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Abstract
Objective. The proportions of the anterior dentition, which is important for excellent esthetics, have been extensively studied,
but there have been no 3-dimensional interpretations. This study was conducted to compare real tooth sizes and perceived
tooth sizes between different genders and populations and to analyze the effects of 3-dimensional tooth position and alignment.
Materials andmethods.Complete dental stone casts were prepared for a total of 139 subjects (50 males and 44 females from
Korea and 46 females from Japan). Using 3-dimensional scanning and reconstructions, virtual models were constructed and
the widths, lengths and rotations of maxillary anterior teeth were measured. Parameters related to the arch form were measured
orthographically. Descriptive statistics and ANOVA were performed to determine the differences among the three groups.
A regression model was created to interpret the values of 2-dimensional perceived widths with 3-dimensional measurements
and other parameters.Results.This study observed differences in the average mesiodistal perceived and real dimensions of the
maxillary central incisors between Japanese and Korean females, as well as differences in lateral incisor/central incisor ratios
and canine/lateral incisor ratios in the perceived 2-dimensional measurements. There were no differences in individual tooth
rotations between groups. The r2 values of the regression model decreased from the central incisors to the canine.
Conclusions. Several differences were found between Japanese and Korean females and the regression models that used
real dimensions, rotations and arch form parameters as independent factors were not sufficient to explain the perceived widths
of anterior teeth in the study samples.
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Introduction

Although esthetically pleasing results are not the only
goal of dental treatments such as orthodontics and
esthetic prosthodontics, it is impossible to over-
estimate the importance of appearance as a treatment
outcome, especially in that the dental patients want it
very strongly nowadays much more than before [1].
The development of new dental materials and tech-
niques has led to a greater number of treatment
options that maximize the likelihood of esthetically
pleasing outcomes [2]. The proportions of the ante-
rior dentition play a major role in determining esthetic
outcomes [3] and as a result, appropriate tooth shape,
size and alignment relationships are critical [4].
The orthodontic literature includes numerous

studies reporting tooth size ratios in various

populations [5–8] and most of these studies attest
to the importance of tooth size relationships as essen-
tial orthodontic diagnostic tools [9]. The Bolton tooth
size ratio [10,11] is one of the most widely used
analyses in orthodontic treatment planning, even
though there are some controversies about the uni-
form application of this ratio without considering
population-level or individual differences [12,13].
From an esthetic point of view, anterior tooth

dimensions measured in a frontal view are more
important than the actual size of the tooth. Since
the dental arch forms a curve rather than a straight
line, mesiodistal tooth dimensions that are perceived
in frontal views are generally smaller than actual
mesiodistal sizes. Prosthodontists have noted the
influences of tooth dimensions on esthetics in terms
of relative proportion [14], since the relative
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proportions of teeth are among the most objective
dental criteria and can be easily controlled [15]. The
identification of ideal tooth dimensions or propor-
tions, however, remains a difficult task due to indi-
vidual variation and proximal/incisal tooth wear.
Several studies intended to help design better

esthetic dental restorations have advocated using geo-
metric or mathematic proportions to aid in establish-
ing tooth forms [16]. The ‘golden proportion’ has
been proposed, taking into account classic elements of
art and architecture [17,18]. Levin [19], Rufenacht
[20] and Shoemaker and Nestor [21] have advocated
the use of the ‘golden proportion’ and devised tools
for this purpose such as grids and calipers. However,
Lombardi [22] stated that the strict application of the
‘golden proportion’ is too rigid for dentistry and
Preston [16] confirmed the unrealistic nature of
adhering to the ‘golden proportion’, finding that
the ‘golden proportion’ of perceived width between
maxillary central incisors and lateral incisors was
found in only 17% of cases and was never found
between lateral incisors and canines. Rosenstiel and
colleagues [23,24] conducted a web-based survey and
found that the ‘golden proportion’ was preferred by
dentists only in smiles with tall teeth. Several other
proportions [22,25–28] have been suggested and
tested.
Proposed proportions between anterior tooth sizes

