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Abstract: The use of micro-computed tomography (micro-CT) has become widespread in the exami-
nation of dental tissue due to its great precision in small-scale work. Its usefulness in measuring tissue
mineral density has been demonstrated; however, it is necessary to develop image acquisition proto-
cols that ensure the reproducibility of observations and offer a detailed step-by-step process. This
study proposes a standardised protocol to quantify mineral density using volumetric measurements
from micro-CT images, evaluating the reproducibility of density measurements at different points of
enamel and dentine. The sample comprised 30 bovine incisors that were scanned using a micro-CT
system. Using the MIMICS software v.26, seven reference points in enamel and dentine (crown,
cervix, and root) were identified, and mineral density was calculated by using Hounsfield units. The
reproducibility of the measurements among the three observers was assessed by calculating Lin’s
concordance correlation coefficient (CCC). There was substantial to almost perfect correlation for
the enamel (CCC = 0.986–0.995) and dentine (CCC = 0.965–0.997), with the latter showing better
results for the cervix (CCC = 0.987–0.997) and crown (CCC = 0.987–0.995) compared with the root
(CCC = 0.965–0.985). In the lingual area, the concordance results were broader (CCC = 0.965–0.997)
compared with the buccal area (CCC = 0.979–0.995). Despite this difference, the proposed volumet-
ric measurements reached a high level of agreement, which demonstrates the replicability of the
present protocol.

Keywords: dental volume; image acquisition protocol; Hounsfield units; interobserver error; MIMICS
software

1. Introduction

Micro-computed tomography (micro-CT) is one of the most recent imaging techniques
of interest for diagnosis and research in several disciplines. It uses the same technology
as a CT scanner, namely an X-ray source and a two-dimensional (2D) array detector to
obtain multiple images from different angles across an area of interest. Subsequently, these
images are used to reconstruct a three-dimensional (3D) volume representation, which
increases the precision when observing elements and making measurements compared
with an X-ray [1]. The main difference is that micro-CT works at a smaller scale, from a few
millimetres to a few centimetres, and with higher resolution in the micron range [2].

Micro-CT is a non-invasive technique that allows one to preserve and standardise
the sample. Hence, numerous measurements and calculations can be made regarding
the analysed structures, and these measurements can be replicated [3,4]. These qualities
have favoured the use of micro-CT imaging for tooth analysis because this approach
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allows one to reconstruct the tooth in its entirety. Moreover, one can even work with tooth
fragments. This imaging tool has been preferred over traditional CT scanners because
medical measurements based on conventional CT images can overestimate the values
obtained from sectioned teeth [5]. Moreover, micro-CT imaging has proved to be a reliable
method for the external observation of internal structures; so, it has been considered a
gold standard in comparison with the degree of accuracy of the measurements made
with analogous techniques, such as cone beam computed tomography (CBCT) [6–9]. The
precision of this imaging technique in the study of hard tissues allows one to observe all
dental structures, given the mineral density differences between dentine and enamel, both
of which are mineralised [10,11].

As a result, micro-CT is applicable to various fields in dental research [11]. Enamel,
dentine, and pulp cavity thickness, area, volume, and morphology have been used in
palaeontology [12], bioarcheology [13–15], and clinical odontology [16–18] for different
purposes related to each discipline. For example, in clinical odontology, micro-CT can
help clinicians to evaluate osseointegration and thus treatment success [19,20]. However,
the application of micro-CT is limited by the availability of scanners and the limited
space available to place the sample inside the equipment (from an isolated tooth to small
laboratory animals) [21].

