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Correlations between structural and mechanical properties
of human trabecular femur bone

ANNA NIKODEM*

Division of Biomedical Engineering and Experimental Mechanics, Wrocław University of Technology, Wrocław, Poland.

In this article, the author presents mathematical relationships between the structural and mechanical properties of cancellous human
bone tissue obtained by experimental analysis of specimens. Bone tissue material can adjust its internal structure to the existing loading
conditions. The mechanical properties affect the structural properties but changes in structural properties likewise cause changes in the
mechanical properties of the tissue. In normal tissue, the processes of tissue construction, destruction, and reconstruction are mutually
balanced and complementary; if that balance is disturbed, lesions can occur. Therefore, normal bone tissue and pathologically changed
tissue (osteoporosis and osteoarthrosis) coming from the area of human femoral head were examined. The structural properties of can-
cellous tissue specimens were determined non-destructively for three-dimensional reconstructions with the use of modern micro-CT
methods. The mechanical properties of the specimens were determined by an uniaxial compression test in three orthogonal directions.
Next, in order to specify the compressive strength, a failure test was conducted in the direction perpendicular to the neck–shaft angle of
the hip joint.
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1. Introduction

The operation of the highly complex structure such
as the human skeletal system is possible thanks to an
appropriate construction and the properties of bone
tissue. Sufficient strength for maintaining minimum
mass, necessary resilience, and the ability to transfer
loads can only be ensured by the optimum connection
of various bone tissue components, whose features are
mutually complementary. From the viewpoint of me-
chanics, bone is the most amazing “material” known
to science because in the case of changing conditions
it has the ability to adapt to them in order to optimally
perform its functions. As early as in the 19th century,
Wolff noticed that an internal structure of bone tissue
adapts to the existing loading conditions. Adaptive
changes, caused by gradual bone adaptation to the
changing loads, are therefore connected with both

structural and mechanical properties of bone tissue
(KABEL et al. [15]).

A balance disturbance (overload) caused by the
processes of functional adaptation of bones, addition-
ally amplified by such factors as age and bone quality,
may result in bone tissue pathologies. An under-
standing of pathological mechanisms causing lesions
and the methods of their diagnosis and therapy still
constitute one of the most important problems of
contemporary medicine. In many cases, the outcome
of the conducted treatment depends strictly on the
assessment of the mechanical properties of bone tissue
and internal tissue structure; in such cases, improve-
ment in the outcome is strictly related to the possibili-
ties of describing the mechanical properties of bone
tissue. Consequently, an understanding of the relation-
ships between the tissue structure and its mechanics
will enable not only an improvements in bone tissue
diagnostics and therapy, but also determination of the
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mechanisms by which normal bone tissue changes
into pathological one. Therefore, one of the most
important topics undertaken in modern literature
on bone tissue description is the search for correlations
between the mechanical and structural tissue properties
(GOULET et al. [11], HUISKES [14], CICHAŃSKI et
al. [6]).

Numerous works analysing mechanical proper-
ties of bone tissue (EVANS [9], YAMADA [30],
BAYRAKTAR et al. [2], COWIN [7]) show that for
a bone which is a strongly anisotropic material no
simple relationships can be determined which describe
its character. The reason for that is that the values of
mechanical parameters depend on numerous factors,
among which the most important seems to be the
structure of the object examined. Cancellous bone
tissue constitutes a three-dimensional network of
bone trabeculae having different shapes, dimensions,
and orientation (AN and DRAUGHN [1]). The term
“cancellous bone tissue structure” means here the
method of organisation of the basic tissue-forming
elements.

Taking into account the undertaken direction of
studies, the works describing structural parameters of
the cancellous bone tissue can be divided into three
groups. The first group is concerned with the descrip-
tion of the methods and techniques of bone tissue
imaging (WHITEHOUSE [29]). The second group deals
with search for parameters which would quantify bone
tissue structure (ODGAARD [23], HILDEBRAND et al.
[12]). The third group consists of works whose pur-
pose is to determine the relationships between indi-
vidual structural parameters. The subject matter of the
works in the first group is complementary to that of
the second one. The desire to obtain information on
the morphological parameters of bone tissue created
a need to develop special methods for observing and
measuring cancellous bone tissue (CARBONARE et al.
[5]). Measurements of the structural properties are
based on stereological and topographic methods used
to quantify bone tissue histology (FELDKAMP et al.
[10], HILDEBRAND et al. [13]). Such information con-
cerns both parameters describing size and shape of the
objects tested and parameters describing their orienta-
tion (structural anisotropy).

