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Objective: The Cavalieri principle of stereological methods is widely used to estimate the
volume of structures. Recently in clinical practice, it has become common to use this
approach for daily routine purposes. The Cavalieri principle provides quantitative and
unbiased volume estimates which are independent of the observer. In the present study, the
efficacy of using the Cavalieri principle to estimate the volume of sheep mandibular defects
on cone beam CT (CBCT) scans was tested.
Methods: 24 differently sized defects were created on 4 sheep mandibles. Before the defects
were created, the outer boundaries of the defects were determined using plaster casts. CBCT
scans of the defects were taken. The scans were reconstructed in the coronal plane and
sections of 0.2 mm thickness with 0.2 mm and 0.4 mm intervals were obtained. The volume
of each defect was estimated using the Cavalieri principle. The models were created using
light-body silicone for the estimation of the actual volume of each defect. They were
immersed in water using a pycnometer and the actual volumes were obtained on the basis of
the Archimedean principle. The actual and estimated volumes of the defects were compared
using the Wilcoxon signed-rank test.
Results: The results showed that the volumes from the Cavalieri estimates did not differ
from the actual volumes of the defects (P . 0.05).
Conclusion: We concluded that the volume of mandibular defects can be accurately
estimated using the Cavalieri principle on images from a CBCT scan.
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Introduction

Intraoral and extraoral radiography are widely used in
the diagnosis and follow up of dental and maxillofacial
lesions. In recent years, cone beam CT (CBCT)—a
three-dimensional (3D) imaging method—has provided
many innovations in dentistry. A CBCT system ensures
better analysis of the morphologies of lesions and
defects in the jaw, as well as the determination of dental
caries, roots and jaw fractures.1–4 The dose of radiation
in CBCT is less than that in medical CT devices.5

Additionally, volumetric analyses may be performed

using CBCT devices and the prognosis of lesions may
be quantitatively observed.6 Quantitative measure-
ments may be performed using certain software in
CBCT systems.7,8

The Cavalieri principle, a stereological method, is
an effective method in volumetric measurements of
biological structures. The Cavalieri principle provides
numerical values expressing precise and unbiased quan-
titative measurements.9,10 It was first defined by the
Italian mathematician Bonaventura Cavalieri approxi-
mately 350 years ago. In this principle, sections of
an object that are parallel and of equal thickness are
taken, and the volume of the object is calculated by
the total number of section areas and thickness of the
section. CT, MRI or ultrasonography section imaging
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may be used in the calculation of the volume of an
object using the Cavalieri principle.11–14

There have been a limited number of quantitative
studies carried out on the use of CBCT systems and
software in volumetric analysis in dentistry.6–8

The aim of this study is to test the efficacy of using
the Cavalieri principle to estimate the volume of sheep
mandibular defects based on CBCT scans.

Materials and methods

Four dry sheep mandibles were selected for the study.
24 differently sized defects were created on the ves-
tibular side of the mandibles using a tungsten carbide
burr (Figure 1). The size of the defects varied between
2 mm and 12 mm in diameter. Before the creation of
the defects, the outer boundaries of the defects were
determined using plaster casts.

CBCT scans of the defects were taken with a new
CBCT system (Kodak 9500 Cone Beam 3D System,
Kodak Dental Systems, Carestream Health, Rochester,
NY) (Figure 2). This system has 2 field of views (FOVs)
(96 15 cm and 18.46 20.6 cm), a minimum 0.2 mm

voxel size and a 10.8 s scan time. The small FOV was
used for the volumetric analysis of the defects. Tap
water was used to simulate soft tissue. Volumetric data
were reconstructed and sectioned into 0.2 mm in the
coronal plane, and sections of 0.2 mm thickness with
0.2 mm and 0.4 mm intervals were obtained. The vo-
lume of each defect was estimated using the Cavalieri
principle and the planimetry technique. The surface
area of each section was measured by means of the
planimetry method, using ImageJ software (ImageJ,
1.37v: http://rsb.info.nih.gov/ij/) (Figure 2). Each mea-
surement was performed three times by one observer
using the tools of the software. The average score was
used for calculation. The sum of the areas was used to
estimate the volume using the following formula, which
has been described in previous reports:12–14

V 5 t 6 S A,
where t is the section thickness of consecutive sec-

tions and S A is the total sectional area of the con-
secutive sections.