Many authors have pointed out that micro-CT is useful for estimating mineral density
in dental tissues, as a means to evaluate treatment effectiveness, tissue development, or the
possible effects of an intervention [22–25]. When viewing micro-CT images in specialised
software, they are made up of black, white, and grey pixels due to the differences in the
attenuation of the radiation when passing through the different tissues. Hounsfield units
(HUs) are used to quantify X-rays that pass through or are absorbed by tissues. Because
these units are standardised, the attenuation of X-rays in micro-CT images is correlated to
mineral density [26,27]. Hence, HUs can be compared and analysed. However, possibly
due to the recent development of the technique, there is a lack of standardised and validated
protocols for measuring dental mineral density with micro-CT. It is important to develop
standardised and validated protocols because detailed information and documentation re-
garding the context of image acquisition ensures reproducibility of the methods, validation
of the results, and consistency and facilitates peer review [28,29].

In this context, it is relevant to mention that evidence from the specialised literature
indicates that there are similarities between bovine and human teeth in terms of the hard-
ness, morphology, and chemical composition of enamel and dentine [27,30–33]. Although
there are some differences, they do not limit the use of bovine teeth as an alternative for
human teeth. Nevertheless, these differences must be considered to ensure that the results
are interpretated appropriately within the scope of an investigation. This approach requires
making methodological adjustments in sampling and analysis, using healthy and well-
preserved teeth to minimise bias, and employing techniques such as exploratory micro-CT
to accurately study the structural and compositional differences to ensure compatibility and
that interpretations are based on the context [34,35]. Given the objective of this research,
the use of bovine teeth as a proxy for human teeth is appropriate.

The present study aimed to propose a standardised protocol to quantify mineral
density based on micro-CT images in a volumetric manner. This endeavour involved
evaluating the reproducibility of the density measurements at different points of the
enamel and dentine in bovine teeth generated from the protocol. The originality of this
work is the innovative step-by-step process to measure mineral density accurately and in a
reproducible manner.

2. Materials and Methods
2.1. Sample Composition and Scanning

The sample comprised 30 bovine incisors obtained from a local slaughterhouse in
Santiago de Chile (Figure 1). The study was approved by the Institutional Animal Care
and Use Committee (CICUA) of the University of Chile, code 21526-FCS-UCH.
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Figure 1. Bovine incisor teeth: (A) buccal; (B) lingual; (C) mesial; (D) distal.

Each tooth was scanned by computed tomography to visualise the internal dental
tissues. These images were employed to measure mineral density. Each incisor was
mounted in a cylindrical sample holder (Bruker, Billerica, MA, USA) and fixed with
polyethylene to prevent movement during scanning. The samples were scanned using
a high-resolution desktop micro-CT system (SkyScan 1278, Bruker) with the following
parameters: 588 µA, 65 kV, 38 W, 1 mm Al filter, a 50 µm voxel size, and a rotation step of 0.2◦

through 360◦. The images were reconstructed using the NRecon v.1.6.9 software (Bruker).
Analysis was performed with the MIMICS v.26 software (Materialise, Lovaina, Belgium).

2.2. Dental Mineral Density Measurement Protocol
2.2.1. Segments and Thresholds

Once the micro-CT files of a tooth were uploaded to the MIMICS software, the New
Mask tool in the Segment menu was used. By manipulating the minimum and maximum
HUs in the Threshold window, the enamel and dentine segments were generated, matching
the maximum value of the second with the minimum of the first.

2.2.2. Reference Points

To standardise the location for mineral density measurements, reference points were
established in the buccolingual view of the tooth due to the ease with which they are
visualised and identified in micro-CT images, which ensures that the steps can be repeated.
A frame from the medial third in which the dental tissues were clearly observed was used.
With the Distance tool in the Measure tab, a line was drawn from buccal to lingual that joined
the visible points of the cemento-enamel junction (CEJ). Following this line, four reference
points were located from the limits of the dental tissues; these points were used for the
subsequent steps to calculate crown and root dentine mineral density. To estimate cervical
dentine mineral density, lines overlapping the CEJ that corresponded to the distance from
the dentine to the tooth surface were generated. Due to the intention to evaluate the
reproducibility of the mineral density measurements at different points of the tooth, the
dentine was evaluated at points on its buccal and lingual surface, thus distinguishing both
areas where the samples taken should have been located. Table 1 contains the descriptions
of the four reference points and the two mentioned areas, and Figure 2A shows them.
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Table 1. Abbreviations of the reference points and prisms for the mineral density measurements.