Density is the structural parameter most often cor-
related with the mechanical properties of bone tissue
(RICE et al. [25], COWIN and CARDOSO [8]). Although
the studies conducted to describe correlations between
mechanical parameters and bone density show that the
specimens analysed are characterised by similar val-
ues of mineral density, their mechanical parameters
may have different values (TANAKA et al. [26]). Con-

sequently, density alone is not a sufficient to describe
discrepancies in the obtained values of the mechanical
parameters. Those results support the argument that
mechanical properties of bone tissue depend not only
on tissue density, but also on structural parameters
which determine the organisation of bone tissue in the
specimen tested. Therefore, the properties of the
whole examined bone tissue structure depend on the
properties of the individual bone trabeculae as well as
on the way and the number of their interconnections.
The description of the structural properties is based on
a whole range of parameters defining mass distribu-
tion in a bone tissue specimen, orientation of the
structure, and its character (PARFITT et al. [24]). The
constantly growing number of new parameters used
for the description points to a lack of the satisfying
description of the structural properties.

Adaptive changes of bone tissue as a result of bone
adaptation to the existing loads under conditions of
balance disturbance (overload), together with addi-
tional factors such as age or bone quality, may lead to
irreversible changes in a bone, including fracture. This
also happens in the case of osteoporosis, also known
as “brittle bone disease”. Osteoporosis is a chronic,
metabolic disease of the skeleton, characterised by
reduced amount of bone mass, disturbed bone mi-
croarchitecture, and, consequently, lowered mechani-
cal resistance to loads and traumas, which ultimately
leads to an increased risk of fractures (BURR et al. [4],
NAZARIAN et al. [20]). A bone fracture typically oc-
curs in a fall, when the force of trauma is greater than
the bone strength. Complications and mortality fol-
lowing femur bone fracture increase with age. Apart
from osteoporosis, the second most common indica-
tion for hip joint replacement is osteoarthrosis, i.e.,
bone tissue degeneration. That disease causes de-
struction and loss of articular cartilage and exagger-
ated growth (hypertrophy) of bone tissue in the peri-
articular area, which changes mechanical conditions
in the joint area (KEUTTNER and GOLDERG [17],
BUCKWALTER et al. [3], NIKODEM and ŚCIGAŁA
[21]). Its origin is not completely understood.

In the literature, attempts to describe correlations
between the structural and mechanical properties of
bone tissue most often rely on the studies of “normal”
bone tissue (GOULET et al. [11]). Pathological changes
seen in the clinical picture indicate that the two dis-
eases differ a lot from each other and from normal
tissue as to their structures, so they should also exhibit
different mechanical properties. Consequently, the
description of those properties is important for an
understanding of the mechanisms of the initiation of
bone tissue changes.
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Therefore, the main purpose of the studies con-
ducted is to determine the structural and mechanical
properties of bone tissue, to search for correlations
between them, and to attempt to describe such corre-
lations by means of mathematical relationships. Those
correlations have been determined for normal and
pathologically changed bone tissue.

2. Materials and methods

2.1. Bone specimens

The subject of the studies was the proximal
epiphysis of the human femur bone. The material con-
sisted of 89 specimens of bone tissue coming from
3 separate groups. The first group was the control
group (F) consisting of 4 epiphyses of normal femur
bone without lesions, obtained post mortem. The sec-
ond group of specimens consisted of 7 femoral heads
of patients diagnosed with osteoporosis (OP). The

third group consisted of 12 femoral heads diagnosed
as cases of osteoarthrosis (OA). The material of the
second and third group was biological material com-
ing from patients qualified for hip joint replacement.
Donor age ranged from 42 to 79 years, with a mean
age of 63 ± 10 years. Before the tests each of the test
preparations was stored at a temperature of –20 °C in
a double plastic packaging. Due to the scope of the
measurements conducted, the tests were split into
4 stages according to the algorithm presented in figure 1.
The first stage of the research was the analysis of the
radiological density of bone tissue in order to determine
the degree of bone tissue changes in disease processes
and to identify the locations from which bone specimens
were then prepared for further test stages.

