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Computational Formulation of Orthodontic Tooth-Extraction Decisions
Part I: To Extract or Not To Extract

Kenji Takadaa; Masakazu Yagib; Eriko Horiguchic

ABSTRACT
Objective: To develop a mathematical model that simulates whether or not to extract teeth in
optimizing orthodontic treatment outcome and to formulate the morphologic traits sensitive to
optimizing the tooth-extraction/nonextraction decisions.
Materials and Methods: A total of 188 conventional orthodontic records of patients with good
treatment outcomes were collected, and dentofacial morphologic traits, along with their degrees
of influence in the optimized model, were determined.
Results: The rate of coincidence between the recommendations given by the optimized model
and the actual treatments performed was found to be 90.4%. The major morphologic traits and
their corresponding influences in improving the simulation accuracy of the model were the incisor
overjet (3.0) and the size of the basal arch relative to the sum of the mesiodistal crown diameters
of the upper dentition (2.4) and the lower dentition (2.0). The remaining 22 morphologic-trait
variables were also found to be indispensable in achieving robust simulation readings.
Conclusion: A mathematical model that simulates whether or not to extract teeth in optimizing
orthodontic treatment outcomes with a success rate of 90.4% at its prediction performance was
developed. This model has 25 morphologic traits with four major categories (sagittal dentoskeletal
and soft tissue relationship, vertical dentoskeletal relationship, transverse dental relationship, and
intra-arch conditions) that affected the accuracy in determining optimal tooth extractions/nonex-
tractions. (Angle Orthod. 2009;79:885–891.)
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INTRODUCTION

Despite the popularity of extracting teeth in ortho-
dontic practice, there are no objective standards to be
used by orthodontists to decide whether to extract or
not to extract teeth. During the past century, clinical
experiences that were thought to be useful in explain-
ing criteria for orthodontic tooth extraction have been
stocked, and nowadays they are used in orthodontic
education and practice as the general knowledge. This
knowledge, however, has mostly comprised descrip-
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tions based on an individual practitioner’s often-frag-
mented experiences, and thus is unlikely to system-
atically provide a rationale basis in choosing either ex-
traction or nonextraction of teeth. In fact, this is one of
the reasons why there is a considerable degree of dis-
cordance in opinions regarding the judgments on tooth
extractions delivered by orthodontists.1,2

However, in the past two decades, the development
of orthodontic-treatment planning systems has been
pioneered.3,4 Diagnosis and treatment planning is a
computational procedure that compresses and models
knowledge, including scientific findings and personal
clinical experiences held by medical experts, into a fi-
nite number of discrete feature elements, and finally
transforms them into mathematical descriptions. Pat-
tern-matching techniques have been confirmed to be
quite effective in clinical use5,6 by visualizing and mod-
eling the many knowledge elements (experiential
knowledge and empirically learned rules) previously
usd by orthodontic experts as aids in their judgments.
To date, however, there is no developed mathematical
model that automatically simulates the orthodontic
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tooth-extraction/nonextraction decisions that would
logically lead to a guaranteed optimum treatment out-
come. If the degrees of influence of the knowledge
elements usd by orthodontists in deciding extraction/
nonextraction of teeth were quantified, it would help
practitioners and their patients understand that the ra-
tionale used is derived from a logical sequence for
achieving optimum treatment outcome, whether it
means extracting teeth or not.

The purposes of Part I of the present study are (1)
to develop a mathematical model that simulates ex-
perts’ decisions of whether or not to extract a tooth/
teeth based on pretreatment conditions of orthodontic
patients and (2) to examine what kinds of knowledge
elements are sensitive in formulating orthodontic
tooth-extraction/nonextraction decisions.

MATERIALS AND METHODS

One hundred and eighty-eight women (mean age,
17 years 5 months; age range, 12 years 1 month to
36 years 0 months) who had achieved good orthodon-
tic treatment outcomes at the university’s dental hos-
pital were selected according to order of registration.
Medical charts, dental casts, and lateral and postero-
anterior head films of each subject were used. All sub-
jects had full permanent dentitions except the third mo-
lar teeth, had no abnormalities of the craniofacial
forms or skeletal deformities, or had no history of sur-
gical orthodontic treatment. Good treatment outcome
was defined as a posttreatment condition with a great-
er than 70% decrease in the peer assessment rating
(PAR) index score7 (compared with the pretreatment
state). The PAR index scores were measured for the
pretreatment records of the subjects in the extraction
group (mean, 31.2; range, 11–60) and the nonextrac-
tion group (mean, 26.0; range, 8–55).