Reference Point Prisms Abbreviation

Cemento-enamel junction to buccal surface CEJ-B
Cemento-enamel junction to lingual surface CEJ-L
Dentine pulp chamber to buccal surface DPC-B
Dentine pulp chamber to lingual surface DPC-L
Dentine to buccal surface Dentine-B
Dentine to lingual surface Dentine-L

Buccal crown dentine BCrD
Lingual crown dentine LCrD
Buccal cervical dentine BCeD
Lingual cervical dentine LCeD
Buccal root dentine BRD
Lingual root dentine LRD
Lingual root dentine CEJ-B
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abbreviations in Table 1). (B) Angles to standardise sampling (grey corresponds to buccal crown
dentine, red to lingual crown dentine, green to buccal root dentine, and blue to lingual root dentine).
(C) Distances from the CEJ line to position the sampling in different sectors of enamel and dentine.
(D) Distances from the CEJ line and prism location for the three-dimensional (3D) calculation of
mineral density. (E) Prism location for the 3D calculation of mineral density (abbreviations in Table 1).
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2.2.3. Angles and Distances

Next, the Angle tool was used, and from the previously established reference points,
right angles were generated for the dentine sections in the crown and root. Table 2 specifies
the points and the order necessary to obtain the four angles (Figure 2B).

Table 2. Use of reference points for the angles to measure crown and root dentine.

Dentine Section Reference Points for the Angles

Buccal crown dentine From CEJ-L to DPC-B
Buccal root dentine From DPC-L to CEJ-B
Lingual crown dentine From DPC-B to CEJ-L
Lingual root dentine From CEJ-B to DPC-L
Lingual root dentine From CEJ-B to DPC-L

See Table 1 for the abbreviations.

With the Distance tool, 5.00 mm was measured following the perpendicular lines to
the CEJ formed by the angles. For the cervical dentine, lines were drawn corresponding to
half the distance of Dentine-B and Dentine-L. For the enamel, 5.00 mm was drawn from the
buccal CEJ point through the enamel in an incisal direction. Figure 2C shows the distances
for taking the seven measurements.

2.2.4. Mineral Density Calculation

The New Mask tool was used in the Segment menu, manipulating the Threshold
window with the minimum and maximum HUs already established and depending on the
tooth tissue that was measured.

For the dentine, the limits of the segment were moved in both the buccolingual and
mesiodistal views until obtaining a 0.98 × 0.98 mm square to generate a cube for the 3D
calculation of mineral density. In the crown and root, the point of the 5.00 mm distances
made previously coincided with the inciso-buccal vertex of the square, although variability
in the size of the root sometimes forced the square to be moved so that it coincided with
the incisal edge rather than the vertex. For the cervical area, the central point of the square
coincided with that of the distance.

For the enamel, a 0.57 × 1.03 × 1.03 mm rectangular prism was generated; the distance
generated previously was made to coincide with the cervical edge of the prism. The inciso-
apical view was observed to ensure that the entire volume of the prism generated was
within the correct dental tissue, moving it along its edge if necessary. Figure 2D shows
the buccolingual view with the seven generated prisms and their distances from the CEJ.
Figure 2E shows the buccolingual view with the prisms in the enamel and dentine for
mineral density measurements.

Finally, in the Properties of the generated segments, the Average Value was obtained
and recorded. Figure 3 shows the 3D reconstructed tooth with the prisms of the density
measurement points.
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2.3. Statistical Analysis

Normality and equality of variances were assessed with the Shapiro–Wilk test and Lev-
ene’s test, respectively. Lin’s concordance correlation coefficient (CCC) [36] was calculated
to evaluate the reproducibility of the measurements taken between the three observers:
MHZ (Observer 1), SLL (Observer 2), and CCA (Observer 3).