Bone specimens were prepared in order to determine
both structural and mechanical properties of cancellous
bone tissue. Due to the nature of the measurements con-
ducted (elastic mechanical properties were determined in
three orthogonal directions), 4 cubic specimens were
prepared from each head (10 mm × 10 mm × 10 mm).
The specimens were cut out at a speed of 1 mm/s using
Accutom–5, STRUERS® automatic precision cutter.

Fig. 1. Algorithm of work measurements carried out in order to determine the mechanical
and structural properties of bone tissue and to find models describing their interrelations
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2.2. Specimen preparation

In order to specify structural properties for each of
the specimens, an analysis was conducted of the cancel-
lous bone tissue specimens using X-ray microtomogra-
phy (μCT-80, Scanco Medical®, Switzerland). CT im-
ages were acquired at 20 μm voxel size 70 kV, 114 μA.
CT system provides a series of cross-sections along the
axis perpendicular to the neck–shaft angle of the femoral
bone, at an image resolution of 512 × 512. Next, using
the μCT system software, average values of morphome-
tric parameters were determined as well as three-
dimensional values of structural parameters (through
a reconstruction of plane sections). The analysis covered
both classic morphometric parameters (Tb.N, Th.Th, and
other) as well as parameters involving special organisa-
tion of bone tissue, such as: connectivity density ConnD
and the DA index, which describe anisotropy of the
structure. The quantitative description of structural ani-
sotropy used the MIL method to determine the fabric
ellipsoid parameters (WHITEHOUSE [29]) and the DA
parameter. Additionally, 3D reconstruction enabled de-
termination of the SMI value for each specimen, pro-
viding information about the character of bone tissue
(HILDEBRAND et al. [13], ODGAARD [23]) as well as
mineral content of the tissue, defined as the reference
value to the phantom value, expressed in mg HA/cm3,
with respect to the phantom built into μCT, of a deter-
mined density.

2.3. Biomechanical testing

In order to determine the mechanical properties of
bone tissue, each of the bone tissue specimens was

subjected to two-stage tests of uniaxial compression.
During the first stage, the elastic properties of bone
tissue cubic specimens were determined in three or-
thogonal directions. In order to avoid edge effects
related to defragmentation of ends of bone trabeculae,
and thus the possibility of sliding the elements com-
pressed between the grips, sandpaper was additionally
used with the grain thickness of 80. The specimens
subjected to measurements of elastic properties were
initially loaded to the value of 3 N, and then, at
a strain rate of 0.01/s, were loaded to the value of 1%
of specimen deformation. During the final stage the
specimens were subjected to stress tests in the direc-
tion No. 1 (along the axis of the neck–shaft angle). In
both measurements, the rate of deformation equalled
0.01/s, which corresponds to deformations under
physiological conditions. The tests were carried out
with the use of universal material testing machines
Zwick Z020 and MTS 858 MiniBionix.

2.4. Statistics

Statistical analysis included: basic statistical char-
acteristics, verification of normal distribution in the
specimen (the Shapiro–Wilk test), the ANOVA mono-
factorial and multifactorial analysis, and the multiple
regression analysis conducted with the use of the
Origin 7.0 program.

3. Results

In order to determine the structural properties of
bone tissue experiencing various conditions (normal,

Fig. 2. Sample 3D reconstructions of specimens: osteoarthritic OA, control group F,
and osteoporotic OP, obtained by means of μCT-80, Scanco Medical®, Switzerland
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osteoporotic, and osteoarthritic tissues), the studies
were conducted with the use of X-ray microtomo-
graphy, which enabled 3D reconstructions of each of
the specimens prepared for tests. Sample photo-
graphs for each of the measuring groups can be
found in figure 2.

3.1. Structural properties

The qualitative and quantitative analyses show that
each of the groups studied (OA, F, and OP) differs in
the number and type of the respective trabeculae, their
connections, and the way of their organisation in the
specimen tested. The specimens prepared from osteo-
porotic bone (OP) are characterised by the smallest
BV/TV density compared to the other groups, in the
range from 9 to 30%, while at the same time they have
the highest values of the BS/BV parameter. Addition-
ally, the OP specimens have the smallest values of

Tb.N and Tb.Th parameters. Unlike osteoporotic OP
specimens, the osteoarthritic OA specimens are char-
acterised by concentration of bone material and have
the highest BV/TV values (by 5% compared to the
control group and by 40% compared to the OP group).
This trend also persists in the case of such parameters
as Tb.Th and Tb.Sp. All values of the structural pa-
rameters describing geometry of the control group
specimen are located in between, separating the OP
and OA values (table 1).