usually focused on the perceived mesiodistal dimen-
sions, although some studies have dealt with tooth
inciso-cervical length as a related factor. In addition,
most studies were performed using only two-
dimensional photographs (2D). Therefore, three-
dimensional (3D) positional effects such as individual
tooth rotation and the overall anterior dental arch
curvature were not considered, although these factors
evidently affect the perceived dimensions of teeth.
Recently, 3D scanners have been introduced to

dentistry for various applications with reconstructed
virtual models. Studies of 3D reconstructions have
reported accurate and reliable techniques for restor-
ative procedures and for facial analyses to aid clin-
icians in planning more effective treatments [29–32].
In addition, 3D scanners make orthographic mea-
surements possible, which eliminates parallax errors.
The purpose of this study was to compare real tooth

sizes and perceived tooth sizes between different
genders and populations and to analyze the effects
of 3D tooth position in the dental arch using 3D
reconstructed virtual models and specialized software
programs.

Materials and methods

Complete dental stone (Neoplumstone; Mutsumi
Chemical Industry Co. Ltd., Japan) cast sets were
prepared for 200 first-year students of the School of
Dentistry, Seoul National University, Korea. The

same procedure was performed for 100 first year
students of the School of Dentistry, Health Sciences
University of Hokkaido, Japan. A total of 140 maxil-
lary casts (50 male and 44 female from Korea and
46 female from Japan) were selected for further anal-
yses. Casts missing teeth other than the third molar or
having over 3 mm of crowding or arch length dis-
crepancies were excluded. The ages of the students
ranged from 23–26 years with a mean age of
24.3 years. All subjects provided written informed
consent. This study was approved by the institutional
review boards of the College of Dentistry, Seoul
National University and School of Dentistry, Health
Sciences University of Hokkaido.
The selected casts were scanned by a 3D scanner

(optoTOP-HE; Breckmann GMBH, Meersburg,
Germany). The scanner has a point accuracy
of ± 0.001 mm and a resolution of 0.040 mm in
the X and Y directions and 0.002 mm in the Z
directions. Each cast was scanned from 10 or more
different views that were combined and rendered into
3D using specialized software (Rapidform XO; ver
2,0,1,0., INUS Technology, Seoul, South Korea)
(Figure 1). The virtual 3D models were measured
and analyzed using specialized software (Rapidform
2004; ver PP2, INUS Technology). Measurements of
each cast were made three separate times by a single
observer over a 3-week period.
All measurement values were the sum of the right

and left tooth dimensions divided by 2. The lengths
and the widths of the six maxillary anterior teeth were
measured on the reconstructed 3D virtual casts. To
compare with 3D measurements, 2D measurements
were done after the virtual model’s front view was
captured and saved as a jpeg file using a specialized
add-in program and align view command. Prior to
these measurements, a reference plane was estab-
lished for each virtual cast from a tripod of points.
The detailed procedures that we used to identify the
reference plane and obtain orthographic measure-
ments are described in a previous study [30]. When
performing 2D measurements, the frontal view was
defined as the view perpendicular to one of the plane
perpendicular to the reference plane which has a line

Figure 1. Virtual model made by 3D scanning and software
reconstruction.
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defined by two foot of perpendicular from canine tip
to the reference plane as a line of intersection with the
reference plane (Figure 2).
The lengths and widths were measured from the 2D

figure acquired using the procedure described above.
All values measured in the 3D setting are denoted
with a ‘3’ as the last character of the measurement
name and the values in the 2D setting are denoted
with a ‘2’. For example, CNTW3 represents the 3D
central incisor width, while CUSW2 represents the
2D cuspid width. We calculated lateral incisor width
to central incisor and cuspid to central incisor ratios
for further assessment. To determine the effects of
overall tooth size on perceived dimensions, we quan-
tified individual tooth proportions by dividing width
by length.
In order to evaluate the effects of 3D positions and

alignments on the perceived dimensions of individual
teeth, measurements of tooth rotation and dental arch
form were performed. First, individual tooth rotation
was quantified according to the angle formed between
a line between the mesial incisal tip and the distal
incisal tip of the six anterior teeth and a line defined by
two foots of perpendicular from canine tip to the
reference plane (Figure 3). Second, to determine
the effects of arch shape, we performed a number
of measurements including ICR (incisor to canine
radius), ICA (incisor to canine angle), IMA (incisor to
molar angle), ICW (intercanine width), IMW (inter-
molar width) and IIC (incisor to intercanine line),
which were defined in detail in a previous study
(Figure 4) [30]. All measurements were obtained
orthographically on a single reference plane to pre-
clude any parallax error introduced by different angu-
lations of traditional measuring devices [29,30].
Statistical analyses were performed using SPSS

