brief
maxillomandibular registration at the chairside and
determined the occlusal vertical dimension and oc-
clusal plane between the edentulous maxillary and
mandibular jaws based on additional information
from the lower margin of the upper lip and the mid-
line of the face. They constructed an algorithm that
automatically calculated the position of the tooth ar-
rangement based on the interalveolar crest line and
the residual ridge crest from the anterior teeth to the
molars. Dai et al.® constructed an algorithm for for-
mulating an ideal artificial tooth position curve that
can calculate the position of artificial teeth following
maxillomandibular registration. Yu et al.” developed
an original method for virtual tooth arrangement
based on information obtained from scanned models
of the upper and lower dentures, anatomical features
of the midline of the face, and anatomical features of
the upper and lower jaws. Thus, the current automa-
tion of tooth arrangement has focused on determin-
ing the dental arch, artificial teeth position, and tooth
arrangement methods. However, preventing errors in
molar tooth arrangement and reducing the frequen-
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cy of rearrangement of all tooth arrangements would
be possible if the position of the anterior teeth, which
greatly affects the esthetics, can be automatically de-
termined.

Therefore, we investigated a method for auto-
matically determining the occlusal plane from the
maxillary and mandibular edentulous jaw data. The
occlusal plane was assumed to be parallel to the ha-
mular-incisive-papilla (HIP) plane,®? which can be de-
termined from the maxillary landmarks. Because the
occlusal plane is determined by at least three points,
two points behind the occlusal plane were set as one-
half of the retromolar pad (RP)! and the remaining
point was set as the incisal point, which is the mid-
point between the proximal angles of the left and
right central incisors of the mandible. The occlusal
plane can be determined automatically once the inci-
sor point is determined. Furthermore, the position of
the anterior teeth can be automatically determined,
and the artificial teeth can be automatically arranged.

This study aimed to obtain the positional coordi-
nates of each landmark from the scan data of edentu-
lous maxilla and mandible for complete dentures and
to verify the prediction and accuracy of the positional
coordinates of the incisor points.

MATERIALS AND METHODS

In this study, the upper and lower complete dentures
used by edentulous participants were scanned, and
the standard triangulated language (STL) data of the
scanned dentures were imported into the comput-
er-aided design (CAD) software. Finally, the position
coordinates of the points corresponding to each land-
mark on the jaw were obtained from the points in the
STL denture data.

The protocol for this study was approved by the
Ethics Review Committee of our institution (D2019-
062) and registered with the University Hospital Med-
ical Information Network Center (UMIN-CTR Unique
Trial No. UMIN 000042470).

The selection criteria for the study participants were
as follows: (i) complete denture fabrication and ad-
justment at the university by dentists with at least 10
years of experience and who had obtained specialist
qualifications in prosthodontics, (ii) received a full ex-
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planation of the study, fully understood, and consent-
ed to it in writing of their own free will and (iii) all nec-
essary landmarks must be covered by the denture.
In addition, those who (i) did not meet the selection
criteria or (ii) requested to withdraw consent were ex-
cluded. Written informed consent was obtained from
all the participants and only those who provided in-
formed consent were included in the study. The upper
and lower complete dentures of 100 patients which
both the patients and the operators judged to have no
problems with retention and stability, were scanned
with an extraoral scanner (E3; 3Shape A/S). Then, the
STL data were obtained and imported into AutoDesk
Fusion 360 3D modeling program (AutoDesk, San Ra-
fael, CA, USA) that enabled the measurements of the
distance between each landmark of the jaw, which
were used for the calculation and prediction of the
coordinates of the incisor points, the midpoint be-
tween the proximal angles of the left and right man-
dibular central incisors, on the edentulous jaw data.
In addition, the scanned upper and lower complete
dentures were fabricated in the ideal midline and oc-
clusal plane, and the predicted values using anatom-
ical landmarks in this study were compared on this
basis. Regarding the identification of each anatomi-
cal landmark in the data, the left and right hamular
notches were considered to be particularly difficult
to identify among the anatomical landmarks used in
this study. Therefore, inter-rater reliability was de-
termined by identifying the left and right hamular
notches in 10 cases by three dentists in advance. As a
result, the interclass correlation coefficients (ICCs) of
the right and left hamular notches were 0.99 and 0.99,
respectively, in all x-, y-, and z-coordinates, indicating
a high inter-rater reliability among the three dentists.
Therefore, the identification of each anatomical land-
mark in the 100 cases in this study was performed by
only one of the three dentists.

