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Volume measurement of crowns in mandibular primary central incisors
by micro-computed tomography
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Abstract
Objective. To determine sex differences in the tissue proportions of crowns of mandibular primary central incisors in Chinese
children and to quantify the volume of crown components in three dimensions using micro-computed tomography (micro-
CT).Materials andmethods. The specimens used in this study were 41 mandibular first deciduous incisor teeth with intact
crowns (21 males and 20 females) obtained from patients between 5–6 years of age. Each specimen was scanned using micro-
CT at a resolution of 0.05 mm and 3D-rendered images were created. The volume of each component of the crown was
measured and examined for differences in different sex and ages. Results. The pulp chamber volume decreased with age and
the volume ratio of the pulp chamber to the whole crown was significantly smaller in 6-year-olds than in 5-year-olds (p < 0.05).
Conclusions. Males had significantly larger tooth crown volumes and dentin volumes than females did (p < 0.001), while the
volume of enamel showed no sexual dimorphism.
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Introduction

Tooth crowns are a composite of dentin, pulp and
enamel covering, all of which are ectodermal tissues.
Studies of tooth crown dimensions, such as maximum
mesiodistal and buccolingual diameters, have fre-
quently been the subject of analysis by dentists,
geneticists and physical anthropologists [1–5]. Quan-
titative investigations of hard tissues of crowns have
focused on the measurement of enamel thicknesses
and surface areas [6–8]. Traditionally, mesiodistal
or buccolingual measurements have been used to
express crown sizes of teeth. However, in this study,
crown volume was used as a reference parameter.
Martin [9] argued that the most ideal measurement
of the amount of enamel on a tooth would be the
volume of the tissue. Unfortunately, normative values
for crown volumes of individual teeth or for the
primary or permanent dentition are limited for inci-
sors and there is no information regarding the extent
to which discrimination of tissue according to sex can
be improved by examining volume of teeth.

Conventional destructive approaches such as phys-
ical sections [10,11] and two-dimensional lateral flat-
plane radiographs [12,13] cannot allow a full and
three-dimensional distribution of the volume of den-
tal tissues to be examined. Fanibunda [14] provided a
method to produce an accurate dental replica of a
human pulp cavity, from which the volume of the pulp
cavity can be measured; however, this method is also
destructive. Due to the limitations of previous meth-
ods, little data are available regarding the different
volumes of dental structures in incisors.
In recent years, the development of micro-CT

has enabled a non-destructive, detailed and quanti-
tative evaluation of tooth components from a three-
dimensional perspective [15,16]. Odontometric studies
of dentition have played an important role in investiga-
tions of biological variations in human tissues, but most
of these studies were based on traditional measures of
tooth crown diameters. In the present study, we extend
the previous studies conducted on crown dimensions
with two-to-three dimensions. The aim of this study was
to gather normative crown volume data of primary
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mandibular incisors, which have not been studied pre-
viously, and to explore sexual dimorphism in eachpart of
the crown volume in a sample of Chinese children, a
population that has not been studied previously in this
regard.

Materials and methods

Sample preparation

Forty-one mandibular first deciduous incisors with
intact and caries-free crowns were selected. Each
specimen had minimal tooth attrition and root resorp-
tion of less than 2/3 of the original length of the root.
All of the teeth had been extracted for clinical reasons
and were selected from the Research Institute of
Pediatric Dentistry in Tongji University. Immediately
after extraction, all teeth were cleaned under tap water
and stored in a 0.9% sodium chloride solution until
use. Only teeth from individuals whose gender and
age were documented at the time of extraction were
used for analysis. Based on the patient’s age at extrac-
tion, the specimens were classified into two age
groups: 5- and 6-year-olds. The age and sex distribu-
tions of the samples are shown in Table I.