12.0 software (SPSS Inc., Chicago, IL). Descriptive
statistics and ANOVA were performed to compare
the mean values of all measurements among three
groups: Korean males, Korean females and Japanese

females. Scheffe’s post hoc test was applied to detect
differences between Korean and Japanese females and
between Korean males and females. We did not
perform comparisons between Korean males and
Japanese females. Confidence levels of 95% and
99% were applied to all the measurements. To inter-
pret the value of 2D perceived width, a regression
analysis was performed using 3D measured widths,
rotations and arch shape parameters. All arch shape
parameters were used sequentially by a trial and error
method to determine the most powerful factors.

Results

Descriptive statistics for all the measurements and
summarized ANOVA results with post hoc tests are
presented in Table I. Box plots of 2D and 3D width of
anterior teeth are depicted in Figure 5.
The 3D measured average widths of the central

incisors (CNTW3), lateral incisors (LATW3) and
canines (CUPW3) were 8.564 ± 0.497 mm,
6.895 ± 0.661 mm and 7.824 ± 0.427 mm, respec-
tively. The 2D measured average perceived widths of
the central incisors (CNTW2), lateral incisors
(LATW2) and canines (CUPW2) were 8.432 ±
0.461 mm, 6.030 ± 0.674 mm and 5.422 ±
0.645 mm, respectively. Measurements that were
significantly different among the three groups were
CNTW3 (p = 0.032), CNTW2 (p = 0.002),
LATW3 (p = 0.048) and CUSW2 (p = 0.034).
According to the post hoc test results, there were
significant differences between Korean males and
females in CNTW3 (p = 0.032) and CNTW2
(p = 0.005) and significant differences between
Korean females and Japanese females in CNTW2
(p = 0.022). In other words, Korean females had
significantly narrower central incisors than Japanese
females in the perceived frontal view.
The 3D measured average ratios of lateral incisors

to central incisors (LATW3/CNTW3) and canines to

Figure 2. Procedure of defining the frontal view. First, normal vectors were projected from the bilateral canine tips to the reference plane. The
two points were connected as a line. The new plane was created as it had the line as a line of intersection with and was perpendicular to the
reference plane.
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lateral incisors (CUPW3/LATW3) were 0.805 ±
0.065 and 1.145 ± 0.125, respectively. The value of
LATW3/CNTW3 was significantly different among
the three groups (p = 0.034).
The 2D measured perceived average ratios of lat-

eral incisors to central incisors (LATW2/CNTW2)
and canines to lateral incisors (CUPW2/LATW2)
were 0.716 ± 0.077 and 0.917 ± 0.204, respectively.
There were significant differences among the three
groups in both ratios (p = 0.009 and p = 0.003) and
significant differences were found between Korean

females and Japanese females for both ratios
(p = 0.010 and p = 0.005, respectively) in post hoc tests.
The average rotation values of central incisors

(CNTR), lateral incisors (LATR) and canines
(CUPR) were 8.038 ± 5.218�, 25.998 ± 9.446� and
55.988 ± 8.776�, respectively. These values were not
significantly different between groups.
The average ICW, ICA, ICR, IMW, IMA and IIC

values (SD) (attributes arch form) were 35.809 ±
2.103 mm, 129.606 ± 7.772�, 23.820 ± 3.651 mm,
42.296 ± 2.642 mm, 67.231 ± 5.325� and 8.458 ±
1.517 mm, respectively. There were significant differ-
ences among the three groups in the values of IMW
(p = 0.000) and IMA (p = 0.001). Interestingly,
significant differences were found between Korean
and Japanese females in the values of IMW (p = 0.000)
and IMA (p = 0.002) in Scheffe’s post hoc tests. These
findings indicate that the width or divergence in the
first molar area of Korean females was wider than that
of Japanese females. Significant differences were also
found between the IIC values of Korean males and
females (p = 0.015).
Individual tooth proportions, defined as ratios of

width to length, were calculated 2D and 3D. Except
for CUSP2 (2D canine proportions), no significant
differences were found between groups.
In regression analyses to interpret the 2D perceived

widths in the context of 3D real widths, rotation and
arch form parameters, ICW was found to be the most

LATR
CUSR

Figure 3. Measurements of the rotation of individual tooth.