Twenty-seven feature variables, that is, elements
that characterize orthodontic problems that were as-
sumed to be important in deciding whether or not to
extract teeth were selected subjectively on the basis
of knowledge and clinical experiences held by the au-
thors and measured on the pretreatment records. Def-
initions of the variables are provided in Table 1.8–12

Transformation of the functions into nonlinear forms
made with reference to the normative values13 and the
authors’ expertise knowledge were then applied to the
variables. To generate feature vectors, 1000 combi-
nations of feature variables were heuristically.6 A fea-
ture vector is represented by a set of multiple feature
variables as mentioned previously. For each case, a
feature vector and the actual treatment recorded in the
medical charts were paired to generate a knowledge
data set.

Architecture of the model is illustrated in Figure 1.

The knowledge data sets were stored as templates in
the modeling system. Feature vectors were generated
from the pretreatment records of input cases, and the
top Nm templates nearest to the input feature vectors
(Nm � 1, 3, 5, 7, 9, 11, 13) were searched mathemat-
ically in the system. The optimum decisions of whether
a tooth/teeth should be extracted were predicted by
applying majority voting to the selected templates.
Weighting coefficients (Ws) having values ranging
from 0.1 to 3.5 with a resolution of 0.1 were given to
each feature variable. This resulted in 8000 ways with
varying amount of Ws. The range and resolution of Ws
were determined in a preliminary experiment.

Each of the 188 knowledge data sets was used as
an input to the model, the remaining knowledge data
sets were used as templates, and the performance ac-
curacy of the model was evaluated.14 If the model’s
recommendation and the actual treatment coincided,
the case was labeled ‘‘coincided.’’ The ratio of the
number of coincided cases with respect to the entire
number of cases was computed as the rate of coinci-
dence (ROC). The model with the highest ROC was
selected as the optimized model, and the knowledge
elements that influenced tooth extraction/nonextrac-
tion decisions were thus determined.

For the cases that were not deemed coincided,
three orthodontists (two men and one woman) who
had clinical experiences longer than 8 years separate-
ly examined the records, except the medical charts,
and judged whether they could be susceptible to tooth
extraction. The cases in which the three judges shared
agreements were assigned to the ‘‘typical’’ set of cas-
es. When the three judges did not agree, the cases
were assigned to the ‘‘borderline’’ set of cases. The
software program (MATLAB, MathWorks, Natick, MA)
performed the model simulations.

RESULTS

The ROC of the optimized model was 90.4% in case
of Nm � 7. The feature vector elements adopted in the
optimized model and their corresponding weighting co-
efficients are shown in Table 2. Twenty-five elements
were used in the optimized model and classified into
the four major categories, that is, the sagittal dento-
skeletal and soft tissue relationship, the vertical den-
toskeletal relationship, the transverse dental relation-
ship, and the intra-arch conditions. The 18 cases that
showed disagreement between the system’s recom-
mendations and the treatments actually done are
shown in Table 3. The numbers of the borderline cas-
es, the typical extraction cases, and the typical nonex-
traction cases were 11, 7, and 0, respectively.
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Table 1. Definitions of Feature Variables Used in the Present Study

Variable Definition

Sagittal relationship

Sk2 and Sk3 Membership grades that designate the severity of skeletal Class II and
Class III jaw relationships, respectively, as defined by the (TSS) Tak-
ada-Sorihashi-Stephens analysis.8

FMIA (�) Lower central incisor angulation to the mandibular plane.
1 to NA and 1̄ to NB9 (mm) Distances from the upper and lower incisor tips to the N-A line and the

N-B line, respectively; protrusiveness of the upper central incisors.
L1a-Cli and L1a-Cla10 (mm) Distances from lower incisor apex (L1a) to Cli and Cla, which are the

points on the trajectory of the hypothetical tipping movement of the
mandibular central incisor root around the center of rotation and on
the inner contour of the posterior and anterior cortical plate, respec-
tively.

