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Abstract
Purpose

Paper presents the results of biomechanical studies conducted on an animal model. The research
shows the importance of detailed consideration of anatomical and functional differences
relative to the human skeleton. The aim of this study is to assess the mechani-cal properties of
cortical bone tissue, determine density values, and compare different methods for measuring

cancellous bone tissue density in terms of their practical applica-tion and limitations.
Methods

In the presented research the Young's modulus of canine cortical bone was determined using
microindentation. The density of cancellous bone tissue in the proximal epiphysis of the canine

femur was determined using several selected research-methods.
Results

A comparison of Young's modulus values for different bone areas showed that the highest
values of the bone tissue's Young's modulus were obtained within the middle part of the bone
shaft. It was observed that the distribution of density values is similar across the methods used;

however, the range of the determined values differs slightly.
Conclusions

The determination of values and assessment of the mechanical properties of cortical bone tissue,
along with the comparison of different methods for measuring cancellous bone tissue density,
allows for more accurate prediction of fracture risk and more effective planning of surgical

interventions.
Keywords: dog bone tissue, micro-CT, Vickers hardness, density, ash density
1. Introduction

Bone tissue, a highly complex biological material, is characterized by its heterogene-ous
structure, anisotropy, and viscoelastic properties. Bone tissue is a hierarchically structured,
multifunctional composite exhibiting pronounced heterogeneity, anisotropy, and viscoelastic
behaviour. The structure of the bone is composed of two primary com-partments: cortical and
trabecular bone, which exhibit significant disparities in their mi-croarchitecture, thereby

resulting in disparate mechanical responses to loading. A thor-ough understanding of the
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structure and mechanical parameters of bone tissue is crucial for comprehending its function in

both physiological and pathological conditions.

Although the methodology for determining parameters such as hardness and density has been
extensively described in the literature and applied to human [19] and rodent bone tissue [30],
its use in dogs has been limited. While numerous mechanical and structural parameters have
been reported for human and small-animal bones, corresponding data for veterinary species—
particularly dogs—remain scarce. This limitation is largely due to the substantial morphological
and geometric variability observed among approximately 400 recognized dog breeds, which
complicates the establishment of uniform biomechani-cal reference values. At the same time,
dogs are increasingly serving as an important re-search model‘in many fields. Therefore, the
development and validation of precise and repeatable methods for assessing the structural and
mechanical parameters of bone tissue in this species are extremely important. Evaluating the
accuracy, repeatability, and mutu-al correlations of methods for measuring cancellous bone
density will, in the future, allow for better development of recommendations for preclinical and

clinical research.

Conducting biomechanical studies<on an-.animal model requires detailed considera-tion of
anatomical and functional differences compared to the human skeleton. The ca-nine skeleton,
consisting of about 321 /bones, 90 of which are in the pelvic limbs [7], has specific
morphological and biomechanical properties. The typical gait of a dog is a walk, during which
at least two limbs:maintain contact with the ground. This movement pat-tern generates unique
force distributions that differ significantly from those observed in humans. While in bipedal
humans the knee joint is among the most heavily loaded, the quadrupedal kinematic chain of a
dog results in the shoulderand stifle being among the most loaded joints. Crucially, these canine

joints also differ significantly in geometry from their human counterparts.

Previous studies on the kinematics of dog gait have included the analysis of flexion angles in
the hip and knee joints [11] [23], ground reaction force values [3], and the distribu-tion of loads
acting on the pelvic limb bones [25]-[27]. These studies are essential due to the considerable
anatomical and biomechanical diversity among approximately 400 dog breeds. As quadrupeds,
dogs exhibit distinct load distribution, kinematic chain dynamics, and angular configurations
of both fore- and hindlimbs, which fundamentally differenti-ate their joint loading patterns from
those observed in humans. The results of these works clearly indicate significant species

differences and the need for further research to deepen the knowledge of dog locomotion
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biomechanics and the material properties of bone tissue in the context of planning orthopedic
treatment. These insights are crucial not only for advancing basic biomechanical understanding
but also for supporting the design and op-timization of veterinary implants and prosthetic

devices.