IIC
ICW

IMW

ICA

IMA

A B

C

Figure 4. Illustration of measurements related to arch form. (A) ICW (inter-canine width), IMW (inter-molar width) and IIC (incisor to inter-
canine line), (B) ICR (incisor-to-canine radius), (C) ICA (incisor-to-canine angle) and IMA (incisor-to-molar angle).
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powerful factor to fit the regression model among
other attributes of arch form. However, the r2 value
of the regression model plummeted from the central
incisors to the canines, 0.886, 0.678 and 0.365,
respectively (Table II).

Discussion

The concept of the ‘golden proportion’ was first used
in ancient Greek architecture and its basic premise is
that for two related objects to appear natural and
harmonious, the relationship between the larger
and smaller object should form a ratio of 1.618:1
[33]. This concept was described mathematically by

Leonardo de Pisa, by Fibonacci, has been used in the
design of such classic edifices as the Parthenon and
appears frequently in Leonardo da Vinci’s sketches
[16]; it is also frequently cited in the orthodontic
literature [17,18]. The ‘golden proportion’, however,
is not the only esthetic criterion used in restorative
dentistry. Lombardi [22] states that the existing pro-
portions between the widths of the central and lateral
incisors should remain consistent, progressing ante-
riorly to posteriorly in the mouth, and refers to this
pattern as the ‘repeated ratio’. Snow [26] proposed
the ‘golden mean’ theory, which states that the widths
of the maxillary central incisor, lateral incisor and
canine should comprise 25%, 15% and 10% of the

Table I. Descriptive statistics for all measurements and summarized ANOVA result with post-hoc tests.

Korean male
(n = 50)

Korean female
(n = 44)

Japanese female
(n = 45) Total (n = 139)

