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Abstract - In the present study, the methodology and results for determining the Young’s modulus,
a key physical parameter, and the bone mineral density (BMD) of the same specimens are
presented. Young’s modulus was measured using mechanical testing, and BMD was determined by
quantitative computed tomography (QCT). The specimens were prepared from the cortical region
of porcine femoral bones, sourced from animals which were approximately 1 and 3 years old at the
time of slaughter. QCT measurements were performed using two distinct X-ray tube settings of the
computed tomography scanner. The investigation aimed to identify correlations between BMD
values obtained from QCT and the measured Young's modulus values. Additionally, the BMD results
were compared for different scanner settings of the computed tomography system.

Keywords: Bone mineral density (BMD), Mechanical properties, Young's modulus, Quantitative

computed tomography (QCT).

1. Introduction

One of the continuing challenges in medical
diagnostics is the non-invasive or minimally invasive
evaluation of bone fracture risk in pathological
regions through the analysis of images derived by
computed tomography. Efforts to establish
correlations between the mechanical properties of
bone tissue and diagnostic imaging have been
described in the literature [1-6]. Quantitative
computed tomography (QCT) serves as a primary
method for predictive analyses. Many studies also
present findings obtained from the finite element
analysis (FEA) [1, 7, 8].

Pathological fractures most commonly occur in
the regions of the hip joint and the spine [9]. In the
context of osteoporosis, they represent a significant
public health challenge associated with population
aging and the increasing cost of treatment in this
group of patients. Osteoporosis is a metabolic bone
disease characterized by both qualitative and
quantitative degradation of bone tissue. Primary
osteoporosis is age-related, in contrast to secondary
osteoporosis, which develops as a consequence of

primary bone tumors, metastatic solid tumors, or
their treatment. Pathological fractures lead to a
deterioration in quality of life, increased
dependency, reduced mobility, and complications,
which generate substantial costs for healthcare
systems [10]. The assessment of bone tissue strength
to identify patients who require early intervention is
essential for mitigating these adverse outcomes.

The strength of bone tissue depends on its
microarchitecture, remodeling rate, cumulative
microdamage, and bone mineral content [11]. Bone
mineral density (BMD) is a widely recognized
parameter used to assess bone strength [3]. Several
radiographic techniques have been developed to
evaluate BMD, including dual-energy X-ray
absorptiometry (DXA) [12] and quantitative
computed tomography (QCT) [13]. However, BMD
has been proven to have low specificity and
sensitivity as a predictor when assessing fracture
risk. This limitation is attributed to the complex
structure of bone tissue, which must be taken into
account in fracture risk assessment. According to the
literature, while BMD correlates well with
mechanical properties of bone (ex situ, r=0.9), it
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predicts fracture risk in only 10-44% of patients [2].
In the remaining cases, fractures occur despite
normal BMD values.

The implementation of the influence of bone
tissue architecture in fracture risk is feasible through
the application of finite element analysis (FEA) [14].
To this end, data obtained from computed
tomography can be used to construct a mechanical
model of the imaged vertebra and perform
numerical simulations. However, the generated
three-dimensional models of the analysed vertebrae
require the inclusion of mechanical properties and
boundary conditions to simulate in vivo fracture
conditions with the highest possible precision [1, 4,
7, 15]. FEA-based models demonstrate superior
performance in estimating fracture risk compared to
models derived solely from computed tomography
or those relying exclusively on BMD values.

Unfortunately, all these techniques rely on X-ray
radiation, exposing patients to doses up to 360 pSv.
Patient exposure to radiation is an unavoidable
aspect that should be minimized. To reduce
absorbed doses, low-dose computed tomography
protocols have recently been introduced. Studies
have also investigated the impact of exposure
parameters on the assessment of BMD, fracture risk,
mechanical properties, volumetric bone tissue
characteristics, and imaging quality.

The aim of our study was to measure the Young's
modulus of bone and to analyse its correlation with
BMD values obtained from QCT images, performed
using both low-dose and high-dose protocols. The
data acquired during this study may contribute to
the development of more accurate fracture risk
models based on QCT scans.