EL-ls and EL-li11 (mm) Upper and lower lip protrusions; distances from upper lip to E-line and
from lower lip to E-line, respectively.

OJ (mm) Distance from the upper central incisor tip to a plane tangential to the
lower incisor labial surface and parallel to the occlusal plane.

Molar-R and Molar-L (mm) Distance from the upper to the lower first molar teeth in the maximal in-
tercuspal position on the right and left sides. When the lower first mo-
lar tooth was located mesially, a negative value was assigned.

Vertical relationship

FMA (�) Mandibular plane angle.
ALFH (%) Lower anterior face height; The ratio of the Me to the palatal plane dis-

tance with the N to the palatal plane distance.
OB (mm) Distance from the upper central incisor tip to the lower central incisor tip

and perpendicular to the occlusal plane.

Transverse relationship

MDLU and MDLL (mm) Upper and lower dental midline deviations from the facial midline. When
the variable took a negative value, the dental midline was assumed to
shift left from the facial midline.

Intra-arch conditions

IIU and IIL (mm) Modified irregularity indices12 for the upper and lower dentitions, respec-
tively. Sum of the linear distances from an anatomic contact point to
its adjacent anatomic contact point between the first molar tooth on
one side and in each dental arch on the opposite side.

SCDU and SCDL (mm) Tooth materials, that is, the sum of the mesiodistal crown diameters of
the 12 teeth (SCD)—the incisors, cuspids, bicuspids, and first molars
in the upper and lower dentitions, respectively.

CALU/SCDU and CALL/SCDL The ratio of the first bicuspid coronal arch length (CAL) to SCD in the
upper and lower dentitions, respectively.

CAWU/SCDU and CAWL/SCDL The ratio of upper first bicuspid coronal arch width (CAW) to SCD in the
upper and lower dentitions, respectively.

BALU*BAWU/SCDU and BALL*BAWL/SCDL The ratio of the product of first bicuspid basal arch length (BAL) and
first bicuspid basal arch width (BAW) to SCD in the upper and lower
dentitions, respectively.

DISCUSSION

In a previous study,7 malocclusions were judged as
‘‘having been improved’’ if there was a posttreatment
reduction of more than 30% in the PAR index values
compared with the pretreatment state. In the present
study, we used a more stringent criterion in order to
develop a highly accurate simulation performance
model and, thus, to guarantee good treatment out-
come, a posttreatment reduction of more than 70%
was required.

When orthodontists judge whether or not to perform
tooth extraction, the intraexaminer reproducibility and

the interexaminer agreement are known to range be-
tween 80% and 98%, and 50% to 90%, respectively,1

showing a considerable diversity. This prompted us to
formulate the elements that affect orthodontic experts’
decision-making for achieving optimum treatment out-
come.

The rate of coincidence between the current opti-
mized model’s recommendations and the actual treat-
ment was 90.4%. The judgment criteria our model
uses reflect the nature of the samples whose treat-
ments have been managed by 77 orthodontists from
diagnosis to completion and whose treatment out-
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Figure 1. Architecture of the current model. A feature vector was generated from the pretreatment records of an input case, and the optimum
decision of whether or not to extract teeth was predicted by means of a template-matching technique with nearest neighbor search (Nm).

Table 2. Feature Variables and the Corresponding Weighting Co-
efficients Adopted in the Optimized Model

Variable Weighting Coefficient

Sagittal relationship

OJ 3.0
Molar-R 1.6
Molar-L 1.6
EL-ls 1.3
1̄ to NB 1.3
1 to NA 1.1
FMIA 1.0
Sk3 0.8
Sk2 0.5
EL-li 0.4

Vertical relationship

ALFH 1.0
OB 1.0
FMA 0.6

Transverse relationship

MDLU 1.1
MDLL 1.1

Intra-arch conditions

BALU*BAWU/SCDU 2.4
BALL*BAWL/SCDL 2.0
IIU 1.5
CAWU/SCDU 1.2
CAWL/SCDL 1.2
CALU/SCDU 1.1
CALL/SCDL 1.1
IIL 1.1
SCDU 1.0
SCDL 1.0

comes had been confirmed objectively and quantita-
tively as highly successful according to the PAR index
scores.

