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Abstract

The accuracy of Young’s modulus of bone estimated from computed tomography (CT) values has not been evaluated by means of nano-indentation (NI) measurements.
This study tested the validity of an equation for obtaining Young’s modulus from CT-derived bone mineral density (BMD). Maxillary bones of 17-week-old male
C57BL/6] mice (n=9) were scanned by micro-CT (uCT) after sacrifice, and subsequently subjected to NI (n=5) in wet conditions at two regions of interest (ROI).
These ROIs were placed in the cortical bone of the hard palate on a section parallel to the frontal plane near the incisor teeth; one at the top of the palate close to
the median (ROI-1), and the other approximately 500 pm outside of ROI-1 (ROI-2). The modulus of each indent was calculated using the method of Oliver and
Pharr, while BMD was estimated from the CT number of each corresponding voxel. The average Young’s modulus for ROI-1 (19.38+3.49 GPa) was statistically
significantly lower than that for ROI-2 (28.91+5.06 GPa) (p<0.05), while BMD did not differ significantly between ROI-1 (1.27+0.13 g/cm?) and ROI-2 (1.38+0.13
g/cm?). The Young’s modulus (E)-BMD (p) relationship was obtained as a power regression model for ROI-1 (E=16.748p%6%2, R"0.256, p=0.163) and ROI-2
(E=17.486p"%%, R*0.661, p=0.013). The relatively weak correlation for ROI-1 was presumably in association with the limitation of current pCT resolution, which
could not capture non-homogeneous microstructures. The results suggest that the potential for estimating Young’s modulus in local bone structures is limited when

based solely on the CT numbers.

Introduction

The accuracy of clinical diagnosis and treatment planning in dental
implant therapy, involving the implant design, number of implants,
and placement sites, can be further improved by mechanical analyses
of the stress and strain that are generated in the bone structures under
mechanical loading [1-4]. The calculated magnitude and direction
of stress in a local bone segment can enhance estimation of post-
operative resorption of bone near the implants, as well as the loss of
osseointegration at the bone-implant interface. For this purpose, the
use of three-dimensional mathematical models that are constructed
based on computed tomography (CT) images of the maxillary and
mandibular bone morphology has been widely attempted [5,6]. In
those models, mechanical properties, such as Young’s modulus, must
be input into a computer program to calculate the stress and strain
distributions within the model. To perform a valid stress analysis for
bone structures, it is essential to input accurate location-dependent
Young’s modulus based on data of individual patients. However, non-
invasive measurement of Young’s modulus is currently not available
for the bone structures in patients. Estimation of the bone modulus
by means of CT images has recently been attempted in both humans
and experimental animals. However, the validity and reliability of each
method have not yet been established [7,8].
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CT numbers represent a quantitative scale for describing radio
density, which has recently been used to estimate local densitometric
measures, such as bone mineral density (BMD) [9,10]. BMD has been
correlated with bone strength and toughness [11,12], and is often
employed for diagnosis and treatment of osteoporosis and multiple
osteomyelitis [13,14]. To date, conversion of the CT number to
estimate BMD by means of a hydroxyapatite phantom as a reference
has been widely used and accepted for clinical diagnostic purposes
[15,16]. Therefore, if there is an appropriate mathematical equation
that can be used to convert a BMD value to the Young’s modulus, it
is plausible that it would be possible to predict the modulus based on
CT data. Various potential equations have been proposed to this end;
however, those equations were quite diverse, probably due to the wide
variety of animals and experimental conditions used, as well as the
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methods for modulus measurement [8,17]. Nevertheless, the validity
and reliability of CT-based Young’s modulus values cannot be ensured
unless the relationship between the CT-derived BMD and the real
Young’s modulus is confirmed at a local bone structure. To assess this
relationship, it is necessary to measure Young’s modulus directly at one
site on the bone surface, and to compare it with the CT-derived BMD
of the same location.