2. Static Bending Test

Young's modulus (E), also referred to as the modulus
of elasticity, is a fundamental mechanical property of
materials that characterizes their elastic behaviour
within the linear-elastic deformation range. It
represents the ratio of stress (o) to strain (€) in the
elastic region, as defined by Hooke's Law: E=c/€ [16,
17]. One of the most commonly employed methods
for determining Young's modulus in biological
materials, such as bone, is the static three-point
bending test [17]. In this method, a specimen
supported at both ends is subjected to a force (P)
applied at the midpoint of its length (Fig. 1).
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Figure 1: Diagram illustrating the three-point bending
method

As a result of the applied force, the specimen
undergoes deflection, measured as the deflection
arrow (f), which can be described by a relationship
derived from the theory of beam bending [18]:

_
f= 48E] (1)
where:

P - applied load force (N),

lo - support span (mm),

E - Young’s modulus (MPa lub GPa),

I - moment of inertia of the specimen's cross-
sectional area (mm*).

For a specimen with a rectangular cross-section,
the moment of inertia is given by - where b

=22
12

is the width of the specimen, and h is its thickness.
By applying this to equation (1), we obtain:

f=_2
"~ 4Ebh®

-P 2)

Equation (2) is valid for small loads, i.e., within
the so-called elastic range, and represents a linear
relationship. By determining the value of the slope of
the line (a) and comparing it with the fraction on the
right-hand side of equation (2), the value of Young's
modulus can be calculated:

13

£ -a (3)

"~ 4bh®

3. Quantitative Computed Tomography

Computed tomography (CT) is an advanced
diagnostic technique that exploits the attenuation of
an X-ray beam resulting from its absorption or
scattering as it passes through the examined object.
The degree of attenuation depends on the density
and chemical composition of the tissue, including
bone thickness and the content of mineral
constituents such as hydroxyapatite [19].

This method enables the reconstruction of three-
dimensional images of the investigated object by
integrating projection images acquired from multiple
angles, allowing for detailed analysis of anatomical
structures with high spatial resolution [20]. Modern
CT systems, equipped with advanced reconstruction
algorithms, provide accurate visualization of both
cortical and trabecular bone, which is of key
importance in biomechanical and clinical studies
[21].

Quantitative computed tomography (QCT)
represents a specialized variant of CT, distinguished
by the use of a calibration phantom scanned in
parallel with the skeletal region under investigation.

The calibration phantom, typically containing
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reference materials of known densities (e.g., calcium
phosphate at different concentrations), allows for
the conversion of Hounsfield units (HU) into bone
mineral density (BMD), expressed in mg/cm?® (for
volumetric analysis) or mg/cm? (for surface-based
analysis) [13,22-24]. Based on the phantom
reference densities, a calibration curve is generated,
enabling precise determination of BMD in any region
of the bone with a resolution corresponding to an
individual voxel [25].

The accuracy of QCT measurements is
particularly crucial in the diagnosis of osteoporosis,

where reduced BMD correlates with an increased
risk of fractures.

4. Preparation of Bone Specimens for
Testing

Bone specimens were obtained from the cortical
layer of femora obtained from pigs aged 1 and 3
years. In the first stage of preparation, the proximal
and distal epiphyses were removed, leaving the
femoral shafts for further processing. Each shaft was
then longitudinally divided into four sections,
followed by the removal of the bone marrow and
residual soft tissues. The cleaned cortical fragments
were subsequently shaped into rectangular
parallelepipeds using a computer numerical control
(CNC) milling machine. The specimen dimensions
were maximized within the limits imposed by
cortical thickness and the natural shape of the bone,
resulting in some variation in the geometrical
parameters among individual specimens.

After shaping, the specimens were stored in a
frozen state at -20 °C, a procedure which, according
to the literature, preserves the mechanical
properties of bone for up to two years [26]. Freezing
at this temperature minimizes alterations in the
microstructure and biomechanical parameters, such
as the Young’s modulus, which is essential for
ensuring reliable outcomes in both mechanical and
densitometric analyses [27].

 wootq

Figure 2: Appearance of a prepared bone specimen

The appearance of a representative bone
specimen is shown in Figure 2, while the geometrical
dimensions of the specimen cross-sections are
summarized in Table 1. A total of 10 specimens were
prepared, five of which were obtained from femora
of 1-year-old pigs (labeled 1_1-1.5), and the
remaining five from femora of 3-year-old pigs
(labeled 3_1-3_5).