The aim of this paper is a comprehensive assessment of the mechanical properties of cortical
bone tissue and a comparison of different methods for measuring the density of cancellous bone

tissue in terms of their practical application and limitations.
2. Material and methods

2.1. Measurement of microhardness and determination of Young's modulus for cortical bone

tissue of dogs

To assess the mechanical properties of cortical bone tissue, samples from the femoral diaphyses
of large-breed dogs were used. Each bone was divided into three segments ap-proximately 5
mm high: a proximal segment (L1), located near the proximal epiphysis of the femur; a central
segment (L2), representing the middle part of the diaphysis; and a distal segment (L3), adjacent
to the distal epiphysis. The segments were separated using a Struers Accutom-5® precision
metallographic cutter, after which the samples were em-bedded in PMMA resin to stabilize
their position during measurements. Due to the diffi-culties in obtaining biological material

from dogs, the study was conducted using 4 long bones originating from 4 different individuals.

On each segment, microhardness measurements were carried out in four zones (Al, A2, B1,
B2) indicated in the figure (Figure 1), with six individual tests performed for each zone. A CSM
MicroCombi Tester® was used, employing the Vickers microindentation method. A maximum
load of 2000 mN with a contact force of 15 mN was used in each measurement, simultaneously
recording the penetration depth and the applied force. The obtained data were used to determine
the microhardness values and the longitudinal modulus of elasticity of the tested bone tissue.
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Figure 1. Diagram of the experimental research procedure for microindentation meas-urement and identification

CANNINE FEMUR

of sites and regions for collecting cylindrical’ cancellous bone tissue samples for density measurement.

2.2. Characterization of cancellous-bone tissue density in the proximal femoral epiphysis of a
dog

The main objective of the research was to determine the variation in the density of cancellous
bone tissue in the proximal femoral epiphysis of large-breed dogs to obtain ref-erence values
for biomechanical models. Cylindrical 'samples with a diameter of 5 mm were prepared,
collected from five locations: the femoral neck (S1), the upper part of the trochanter (S3), the
lower part of the trochanter (S2), the medial side of the metaphysis (S4), and the lateral side of
the metaphysis (S5).

The research procedure consisted of two complementary stages. In the first stage, the density
of the samples was determined using the hydrostatic method. Each sample was weighed on a
RADWAG PS 1000/C/2 precision hydrostatic balance with a measurement accuracy of 0.001
g, and its volume was determined based on buoyancy in extraction gas-oline (density 0.74
g/cm?).

In the second stage, the samples were subjected to detailed analysis using a Bruker®
SkyScan1172 micro-computed tomograph. The measurement was performed at a lamp voltage
of 65 kV, a current of 153 pA, and a spatial resolution of 8.93 um, using an alumi-num filter.

The reconstructed images were analyzed in CTAn® software, which allowed for the
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determination of bone mineral density (BMD), bone volume (BV), and total sample volume
(TV).

The final stage was the assessment of sample mineralization using the calcination method. The
samples were incinerated in a muffle furnace for 48 hours at a temperature of 500°C, according
to the [14], to remove organic substances. After calcination, the samples were weighed, and
their volume was determined based on micro-CT data. The values ob-tained in this way were
used to calculate the ash density, a key indicator of the degree of mineralization of the tested

cancellous bone tissue.
2.3. Data Evaluation and Statistical Analysis
Statistical analysis for individual parameter groups was conducted using various statistical tests:

« Statistical analysis of microhardness values of bone tissue within the three levels (L1, L2, L3)

was performed using ANOVA with Tukey's post hoc test;

« Next, statistical analysis of the value EIT=\m2SNAp , the Young's moduli of bone tissue
within the three levels (L1, L2, L3), was conducted.using the Kruskal-Wallis test;

« Statistical analysis of both Young's moduli.and microhardness values of bone tissue within
the four regions (Al, A2, B1,B2)was performed using repeated measures analysis of variance

with Tukey's post hoc test;

» Analysis of statistical differences for the determined densities was performed using the

Kruskal-Wallis test with Dunn's post hoc test (p=0.05).
3. Results and discussion
3.1. A determination of microhardness and young's modulus of dog cortical bone tissue

Microindentation studies of dog cortical bone tissue allowed for the determination of
microhardness (HV) and Young's modulus (EIT) values for individual levels and regions. Based
on the obtained results (Figure 2A), it can be observed that the average values of the Young's
modulus of bone tissue within the three levels have similar values (EIT L1 = 18.33 GPa, EIT
L2 = 18.71 GPa, EIT L3 = 17.59 GPa). Statistical analysis of the Young's modulus of bone
tissue within the three levels (L1, L2, L3) showed that groups L2 and L3 differ sta-tistically

from each other at a significance level of (p<0.1).
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The highest microhardness values (Figure 2B) were obtained for the central part of the diaphysis
(level L2), where the average value was HV = 60.25 Kgf/mm?2. At level L1, the average HV
value was only 1% lower than at level L2 and amounted to 59.09 Kgf/mm?, and the values were

characterized by greater variability, as evidenced by the large stand-ard deviation in this group.