The nano-indentation (NI) method has recently been introduced
and employed in many animal studies as an effective method for
measuring the mechanical properties of a narrow region in living
tissues and biomaterials [18]. With this method, Young’s modulus and
hardness are routinely obtained by continuously monitoring the load
and displacement during the indentation process, and constructing a
load-displacement curve [19]. The NI measurement of local bone tissue
at a microscopic level is possible regardless of sample size and shape.
Therefore, the method can allow determination of the mechanical
properties of the bone that typically reveals inhomogeneous structures.
The potential relationship between the CT-derived BMD and the NI-
measured Young’s modulus at a specific site of a bone specimen can be
analyzed. Moreover, this relationship can potentially facilitate generation
of an equation to obtain Young’s modulus from CT numbers.

We hypothesized that CT-derived BMD and Young’s modulus
would be positively correlated; this could further support the validity
of the mathematical diagnostic models for the implant therapy based
on CT-based Young’s modulus. The purpose of this study was to assess
the relationship between CT-derived BMD and Young’s modulus of
bone structures at the same location of the same sample. In this study,
two regions of interests (ROIs) were defined at the cortical bone
regions of the mouse maxillary palate. The BMD data derived from CT
numbers were compared and analyzed with Young’s modulus that was
measured at the same bone regions of the same mouse by means of
the NI method. A further objective was to explore the possibility of
establishing a conversion equation that would obtain Young’s modulus
from CT numbers.

Material and methods

Sample preparation

For this study, 17-week-old male C57BL/6] mice (SLC, Tokyo,
Japan) (n=9) were maintained in our animal care facility, as previously
described [20]. Nine mice were anesthetized with medetomidine
hydrochloride (0.7 mg/kg, Domitor; Zenoaq, Fukushima, Japan) and
ketamine hydrochloride (50 mg/kg, Ketalar; Sankyo, Tokyo, Japan), and
the mice were sacrificed by cervical dislocation. After gently removing
the soft tissue surrounding the bone, the maxilla of each mouse was
harvested. The dissected maxillae were sectioned parallel to the
frontal plane for histological analysis, as described previously [21,22]
(Figure 1). Each sample was sectioned with a low-speed diamond saw
(BS-3000; EXAKT Apparatebau GmbH, Norderstedt, Germany) at a
thickness of approximately 1-2 mm at a position 2-3 mm behind the
tip of the nose. Each sample was embedded and fixed on an acrylic
plate (thickness: 2 mm, Meiwafosis Corporation, Tokyo, Japan) with a
light curing polymethylmethacrylate (PMMA) resin (Technovit 7210
VLGC; Kulzer, Germany) using a light irradiator (Exakt MG-4230). To
enhance the matching accuracy of the tissue photograph with the uCT
image, four ivory triangular prisms were also embedded near the four
corners of each sample.

All animal experimental procedures were reviewed and approved
by the Animal Care and Use Committee of Tokyo Medical and Dental
University (Tokyo, Japan; authorization numbers: 0150200C).
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Figure 1. Preparation of bone samples. (a) A sagittal micro-computed tomography
(1CT) image of the maxillary bone of a representative mouse. Two orange lines indicate
the sectioning planes for sample preparation. (b) A uCT image at the sectioned plane
corresponding to the indented surface. (¢) The polished surface on the incisal side of a
representative bone sample for indentation. The bone sample was embedded in the
polymethylmethacrylate resin

uCT scanning and imaging

Prior to imaging of each sample, a phantom block (Kyoto Kagaku,
Kyoto, Japan) made from epoxy resin containing aluminum rod, which
is equivalent to 1.5 g/cm’ hydroxy apatite, and 7 regions of different
hydorxy apatite contents (0.8, 0.7, 0.6, 0.5, 0.4, 0.3 and 0.2 g/cm?), was
scanned by using pCT (ScanXmate-E090; Comscan, Kanagawa, Japan).
The BMD was calculated from CT number by linear regression derived
from the data of both hydroxy apatite amounts of the phantom block
and the respective CT numbers. The sample was placed on a table for
uCT imaging such that the cross-section of the sample was as parallel
as possible to the surface of the imaging table. The bone specimens and
phantom were scanned by uCT at 65 kV and 124 pA, and 3D image
data was constructed 1 hour after sacrifice. Each slice of scan data was
preserved as 8-bit 506 TIFF files and imported into image processing
software (Matlab 2010, Mathworks, Natick, MA, USA) to obtain the
CT number distribution for each voxel in the imaging plane. The voxel
size was 20.1 x 20.1 x 20.1 um.