The incisal point for automated occlusal plane de-
termination was predicted. First, the occlusal plane
was assumed to be parallel to the HIP plane, which
can be determined from the maxillary landmarks.
Since the occlusal plane is determined by at least
three points, two points posterior to the occlusal
plane were set as the center of the retromolar pad,
and the remaining one point was set as the incisal
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points. Each landmark on the maxillary and mandib-
ular jaws was shown as a point on the spatial coor-
dinates constructed from the x-, y-, and z-axes. The
x-axis is the left-right direction of the incisor point
viewed from the frontal plane, the y-axis is the ver-
tical direction of the incisor point viewed from the
frontal plane, and the z-axis is the anteroposterior
direction of the incisor point viewed from the frontal
plane (Fig. 1). In addition, the incisor point was set as
the origin for all scan data.

The x-, y-, and z-coordinates of the incisor points
(Xs, Yp, and Z,) were obtained from the coordinates of
landmarks in the maxilla and mandible, respective-
ly, using regression or calculation formulas, and the
accuracy was verified to determine the deviation be-
tween the measured and predicted coordinate values.
The landmarks used to predict the positional coordi-
nates of the incisor points were the posterior margin
of the hamular notch (HN), the center of the incisive
papilla (IP) of the maxilla, and the center of the retro-
molar pad (RP) of the mandible (Fig. 1). X, and Y, were
obtained from the formulas, and Z, was obtained
from the regression equations. To verify the accuracy
of each coordinate, root mean squared error (RMSE)
values were obtained for X, and Y;, and the RMSE val-
ues for Z, were obtained by cross-validation.

Xp was calculated by assuming that the midline of
the maxillary palate was equal to the midline of the
face. That is, the x-coordinate of the midpoint of the

y-axis
A

X-axis

Fig. 1. Three coordinates and each landmark on the up-
per and lower jaws.
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line connecting the left and right HNs was used as the
predicted X; (Fig. 2).

The following two methods were used to calculate
the Y.

Y, was calculated assuming that the HIP plane is par-
allel to the occlusal plane. More specifically, Y, was cal-
culated assuming that the vertical line segment from
IP, the anterior reference point of the HIP plane, down
to the occlusal plane (h,) and the vertical line segment
from RP, the posterior reference point of the occlusal
plane, up to the HIP plane (h,) are equal. However, be-
cause RP exists on both sides, when Y, was calculated,
the average value of h, was used (Fig. 3).

HN (left)

HN (right)

Xp = XMidpoint

Fig. 2. How to obtain x-coordinates of incisor point.
Xuidpoints X-coordinate of the midpoint of the line connect-
ing the left and right HNs.

hy(left)

Incisal po re(left)

(Yp)

Yvo=Yp—h

h1 = hz
“Yp=Yp—hy

Fig. 3. How to obtain y-coordinates of incisor point by the
method using the HIP plane.

Y\p, y-coordinate of the IP; Ygp, y-coordinate of the RP; h,,
distance of vertical line segment from IP to the occlusal
plane; h,, distance of vertical line segment from RP to the
HIP plane.
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The distance from IP to the lower border of the up-
per lip was measured using calipers as shown in Fig.
4 and Fig. 5, and the measured distance was subtract-
ed from Y. The direction of measurement was from
the IP to the lower border of the upper lip. Regarding
facial measurements, as with the identification of the
landmark, inter-rater reliability was determined by
performing facial measurements in 10 cases by three
dentists. As a result, the ICC was 0.89, indicating high
inter-rater reliability among the three dentists. There-
fore, the facial measurements of the 100 cases in this
study were performed one at a time by only one of
the three dentists.

Incisal Papilla (IP)

Upper lip

Yp

Caliper —

Lower lip

% = Distance between the lower border of
the upper lip and IP

Fig. 4. How to obtain y-coordinates of incisor point by the
method using the facial measurement.