The average microhardness value at level L3 was 6.4% lower than at L1 and 8.2% lower than
at level L2, amounting to 55.3 Kgf/mmz2. Similar to level L1, the obtained values were
characterized by a large standard deviation. The differences in the average micro-hardness
values are statistically significant for groups L2 and L3 (p<0.1) and_for groups L1 and L3
(p<0.05).

The values of both Young's modulus and hardness obtained in the studies are char-acterized by
a large variation within the regions (A1, A2, B2, B1) where the measurements were conducted.
A comparison of Young's modulus values for individual bone levels (Fig. 3) showed that the
highest values of Young's modulus of bone tissue within the same level were obtained: for level
L1 in region B2 (19.44 GPa), at level L2 inregion A2 (19.80 GPa), and at level L3 in region
A2 (19.48 GPa). At level L1, the results are characterized by the largest standard deviation. The
differences in Young's modulus values between regions for levels L2 and L3 are statistically
significant. At level L2, between regions A1(L2) and A2(L2) p<0.01, between regions A1(L2)
and B2(L2) p<0.05, between regions A2(L2) and B1(L2) p<0.01, between regions B1(L2) and
B2(L2) p<0.01. At level L3, statistically signifi-cant differences occurred between regions
A1(L3) and A2(L3) p<0.01, between regions A1(L3) and B1(L3) p<0.05, between regions
A1(L3) and B2(L3) p<0.01.

On the other hand, the highest microhardness values of bone tissue (Figure 3) were observed at
level L1 in region B2 HV=64.51 Kgf/mm?2, at level L2 in region A2 HV=63.63 Kgf/mmz2, and
at level L3 in region A2 HV=59.31 Kgf/mmz2. For microhardness values at level L1, statistically
significant differences occurred between regions A1(L1) and B2(L1) p<0.01, between regions
A2(L1) and B2(L1) p<0.05. At level L2, statistically significant dif-ferences were obtained for
A2(L2) and B1(L2), p<0.05, while at level L3, the differences in microhardness values are
statistically significant for A1(L3) and A2(L3), p<0.01.
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3.2. Determination of the density of dog cancellous bone tissue

The highest average density value determined by the hydrostatic method (Figure 4A) was
obtained in sample S2 and amounted to 1.3 g/cms3. The lowest hydrostatic density value was
observed in sample S1 and was 1.07 g/cm3. The differences in hydrostatic den-sity of the tested
samples were statistically significant between regions S1 and S2 (p<0.05) and S2 and S5
(p<0.1).

Analysis of the results of the apparent density (Figure 4B) showed that the highest value of 1.17
g/cm3 was obtained in sample S2, while the lowest was in sample S1 and was equal to 0.84
g/cm3. The differences in apparent density of the tested samples were statistically significant

between regions S1 and S2 (p<0.1).

The determined bone mineral density (BMD) values (Figure 4C) are similar in bath distribution
and values to the determined hydrostatic density. The highest BMD value-occurred in sample
S2 (BMD=1.13 g/cm3), while the lowest was in.sample S5 (BMD=0.91 g/cm?3). The differences
in BMD of the tested samples were statistically significant betweenregions S1 and S2 (p<0.1),
S2 and S4 (p<0.05), and S2 and S5 (p<0.01).

The ash density of the incinerated samples (Figure 4D) inrelation to the volume of the samples
before incineration showed that the highest values were in sample S2 (ash den-sity = 0.52
mg/mm3), and the lowest were in sample S5 (ash density = 0.26 mg/mm3). The differences in
ash density values.of the incinerated samples were statistically significant between regions S1
and S2 (p=0.0207), S2 and S4 (p=0.0036), and S2 and S5 (p=0.0007). The figure (Figure 5)
shows the spatial structure of selected samples tested using mi-cro-computed tomography.
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Figure 5. Spatial structure of exemplary samples of cancellous bone tissue.

3.3. Comparison of Methods

Each of the methods used has a specific profile of advantages and limitations, and their
precision depends on the characteristics of the preparation, sample preparation pro-cedures,
bone type, and measurement conditions. The table (Table 1) presents the key as-pects of each
method.