After the calculations, bone defect models were created
using light-body silicone for the estimation of the actual

Figure 1 Bone defect created with a burr on the vestibular side of the
sheep mandible

Figure 2 A cone beam CT scan of a defect in the frontal plane. The
scan thickness was 0.2 mm and estimation of defect volume was made
by using planimetry method
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volume of each defect. The models were immersed into a
pycnometer filled with water, and the actual volumes
were calculated from the density and weight of the water
run over based on Archimedean principle.

The data were analysed using the Statistical Package
for the Social Sciences for Windows, version 12 (SPSS,
Chicago, IL). The liquid pycnometer method based on
Archimedean principle served as the gold standard for
the testing method. The volumetric evaluation of the
CBCT systems was assessed using a normality test
(Kolmogorov–Smirnov). There was no distribution of
normality test, therefore the Wilcoxon signed-rank test
was performed to compare the results of Cavalieri
principle and the pycnometric method. The level of
statistical significance was set at 0.05.

Results

The mean and standard deviation (SD) of the defect
volume measured by the pycnometric method was
0.103 ml (SD 0.072 ml). The result of the Cavalieri
principle was 0.105 ml (SD 0.074 ml). The details of the
results are presented in Table 1. The tests demonstrated
that the volumes from the Cavalieri estimates did
not differ from the actual volumes of the defects
(P . 0.05) (Table 1). A 95% confidence interval is pre-
sented in Table 2. A scatter graph shows the relation-
ship between the Archimedean and Cavalieri principles
(Figure 3). The results of the defect volumes estimates
using the two principles are shown in Table 3. The dif-
ferences between the volumes of the Cavalieri principle
and the Archimedean principle were between 0 ml and
0.0276 ml. The mean difference in the volumes from the
two principles was 0.00873 ml (SD 0.00792 ml). The
range between the two principles was 0.0276 ml.

Discussion

Bone defects may be caused by various factors, such as
periapical infection, cysts, tumours and periodontal
disease. Extraoral and intraoral radiographic techniques
are used in the treatment and prognosis of these lesions.
Assessments performed in this respect are generally two

dimensional (2D). It is possible to make 3D analyses of
oral structures using dental CBCT devices.6 We assessed
defect volumes in CBCT images in our study using the
Cavalieri principle and with the planimetry technique, the
efficiency of which has been proven in many studies.9–14

Extraoral and intraoral radiographs are frequently
used before and after the treatment of lesions. The
healing of periapical lesions may be efficiently observed,
especially by intraoral radiography. In these applications,
the contraction of a lesion area of a radiogram is
considered as a healing criterion.15–17 This method is a
2D application that may be used in many types of lesions.

Dental CBCT devices may provide sectional images
like medical CT devices. It is possible to make 3D
assessments and quantitative measurements using these

Figure 3 Scatter graph of bone defects as measured by the pycnome-
tric method based on Archimedean principle vs the planimetric method
based on Cavalieri principle

Table 1 Statistical significance of the Cavalieri principle and
Archimedean principle

Cavalieri principle—Archimedean principle

Z 20.714
Asymptotic significance
(2-tailed)

0.475

Table 2 Comparisons of the results of the Cavalieri principle and
Archimedean principle

95% confidence interval of the difference

Archimedean principle Cavalieri principle

Lower bound 0.0729 0.0740
Upper bound 0.1340 0.1360

Table 3 The volumes measured by the two principles (ml)

No. Archimedean Cavalieri Difference

1 0.0265 0.0282 0.0017
2 0.1079 0.1095 0.0016
3 0.0471 0.0401 0.0070
4 0.155 0.1773 0.0223
5 0.0666 0.0621 0.0045
6 0.2412 0.2136 0.0276
7 0.1913 0.185 0.0063
8 0.1732 0.168 0.0052
9 0.2984 0.326 0.0276
10 0.1566 0.1400 0.0166
11 0.0600 0.0500 0.0100
12 0.0814 0.087 0.0056
13 0.2023 0.2109 0.0086
14 0.1104 0.1104 0.0000
15 0.0826 0.096 0.0134
16 0.0651 0.074 0.0089
17 0.0482 0.0571 0.0089
18 0.0333 0.0333 0.0000
19 0.0692 0.0661 0.0031
20 0.0895 0.0834 0.0061
21 0.0597 0.0632 0.0035
22 0.0474 0.061 0.0136
23 0.0413 0.048 0.0067
24 0.0359 0.0366 0.0007
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sections. A study involving the follow-up treatment
of extraction sockets in patients receiving radiother-
apy showed that dental CBCT devices may be used
quantitatively.6 Furthermore, dental CBCT devices
have been used in the volumetric analysis of extraction
sockets.7 In another study, a dental CBCT device was
used to measure airway volume in obstructive sleep
apnoea syndrome.8 In these studies, volumetric ana-
lyses were performed using special software.