Regions of interest

Immediately after uCT imaging, the front surface of each sample
was sequentially polished with silicon-carbide papers #500 (DCCS;
Sankyo, Saitama, Japan) and with #400, #4000, and #15000 lapping
film (Imperial; 3M, Tokyo, Japan) by hand-polishing under running
water. The polishing was completed when the total thickness of the
bone sample and the acrylic plate was 3 mm, with the bone thickness
approximately 1 mm. The samples were kept at 23°C until NI
measurement was performed.

Two regions of interest (ROIs) were defined on the cortical bone
in the intermolar region of the hard palate on the right side of the
polished surface that was parallel to the frontal plane (Figure 1). ROI-
1 was defined at the cortical region of the palate, close to the median,
approximately 500 pm away from the basis of the incisal tooth (Fujiki
et al. 2013, Suzuki et al. 2016), while ROI-2 was also set at the cortical
bone structure, approximately 500 um outside of the ROI-1. Each ROI
comprised an area of 0.7 X 0.7 mm.

NI test

NI tests were performed on the ROIs of all sample mice using a
three-sided pyramid diamond Berkovich tip (ENT-1100a; Elionix,
Tokyo, Japan) 4 hours after sacrifice. Fused quartz (hardness: 9.5+1.5
GPa, Young’s modulus: 7.3+7.0 GPa) was used as the standard
calibration material to determine the effective measurement range of
the diamond Berkovich tip, such that an almost-ideal pyramidal portion
of the Berkovich indenter always dominated the contribution to the
measured mechanical properties of each sample. The maximum force
was 6.0 mN at a loading rate of 0.6 mN/s; to minimize the viscoelasticity
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effects on calculation of the Young’s modulus the holding time at the
peak load was set to 10 s between the loading and unloading motions.
All measurements were conducted at a chamber temperature of 27.0°C,
with a room temperature of 22°C, and approximately 65% humidity. In
order to minimize errors due to surface roughness, five smooth parts of the
bone surface were chosen based on one view seen in the Charge Coupled
Device camera, and to avoid any influence of the adjacent indentations, the
distance between the indentations was set at greater than 25 um.

Immediately after the measurement, the indentations were
photographed under a microscope. The elastic modulus (E) was
calculated from the unloading curve of the load-displacement curve
using a standard unloading analysis procedure defined by the following
equation

S\r
1

where S is the contact stiffness calculated as the slope of the
unloading, and A is the projected area of the indenter tip as a function
of the contact depth [19].

Based on the linear correlation obtained from the phantom
calibration, the CT number (pixel intensity) of each pixel was converted
to BMD, and a one-to-one relationship was established between each
indentation and BMD.

Superimposing NI pictures on nCT images

One pCT image that matched with the optical microscopic
photograph of the indented surface was selected. The surface
photograph with indentations, improved in transparency using image
processing software, was superimposed on the uCT image by means
of the ivory references (Figure 2a). The uCT image was then replaced
by a colored CT number map (Figure 2b), which could determine the
CT number that was indicated for a voxel nearest to each indentation
(Figure 2c). For each ROI of nine samples, a total of 90 indents were
used for the analysis.