In the case of micro-computed tomography, a significant advantage is its non-invasiveness and
the acquisition of detailed spatial data, which makes this method the gold standard in structural
studies of cancellous bone [15]. However, the high cost and the need for specialized equipment,
as well as potential susceptibility to image artifacts, can negatively affect the reliability of the
data. The hydrostatic method, despite its sim-plicity and low cost, is susceptible to disturbances
from air trapped in pores and the ac-curacy of sample surface preparation [31]. Apparent density
allows for a quick compari-son of samples with similar shapes, but its sensitivity to errors in
volume measurement (especially with irregularly shaped bone fragments) limits the precision
of the results' in-terpretation. BMD as a diagnostic parameter offers a high level of
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comparability and in-terpretability, especially in clinical settings, but it does not reflect the
overall structural density, focusing on mineralization [10]. Ash density is considered the
reference method for mineralization analyses, providing true values of mineral content, which
is particu-larly important for calibrating other techniques. However, it requires the permanent
de-struction of the sample and is susceptible to material loss during incineration, as well as the
influence of thermal factors on the potential change in the mineral's crystal structure [33].
Incineration provides information about the mineral fraction but most strongly af-fects the

disturbance of the sample’s structure.

The time required to perform the measurement presented in the table (Table 1.) was estimated
based on our own experience and literature data [15] [32]. It was assumed that if the time did
not exceed 2 hours, it was categorized as "short"; between 2 and 24 hours as “medium"; and

exceeding 2 days as "long".

Table 1. Comparison of methods for measuring cancellous bone tissue density.

Hydrostatic . Ash density
Feature method pCT (BMD) Apparent density
M d Density of th
easure Bulk density =~ Bone mineral density . Apparent density ‘en51 YO . ©
parameter mineral fraction

Archimedes' Attenuation of X- ) . Mass of residue after
Ratio of the sample's

. mineralization at
mass to its total

Measurement principle; sample rays; calibration

principle  mass in relation to against phantoms of olume 500°C in relation to
. . volume.
its total volume. known density. volume.
Incomplete
. Air bubbles Inaccuracy of the scale, combustion of the
Possible . . I . . .
sources of adhering to the | Artifacts, calibration  errorsin volume  organic fraction, loss
u . . . . . .
sample, inaccuracy errors, image noise. determination from of mineral mass,
error . . _
of liquid density. UCT (segmentation). sample
contamination.
Low equipment Non-destructive  Conceptually simple, .
. Al s P - P Pprovides a reference
requirements and  method with high  but combines errors
. . . o . assessment of
Practical costs, but high  precision, limited by from two techniques . L
e . . mineralization at low
aspects and sensitivity to  high cost, equipment and depends on access .
L . equipment costs, but
limitations manual errors and requirements, and to advanced k .
. . . . is destructive and
sample hydration  time-consuming equipment (uCT). . .
. time-consuming.
state. analysis.
Time short (<2 h) medium (2-24 h) medium Long (> 2 days)
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3.4. Discussion

Studies on mechanical properties described in the literature show that dog bone tis-sue differs
in terms of the values of measured parameters, even within the same species [13]. For example,
research conducted by [24] on canine cancellous bone tissue showed that the average density,
measured by the ultrasonic method within the femoral head, was 1.4 g/cm3. Other studies [17],
conducted on the distal part of the canine femur, allowed for the determination of the apparent
density of cancellous bone tissue, which was 0.44 g/cm3. For comparison, the results presented
in this paper allowed for the determination of can-cellous bone tissue density values in the
femoral neck and head using various methods, which ranged from 0.84 to 1.07 g/cm3. Density

values in the proximal part of the diaphysis ranged from 0.91 to'1.1 g/cm3.

The presented results showed that the choice of measurement method affects the ob-tained
values. It was observed that the distribution of density values is similar in the hy-drostatic
method and in the analysis using a micro-computed tomograph (UCT), but the range of values
differs slightly. The values of the determined apparent density show greater differences between
samples. Thanks to the use of several methods, it was possible to‘obtain reliable density values,

which can be used as input data for.a numerical model.

Studies conducted by [1] on.bone tissue samples from Beagle dogs showed that the Young's
modulus of cancellous bone determined in‘a compression test was 530 MPa. Ad-ditionally, in
these studies, the Young's modulus values of the femoral cortical bone were measured in a four-
point bending test and ranged from 14.5 to 19.5 GPa depending on the location. In our own
microhardness studies, Young's,modulus values for cortical bone tissue samples from different
levels were obtained in the range of 17.59-18.71 GPa, which is consistent with the literature
data.