A change of geometry of the individual specimens
in the groups tested is also associated with a change of
the structural anisotropy. Compared to the control
group specimens, the osteoporotic tissue is character-
ised by increased anisotropy (DA), whereas the osteo-
arthritic tissues is characterised by decreased anisot-
ropy (figure 3 and table 1).

Similar parallels can also be found in the third
group of structural parameters, defining its organisa-
tion and character of the tissue. The number of tra-

Table 1. Values of the structural parameters describing geometry for each of the groups tested

Variable Physiology (F) Osteoarthritis (OA) Osteoporosis (OP)
Structural properties Unit Value ±SD Value ±SD Value ±SD

Bone volume /total volume (BV/TV) % 25.32 5.67 26.71 6.83 18.86 5.00
Bone surface/bone volume (BS/BV) 1/mm 13.38 1.97 12.99 2.64 15.96 2.97
Trabecular number (Tb.N) 1/mm 1.42 0.15 1.47 0.21 1.32 0.18
Trabecular thickness (Tb.Th) mm 0.18 0.02 0.20 0.04 0.17 0.03
Trabecular spacing (Tb.Sp) mm 0.67 0.08 0.64 0.09 0.72 0.11
Degree of structural anisotropy (DA) 1 1.59 0.15 1.62 0.20 1.71 0.26

Fig. 3. Fabric elipsa as well as the MIL and Tb.Th values for specimens of the osteoarthritic tissue OA,
the control group F, and the osteoporotic tissue OP, obtained by means of µCT

Table 2. Values of the structural parameters describing anisotropy and mineral density for each of the groups tested

Variable Physiology (F) Osteoarthritis (OA) Osteoporosis (OP)
Structural properties Unit Value ±SD Value ±SD Value ±SD
Connectivity density (ConnD) 1/mm3 6.49 2.25 6.08 3.28 5.02 1.38
Structure model index (SMI) 1 1.12 0.08 1.21 0.09 1.10 0.43
Mineral density (rminer) mg HA/cm2 211.99 73.43 207.60 75.31 116.72 62.96
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beculae and the number of connections between indi-
vidual trabeculae decrease both for OA and OP
specimens compared to the control group specimens.
However, there is only a small decrease in the case of
OA specimens (by 6%) in contrast to the rapid drop in
the case of OP specimens (by 24%). The value of the
ConnD parameter, describing the degree of connec-
tions of a given structure, equals 5.02 (1/mm3) for
osteoporotic cancellous tissue (OP), which means
a drop compared to the physiological tissue specimens
by approx. 28%, whereas the ConnD value for osteo-
arthritic specimens equals 6.08 (1/mm3), which means
a drop by 14%. The character of the tissue also
changes somewhat, as signalled by the SMI parame-
ter. The value of the SMI parameter for osteoarthritic
specimens falls within the range of (0.1–1.86), which
is characteristic of bar specimens, whereas SMI for
osteoarthritic specimens (OA) falls within the range of
(–1.12–0.79), which is characteristic of mixed-type
specimens with predominantly plate elements.

The ANOVA statistical analysis demonstrated
a difference of p < 0.05 in the OP group compared to
the remaining groups in the BV/TV andTb.Th values
and differences between all groups in the Tb.N and
Tb.Sp values. Additionally, there is a statistically sig-
nificant difference in the BS/BV values ( p < 0.05) of
the F a OP groups and in the DA values of the OA
a OP groups. In the case of DA and ConnD parame-
ters, the ANOVA analysis did not show any statisti-
cally significant difference in the results obtained; in

the case of the SMI parameter, the analysis demon-
strated that the specimens of the OP and OA groups
differ significantly at a level of p < 0.05, and in the
case of the mineral density parameter that difference
concerns the groups OP and OA as well as OP and F.