The CCC estimates how well bivariate pairs of observations fit relative to another set
of observations, based on the differences in the observations made by two observers and
the measurements of both precision and accuracy [37]. Because the measurements of only
two observers can be compared at a time, the CCC was estimated three times for each point
where mineral density in the dentine and enamel was estimated. Due to the continuous
character of the variable, the interpretation regarding the degree of agreement proposed by
McBride [38] was used: <0.90, poor; 0.90–0.95, moderate; 0.95–0.99, substantial; and >0.99,
almost perfect. Scatter plots were generated to illustrate the results.

All statistical analyses and graphs were generated using RStudio software version
2023.9.1.494, with the “DescTools” package version 0.99.54.



Appl. Sci. 2024, 14, 6334 7 of 13

3. Results

Based on the Shapiro–Wilk test and Levene’s test results, the normality and equality
of variances of the data could be assumed. According to McBride [38], the CCCs indicated
substantial to almost perfect agreement. Table 3 shows the values obtained for each CCC
test with details of the enamel and dentine sectors and the comparisons between the
observers. All the values were similar.

Table 3. Lin’s concordance correlation coefficients.

Sampling Observer 1 vs. 2 Observer 2 vs. 3 Observer 1 vs. 3

Enamel 0.989 0.995 0.986
Buccal crown dentine 0.987 0.991 0.991
Lingual crown dentine 0.991 0.987 0.995
Buccal cervical dentine 0.993 0.995 0.993
Lingual cervical dentine 0.987 0.997 0.989
Buccal root dentine 0.979 0.982 0.985
Lingual root dentine 0.965 0.977 0.985

The reproducibility of the method used on the crown showed substantial to almost per-
fect agreement for the enamel (CCC = 0.986–0.995). For the dentine, the CCCs for the mea-
surements taken on the buccal side (CCC = 0.993–0.995; almost perfect) were slightly higher
than the CCCs for the measurements taken on the lingual side (CCC = 0.987–0.991; substan-
tial to almost perfect). Figure 4 shows the scatter plots of these data. For the cervical area,
the highest CCCs were concentrated, with the best on the buccal side (CCC = 0.993–0.995;
almost perfect) followed by the lingual side (CCC = 0.987–0.997; substantial to almost
perfect). Figure 5 shows the scatter plots of these data.
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Figure 5. The scatter plots show Lin’s concordance correlation coefficients for the cervical area.
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buccal cervical dentine, respectively. (D–F) show the same comparisons for lingual cervical dentine.

The lowest agreement was found in the root. Although there were lower CCCs for
the measurements taken on the buccal side (CCC = 0.979–0.985; substantial) than for the
measurements taken on the lingual side (CCC = 0.965–0.995; substantial to almost perfect),
the range of CCCs for the measurements taken on the buccal side was narrower than that
of the measurements taken on the lingual side (Figure 6).
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Finally, when comparing all the results, the highest and most similar CCCs occurred
for the measurements taken on the buccal side. Similarly, the highest and most similar
CCCs occurred for the measurements taken in the cervical area, followed by the crown
(including enamel and dentine) and, finally, the root. However, these differences did not
translate into relevant changes in the agreement categories; so, it can be assumed that the
methods proposed to estimate enamel and dentine density at different points are replicable
and reliable.

4. Discussion

Since the development of micro-CT systems, their usefulness has been demonstrated
in a wide variety of applications in dental research [11]. The widespread use of micro-CT
in dental studies has led to the development of standardised image acquisition protocols
that can be applied to images taken with different technologies. One of the main aims
of these protocols is reproducibility; thus, many authors, including us, have focused on
demonstrating high degrees of agreement between measurements by different observers.
Slagter et al. [39] developed a reliable and reproducible protocol to measure implant bone
thickness based on CBCT images. They found a high level of agreement between observers.
Likewise, Curi et al. [40] tested a protocol to enable the comparison of antemortem pe-
riapical radiographs with images extracted from postmortem CBCT exams through one
angle, linear measurements, and the proportion between these distances. They reported a
high level of reproducibility. Kochhar et al. [41] calculated the volume of the cleft region
using the Osirix Dicom Viewer and reported a nonsignificant difference in bone volumetric
measurements between observers.