The observedvariability in properties can also be considered in a broader evolution-ary context.
Studies by Chirchir [4] have shown that domestic dogs have a significantly lower density of
trabecular bone compared to their wild ancestors, wolves. This decrease in bone density is
interpreted as one of the byproducts of the domestication process, asso-ciated with changes in
diet, locomotion strategies, and the overall mechanical loading of the skeleton. The lower
trabecular bone density in domestic dogs may have implications for their susceptibility to
certain orthopedic conditions and highlights how selection pro-cesses have influenced the

fundamental biological properties of their skeletal system.
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Local variability of properties is a reflection of the fundamental principle of bone bi-ology
(Wolff's law), according to which bone tissue adapts its morphology to the function of load-
bearing. Studies of the density distribution of subchondral bone, for example in the talus of
dogs, prove that its density map is highly correlated with the long-term distribu-tion of loads in
the joint, which allows this method to be used for non-invasive examina-tion of joint
biomechanics [6]. The need to consider material and structural heterogeneity is a universal
challenge in modeling mineralized tissues. Similar problems are encoun-tered in dental
biomechanics, where it has been shown that precise models must take into account property

gradients to accurately predict stress distribution [29].

A key indicator of bone tissue quality is its degree of mineralization. Ash density analysis is the
gold standard for its assessment and, s confirmed by Kang et al. [14], is strongly correlated with
mechanical parameters. The influence of metabolic state on bone quality is undeniable, and
trabecular tissue is a sensitive indicator of disorders. The work of Shipov et al. [28] has shown
that chronic renal failure in dogs leads to significant changes in the structural and mechanical
properties of bone. Similarly, dogs with hyper-adrenocorticism have been found to have

significantly lower bone mineral density (BMD), particularly in trabecular bone [18].

The clinical picture is further shaped by the effectiveness of treatments and the use of
pharmaceutical preparations. Studies conducted by Nowak et al. [20]-[21] clearly show how
selective retinoid receptor agonists (tazarotene and bexarotene) modify the mechani-cal
properties of bone. This illustrates how the patient's metabolic state, the action of drugs, and
potential co-existing conditions are all linked, jointly determining the final quality and strength

of the bone tissue.

It is important to distinguish between methods for assessing the mechanical proper-ties of bone.
Destructive tests, such™ as four-point bending [20]-[21], determine global, mac-roscopic
structural parameters, such as strength and stiffness. In contrast, imaging tech-niques, e.g.,
micro-computed tomography (UCT) [21], provide detailed data on the micro-architecture of the
tissue, including density or trabecular structure. Such a multiscale ap-proach is fundamental, as

macroscopic mechanical properties result directly from micro-structural features.

Despite the growing awareness of the importance of BMD, the early diagnosis of os-teoporosis
remains a clinical challenge, both in human medicine, where about 9 million osteoporotic
fractures are diagnosed annually, and in veterinary medicine [5]. In veterinary medicine, there

is a lack of standardized BMD tests, so there is a search for rapid and precise assessment
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techniques, such as osteodensitometry software in qCT studies [34] or mobile applications for
X-ray analysis [5].

Ash density is a direct and precise indicator of the mineral content in trabecular bone tissue.
The lower values compared to hydrostatic methods result from the elimination of the organic
fraction and the porosity of the tissue. This parameter can be an important in-dicator of bone
quality in veterinary and orthopedic research. Ash density is a valuable, repeatable, and
minerally specific parameter in assessing the quality of trabecular bone tissue in dogs. Its high
correlation with biomechanical properties makes it an important tool-in both scientific and

clinical research.

The finite element method is a commonly used, albeit simplified, way of analyzing the
biomechanical interactions between an implant and bone tissue [2] {12]. Computer modeling
allows for the analysis of the cooperation of elements in systems with complex geometry and
different mechanical properties, which allows for a better understanding of the processes
occurring in the research model [8]. As shown by Kostenko et al. [16], the combination of
precise imaging techniques PCT with finite element analysis allows for more accurate
prediction of fracture risk and more effective planning of surgical interventions. A thorough
knowledge of the anatomy of dogs, as well as the forces acting in individual joints, allows for
more accurate implant design. The clinical implications of the research conducted are twofold:
they provide reliable input data for numerical models and are in line with the trend of
personalized medicine. Detailed knowledge of the mate-rial properties of bone is essential for
matching implants, which minimizes the risk of complications [9]. The importance of the
thickness and density of cortical bone for the stability of implants is well documented, for
example in the context of orthodontic mini-implants, where these parameters correlate with the
force needed to damage them [22].