Table 1. Summary of samples and their geometric

parameters

s I Thickness Width

Material ampre (h) (b)

number

mm mm
1.1 2.62 12.87
Porcine bone 1.2 2.01 12.48
from a 1-year- 1.3 2.83 9.28
old animal 1.4 3.31 9.27
1.5 2.92 15.29
3.1 1.94 11.40
Porcine bone 3.2 2.20 12.38
from a 3-year- 3.3 3.17 9.63
old animal 3.4 1.91 10.84
3.5 1.96 8.74

5. Measurements

Bone mineral density (BMD) measurements of
specimens prepared from the cortical layer of
porcine femora were performed using quantitative
computed tomography (QCT) on a Siemens
SOMATOM Definition AS scanner. Two acquisition
protocols were applied:

¢ Low-dose setting (BMDL): tube voltage 100 kV,
tube current-time product 24-29 mAs, typically used
in medical diagnostics to minimize radiation dose.

» High-dose setting (BMDu): tube voltage 120 kV,
tube current-time product 160 mAs, providing
images with higher spatial resolution and reduced
noise.

The in-plane pixel was 0.44 x 0.44 mm? with a
slice thickness of 0.6 mm. An Osteo reference
phantom (Siemens Healthcare) was used for BMD
calibration, consisting of two compartments: a
water-equivalent insert corresponding to a density
of 0 mg/cm® and a bone-equivalent section
containing hydroxyapatite at 200 mg/cm® density.
Based on the phantom data, a calibration curve was
generated to convert Hounsfield units (HU) into
BMD values (mg/cm?®) for selected regions of
interest (ROI) of a comparable surface area. The
conversion was performed using the manufacturer’s
software supplied with the CT scanner.

Representative QCT scans are shown in Figure 3,
illustrating transverse views of the bone specimens
(Figures 3a and 3c) with the reference phantom
visible at the bottom of the section, and sagittal
views of the same specimens (Figures 3b and 3d).
Grayscale intensity in the images corresponds to
BMD values, enabling visual assessment of the
mineral density distribution within the specimens.
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Figure 3: Representative computed tomography scans
of bone tissue for exposures a, b) BMD. and c, d)
BMDpy, presented in a, c) axial view (with the phantom
cross-section visible in the lower part) and b, d)
sagittal view

The static three-point bending test was carried
out using an INSTRON 5937 universal testing
machine in accordance with the PN-EN 843-1:2007
standard. The following test parameters were
applied:

e loading rate: 2 mm/min,

e support span: 50 mm,

¢ maximum bending force: 20 N,
¢ support diameter: 10 mm.

6. Discussion of the Results

For each bone specimen, two different bone mineral
density (BMD) values were obtained depending on
the QCT acquisition mode. In the low-dose
measurement (BMDL.), the values were consistently
higher compared with the high-dose setting (BMDn).
For both scanning modes, a weak positive linear
relationship was observed between BMD and
Young’s modulus (E). The relationship between BMD
and E for both exposure protocols is presented in
Figure 4, and the measurement results are
summarized in Table 2. Table 2 also includes the
mean values of E, BMD., and BMDy, along with their
measurement uncertainties (shaded cells). It can be
observed that, when taking into account the
measurement uncertainties, the values of E, BMDy,
and BMDy are consistent.
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1400 . .
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Figure 4: Bone Mineral Density as a function of
Young's modulus for low-dose exposure and high-dose
exposure

Table 2. Summary of specimens and obtained values of
Young's modulus (E), BMD. and BMDu along with
their mean values and uncertainties (shaded cells)

E BMD. | BMDx
Material Sample
number GPa mg/cm3 | mg/cm3
11 1628 | 1410 | 1219
Porcine 12 17.52 1479 | 1319
bone
from a 1.3 18.76 | 1490 | 1387
cl)l-gear- 14 13.13 1258 | 1121
animal 15 1829 | 1392 | 1252
16.8 1406 | 1260
+2.3 +93 | +101
3.1 1587 | 1593 1420
Porcine 3.2 13.54 | 1395 1268
bone
from a 33 17.72 1625 1490
3-year- 3.4 1682 | 1502 | 1374
old
animal 3.5 16.13 1499 1414
16.0 1523 | 1393
+1.6 +91 +82