This protocol uses HUs, and it is important to acknowledge an ongoing debate:
Obtaining HUs from grey levels has not been sufficiently studied [42], and researchers must
assume that there is a constant correlation between both [43]. Of note, Genisa et al. [44]
analysed mineral density that was estimated based on the HUs of CBCT images and
determined from measurements in parts of the jaw and tooth. Even recognising these
aforementioned limitations, the authors verified the repeatability of the method, denoted
by a high degree of agreement. Hence, we can deduce that HUs are comparable and
allow us to evaluate the reproducibility of our proposed protocol to establish sectors to
estimate density.

Although the calculated CCCs demonstrated the high concordance of the proposed
measurement method, there were important differences between the measurement points.
For enamel, given its thickness in the teeth we assessed, this proposal allows the movement
of the position of the generated prisms to assess external or internal layers of the tissue.
For dentine, the lowest CCCs on the lingual surface can be related to more pronounced
differences between its layers compared with the buccal surface. There are more dentinal
tubules in the crown, and their number is reduced toward the apex [45]. Moreover, the
layers closest to the pulp chamber are denser than the middle and outer ones, particularly
in the crown, where there is a significant increase from the middle to the internal layer
near the pulp [46,47]. Given these differences in density, the choice of the exact frame
from which to begin working to establish the reference points can affect the density values
obtained, which may explain the lower concordance in the crown area compared with the
cervical area. The root results were the least concordant. A possible explanation is the
narrowness of the sampling area, which forced us to increase the flexibility of the cube
position and could have increased the differences between the observers.

Despite these limitations, this proposal produced results with high levels of concor-
dance. This outcome can be explained by the ability of micro-CT to provide structural
information of objects and to allow morphometric reconstructions, which are advantageous
for analysis of volumes and densities compared with other instruments such as radio-
graphs [48]. In other words, because the differences in density in dental tissues seem to be
due to the formation and arrangement of the layers that comprise them, a 2D method that
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allows an estimation of the density of a single layer would be less effective than one that
covers a set of layers.

Although the agreement results can be attributed to the characteristics of bovine teeth,
there do not seem to be morphological differences in the composition of enamel, dentine,
and cementum between bovine and human teeth [49–51]. Moreover, physical properties
such as composition, enamel diameter, and dentinal tubule diameter are similar between
the species [52–54]. Although this image acquisition protocol was validated in bovine teeth,
it could be applied to human teeth with a simple adaptation of the applied dimensions, as
well as other dental research that employs detailed methods and protocols to investigate
abrasion and erosion [55–57], colour and bleaching [58–60], and bond strength [61,62] using
bovine teeth.

This protocol can be used on incisors as they are the most similar in morphology to the
bovine incisors used in the present study. The aim of developing a measurement protocol
based on angles is to enable its adaptation to other types of teeth. However, this adaptability
was not assessed in the present study. The present study utilised the buccolingual view of a
transverse section because it provides a better visualisation of the dental tissues. However,
due to the lack of information regarding the protocol’s functionality in a mesiodistal view,
we cannot fully confirm its adaptability to this view.

5. Conclusions

This study has shown the reproducibility of the proposed standardised protocol to
quantify mineral density using volumetric measurements based on micro-CT images at
different points of enamel and dentine. We recorded the highest CCCs in the enamel
(CCC = 0.986–0.995) and buccal dentine (CCC = 0.987–0.995) and the lowest CCCs in
the root dentine (CCC = 0.965–0.985). This phenomenon can likely be attributed to the
layered formation of dental tissues and the requisite flexibility in the narrow regions that
allows the protocol to be implemented effectively. Nevertheless, all the evaluated points
achieved substantial to almost perfect agreement, thereby demonstrating the robustness
and reproducibility of the proposed protocol.
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