Conclusion

Based on the conducted research and the analysis of the results, a significant varia-tion in the
mechanical and structural properties of the dog's femoral bone tissue was demonstrated, which
depends on both the anatomical location and the measurement method used. The obtained
density and Young's modulus values, although consistent with literature data, confirm that the
heterogeneity within a single bone necessitates the precise definition of the areas being studied.
The use of complementary research tech-niques, including the hydrostatic method and micro-

computed tomography, proved to be crucial for obtaining reliable and comprehensive data
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characterizing the bone tissue. These data constitute a valuable and verified input base for
advanced numerical models, including finite element method (FEM) analyses.

The mechanical properties of bone are significantly influenced the loads resulting from the
function of the musculoskeletal system, and systemic factors, such as metabolic state and co-
existing diseases, which has a direct impact on the clinical assessment of the patient and the
risk of treatment failure. Consequently, the results of the research con-ducted have practical
significance for veterinary orthopedics, contributing to the devel-opment of personalized
treatment planning. A precise material characterization of bone allows for better matching of
surgical implants and improvement of methods for predict-ing fracture risk, which is in line

with the development of modern therapeutic strategies.

The paper also draws attention to the advantages .and limitations resulting from the
measurement methods used. Sources of disturbance reduce the accuracy of the measure-ment.
Different density assessment techniques provide non-uniform results due to the dif-ferent ways
of defining the sample volume and different detection ranges, therefore it is important to
introduce a normalization protocol for.all methods and materials. This will allow for direct
comparison of values and limitation.of systematic deviations. Standard-ized, comparable results
will allow, among other things, for the standardization of com-parative studies between
research centers, and even for a better assessment of fracture risk based on biomechanical
models. Further research in this area should include an economic and time analysis in a broader
context of preclinical and clinical research, to support de-cision-making regarding the choice

of the optimal method depending on the purpose of the study and available resources.

In summary, this research makes a significant contribution to the understanding of the
mechanical and structural properties of dog bone. It has been shown that the combi-nation of
different measurement techniques is crucial for a comprehensive assessment, and the data
obtained emphasize the importance of anatomical location and metabolic state. These results
have direct application in improving numerical models and support the development of

individualized orthopedic treatment strategies in veterinary medicine.
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HCT  Micro-computed tomography

BMD Bone mineral density

FEM Finite element method

References

[1.] Acito, A.J., Kasra, M., Lee, J. M., Grynpas, M. D., Effects of intermittent administration
of pamidronate on the mechanical properties of canine cortical and trabecular bone, J. Orthop.
Res., 1994, 12(5), 742-746, DOI: 10.1002/jor.1100120518

[2] Bayoglu, R., Okyar, A. F., Implementation .of boundary conditions in modeling the
femur is critical for the evaluation of distal intramedullary nailing, Med. Eng. Phys., 2015,
37(11), 1053-1060, DOI: 10.1016/j.medengphy.2015.08.007

[3.] Budsberg, S. C., Verstraete, M. C., Soutas-Little, R. W., Force plate analysis of the
walking gait in healthy dogs, Am.dJ. Vet. Res., 1987, 48(6), 915-918.

[4.] Chirchir, H., Trabecular-bone in domestic dogs and wolves: Implications for
understanding human self-domestication, ~Anat. Rec., 2021, 304(1), 31-41, DOI:
10.1002/ar.24510

[5.] Costa, T. A.C., Jesus, A. C.D., Oliveira, T. B. D., Silva, A.R. S. D., Fontana, C. A. P.,
Vulcani, V. A. S., Development and evaluation of a mobile app for bone mineral densitometry
in dry canine bones, Cienc: Anim. Bras., 2025, 26, 80154E, DOI: 10.1590/1809-6891v26e-
80154E

[6.] Dingemanse, W., Muller-Gerbl, M., Jonkers, I., Vander Sloten, J., van Bree, H., Gielen,
I., Subchondral bone density distribution of the talus in clinically normal Labrador retrievers,
BMC Vet. Res., 2016, 12(1), 56, DOI: 10.1186/s12917-016-0678-8

[7] Evans, H. E., De Lahunta, A., Bones of the pelvic limb. Miller's Anatomy of the Dog-
E-Book, 2013, 142-145.