The differences between the obtained values may
result from variations in scanner settings, such as
tube voltage (100 kV for BMDL vs. 120 kV for BMDy)
and tube current (24-29 mAs for BMDL vs. 160 mAs
for BMDu), which affect image contrast and noise
[28]. The high-dose mode, due to its higher spatial
resolution and lower noise, more accurately
represents cortical layer density, whereas the low-
dose mode, commonly used in medical diagnostics,
may overestimate BMD due to noise and artifacts
[21, 29]. An additional source of potential error in
BMD measurements is the use of the Osteo reference
phantom (Siemens Healthcare), which contains only
two calibration fields with densities of 0 and 200
mg/cm®. The cortical bone density of porcine
femora, ranging from 1258-1625 mg/cm?® for BMD.,
and 1121-1490 mg/cm® for BMDu (Table 2),
substantially exceeds the phantom’s calibration
range. Linear interpolation between the 0 and 200
mg/cm?® points may introduce approximation errors,
particularly at high densities, thereby affecting the
accuracy of BMD estimation. It is expected that a
phantom with an extended density range (e.g., 0-
2000 mg/cm®) would enable precise BMD
assessment in cortical bone. Phantom limitations
may have contributed to the discrepancies between
BMD. and BMDy and could have influenced the
analysis of the relationship between BMD and the
Young’s modulus E.
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Figure 5: Relationship between Young's modulus (E)
values and BMD.. for porcine bones derived from a 1-
year-old and 3-year-old animals.

For the analysis of the correlation between
Young’s modulus E and BMD, stratified by age
groups, the results obtained using the low-dose
setting commonly applied in diagnostic practice
were used (Figure 5). The plots were generated for
porcine bones from a 1-year-old animal (blue
squares) and a 3-year-old animal (orange triangles),
with fitted linear trend lines. A separation of BMDL
values between age groups is evident, with higher
values observed in 3-year-old animals, consistent
with the literature indicating increased bone
mineralization in older pigs due to a longer
remodeling period [30]. Both E and BMD. values
exhibit a relatively wide variability. In both age
groups, E increases with increasing BMD1. However,
the absence of a clear dependence of E on animal age
(the difference in means is only 0.8 GPa) suggests
that cortical stiffness is more influenced by
microstructural  features (e.g, the spatial
organization of osteons and collagen fibers) than by
mineral content. These relationships are also
illustrated in Figure 6, which presents the mean
values of BMDL and Young’s modulus (values taken
from the grayed out cells of table 2) as a function of
animal age. BMDL tends to increase with age [31],
whereas Young’s modulus exhibits a slight decline.

This correlation may reflect age-related
alterations in the internal bone architecture,
potentially resulting from increased mechanical
loading. These findings are partially consistent with
the study by Aerssens et al., who demonstrated that
the mineral density of porcine bone increases with
age, while changes in mechanical properties are less
pronounced [32].

.
5
E, GPa

] 1 2 3 4
Age of the animal in years

Figure 6: Dependence of the mean BMD. and mean
Young’s modulus E on animal age.

7. Summary

In this study, Young’s modulus was measured using
the three-point bending method on cortical samples
from porcine femora obtained from 1- and 3-year-
old animals, along with BMD measurements
conducted using QCT. These values can be useful for
numerical simulations aimed at predicting fracture
risk.

Young’s modulus was determined using a
mechanical testing machine through three-point
bending. Bone mineral density was measured under
two different acquisition protocols: low-dose and
high-dose. Identical BMD values were expected, as
this parameter characterizes the intrinsic material
properties of bone and should not depend on the
scanner settings. Images acquired at higher energy
exhibit reduced noise; however, due to the
substantially increased radiation dose, such scanner
settings are not employed in clinical practice. It was
demonstrated that QCT measurements using higher-
energy X-ray beams yielded BMD values different
from those obtained with the low-dose protocol,
regardless of the measured Young’'s modulus (Fig. 4).
The BMD values were consistently lower at higher
beam energy. This discrepancy may have been
influenced by the QCT reference phantom, which
contains only two calibration fields at 0 and 200
mg/cm?, while the measured cortical bone density
exceeded 1100 mg/cm?,

Therefore, BMD values obtained with QCT at
different X-ray energies should not be directly
compared, and caution should also be exercised
when comparing results from different CT scanners.
Emphasis should be placed on the qualitative
relationships between bone mineral density and
other parameters.

Mechanical properties of bone, such as Young’s
modulus, are influenced by multiple factors,
including age, nutrition, breed, rearing environment,
and the internal bone structure. The porcine bones
were obtained from different individuals, hence the
observed variability in Young's modulus across
samples is expected (Fig. 5).
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Based on the initial results (Fig. 5), no clear
correlation between Young’s modulus and BMD can
be observed. Determining BMD using QCT does not
allow for wunambiguous assignment of the
corresponding Young’s modulus values. BMD values
clearly differ between 1- and 3-year-old animals,
with higher Young’s modulus observed in the 3-year-
old group. This confirms the sensitivity of the QCT
method in capturing age-related variations in BMD
distribution, suggesting that similar differences
could also be detected in pathologically altered
human bones with heterogeneous microstructure.
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