Laser microscope and scanning electron microscopy

After completing the NI test, all the indented surfaces were
photographed using a laser microscope (LEXT OLS4000; Olympus,
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Figure 2. Microscopic and pCT images of an indented bone surface. (a) Optical
microscopic images (yellow rectangles) of ROIs-1 and 2 (red circles) were superimposed
on the pCT image of the same region. (b) The same microscopic images as shown in (a)
were superimposed on a colored CT number map. (c) Enlarged view of (b). Each indent
(blue dot) is represented by a nearest CT number that is contained in a pixel box
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Tokyo, Japan). The specimens were sputter-coated with platinum by
Ion Sputter (E102; Hitachi, Tokyo, Japan), and the microstructures
of the indentations were observed by scanning electron microscopy
(SEM) (S-4500; Hitachi, Tokyo, Japan) to confirm bone surface
microstructures.

Statistical analyses

The correlation between BMD and Young’s modulus was
analyzed using regression analysis for each ROI of each mouse. The
regression analysis was performed by the power function E=ap? (E:
Young’s modulus [GPa], p: BMD [g/cm?®]) [23-25]. To compare the
differences in BMD and Young’s modulus between the two ROIs,
Mann-Whitney’s U-test was performed, with a significance level set at
a=0.05. To compare the difference in BMD and the Young’s modulus,
the Kruskal-Wallis test was performed along with the Mann-Whitney
U-test, with a significance level set at a=0.05. The data are presented
as the averageststandard deviation (SPSS ver. 24 for Windows; IBM,
Armonk, NY, USA).

Results

There was no significant difference in the average BMD between
ROI-1 (1.27+0.13 g/cm®) and ROI-2 (1.38+0.13 g/cm®) for all mice,
while the average Young’s modulus of ROI-1 (19.38+3.49 GPa) was
significantly lower than that of ROI-2 (28.91+5.06 GPa) (p<0.05)
(Figure 3). In contrast to the homogeneous bone structures in ROI-2
(Figure 4), the Haversian system in the mouse maxillary bone [26] was
used to categorize the bone structures of ROI-1 into three subgroups:
surfaces containing Haversian lamella around a Haversian canal (Hav),
surfaces featuring the interstitial lamella between Haversian lamellae
(Int), or surfaces showing mixtures of Haversian and interstitial lamella
(Mix). There was no significant difference in the average BMD among
Hav (1.26£0.04 g/cm’), Int (1.27£0.04 g/cm’), and Mix (1.28+0.20 g/
cm’®) (p<0.05) (Figure 3). While, the average modulus was significantly
higher in Hav (20.94+2.32 GPa) than in Int (17.16+1.96 GPa) (p<0.05)
(Table 1).

The relationship between BMD and Young’s modulus is shown
for both ROIs of all samples in Figure 5. The power regression model
fit relatively well for ROI-2 (R?=0.661, p=0.013), while the curve did
not fit well for ROI-1 (R?*=0.256, p=0.163). There were some lamellar
structures centered on the Haversian canal at the indentation site of
ROI-1 (Figure 4), while a relatively homogeneous surface was seen on
the indentation sites of ROI-2 in laser microscope images (Figure 4).
A representative SEM image of the indented bone surfaces is shown
in Figure 6. The bone surface of ROI-2 (left) was structurally more
homogeneous than that of ROI-1 (right), which contained pores on
the surface. The SEM images indicated that the average diameter of the
indents was larger in ROI-1 (approximately 4.57 um=+0.45 um) than in
ROI-2 (approximately 3.98 um+0.35 um).

Discussion

The BMD values obtained from the puCT images of the mouse
maxilla ranged from 0.83 g/cm® to 1.55 g/cm?, which were considerably
larger than values of the previous data, which ranged from 0.12 g/
cm’® to 1.00 g/cm® for the same strain of mice, C57BL/6] mice [27-
30]. This might be partly attributed to the difference in the targeted
bones, which could be a key factor determining the BMD values in
mice [31]. Spinal [29], tibia [28], and femoral bones [27,29,30] have
been used in previous studies, while the maxillary bone was used in the
present study. Technical factors, including the scanner type, voltage,
and kernel [32], can also affect the magnitude of the CT numbers in
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Table 1. Average Young's modulus (GPa) and BMD (g/cm?®) for each mouse