[8.] Goffin, J. M., Pankaj, P., Simpson, A. H., Are plasticity models required to predict
relative risk of lag screw cut-out in finite element models of trochanteric fracture fixation?, J.
Biomech., 2014, 47(1), 323-328, DOI: 10.1016/j.jbiomech.2013.09.014



405
406
407
408

409
410
411

412
413
414

415
416
417

418
419
420

421
422
423

424
425
426
427
428

429
430
431

432
433
434

[9.] Haba, Y., Skripitz, R., Lindner, T., Kdckerling, M., Fritsche, A., Mittelmeier, W., Bader,
R., Bone mineral densities and mechanical properties of retrieved femoral bone samples in
relation to bone mineral densities measured in the respective patients, Sci. World J., 2012(1),
242403, DOI: 10.1100/2012/242403

[10.] Haseltine, K. N., Chukir, T., Smith, P. J., Jacob, J. T., Bilezikian, J. P., Farooki, A.,
Bone mineral density: clinical relevance and quantitative assessment, J. Nucl. Med., 2021,
62(4), 446-454. DOI: 10.2967/jnumed.120.256180

[11.] Hottinger, H. A., DeCamp, C. E., Olivier, N. B., Hauptman, J. G., Soutas-Little, R. W.,
Noninvasive kinematic analysis of the walk in healthy large-breed.dogs, Am. J. Vet. Res., 1996,
57(3), 381-388.

[12.] Ivanov, D., Barabash, Y., Barabash, A., A numerical.comparative analysis of ChM and
Fixion nails for diaphyseal femur fractures, Acta Bioeng. Biomech., 2016,18(3), 73-81, DOI:
10.5277/ABB-00473-2015-03

[13.] Jasiurkowska, K., Biezynski, J., Nikodem, A., Filipiak, J., Influence of the
intramedullary nail locking method on the stiffness of the bone-implant system, Acta Bioeng.
Biomech., 2022, 24(1), 167-178,'DOI: 10.37190/ABB-01978-2021-02

[14] Kang,Q.N.Y.H., An,Y.H. Friedman, R.F., Mechanical properties and bone densities
of canine trabecular bone, J. Mater., Sci. Mater. Med., 1998, 9(5), 263-267, DOI:
10.1023/a:1008852610820

[15.] Keklikoglou, K., Arvanitidis, C., Chatzigeorgiou, G., Chatzinikolaou, E.,
Karagiannidis, E., Koletsa, T., Magoulas, A., Makris, K., Mavrothalassitis, G., Papanagnou, E.
D., Papazoglou. A. S., Pavloudi, C., Trougakos, I. P., Vasileiadou, K., Vogiatzi, A., Micro-CT
for biological and biomedical studies: a comparison of imaging techniques, J. Imaging, 2021,
7(9), 172, DOI: 10.3390/jimaging7090172

[16.] Kostenko, E., Sengaut, J., Visniakov, N., Maknickas, A. (). Finite element model of
canine-specific vertebrae incorporating biomechanical tissue nonlinearity, Appl. Sci., 2024,
14(5), 2027, DOI: 10.3390/app14052027

[17.] Kuhn,J. L., Goldstein, S. A, Ciarelli, M. J., Matthews, L. S., The limitations of canine
trabecular bone as a model for human: a biomechanical study, J. Biomech., 1989, 22(2), 95-
107, DOI: 10.1016/0021-9290(89)90032-8



435
436
437

438
439

440
441
442
443
444

445
446
447
448

449
450
451

452
453
454

455
456
457

458
459
460

461
462
463

[18.] Lee, D., Lee, Y., Choi, W., Chang, J., Kang, J. H., Na, K. J., & Chang, D. W.,
Quantitative CT assessment of bone mineral density in dogs with hyperadrenocorticism, J. Vet.
Sci., 2015, 16(4), 531-542, DOI: 10.4142/jvs.2015.16.4.531

[19.] Nikodem, A., Correlations between structural and mechanical properties of human
trabecular femur bone, Acta Bioeng. Biomech., 2012, 14(2), DOI: 10.5277/abb120205

[20.] Nowak, B., Matuszewska, A., Filipiak, J., Nikodem, A., Merwid-Lad, A., Pie$niewska,
M., Fereniec-Gotgbiewska, L., Kwiatkowska, J., Szelag, A., The influence.of bexarotene, a
selective agonist of the retinoid receptor X (RXR), and tazarotene, a Selective agonist of the
retinoid acid receptor (RAR), on bone metabolism in rats, Adv. Med. Sci., 2016, 61(1), 85-89,
DOI: 10.1016/j.advms.2015.09.001

[21.] Nowak, B., Matuszewska, A., Filipiak, J., Nikodem, A., Merwid-Lad, A:, PieSniewska,
M., Kwiatkowska, J., Grotthus, B., Szelag, A., The negative impact of selective activation of
retinoic acid receptors on bone metabolism and-bone mechanical properties in rats, Adv. Clin.
Exp. Med., 2016, 25(2), 213-218, DOI: 10:17219/acem/41860