The feature variables adopted in the optimized mod-
el were classified into four major subcategories: the
sagittal dentoskeletal and soft tissue relationship, the
vertical dentoskeletal relationship, the transverse den-
tal relationship, and the intra-arch conditions.

With the sagittal relationship, the overjet was the
highest weighting coefficient at 3.0. In other words, the
evaluation of the sagittal position of the upper incisors
and the possibility of its improvement, that is, the es-
thetic factor of the face and its solution, was found to
be a most important key element in properly simulating
whether to or not to extract teeth in the model. The
subsequent vector elements were Molar-R and Molar-
L, both representing the molar relationships in the sag-
ittal direction. Also, it should be noted that achieving
Class I molar relationship at the final stage of the ac-
tive orthodontic treatment can lead to establishing tight
tooth intercuspation of the full dentition and functional
occlusal stability. The results of this study suggest that
the sagittal molar relationships, because of their influ-
ence in achieving improvements of occlusal function
and facial proportion, must be taken into account in
the orthodontists’ decision of tooth-extraction/nonex-
traction of teeth.

The current model also adopted the overbite and the
midline deviation elements that represent the structur-
al traits in the vertical and transverse relationships.
Research shows that tooth extraction likely increases
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Table 3. Distribution of the Cases that were not Coincided According to Each Case Category

Factual Treatment
Recommendation by the

Present Model
Case Category Defined
by Experts’ Judgment Number of Cases

Extraction Nonextraction Borderline case 7
Typical extraction case 7
Typical nonextraction case 0

Nonextraction Extraction Borderline case 4
Typical extraction case 0
Typical nonextraction case 0

incisor overbite,15 and this is why tooth extraction is
not preferred in patients with a deep overbite; it is rec-
ommended in patients exhibiting a decreased incisor
overbite because it will increase, or at least not de-
crease, the pretreatment overbite. Our results also re-
vealed that the vertical incisor relationship contributes
to orthodontists’ decision making when considering the
extraction matter. In regard to the upper and lower
dental midline deviations, they are not merely esthetic
problems, but they also disturb the establishment of
the tight intercuspation of teeth bilaterally. If there is a
midline deviation, extraction of a tooth on the nonde-
viated side in the affected dental arch, or of teeth on
the deviated side in both dental arches, is recom-
mended.16 In agreement with this, our results revealed
that those feature elements representing the midline
discrepancy were also sensitive in an accurate mod-
eling of tooth-extraction decisions.

Concerning the intra-arch conditions, size of the
basal arch relative to the sum of the mesiodistal crown
diameters was found to be effective in increasing the
ROC, next to the incisor overjet. It should be noted
that weights for these feature variables were greater
than those of the irregularity indices that designate the
severity of tooth crowding. The latter gives a linear
summation of the deviations between neighboring
teeth, and the former (basal arch variables) serves as
an important clue to practitioners in predicting if the
apical base, that is, the skeletal frame, can provide
enough space for the teeth to be orthodontically
moved in; expansion of dental arches as a way to cor-
rect tooth crowding may not necessarily guarantee a
stable posttreatment occlusion because the direction
and distance of tooth movement largely depend on the
size of the apical base.17–19 Hence, the results of the
present study indicate that, at a sight where tooth ex-
traction/nonextraction is a possibility, orthodontists are
more likely to question whether stable occlusion can
be established after teeth realignment without extract-
ing any teeth. The severity of tooth crowding is known
to be relevant to the size of the apical base relative to
the sum of the mesiodistal crown diameters.20 The re-
sults of the present study reveal that recording the se-
verity of crowding in the upper dentition increases the
model simulation accuracy subsequent to the sagittal