3.2. Mechanical properties

For each of the specimens mechanical properties
such as elasticity and strength were measured by
means of a uniaxial compression test, using universal
material testing machines Zwick Z020 and MTS 858
MiniBionix. The results obtained are presented in
table 3. Compared to specimens of pathologically
changed tissues, normal bone tissue is characterised by
the highest values of elasticity parameters (Young’s
modulus in three orthogonal directions) as well as
strength parameters. Comparing the respective values
of Young’s modulus for the same specimen, obtained
in three orthogonal directions, the smallest differences
were observed in specimens of the control group (the
DM parameter). As in the case of the coefficient de-
scribing structural anisotropy, the mechanical anisot-
ropy coefficient changes together with the group
tested. Here, it increased compared to the control
group (in the case of specimens of the OA group by
4% and in the case of the OP group by 9%). There-
fore, the results obtained show that a change of struc-
tural parameter values in various directions (repre-

Table 3. Values of the mechanical parameters for each of the groups tested

Variable Physiology
(F)

Osteoarthritis
(OA)

Osteoporosis
(OP)

Mechanical properties Unit Value ±SD Value ±SD value ±SD
Modulus of elasticity (E1) MPa 147.41 67.60 143.15 81.38 72.33 68.68
Modulus of elasticity (E2) MPa 157.36 118.81 89.32 47.15 45.29 32.71
Modulus of elasticity (E3) MPa 174.26 131.96 95.48 62.63 50.32 32.31
Yield strength (σult) MPa 11.36 3.96 12.68 6.97 7.88 4.12
Stain energy (U) mJ/mm2 30.98 2.15 27.92 1.79 15.25 1.78

Table 4. The Pearson product-moment correlation coefficients R
among individual structural parameters, p < 0.001

BV/TV Tb.Sp DA ConnD Ln(ConnD) SMI ρminer

BV/TV 1 –0.51 –0.29 0.66 0.68 –0.82 0.97
Tb.N 0.77 –0.96 –0.23 0.67 0.77 –0.48 0.74
Th.Th 0.81 –0.50 –0.45 0.27 0.34 –0.69 0.82
Tb.Sp 1 0.15 –0.64 –0.76 0.32 –0.64
DA 1 –0.14 –0.14 0.33 –0.41
ConnD 1 1 –0.39 0.54
SMI 1 –0.82
ρminer 1
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sented by the DA parameter) has a smaller impact on
an increase in the mechanical anisotropy DM of the
specimen tested. An increase in structural anisotropy
by 24% is connected, among other, with a reduced
number of horizontal trabeculae, and thus the number
of connections between the respective trabeculae ob-
served for OP tissue specimens. The above increase
causes a growth of just 9% in their mechanical anisot-
ropy (table 3).

In order to determine the relationships between the
structural and mechanical properties of bone tissue, it
was first necessary to specify how the various pa-
rameters were interrelated. The knowledge of those
correlations will enable selection of parameters which
significantly depend on each other, which in turn will
reduce the number of variables having direct impact
on the mechanical properties. Therefore, in the next
stage of the analysis conducted, the strength of corre-
lations between the respective structural properties
(table 4) as well as structural and mechanical proper-
ties, determined in experimental studies, were estab-
lished. The values presented in detail in table 3 are the
structural properties obtained for a three-dimensional
reconstructed specimen (structural 3D parameters)
coming directly from studies using µCT.

A very important aspect, from the viewpoint of
building relations, is their physical significance. The
value of the coefficient of correlation between Tb.N
and Tb.Th amounts to just R = 0.35. From the physical
point of view, the number of bone trabeculae does not
depend on their thickness unless the thickness reaches
such a value that the individual trabeculae will “stick”
together. Since there are relationships between the
respective structural characteristics, in the latter stages
of constructing mathematical relationships between
the structural and mechanical properties the most im-
portant are dependent parameters, including: Tb.Sp,
BV/TV, ConnD, and SMI. Using a multiple analysis,
which allows us to examine the dependence of one
variable on a few, we can find the following relation-
ships:

),BV/TV(SMI minerρf= , (1)

)Tb.SpTb.N,(ConnD f= . (2)

On the basis of the results obtained we can con-
clude that the best correlations for Young’s modulus
were obtained with the BV/TV value. Considering the
fact that bone tissue is a strongly anisotropic structure,
the mechanical properties of the specimen will also
depend on individual properties of bone trabeculae
lying in the loading direction. After taking into ac-
count all of the above-mentioned parameters, the
multiple regression analysis provided the relationships
(3), (4). The volume content (BV/TV) depends on the
number of trabeculae and their thickness. Conse-
quently, the elastic properties of bone tissue depend
on the BV/TV values, the number of bone trabeculae,
the thickness, and the character of bone trabeculae
(the SMI parameter).