ROI-1 ROI-2
Mouse number | BMD (g/cm®) | Young's modulus| BMD (g/cm® | Young's modulus
(SD) (GPa) (SD) (SD) (GPa) (SD)
1 133(004) | 20.16(287) | 1.10(0.05 | 1831 (1.41)
2 1.00(0.11) | 16452.04) | 130(0.04) | 29.97 (2.09)
3 151(0.04) | 22.64(0.93) 1.52(0.03) | 28.26(1.96)
4 130(0.03) | 1641(243) | 144(0.09) | 2838(2.10)
5 125(0.04) | 1826(335) | 140(0.06) | 32.10(4.52)
6 127(0.04) | 2486(4.15) | 136(0.06) | 29.76(1.98)
7 122(0.02) | 21.46(2.04) | 150(0.03) | 3249 (1.07)
8 126(0.01) | 18.69(2.09) | 1.42(0.02) | 37.29(1.63)
9 128 (0.02) 18.55(1.81) | 1.41(0.04) | 30.40(1.99)
a (b)
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Figure 3. Bone mineral density (BMD) and Young’s modulus. Average BMD in g/cm? (a
and c) derived from computed tomography (CT) numbers and Young’s modulus in GPa
(b and d) measured by the nano-indentation method are shown by ROIs (a and b) and
subgroups of ROI-1 (c and d), with vertical bars indicating standard deviation. Asterisks
represent statistically significant differences (p<0.05). Subgroups Hav, Int, Mix were
categorized based on dominant bone structures observed around indentations of ROI-1

Figure 4. The bone surfaces. Laser micrographic images of ROI-1 (left) and ROI-2 (right),
with arrows indicating the indentations

uCT and quantitative computed tomography (QCT) images; thus, this
could cause the large discrepancy in BMD values between the previous
and present studies [8].

Young’s modulus, as measured by NI test in this study, was in the
range of 13.32 GPa to 38.15 GPa, which was similar to or slightly higher
than the moduli determined in previous NI studies that measured
the tibia and femurs of mice [33-37] (Table 2). It has been indicated
that the bone elastic modulus obtained from NI was generally lower
under wet conditions than in the dry state [36,38-40]. However, in the
previous studies, the samples were first dried, followed by rehydration,
after at least 24 hours of immersion in various solutions, such as 3.7%

Dent Oral Craniofac Res, 2018 doi: 10.15761/DOCR.1000254

formaldehyde, 4% paraformaldehyde, Ringer’s solution, and ethanol.
In this study, the measurements were conducted 2 hours after sacrifice
and stored without immersion in these solutions to minimize potential
changes, such as degeneration and drying of the bone tissue. Because
of the shorter storage time, the bone samples in this study were likely
to be maintained in a relatively wet condition closer to the condition
of living tissues. Previous data obtained from conventional three-point
or four-point bending methods cannot be compared with the results
of this study. Those test methods were used to measure the bulk bone,
including the porous structure, resulting in a modulus approximately
five times lower than the results obtained by NI [20,41].

The present study employed the method of Oliver and Pharr
to calculate Young’s modulus by using data obtained from NI
measurements [19]. The method is suitable for determining the relative
difference in elastic modulus between samples [36]. To enhance a
model solution without errors and incomplete convergence, most of
the mathematical models require a single number modulus for each
model element without using a non-linear equation representing such
as viscoelastic properties. Therefore, the use of the Oliver and Pharr
to method was reasonable for the purpose of this study, as compared
with other methods including viscoelasticity-plasticity analysis for
estimating the elastic, plastic, and viscous properties, and that can be
used to analyze the creep behavior of bone [36].

In our study, the average Young’s modulus of ROI-1 was lower than
that of ROI-2 (Figure 3), probably because the surface characteristics
of the former were less homogeneous, with more defects, than the
latter regions (Figure 6). In ROI-1, non-homogeneous surfaces with
numerous small pores were observed in the Haversian lamella and
interstitial lamella, but these were absent from ROI-2. The larger
diameter of the indents measured in ROI-1, as compared to those in
ROI-2, was in agreement with a previous study, which indicated that
the pores in the indent-surface interaction zone softened the structure
and decreased the indentation modulus [42].