Fig. 5. Photograph of the facial measurement.
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Z, was predicted by a multiple regression analysis
using the line segment A-D shown in Fig. 6 between
the landmarks. The lines are defined as follows: line
segment A (LA) is defined as the bottom of the right
triangle abc, line segment B (LB) is the perpendicu-
lar bisector of the HIP plane, line segment C (LC) is
the distance of the line connecting the IP and HN,
and line segment D (LD) is half the distance of the line
connecting the left and right HN. As LC exists on both
sides of the HIP plane, the average value was used in
obtaining the length of LC in this study. Lengths of LA-
LD were calculated by assuming that the HIP plane
is an isosceles triangle and applying the cubic equa-
tion theorem. For multiple regression analysis, ran-
domly selected 70 cases of the STL data were used,
with the sum of the lengths of LA and LB as the de-
pendent variables and the lengths of LC and LD as the
independent variables. Z, was predicted by adding
the lengths of LA and LB to the z-coordinate value of
the midpoint of the line connecting the left and right
HN (Zyigpoine)- The stepwise method was used to select
variables for the multiple regression analysis.

The RMSE was used to verify the accuracy of X, and
Y. The RMSE is the square root of the difference be-
tween the observed and predicted values. The formu-
la used to calculate the RMSE is shown below.

1\ _
RMSE =~ (i = )
i=1

J Adv Prosthodont 2023;15:281-9

y:: Observed value, (¥): Predicted value, n:Total sam-
ple size

A smaller RMSE indicates that the predicted values
are closer to the measured values, suggesting better
prediction. Multiple regression analysis for Z, predic-
tion was conducted using the SPSS software (version
23.0, IBM). To verify the accuracy of Z,, the RMSE value
was obtained after cross-validation using the remain-
ing 30 cases of denture STL data that were not used
in the multiple regression analysis. Cross-validation
refers to a method in statistics in which sample data
are divided, a portion of the data is first analyzed,
and the remaining portion is used to test the analysis
and confirm the validity of the analysis itself.!* In this
study, the regression equations obtained by multiple
regression analysis in randomly selected 70 cases of
the denture STL were used to calculate the Z; of the
remaining 30 cases of denture STL data, and their ac-
curacy was assessed by the RMSE value.

In this study, the x- and y-coordinates of the incisal
point were calculated by a formula; whereas, for the
z-coordinate, multiple regression analysis was used to
predict the coordinates. To calculate the sample size
for the multiple regression analysis, the effect size
was set to 0.15, the significance level to 5%, the pow-
er to 80%, and the number of independent variables
to 2, and the required sample size calculated using G*
power was 68. Therefore, the sample size was set to

HN (right) LD

HN (left)
IP(a)
Aabe
@RP(left)
Incisal point(b)
(Zp) LA(Bottom of Aabc)

Zp = ZMidpoint + (LA + LB)

LA = \/(ab)? — (ac)?

Fig. 6. How to obtain z-coordinates of incisor point.
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70 to predict the z-coordinate by multiple regression
analysis. Subsequently, to perform cross-validation
as a verification of the accuracy of the z-coordinates
predicted by multiple regression analysis, we decid-
ed to use a 7:3 ratio between the sample size required
for the regression equation and that required for ac-
curacy verification, referring to previous literature,!
and set the sample size required for the accuracy ver-
ification to 30. Therefore, the total sample size was
100, which was set as the sample size in this study.

RESULTS

The results of each analysis for verifying the accura-
cy of X;, Yp, and Zyare shown in Table 1 and Table 2 for
the multiple regression analysis of Z,. For the predic-
tion of X,, the RMSE was 2.22. For the prediction of Y,,
the RMSE of the method using the HIP plane was 3.18.
In contrast, the RMSE of the method using facial mea-
surements was 0.73.

For the prediction of Z,, the multiple regression
analysis detected the length of LC (P <.01) as a signif-
icant independent variable for the dependent vari-
able. The multiple regression analysis resulted in the
following regression equation.