Micro-CT scanning

Each specimen was scanned at a resolution of 50 mm
using the micro-CT system (HMX-225 Actis 4,
TESCO, Tokyo, Japan). This system consists of an
imaging device and a computer. The imaging device
consists of a microfocus X-ray generator, a two-
dimensional detector array and a specimen stage
that can be rotated 360� by a computer-controlled
motor. Specimens were placed with the long axes of
the teeth lined up along the rotational axis of the

scanner. The tube voltage was set at 120 kV, the
tube current was set at 140 mA and the focal spot
size of the X-ray generator was set at 5 mm.The source-
to-object distance (SOD) was 60 mm, the source-to-
image distance (SID) was 600 mm and the magnifi-
cation was at �10. The detector was equipped with
an image intensifier tube coupled to a CCD camera
with a scanning line of 1024 � 1024 dots/16 bits per
memory. Based on the raw data obtained from the
camera, two-dimensional slice images were produced
by the back projection method. Each image had a
resolution of 1024 � 1024 pixels and a voxel size of
35 � 35 � 50 mm. For each sample, ~180–280 micro-
tomographic slices with thicknesses of 50 mm were
acquired (Figure 1), covering the entire incisal to
apex length of the teeth. The average scanning time
for each specimen was ~30 min.

Production of 3-D micro-CT models

First, with each image slice obtained by micro-CT,
contrast adjustment and elimination of noise were
performed using photo-retouching software (PHOTO-
SHOPCS3, Adobe, Inc, California, USA). Next, three-
dimensional images were reconstructed from the slices
imaged by the volume rendering method using a
three-dimensional reconstruction software TRI/3D
BON (Ratoc, Tokyo, Japan). In this way, 3D render-
ings of the exterior and interior regions of the teeth
were obtained (Figure 2). As all the slices were con-
secutive and had the same thickness, the image
obtained from the slices was a true three-dimensional
image volume. Furthermore, by making the enamel
and dentin translucent and the pulp chamber stained,
the morphology and positional relationship between
the enamel, dentin and the pulp chamber were clearly
observed. By rotating the 3D images, we were able to
observe the teeth in various directions.

Measurements

The cemento-enamel junction (CEJ) of the mandib-
ular incisor is sinuous, which makes defining a single
cervical plane (i.e. above which is crown and below
which is root) difficult. In order to define a plane, we

Table I. Age and sex distribution of the sample.

Age (years) Male Female Total

5 7 9 16

6 14 11 25

Total 21 20 41

Figure 1. Micro-CT scanning. Eight of the 280 slices of the micro-CT data for a mandibular deciduous central incisor. Enamel, dentine and
pulp space could be identified. The position of the pulp horn and the absorption of the root could also be identified.
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located the first plane of the cross-section through the
incisal edge. Next, the most apical plane that con-
tained the most apical extension of the enamel in the
lingual surface was taken as the cervical margin plane
above which was defined as the crown in our study.
The crown volume measurements were per-

formed using the TRI 3D BON software (Ratoc)
by a single observer on the 3D reconstruction imag-
ing to prevent the introduction of inter-observer
error. The crown volume data were recorded for
each tooth as follows: the total crown volume
(mm3), enamel volume (mm3), dentin volume
(mm3) and pulp chamber volume (mm3). Then
the volume ratio of the pulp chamber to the total
crown was calculated.
Descriptive statistics for crown tissue volumes (i.e.

mean, standard deviation, coefficient of variance
and percentage of sexual dimorphism) were calcu-
lated. The percentage of the coefficient of variance of
the tissue volumes was calculated by dividing the
standard deviation by the mean measurement, mul-
tiplied by 100. The percentage of sexual dimorphism
was calculated following Garn et al. [17] (i.e. [(mean
in male � mean in female)/mean in female] � 100).
The results between the different genders and ages
were performed with the Student’s t-test. The
significance level was set at p < 0.05. Statistical
analyses were performed using SPSS11.0 for
Windows.