The relatively higher coefficient of determination (R*) for the
relationship between the modulus and the BMD of ROI-2 might be

ROI-1 ROI-2

‘< 401 40 7
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< 30 30
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Figure 5. Relationship between average Young’s modulus and BMD for all animals. Each
dot represents average data for one animal sample, with a regression line for each ROI

Figure 6. Indented bone surfaces. Scanning electron microscopy images were obtained from
representative bone surfaces at ROI-1 (a) and ROI-2 (b). Yellow arrows indicate small pores
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more closely associated with homogeneous bone structures without
the mixed appearance of the Haversian system and the interstitial
lamella containing small pores, such as seen in ROI-1. The lower R*
of ROI-1 might also be attributed to the fact that Young’s modulus
varied depending on the mixed micro-structures at each indentation,
while these site-dependent characteristics were not reflected in the CT
number that was averaged for each voxel. In fact, the three different
surface appearances (Hav, Int, and Mix) in the sectioned surfaces of
ROI-1 might have caused a relatively large SD for Young’s modulus of
ROI-1. The analysis of subgroups in ROI-1 indicated that the average
modulus was higher in the area dominated by Haversian lamellae than
in the area containing predominantly interstitial lamellae (Figure 3),
which did not coincide with the result of a previous study of the horse
femur bone [41]. Although the classification of this study was proposed
to distinguish the Haversian lamellae from the interstitial lamellae, one
indent was occasionally found to extend over several lamellae or was
performed at a site between two lamellae, suggesting that it was not
possible to compare Young’s modulus of each bone lamellar structure
with dimensions of less than 10 pm by the NI used in this study (with
approximately 4-5 um indent diameter). Also, like the structure of the
Haversian lamellae, Young’s modulus might be affected by the bone
anisotropy. In ROI-1, the larger SD values of the modulus might
contribute to the relatively low R? for the relationship between the
modulus and BMD.

The result of this study indicated that there was no difference in
the average BMD values among the three subgroups of ROI-1 (Figure
3). This was not expected, because there was clearly a hierarchical
structure in the bone, with marked variation in scale, such as the
Haversian lamella and Haversian canal of 100-200 pm, the bone
lamella of 3-7 um, and mineralized collagen fibrils of less than 1 pm
[43,44]. Thus, the complex microstructures of the bone did not affect
BMD magnitudes for small segments, because the effects of the bone
lamella and the small porosities were not reflected by the partial volume
effect of the 20.1-um voxels in the CT numbers of this study. In future,
increased image quality with smaller voxels for each image segment
would make it possible to distinguish the CT numbers of different bone
microstructures [45].

The relationship between Young’s modulus and BMD has been
proposed previously, although the proposed equations varied markedly
[7,46]. The present study used a form of power function that had been
proposed for estimating Young’s modulus of the human femur and tibia
[47,48], given its ability to reveal a higher coefficient of determination
(R?) than linear functions [23]. Figure 7 shows the modulus as a
function of the BMD based on ROI-2 of this study for a BMD range of
0.8 g/cm’ to 1.6 g/cm’, along with other curves that were created using
conversion formulae proposed in previous studies [23-25] (Table 3).
The coefficient a in an equation E=apf represents the site- and object-
specific parameter, while P affects the curvature of the function. The
parameter a of this study was relatively larger than those of the other
studies, while the parameter p was smaller for the equation of this study
compared with the previous studies. This means that the regression
equation of the ROI-2 data estimates a higher Young’s modulus than
the previous equations in a relatively small BMD, while it estimates
values closer to those obtained from the other previous formulas for
a higher BMD. The differences in the a and P parameters between the
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Figure 7. The relationship between bone mineral density (BMD) and Young’s modulus
relationship of previous and present studies. Data of ROI-2 were used for the regression
curve of the present study. The regression equations of the previous studies are also listed
in Table 3