),SMIBV/TV,( minerρfE = , (3)

)SMILn(ConnD),BV/TV,(ult f=σ . (4)

Figures 4 and 5 present the values of the correla-
tion coefficients of Young’s modulus and compressive
strength with structural properties, in accordance with
equations (3) and (4) obtained with the use of multiple
regression analysis. On the basis of the results ob-
tained we can see that the insertion of the SMI vari-
able in relationship (3) increases the value of the re-
gression coefficient R by 1%. Additionally, given the
fact that bone tissue elasticity may change in accor-
dance with the degree of tissue mineralization, another
increase in the coefficient R value was obtained by up
to 12% (for the OP tissue). The values presented also
demonstrate that changes in the values of bone tissue
mineral density have a far greater impact on the
modulus of elasticity than the SMI parameter.

Due to the high level of complexity of cancellous
tissue, the resultant mechanical values will certainly
depend on the mechanical properties of the respective
bone trabeculae. In the case of compressive strength,
some of the key parameters are unquestionably struc-
tural consistency and the character of the respective
bone trabeculae. According to the studies conducted at
other centres, a structure made of evenly placed, thick
(SMI↓), not as numerous (Tb.N↓), widely spaced
bone trabeculae (Tb.Sp↑) transfers greater loads

Table 5. The Pearson product-moment correlation coefficients R
between the mechanical parameters E1, E2, E3, σult and the structural parameters, p < 0.001

BV/TV Tb.N Th.Th Tb.Sp Ln(ConnD) SMI DA ρminer

E1 0.61 0.37 0.59 –0.29 0.32 –0.63 –0.38 0.77
E2 0.67 0.34 0.63 –0.23 0.34 –0.72 –0.37 0.74
E3 0.46 0.34 0.33 –0.28 0.34 –0.44 –0.34 0.61
σult 0.85 0.75 0.62 –0.64 0.75 –0.68 0.12 0.83
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(σult↑) than a structure made of a greater number of
thinner bone trabeculae that are also widely spaced
(KLEEREKOPER [18]).

Fig. 4. Values of Young’s modulus between the parameter E1
and structural parameters in accordance with equation (3),

obtained as a result of multiple regression analysis; p < 0.0001

Fig. 5. Values of Young’s modulus between the parameter σult
and structural parameters in accordance with equation (4),

obtained as a result of multiple regression analysis; p < 0.0001

Table 6. Values and ranges of the parameters
determining structural anisotropy (DA)

and mechanical anisotropy (DM), p < 0.0001

Variable Physiology
(F)

Osteoarthritis
(OA)

Osteoporosis
(OP)

DA 1.59 ± 0.15 1.62 ± 0.20 1.71 ± 0.26
DM 1.94 ± 0.42 2.02 ± 0.48 2.19 ± 0.86

DA/DM 0.689 0.678 0.657

As already mentioned, cancellous bone tissue is
very highly anisotropic due to its structure as well
as mechanical properties. The DA parameter deter-
mines the degree of structural anisotropy, whereas
the DM parameter determines the degree of me-
chanical anisotropy. Therefore, assuming that me-
chanical tissue properties are strongly related to the

mechanical properties, those parameters should
exhibit a strong correlation. However, the results
obtained show no strong correlations between the
DA parameter and the other structural parameters
and, moreover, although changes in the anisotropic
values of the respective measuring groups have
a similar character, no strong correlation is found
between the structural and mechanical anisotropies.
In table 6, the values and ranges of the parameters
determining structural anisotropy (DA) and me-
chanical anisotropy (DM), p < 0.0001, are presented
for normal and pathologically changed bone tissue.
According to the results, a decrease by 4% in the
values of structural anisotropy of the OA speci-
mens, compared to F, causes a proportional, i.e.,
a 5% decrease in the values of structural anisotropy.
In the case of OP tissue specimens, a 4% increase in
the values of structural anisotropy causes a 20%
increase in the values of mechanical anisotropy.
The value of the correlation coefficient of the
structural and mechanical anisotropies is the greatest
for physiological specimens. This is due to the
smallest scope of changes of the two values in that
group and significant diversity of the specimens of
pathologically changed tissues.