M SD M SD M SD M SD

CNTW3 (mm)* ¶ 8.685 0.461 8.416 0.497 8.574 0.497 8.564 0.497

CNTW2 (mm)** ¶¶† 8.543 0.540 8.237 0.469 8.501 0.480 8.432 0.461

CNTR(�) 7.848 5.341 6.881 4.220 9.380 5.743 8.038 5.218

LATW3 (mm)* 7.063 0.576 6.872 0.508 6.731 0.661 6.895 0.661

LATW2 (mm) 6.147 0.498 6.070 0.507 5.861 0.923 6.030 0.674

LATR(�) 26.867 9.610 25.900 8.112 25.127 10.540 25.998 9.446

CUSW3 (mm) 7.898 0.367 7.857 0.391 7.711 0.427 7.824 0.427

CUSW2 (mm)* 5.276 0.495 5.391 0.540 5.615 0.831 5.422 0.645

CUSR(�) 57.028 7.296 56.082 8.401 54.740 10.510 55.988 8.776

LATW3/CNTW3* 0.814 0.059 0.817 0.046 0.785 0.083 0.805 0.065

CUPW3/LATW3 1.123 0.076 1.148 0.084 1.165 0.187 1.145 0.125

LATW2/CNTW2** † 0.720 0.056 0.738 0.062 0.689 0.100 0.716 0.077

CUPW2/LATW2** †† 0.864 0.109 0.894 0.120 1.000 0.304 0.917 0.204

ICW (mm) 36.316 2.077 35.515 1.749 35.534 2.103 35.809 2.103

ICA(�) 127.904 6.930 131.729 6.871 129.422 7.772 129.606 7.772

ICR (mm) 23.420 2.902 24.219 2.677 23.874 3.651 23.820 3.651

IMW (mm)** †† 43.273 2.632 42.730 2.028 40.788 2.642 42.296 2.642

IMA (mm)** †† 67.623 4.743 69.028 5.029 65.040 5.325 67.231 5.325

IIC (mm)* ¶ 8.899 1.369 7.996 1.375 8.419 1.517 8.458 1.517

CNTP3 0.852 0.084 0.853 0.075 0.841 0.076 0.848 0.078

CNTP2 0.841 0.078 0.859 0.077 0.835 0.074 0.845 0.077

LATP3 0.801 0.084 0.815 0.100 0.826 0.118 0.814 0.101

LATP2 0.704 0.077 0.723 0.089 0.718 0.107 0.715 0.091

CUSP3 0.818 0.099 0.829 0.084 0.855 0.091 0.833 0.093

CUSP2** † 0.557 0.074 0.574 0.075 0.626 0.094 0.585 0.086

* denotes significant difference among the three groups (p < 0.05); ** denotes significant difference between the three groups (p < 0.01);
¶ denotes significant difference between Korean male and female in the post-hoc test (p < 0.05); ¶¶ denotes significant difference between
Korean male and female in the post-hoc test (p < 0.01); † denotes significant difference between Korean and Japanese female in the post-
hoc test (p < 0.05); †† denotes significant difference between Korean and Japanese female in the post-hoc test (p < 0.01).
CNTW3: Central Incisor 3D Width; CNTW2: Central Incisor 2D Width; CNTR: Central Incisor Rotation; LATW3: Lateral Incisor 3D
Width; LATW2: Lateral Incisor 2DWidth; LATR: Lateral Incisor Rotation; CUSW3: Canine 3DWidth; CUSW2: Canine 2DWidth; CUSR:
Canine Rotation; ICW: Intercanine Width; ICA: Incisor-Canine Angle; ICR: Incisor-Canine Radius; IMW: Incisor-1st Molar Width; IMA:
Incisor-1st Molar Angle; IIC: Incisor-Intercanine Line; CNTP3: Central Incisor 3DWidth/Length; LATP3: Lateral Incisor 3DWidth/Length;
CUSP3: Canines 3D Width/Length; CNTP2: Central Incisor 2 Width/Length; LATP2: Lateral Incisor 2D Width/Length; CUSP2: Canines
2D Width/Length.
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total frontal view from the distal aspect of the max-
illary canine on one side to the distal aspect of the
contralateral maxillary canine. The ‘recurring dental
esthetic (RED)’ proportion proposed by Ward [27]
states that the proportions of the successive widths of

the maxillary teeth, as viewed from the front, should
remain constant, progressing mesiodistally. Preston’s
[16] report, based on a North American sample, has
been occasionally used to represent ‘naturally existing
proportion’.
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Figure 5. Box plots of 2D and 3D width of anterior teeth. (A) CNTW3, (B) LATW3, (C) CUSW3, (D) CNTW2, (E) LATW2, (F) CUSW2.
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Based on the average values of the total sample used
in the present study, the widths of the lateral incisors
are ~ 71.6% of the widths of the central incisors and
the widths of the canines are ~ 91.7% of the widths of
the lateral incisors. These results partly agree with the
findings of previous studies [34–36] including Pre-
ston [16], which state that naturally existing denti-
tions rarely exhibit ‘golden’ proportions. Another
point of agreement with previous studies is that the
canine-to-lateral incisor ratio is farther from the
‘golden proportion’ than are other ratios. However,
mean LATW2/CNTW2 value of 71.6% and mean
CUPW2/LATW2 value of 91.7% are higher than
those of Preston [16] (66% and 84%, respectively).
Population characteristics related to the differing geo-
graphical origins of the subjects used in the present
and past studies may explain these discrepancies. On
the other hand, a 71.6% ratio between the central and
lateral incisors complies with the esthetic proportions
suggested by Ward [25], although the average width/
height ratio (0.848) of the central incisors in our
sample is larger than Ward’s original suggestion
(0.75–0.78). This width/height ratio corresponds to
the very short (0.80) or short (0.90) height groups
defined by Rosenstiel et al. [23], who also reported
that the 80% RED proportion was judged best based
on the survey results. Disregarding esthetic prefer-
ences, it is inferred that the perceived widths of
canines in natural dentitions tend to be wider than
the ideal values according to the ‘golden proportion’
or RED. This trait is more evident in the subject of the
present study. For example, we observed a 1:1 canine-
to-lateral incisor ratio in Japanese females.
In the present study, the average perceived mesio-