molar relationships. On the contrary, the severity of
crowding in the lower dentition was not as influential
as in the upper dentition. These results mean that in
deciding whether or not to extract teeth, orthodontists
give more concern to the severity of tooth crowding of
the upper dental arch rather than its opponent. It would
be logical to assume that the first reason orthodontists
focus on the crowding condition in the maxillary den-
tition is because of the greater visibility of the upper
incisors compared with the lower antagonists. One of
the practical measures used to gauge the severity of
the tooth crowding condition is arch length discrep-
ancy.21,22 The measurement reproducibility of the arch
length discrepancy, however, is not robust.22 The pre-
diction accuracy of the model depends on the repro-
ducibility in measuring the feature vector elements; ac-
cordingly, we used the modified irregularity indices,
which show less measurement errors12 as feature el-
ements representing tooth-crowding conditions. In the
present study, 7 of the 11 borderline cases had re-
ceived extraction of teeth but were simulated as being
nonextraction cases; for the remaining four borderline
cases, actual treatments were completed without ex-
tracting teeth, but the model recommended those pa-
tients as being in need of extraction. Theoretically, if
the treatment should proceed without extracting teeth
in patients who were diagnosed as typically in need of
tooth extraction, it is anticipated that a good alignment
of teeth, stable occlusal state, and beautiful facial pro-
portion would likely be difficult to achieve. In contrast,
if orthodontic treatment is done with the extraction of
teeth in patients who were judged as being typical
nonextraction cases, treatment period may likely be
prolonged because of the time required for tooth
movement and closure of the extracted space. Previ-
ous studies,23,24 however, did not find any significant
difference between the treatment outcomes that were
achieved with and without the extraction of teeth, be-
cause when dealing with borderline cases, orthodon-
tists hesitate to judge whether to extract or not to ex-
tract. Hence, we consider the model’s recommenda-
tions given for the borderline cases appropriate. Re-
garding the seven typical extraction cases, however,
the treatments were actually done with the extraction
of teeth, but the model recommended nonextraction.
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Figure 2. Simulation results for the model with conditions of weights
on the feature vector elements different from those adopted in the
optimized model. Simulation results for the model with conditions of
weights on the feature vector elements different from those adopted
in the optimized model. Simulation A: all the elements in the opti-
mized model had equal weight of 1.0. Simulation B: the elements
having the weights of greater than 1.5 in the optimized model were
employed in the simulation model.

We consider this to be entirely the system’s misjudg-
ments. In orthodontics, it is sometimes desirable to
start the treatment without extracting teeth tentatively
in order to reduce the possible risk of an irreversible
treatment, that is, tooth extraction. Based on this, the
fact that there was no instance in the current typical
nonextraction cases simulated by our system as being
extraction cases, indicates the eminence of the pres-
ent model in avoiding risks.

Using the clinical facts to solve the inverse problem
developed the current optimized model. Hence, we ap-
plied the model to solve direct problems, that is, sim-
ulations of experts’ thoughts based on possible choic-
es of feature elements from those adopted in the op-
timized model and of different conditions of weighting
coefficients. As shown in Figure 2, the ROC in the
simulation with the model having the same feature
vector elements adopted in the optimized model, but
with equal weights, was decreased to 85.6%. The sim-
ulation model that had only those elements adopted in
the optimized model with weights greater than 1.5
showed the even more degraded ROC of 80.9%.
These results thus indicate that though there are major
feature elements that contribute to experts’ judgments,
optimum decisions that guarantee the excellent ortho-
dontic treatment outcomes can only be made through
experts’ elaborate thinking about the multiple elements
used in the present study holistically and simulta-
neously.

Finally, though the current model may not yet suffice
to achieve complete agreement with human judg-
ments, it should be noted that it has an advantage in
that the system can independently improve its predic-
tion accuracy by adding new patient records as tem-

plates just as orthodontists might increase their clinical
knowledge and experiences. This means the model
will become robust clinically for making decisions for
individual patient treatment. The model would be use-
ful to test in different ethnic populations, in populations
treated by different orthodontists, or in decisions made
in different time periods to study how decision making
varies.

CONCLUSIONS

• A mathematical model was developed that can sim-
ulate experts’ decisions regarding whether or not to
extract teeth based on pretreatment conditions of or-
thodontic patients with a success rate of 90.4% at
its prediction performance.

• Twenty-five elements with four major subcatego-
ries—sagittal dentoskeletal and soft tissue relation-
ship, vertical dentoskeletal relationship, transverse
dental relationship, and intra-arch conditions, were
found to be susceptible in optimizing the model.
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