Table 1. Accuracy verification of X,, Yp and Z,

https://doi.org/10.4047/jap.2023.15.6.281

(LA+LB)=1.03LC-0.23LD +6.68
Therefore, the equation of Z; is below.
Zp = Zyidpoint + (LA + LB) = Zyjigpoine + 1.03LC - 0.23LD + 6.68

The R? value of the regression equation was 0.84.
Cross-validation demonstrated an RMSE value of 1.53.

DISCUSSION

This is the first study to investigate the calculation of
the coordinates of the incisal point from the coordi-
nates of each landmark of the jaw so that the occlusal
plane can be automatically obtained only from the
information of the maxillary and mandibular edentu-
lous jaw data.

In the results of this experiment for predicting the
accuracy of the incisal point (Xp, Yp, Zp) and predict-
ing the occlusal plane of digital complete dentures,
the RMSE for predicting X, was 2.22. As the left-right
position of the incisor point is related to the midline
of the denture, the deviation between the measured
and predicted coordinates of the left-right position of
the incisor point is considered to be the deviation be-
tween the midline of the face and the midline of the

Coordinate of the incisor point Predicted value * (mm) RMSE (mm)
Xp 1.74 2.22
Method using HIP plane 291 3.18
f Method using facial measurement 0.59 0.73
Zp 1.24 1.53

Xe, x-coordinate of the incisor point; Y, y-coordinate of the incisor point; Z, z-coordinate of the incisor point; RMSE, root mean squared error; HIP plane,

hamular-incisive-papilla plane.
* Data are presented as the mean.

Table 2. Stepwise multiple regression analysis for Z,

Dependent variable Independentvariables Partial regression coefficient ~ Standard regression coefficient P value
LA+LB LC 1.03 0.95 <.01
LD -0.23 -0.11 .05
Literal constant 6.68 .04

R?=0.84, adjusted R?=0.83

Z,, z-coordinate of the incisor point; LA, Line segment A; LB, Line segment B; LC, Line segment C; LD, Line segment D.
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denture. Therefore, based on the results of this study,
if the right and left positions of the incisal points are
set with reference to the midline of the palate, a de-
viation of = 2 mm from the midline of the face may
occur. Seki et al.*? reported a deviation of < 1.0 mm
between the midline of the face and the denture to
be clinically acceptable, suggesting that the arranged
tooth position based on the left-right position of the
incisor points with reference to the midline of the pal-
ate is likely to require correction because the devi-
ation is out of the acceptable range. Jayalakshmi et
al 23 investigated the degree of misalignment between
the midline of the face and the midline of the anterior
teeth in dentulous individuals and found that approx-
imately half of the male and female individuals had
a misalignment of 0 - 1 mm, and the other half had a
misalignment of 1 - 3 mm. Therefore, there is a 50%
chance that the midlines of the face and palate are
already misaligned when the teeth remain, suggest-
ing a tendency for the midline of the face and inci-
sor points with reference to the midline of the palate
to be misaligned. The above results suggest that the
left-right positional coordinates of the incisor points
require those of the midline of the face as additional
information because the accuracy of the incisor point
positional coordinates is low based on the data of the
edentulous jaw alone.

To predict Yp, two methods were used in this study:
one using the HIP plane and the other using facial
measurements; the RMSE results suggest that the
method using facial measurements is more accurate
than that using the HIP planes. Although several stud-
ies have reported that the HIP plane is parallel to the
occlusal plane, the RMSE results for the prediction
of the vertical coordinates of the incisor points re-
vealed a discrepancy of 3 mm between the measured
and predicted values. Khan and Abbas!* reported
the amount of maxillary central incisors (2.93 £ 1.57
mm), lateral incisors (1.87 £ 1.12 mm), and canines
(0.59 £ 0.62 mm) exposed in edentulous women aged
20 - 65 years. Based on these results, the deviation
in the amount of exposure of the anterior teeth re-
ported by Khan et al. ranged from 0.62 - 1.57 mm; on
the other hand, the RMSE of Y, calculated using the
HIP plane in the present study was 3 mm, which was
considered to be beyond the deviation range for the