Results

Values of the components of the crown volume are
shown in Table II. Coefficients of variation showed
that the total tooth crown volume measurements were
the most stable in size, followed by dentin volume,
enamel volume and the pulp volume, which showed
the greatest variation of all.Table III shows the results
of the Student’s t-test for differences in crown volume
components between the different ages. The pulp
chamber volume was non-significantly smaller in
individuals who were 6 years of age. The volume ratio
of the pulp chamber in relation the whole crown was
significantly smaller in 6-year-olds compared to
5-year-olds (p < 0.05).Table IV depicts the descriptive
statistics and p-values for the measured crown com-
ponents in the different sexes. Males showed signif-
icantly greater total crown volumes, dentine volumes
and pulp volumes. No differences in the enamel
volume were found between the males and females.

Discussion

The study of dental morphology is important for
dentists to understand dental forms and internal struc-
tures in three dimensions. Different methods have
been used to investigate tooth morphology and these
methods include serial sectioning of extracted teeth
[18,19], scanning electron microscopic studies [20],
casts of the pulp cavity with metal or resin [21],
transparent tooth models [22] and conventional dental
radiographs [13]. All of these methods have unavoid-
able pitfalls because they do not allow one to study
the external and internal anatomy of teeth three-
dimensionally at the same time. In the early 1980s,
the first micro-CT scanners were developed that
reached micrometer resolutions. Micro-CT had
been successfully used for experimental explorations
in the field of dentistry. Micro-CT, based on several
two-dimensional dental radiographs from a series of

A B

Figure 2. Three-dimensional reconstruction of a tooth using
micro-CT.

Table II. The basic descriptive data of crown volumes in the
primary mandibular central incisors.

Measurements N Mean (mm3) SD CV

Total crown volume 41 35.413 5.893 16.641

Enamel volume 41 8.087 1.631 20.168

Dentin volume 41 25.386 4.398 17.324

Pulp chamber volume 41 1.941 0.630 32.457

n, number of subjects; SD, standard deviation; CV, coefficient of
variance.

Table III. The crown volume measurements in different ages
(mean ± standard deviation, mm3).

Measurements 5 years 6 years t p

Total crown
volume

33.985 ± 6.822 36.328 ± 5.154 1.251 0.219

Enamel
volume

7.531 ± 1.476 8.443 ± 1.654 1.793 0.081

Dentin
volume

24.400 ± 5.400 26.017 ± 3.599 1.153 0.256

Pulp chamber
volume

2.054 ± 0.709 1.868 ± 0.577 0.917 0.365

Pulp chamber
volume
ratio (%)

6.035 ± 1.568 5.106 ± 1.323 2.040 0.048*

*p < 0.05.
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slice scans, allows three-dimensional reconstruction of
teeth and detailed exploration of teeth and volumetry
of root canals. As an alternative and refined approach,
we made three-dimensional observations of the mor-
phology of the surface and interior of the mandibular
deciduous central incisors using micro-CT, which is
non-destructive and allows for observations and anal-
yses of the morphological characteristics of teeth in
detail from many directions. By adjusting the colors in
different tissue, the topographic relationships of the
pulp cavity and the hard tissues of the teeth can be
clearly visualized.
Philippas [23] carried out a radiological investiga-

tion of pulp chambers, which was the first study to
provide quantitative data on their size. However,
only one permanent tooth was used in the study.
The pulp morphology and volume of maxillary sec-
ond deciduous molar crowns have been studied
using micro-CT by Amano et al. [24]. They studied
the pulp morphology of the tooth crown and mea-
sured the volume ratio of the pulp chamber in
relation to the whole crown in patients of different
ages. However, genders of the specimens in the
sample were not indicated. In this study, we obtained
three-dimensional images of the mandibular primary
incisors and measured the volumes of the different
tissues of crowns in individuals of both genders and
of different ages (Table IV).
Pulp chamber volumes, in mandibular first molars

from patients aged between 20–60 years, have been
described by Ketterl [25]. The volumes decreased
from 76 to 56 mm3 (27%) in the 40-year period. In
the present study, pulp chamber volumes of teeth in
6-year-olds were smaller than in 5-year-olds, decreas-
ing from 2.054 mm3 to 1.868 mm3 (9.06%) in 1 year.
The volume ratio of the pulp chamber in the 6 year
olds was significantly smaller. It is apparent that the
volume of the pulp chamber is strongly related to age
in deciduous teeth. The reduction in the size of the
pulp chamber was mainly caused by the continued
deposition of secondary dentin with increasing age.
The hard tissue volume was significantly increased
for 6-year-olds, although enamel wear would be higher
in those of 5 years of age. Philippas et al. [26,27]