distal dimensions of the central incisors of Japanese
females were significantly larger than those of Korean
females. Conversely, the average perceived mesiodis-
tal dimensions of the lateral incisors of Japanese
females were smaller than those of Korean females,

although the difference was not significantly different.
Therefore, the lateral incisor-to-central incisor ratio is
significantly smaller in Japanese females than Korean
females, indicating that Japanese females have more
prominent central incisors in comparison to their
lateral incisors than Korean females. There were no
significant differences in the width/height ratios of
individual teeth among the three study groups, indi-
cating that the differences observed in tooth widths
simply reflect overall tooth size.
The perceived frontal view of the anterior dentition

plays a key role in dental esthetics [37]. Therefore, the
widths or proportions of the anterior dentition are
considered important in restorative dentistry. How-
ever, as Magne et al. [15] pointed out, crown width/
length ratios, transition line angles and other aspects
of tooth form are likely to influence the perception of
symmetry, dominance and proportion. In the present
study, we observed no significant differences in indi-
vidual tooth rotations. Among parameters related to
arch form, significant differences between Korean and
Japanese females were observed only in IMW and
IMA.
Meanwhile, in regression analyses meant to inter-

pret the 2D perceived widths in the context of 3D real
widths, rotation and arch form parameters, ICW was
the most powerful factor to fit the regression model
among ICW, ICA, ICR, IMW, IMA and IIC. How-
ever, the r2 value of the regression model plummeted
mesiodistally from the central incisors to the canines.
This indicates that real values for teeth width, rotation
and the inter-canine width are not sufficient to explain
perceived width, especially in the canine area. Several
other factors might affect perceived width, but the
detection of all relevant factors is beyond the scope of
this study. One of the factors that we can easily infer is
the labial convexity of individual teeth. This measure-
ment can be divided into mesial and distal aspects,
especially for the canines and sudden decreases of

Table II. The result of regression analysis.

Model summary ANOVA

Teeth Dependent variable Predictors R R2 Sum of squares df Mean square F Sig

Central incisors CNTW2 (constant)
CNTW3
CNTR
ICW

0.886 0.786 Regression 23.001 3 7.667 164.846 0.000

Residual 6.279 135 0.047

Total 29.28 138

Lateral incisors LATW2 (constant)
LATW3
LATR
ICW

0.678 0.460 Regression 28.833 3 9.611 38.294 0.000

Residual 33.882 135 0.251

Total 62.715 138

Canines CUPW2 (constant)
CUPW3
CUPR
ICW

0.365 0.133 Regression 7.641 3 2.547 6.907 0.000

Residual 49.78 135 0.369

Total 57.422 138

df: degree of freedom.
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perceived width occur when the rotation of the tooth
became above a certain extent.
There is a saying goes ‘Beauty is in the eye of the

beholder’, and the multiplicity of criteria determine
differences in esthetic preferences between cultures.
However, the perceived harmony between adjacent
structures is just as important as more or less esoteric
esthetic preferences. Therefore, the proportions of the
anterior dentition are a matter of consequence in
restorative dentistry. To achieve excellent esthetics
when restoring or replacing maxillary anterior teeth, it
is necessary to understand the effects of 3D position-
ing and alignment of individual teeth. Further studies
are warranted for a better understanding of 3D posi-
tioning and alignment of individual teeth to inform
potential applications in restorative dentistry.
Within the limit of the present study, there were

significant differences in the average mesiodistal per-
ceived and real dimensions of central incisors between
Japanese and Korean females, as well as between the
lateral incisor/central incisor and canine/lateral incisor
ratios in the perceived 2D measurements between
these groups. We did not observe any differences
between groups in individual tooth rotations.
A regression model that included real dimensions,
rotations and arch form parameters as independent
factors was not sufficient to explain the perceived
widths of the lateral incisors and canines in any of
the groups in our study.
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