4. Discussion

In the article, we present the resultant values of
structural and mechanical parameters determined ex-
perimentally for normal and pathological bone tissues.
Therefore, we can observe that the values of structural
and mechanical parameters vary widely with respect
to different conditions of tissue (normal bone tissue F,
osteoporotic bone tissue OP, and osteoarthritic bone
tissue OA). Osteoporosis, which in the clinical picture
(on X-rays) is manifested by a significant dilution of
bone tissue, is characterised by the lowest value of
density and volume content (BV/TV) compared to the
other cases. Additionally, the results show that osteo-
porotic tissue from the femoral head is built of bone
trabeculae of a mixed character, with a significant
predominance of bar elements. Also, the analysis of
mechanical properties of bone tissue shows that such
tissue is characterised by the smallest value of me-
chanical parameters and the highest value of anisot-
ropy, both structural DA and mechanical DM. As
demonstrated by the literature, the changes connected
with osteoporosis are caused by the loss of tissue co-
hesion, resulting from thinning individual bone tra-
beculae or their total loss. Such a decrease in bone
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trabeculae thickness is connected with an excessive
resorption of bone tissue. Studies found a 20% de-
crease in the Tb.Th values and a sharp 40% drop in
the number of trabeculae (Tb.N).

The studies carried out for osteoarthritic bone tis-
sue OA prove that cancellous bone tissue is charac-
terised by a significant concentration of bone material,
particularly in the region of subchondral tissue. The
specimens of OA tissue are made of bone trabeculae
with negative SMI coefficient and characterised by
very dense structures such as a uniform cube filled
with spherical pores. Changes in tissue structure, tak-
ing place in osteoarthrosis, are caused by a loss of
articular cartilage, which causes changes in the hip
joint mechanics. Loss of articular cartilage leads to
increased friction forces between the hip joint ele-
ments, and consequently to irreversible bone defor-
mations. The rebuilding of bone tissue causing its
hypertrophy, particularly in the area of subchondral
layer, resulted in increased mechanical resistance, thus
changing the character of the tissue to more fragile (U
parameter).

When examining the results, we should be aware
that this study has some limitations which concern
especially the amount of material and some errors
generated by mechanical test (WEINANS et al. [28],
KEAVENY et al. [16], NIKODEM and ŚCIGAŁA [22]).
At the boundary where a specimen is in contact with
the loading platen (in our case to eliminate misalign-
ment errors we use a pivoting platen) the trabeculae
can be exposed to bending (TURNER and BURR [27]).
That is why we use small cubes of bone, which was
compressed with abrasive paper, to eliminate those
end effects. However, it is still necessary to collect the
study with more material from various patients with
different stage of bone diseases and different age.

The paper also presents the correlations between
the respective structural parameters describing geome-
try, anisotropy, and the character of cancellous tissue
architecture. Similar studies conducted by GOULET [11]
show high correlations (of the order of 90%) between
the number of trabeculae (Tb.N), bone volume fraction
(BV/TV), and connectivity (ConnD), even though
those parameters are not interconnected by the exist-
ing mathematical relationships (LINDE et al. [19]). In
their studies, GOULET et al. [11] also analysed the
correlations between individual structural and me-
chanical properties; however, they only carried out
studies for normal tissue (without pathologies) for
which they managed to obtain a high correlation coef-
ficient between strength and BV/TV and Tb.Th.

To sum up, strong correlations were found between
the respective structural properties of specimens in each

measuring group tested, but due to lack of strong cor-
relations between those parameters and the mechanical
properties an analysis was conducted with the use of
multiple regression. Thanks to the multifactorial analy-
sis we were finally able to obtain a high correlation
coefficient between the structural and mechanical prop-
erties. The mathematical relationships proposed that
way are characterised by a high correlation coefficient
of the order of 80–90% which means that on the basis
of just structural properties of bone tissue we can de-
termine with high probability its mechanical properties
both for normal tissue and pathological cases.
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