studied secondary dentin in different teeth and
showed that age, rather than external irritation, is
the primary factor in the production of irregular
secondary dentin.
Studies on sexual dimorphism in human teeth

showed that males possess larger tooth crowns
than females for both permanent and deciduous
dentitions. However, all of these studies relied on
linear measurements of tissue thickness derived from
dental casts [28,29], radiographs [12] or sectioning
[11]. In these studies, enamel and dentin thickness
measurements were confined to the mesiodistal or
buccolingual directions. Linear measurements of
tissue thickness may be less ideal representations
of total tissue volumes [9]. Studies on the volumes
of dental pulp chambers have used a rubber material
drawn into teeth under a vacuum [14]. Three-
dimensional volume distributions of enamel and
dentin in primary teeth between males and females
have never been explored.
In our study, the volumes of the hard tissue and

pulp chamber of the crown showed significant sexual
dimorphism. The males had significantly larger crown
and dentin volumes than did females. It was demon-
strated that sexual dimorphism with regard to mesio-
distal tooth size was primarily due to differences in
dentin thickness rather than enamel thickness [6].
Studies on tooth crown sizes and structures of indi-
viduals with chromosomal aneuploidies and their
normal male and female relatives have demonstrated
that sex chromosomes are associated with dental
growth and development, while human X and Y
chromosomes showed differential direct effects on
the dental hard tissues. The Y chromosome enhances
the mitotic activity of developing tooth germs, result-
ing in greater dentin thickness and hence larger
crowns in males than in females. The X chromosome
exerts its influence in enamel deposition and has little
or no influence on the growth of dentin [28–31].
Hietala and Larmas [32] showed that estrogen

deficiency induced by ovariectomized rats showed
enhanced dentin formation. By using immunological
methods, they also demonstrated that estrogen
receptors are present in odontoblasts and endothelial

Table IV. The crown volume measurements in different genders (mean ± standard deviation, mm3).

Males Females Sex difference

n Mean SD n Mean SD % t p

TCV 21 38.358 4.835 20 32.321 5.370 18.678 3.787 0.001**

EV 21 8.503 1.735 20 7.650 1.428 11.150 1.713 0.095

DV 21 27.707 3.521 20 22.948 3.933 20.738 4.086 0.000**

PV 21 2.148 0.658 20 1.723 0.531 24.667 2.273 0.029*

TCV, total crown volume; EV, enamel volume; DV, dentin volume; PV, pulp chamber volume.
**p < 0.01, *p < 0.05.

Volume measurement 1035



cells of blood vessels in human teeth [33]. Quigley
[34] demonstrated that human males and females
undergo ‘mini-puberty’ during the first 6 months of
life, in which sex steroid hormone concentrations
reach pubertal levels. In human male infants, serum
testosterone peaks in concentration at ~2 months of
age, while estrodial levels in females are often ele-
vated above the pre-pubertal range, especially during
the first 6 months of life [34].
The crowns form inside mandibular deciduous

incisors at ~16 weeks in utero and reach their final
sizes and shapes ~2 months after birth. During this
time, the sex hormone concentrations reach peak
levels. The results of our study showed that the crown
and dentin volumes and sizes were significantly sex-
ually dimorphic and we suggest that both sex chro-
mosomes and the sex hormone had effects on primary
mandibular central incisors.

Conclusion

Micro-computed tomography is a non-invasive tech-
nique that enables one to visualize morphological
characteristics of teeth in a three-dimensional manner
and while simultaneously allowing one to accurately
measure the volume of a tooth for evaluating sexual
dimorphism of children. The primary mandibular
central incisors showed significant sexual dimorphism
in their crown volumes and dentin volumes, while
volumes of enamel showed no sexual dimorphism.
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