https://jap.or.kr
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amount of exposure of anterior teeth and might be
beyond the clinically acceptable range. The reason for
this discrepancy is presumably attributed to a large
number of cases in which the parallelism between the
occlusal plane and the HIP plane was lost due to the
progression of jaw resorption in the maxillary anteri-
or teeth in this study. Most studies that reported par-
allelism between the occlusal and HIP planes were
conducted in dentulous individuals® or edentulous
individuals with well-volumed ridges.® Jayachandran
et al.»> reported that the IP remains in a fixed position
after tooth loss, but the HN may disappear because
of increased jaw resorption. The number of cases of
significant jaw resorption has recently increased ow-
ing to the aging of edentulous patients.!® In contrast,
as a method using facial measurements, the position
of the lower border of the upper lip was used in this
study, with reference to a previous review on the es-
thetic properties of dentures,'” in which Busch and
Kordass® used the position of the lower border of the
upper lip. Therefore, the accuracy of the Y, can be im-
proved by using the vertical position coordinates of
the lower border of the upper lip as additional infor-
mation.

For the prediction of Z;, a regression equation was
obtained to predict the ZP in this study. The incisor
point is approximately 12 mm anterior to the IP;
however, artificial teeth tend to be arranged posteri-
orly.!? Since Z; has a great influence on lip support,
determining Z, only by the position of the IP is chal-
lenging owing to the involvement of many factors,
such as patient preference and occlusal height. In the
results of the multiple regression analysis, the signifi-
cant independent variable was the distance between
the IP and HN with the dependent variables, the sum
of the distance between the incisal point and the IP,
and the distance between the IP and midpoint of the
HN. The R? value of the regression equation obtained
from the multiple regression analysis was 0.8, sug-
gesting a strong correlation between the measured
and predicted values, and highly accurate predictions
could be made. The RMSE value of the cross-valida-
tion was 1.53, which indicates that the deviation of
the anteroposterior positional coordinates of the inci-
sor points is within 1 -2 mm and that fine adjustment
is necessary in clinical practice; however, no major
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modification is required.

The following points may be considered as limita-
tions of this study: first, the coordinates of the land-
marks, including the incisor points, were obtained
from the data of the denture; therefore, a discrepan-
cy could exist with respect to the coordinates on the
jaw due to lack of accuracy of the denture impression
surface. However, the dentures used in this study had
been thoroughly verified to have no problems with
fit, retention, or stability; therefore, discrepancies
from the coordinates on the jaw were not considered
to be a problem. Second, the selection criteria for the
participants in this study were only “those who had
complete denture fabrication and adjustment at our
university,” and there were no particular selection cri-
teria based on the degree of resorption of the jaw. For
example, McGarry et al.?° classified the degree of jaw
resorption in edentulous patients; however, the per-
centage of patients with each degree of jaw resorp-
tion was not examined in this study. Likely, a bias in
the number of individuals at the jaw resorption level
may affect the RMSE. However, the present study sug-
gests that predicting the coordinates of the incisor
points is possible. Third, the hamular notches were
assumed to be symmetrical in this study; however,
this might not be true in some cases. Finally, although
the number of cases collected in this study was 100,
increasing the accuracy of the prediction of the po-
sitional coordinates of the incisor points by using a
larger number of cases by equalizing the number of
individuals with each level of jaw resorption would be
necessary in future studies.

The determination of incisal points from anatom-
ical landmarks has not been discussed previously.
However, this study suggests that the incisal point
could be identified from anatomical landmarks, and
it is expected to be feasible to predict the coordinates
of the incisal point and automatically determine the
occlusal plane from the anatomical landmark, which
might lead to automatic tooth arrangement. The real-
ization of these denture fabrication processes might
enable complete automation of digital complete den-
ture fabrication, which could standardize denture
quality and provide high-quality dentures to patients,
independent of clinical experience.
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CONCLUSION

Under the limited conditions of this study, it was sug-
gested that Z, could be predicted with high accura-
cy from the anatomical landmarks of the edentulous
maxilla and mandible. We also found that Y could be
predicted more accurately from the anatomical land-
marks of the maxilla and mandible with the addition
of the position of the lower border of the upper lip.
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