In our study, we used the Cavalieri principle, a
stereological method, in the quantitative assessment of
defect volumes without using any special software. The
assessment of biological structures using the Cavalieri
principle may be performed with either the planimetric
or the point-counting method.18 We only used the
planimetric method in this study.

In this study, there is no statistically significant
difference between the stereological measurement made
by the CBCT device and the actual volume (P . 0.05)
of the defect measured by the pycnometric method
based on Archimedean principle. This finding showed
that the use of the Cavalieri principle is an effective
method for measuring volume in Kodak 9500 CBCT
images. Underestimation was observed in 9 samples,
the same result was observed in 2 samples and over-
estimation was observed in the remaining 13 samples.

The image quality of CBCT devices, which depends
on section thickness, voxel dimension and focal spot
dimension, may affect volume calculations. Agbaje et
al7 performed volumetric analyses of extraction sockets
on human mandibles and maxillae. They reported that
the image quality was better because the compact
structure of mandible and mandibular sockets were
closer to the actual volumes, although there was no
statistical difference. This result may be associated with
the effect of image quality.

A reason for the lower calculation of defect volumes is
the lower calculation tendency of volumes of radiolucent
structures in radiopaque structures. This situation has
been found both in a study related to the calculation of
intracranial volume and in a study involving volumetric
analyses of extraction sockets.7,18 If the intensities of the
target tissue and surrounding structures are not close to
each other in the cross-sectional images, and if a voxel
comprises different intensities, the calculated volume
does not match the actual volume. The reason for that is
the difference of X-ray attenuation is larger in imaging
the tissues with different intensities.19 This situation is
known as the partial volume effect. In order to reduce
this effect, it is necessary to select thin sections. There-
fore, such section thicknesses have been identified to

ensure more realistic volumetric analyses in CT studies.20

The defects we studied in the present study were mostly
in oval form and were created in the intensive bone
tissue. In other studies involving the analysis of the effect
of section thickness on volumetric analyses, it was
demonstrated that when section thickness is thin, the
problem of underestimation is reduced.21,22

The overestimation effect has been explained by
Gadeberg et al23 as wider section thickness in MR images.
Some of the defects used in our study are such defects in a
diameter of almost 2 mm. The section thickness was
selected as 0.2 mm. It may be assumed that a section
thickness of 0.2 mm and an interval of 0.2 mm and
0.4 mm positively contribute to the volumetric analysis of
lesions. The results of the study indicated that there was
no statistical difference between the two techniques.

It was shown in some studies using the Cavalieri
principle that there is no difference between obser-
vers.21 In this study, the measurements were performed
by a single observer.

Two studies involving intracranial volume analysis
and volumetric analyses of extraction sockets included
analysis of anatomic formations.7,18 The peripheral
structures of the cranium and extraction sockets in both
studies were naturally formed bone cortexes; for
example, the existence of lamina dura in the extraction
sockets positively affects the edge of sockets in radio-
graphy. Good detail is a characteristic sought in the
assessment of each section analysed. The defects in our
study were artificially prepared. Lesion boundaries
ended within bone trabeculae. Therefore, lesion borders
were not clear along with the entire lesion periphery. It
was difficult to determine the boundaries of sections
owing to this characteristic in some of the specimens.

We used direct frontal planes of defects in CBCT.
Other planes and zoom options may also be used with
this device. The plane worked by stereological methods
has no adverse effect on quantitative measure-
ments.20,24 Therefore, we used only frontal section
images in the study.

In conclusion, the Cavalieri principle used on CBCT
images was a valid method for the volumetric analysis
of sheep mandible defects. Since the volumetric analysis
of the artificial defects that we created in the study
could be carried out by this method effectively, we
think that this quantitative method can be used in the
follow-up of many bone lesions in the future.

This study was presented as a poster presentation at the 12th

European Congress of Dento-Maxillofacial Radiology on 2-5

June 2010 in Istanbul, Turkey.
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