Table 2. Young’s moduli measured by nano-indentation (NI) and experimental conditions in the present and previous studies

Study Modulus Condition

Jiao et al., 2007 21-32 GPa dry

Middleton et al., 2010 30-33 GPa dry

Miller et al., 2007 >20 GPa dry

i 11.5 GPa wet

Rodriguez|-Florez et al., 2013

20.1-22.9 GPa dry

29.5-32.1 GPa dry

. 31.4-33.7 GPa dry
Silva et al., 2004

27.8-29.9 GPa dry

30.8-33.1 GPa dry

Present study 13.32-38.15 GPa wet

Table 3. Formula to estimate Young's modulus from BMD reported in previous and present studies

Source Equation Density
Carter and Hayes, 1977 E=3.79¢%%p3 0.07-2.00
Snyder and Schneider, 1991 E=3.891p>* 1.748-1.952
Keller entire, 1994 E=10.5p>"7 0.028-1.221
Keller femur, 1994 E=10.5p*% 0.092-1.221
Present study (ROI-2) E=17.486p! 1.027-1.559

Anatomical site Sex Age
Tibia Female 4 months
Femur Not specified 171-177 days
Tibia Female Not specified
Tibia Female 9 weeks
Femur 4 month
Femur i 6 months
o Not specified
Tibia 4 months
Tibia 6 months
Maxilla Male 17 weeks
R? Bone Type of bone
NR Hul?:;g:f c?)r;il;loe vine Cortical and trabecular
r=0.75* Human tibial diaphysis Cortical
0.965 Human femur Cortical and trabecular
0.849 Human femur Cortical and trabecular
0.611 Murine maxilla Cortical

Young’s modulus (E) in GPa and BMD (p) in g/cm®; R* Coefficient of determination; NR: Not reported; a: Pearson correlation coefficient, as reported in the original work; 3 ¢: a strain

rate (per second)
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previous studies and the current study might be attributed to the use
of human [23-25] or bovine bones [24], rather than the mouse maxilla
used in this study. The BMD values in some studies were not derived
from CT data [23,24]. Other factors that could lead to differences are
the spatial resolution of CT, which was considerably different from
that of the current study [25]. Furthermore, the Young’s moduli were
measured using bone block specimens containing porous structures in
the previous studies, which could lead to lower moduli compared to the
NI measurements, resulting in the difference in the values of a and
between the present and previous studies. However, it was not possible
to specify a clear reason for the inconsistency in the equations, because
various methodological factors may act synergistically, confounding
their effects [7].

The results of this study indicated a relatively low (ROI-1) or
intermediate (ROI-2) correlation between the CT-derived BMD and
Young’s modulus as measured by the NI method at localized regions
in the mouse maxilla, which was partly due to the low resolution of the
current pCT technology, which does not capture non-homogeneous
bone microstructures. On the other hand, the content of organic
components of the bone, such as collagen fibers [14,49], in addition to
the degree of bone mineralization and the mineral crystal properties of
the bone could act as additional factors strongly influencing Young’s
modulus of the bone [50,51]. Since all these factors are not included
in the CT-based image data, in future, combined diagnostic image
data and biological examination should be used to develop a precise
estimation of Young’s modulus in the clinical diagnosis for dental and
cranjofacial surgeries. The results of the present study suggested that
estimation of Young’s modulus by using CT-based BMD is limited
when data are based solely on CT numbers.

Conclusion

A moderately high correlation was found between CT-derived
BMD and NI-measured Young’s modulus of homogeneous bone
structures in the mouse maxillary bone; the correlation was weak
at regions where the Haversian system was present in the non-
homogeneous bone structures. The results indicated that the resolution
capability of the current pCT could not reflect the non-homogeneous
bone microstructures on the CT numbers, suggesting that a more
precise estimation of Young’s modulus at specific bone structure
sites requires further technological improvements in addition to the
biological information of the patients.
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