[22.] Ohiomoba, H., Sonis, A., Yansane, A., Friedland, B., Quantitative evaluation of
maxillary alveolar cortical bone ‘thickness and density using computed tomography imaging,
Am. J. Orthod. Dentofacial Orthop:, 2017, 151(1), 82-91, DOI: 10.1016/j.aj0d0.2016.05.015

[23.] Page, A. E., Allan, C., Jasty, M., Harrigan, T. P., Bragdon, C. R., Harris, W. H.,
Determination of loading parameters in the canine hip in vivo, J. Biomech., 1993, 26(4-5), 571-
579, DOI: 10.1016/0021-9290(93)90018-a

[24.] Pressel, T., Bouguecha,’/A., Vogt, U., Meyer-Lindenberg, A., Behrens, B. A., Nolte, 1.,
Windhagen, H.,..Mechanical properties of femoral trabecular bone in dogs, Biomed. Eng.
Online, 2005,4(1), 17, DOI: 10.1186/1475-925X-4-17

[25.] Shahar, R:, Banks-Sills, L., A quasi-static three-dimensional, mathematical, three-body
segment model of the canine knee, J. Biomech., 2004, 37(12), 1849-1859, DOI:
10.1016/j.jbiomech.2004.02.034

[26.] Shahar, R., Banks-Sills, L., Biomechanical analysis of the canine hind limb: calculation
of forces during three-legged stance, Vet. J., 2002, 163(3), 240-250, DOI:
10.1053/tvjl.2001.0660



464
465
466

467
468
469

470
471
472

473
474
475
476
477
478

479
480

481
482
483

484
485
486
487
488

489
490
491

[27.] Shahar, R., Banks-Sills, L., Eliasy, R., Stress and strain distribution in the intact canine
femur: finite element analysis, Med. Eng. Phys., 2003, 25(5), 387-395, DOI: 10.1016/S1350-
4533(03)00002-X

[28.] Shipov, A., Shahar, R., Sugar, N., Segev, G., The influence of chronic kidney disease
on the structural and mechanical properties of canine bone, J. Vet. Intern. Med., 2018, 32(1),
280-287, DOI: 10.1111/jvim.14879

[29.] Soukup, J. W., Jeffery, J., Drizin, S. R., Hetzel, S. J., Stone, D. S., Eriten, M., Ploeg, H.
L., Henak, C. R., Correlation of mineral density and elastic modulus of dog dentin using u-CT
and nanoindentation, J. Biomech., 2023, 147, 111434, DOI: 10.1016/j.jbiomech.2023.111434

[30.] Tomczyk-Warunek, A., Turzanska, K., Posturzynska, A., Kowal, F., Blicharski, T.,
Pano, I. T., Winiarska-Mieczan A, Nikodem A, Dresler'S, Sowa I, Wojciak M, Dobrowolski,
P., Influence of various strontium formulations (ranelate, citrate, and chloride) on bone mineral
density, morphology, and microarchitecture: A .comparative study in an‘ovariectomized female
mouse model of osteoporosis, Sciences Int. J. Mol. Sci., 2024, 25(7), 4075, DOI:
10.3390/ijms25074075

[31.] Wang, Y., Zhou, B., Recent progress in single and combined porosity-evaluation
techniques for porous materials, Materials; 2022, 15(9), 2981, DOI: 10.3390/ma15092981

[32.] Wensley, M. R., Vier, C. M., Gebhardt, J. T., Tokach, M. D., Woodworth, J. C.,
Goodband, R. D4 DeRouchey, J. M., Assessment of two methods for estimating bone ash in
pigs, J. Anim. Sci., 2020, 98(8), skaa251, DOI: 10.1093/jas/skaa251

[33.] Williams, H. R., Tokach, M. D., Woodworth, J. C., Goodband, R. D., DeRouchey, J.
M., Bergstrom, J. R., Hastad, C. W., Post, Z. B., Rahe, M. C., Siepker, C. L., Sitthicharoenchai,
P., Ensley, S M., Radke, S., Gebhardt, J. T., Effect of bone and analytical method on
assessment of bone mineralization in response to dietary phosphorus, phytase, and vitamin D
in finishing pigs, J. Anim. Sci., 2024, 102, skae162, DOI: 10.1093/jas/skael62

[34.] Woods, G., Israeliantz Gunz, N., Handel, I., Liuti, T., Mellanby, R. J., Schwarz, T.,
Computed Tomography Osteodensitometry for Assessment of Bone Mineral Density of the
Canine Head—Preliminary Results. Animals, 2021, 11(5), 1413, DOI: 10.3390/ani11051413



