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Introduction  

The key element of the human body is the spine, which provides the main support for 
mechanical behavior of the body, allowing to keep its functionality during the entire life pe-
riod. Consequently, evaluation of the functionality of the spine requires knowledge about 
the mechanical behavior of the specified particular vertebra, which could be considered by 
applying research methods used in mechanics of solids and structures. From a mechanical 
point of view, the spine may be considered as a column-like structure consisting of relatively 
stiffer structural bodies, i.e. vertebrae, connected by flexible intervertebral discs. Thereby, the 
most loaded spinal fragment is the lumbar spine, i.e. the spine fragment composed of L1-L5 
vertebrae, which has to bear the essential part of the human’s induced load compared to the 
other spinal parts [1-3]. Specifically, compression-induced fracture of the spine usually occurs 
at the third vertebra of the lumbar spine (L3) [4]. Mechanical behavior largely depends on 
mechanical properties. Mechanical properties of biological tissues are not constant, and they 
may be affected by various factories and disease. One of the most widespread disease is os-
teoporosis, which is characterized by an overall loss of bone tissue and is a systemic disorder 
of the skeleton, leading to enhanced fracture risk. It is estimated that up to 50% of females 
(30% for males) experience at least one osteoporotic vertebral fracture during their life [5,6]. 
Consequently, research on osteoporotic degradation is basically focused on evaluation of the 
change of mechanical properties in the vertebral bone tissue [7-9]. It was found, however, that 
macroscopic vertebral properties strongly correlate with bone density decrease. Therewith, 
bone mineral density (BMD) is probably the single directly measurable physical quantity.

Spine functionality could be characterized by values parameters and restrictions. Safe 
behavior is related to ability to withstand external loading. Despite remarkable progress in 
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Contribution of osteoporotic degradation to instability of lumbar spine is investigated by the finite 
element method. The aim of this work is to assess the biomechanical response of the osteoporotic L3 
vertebrae under axial compression loading. The human lumbar spine segment comprising L2-L4 is 
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common praxis while the second case reflects limit situation when trabecular rarefaction occurs near the 
outer cortical shell. Numerical results of the non-linear finite element analysis showed that osteoporotic 
degradation is potentially suspicious for instability. The rarefication of cancellous bones yields to local 
buckling of vertebral wall essentially reducing load-bearing capacity, which has to be considered in such 
extreme situations. Consequently, the vertebra loses load-bearing capacity even when the strength limit 
is not reached. 3D finite element models were used. The aim of this work is to assess the biomechanical 
response, or load transfer response, between osteoporotic L3 vertebrae under compression loading. For 
this purpose, image-based, heterogeneous, three-dimensional, patient-specific finite element models of 
the lumbar vertebrae L3 for osteoporotic subjects were created. The finite element analysis has shown 
that local vertebral damage, such as empty spaces in vertebral bone, give rise to vertebral wall point’s 
horizontal displacement increase. Consequently, the vertebra loses load-bearing capacity even when the 
strength limit is not reached.
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evaluation of mechanical properties of lumbar bone tissue on smaller 
scales [10], understanding of and the contribution osteoporotic 
changes to functionality is still not satisfactory. Evaluation of the 
failure risk is traditionally described by strength criteria in terms of 
stress-related parameters [6,11,12]. Alternatively, strength criteria 
of fracture may be expressed in terms of kinematic variables. 
Control of the deformation behavior by deformation criteria 
allows additionally to detect structure instability when the system 
undergoes large deformations. Instability is a process during which 
a given structure cannot sustain load in its initial form [13]. Finding 
deformation instability requires more enhanced nonlinear analysis. 
It is obvious that a vertebra looking like a stiffened cylindrical 
shell structure is potentially risky to instability. Mechanism of 
instability relevant to out-of-plane deformation of thin-walled 
structures is characterized as buckling-type instability. It is very 
sensitive to small deformations imperfections. During osteoporotic 
degeneration failure risk increases because of the thinning of the 
cortical shell and the presence of imperfections. Therefore, the 
load-bearing capacity of the spine may be lost, not only by fracture 
but also by the occurrence of instability. Consequently, osteoporotic 
imperfections may potentially produce increased fracture risks, 
which are different than those captured by the most commonly 
used strength criteria. The purpose of this investigation is to 
extend the knowledge on the macroscopic deformation behavior 
of the degenerated osteoporotic lumbar vertebrae by recovering 
geometric nonlinear deformation effects yielding instability of 
cortical shell. Mechanical study of osteoporotic lumbar L2-L4 
fragment is presented in this paper. Here buckling of L3 vertebra 
is conceder numerically by applying finite element method. The 
emphasizes is giving to evaluation to of degraded bond between 
cortical shell and cancellous bone. 

Problem Description
Evaluation of load bearing capacity osteoporotic L3 vertebra 

is studied. To avoid boundary effects related to transmitting of 
loading, a lumbar spine two-motion segments comprised by three 
L2-L4 vertebra connected by intervertebral disc (IVD) is considered 
(Figure 1a). IVD is composed of a nucleus pulposus, annulus fibrosus, 
and annulus ground substance. Disc’s model usually is separated 

between the nucleus, the annulus ground substance and annulus 
fibers. In the lumbar spine part, nucleus’ width is mostly between 
30-50% of whole IVD cross-section width [14-16]. Posterior bony 
elements are added to reflect the stiffening of the vertebra’s back 
part. Two bony endplates are added to close a trabecular domain. 
From a mechanical point of view, essential properties of the 
vertebral body can be retained when regarding it in macroscopic 
scale as two-phase continuum. This two-phases-cortical shell 
and trabecular volume - model is mechanically reasonable and 
frequently explored in numerical modelling [10,17-20]. The issue 
of the above subdivision is slightly hypothetical. Classification of 
a particular sub volume to the cortical or trabecular phase could 
be done on the basis of CT imaging according to porosity (density) 
values [21]. Application of to phase model is especially advantageous 
in the case of osteoporotic degradation. The largest loss of absolute 
bone mass due to osteoporosis occurs in the bone interface layer 
between two phases [22]. The appearance of a gap between the 
two phases may be considered as an imperfection of potential 
instability factors. Each of spine models (Table 1) are subjected by 
compression load (Figure 1a). Three examples of spine fragment 
are different materials degeneration grade will be considering. 
The first model (Grade 1) reflects a healthy spine (Figure 1c), the 
second (Grade 2) reflects a loss in trabecular bone density (Figure 
1c). Finally, the third model (Grade 3) will display the limit case of 
the bond weakened between the trabecular and cortical phases, 
as a result, the gap arises between the shell and the solid (Figure 
1d). The data of three grades of normal aging degeneration process 
from healthy to degenerated case are seen in Table 1.

Materials and Methods

Problem geometry
The lumbar spine two-motion segment of the anatomic shape 

shown in Figure 1 is considered. The lumbar body is described in 
Cartesian coordinates. The coordinate plane Oxz is symmetry plane 
of the body. The trabecular volume is considered as a three-dimen-
sional continuum while the dense cortical layer is considered as 
a thin shell. The geometry and dimensions of the model were ob-
tained from a high-resolution CT images. The images were recon-
structed with a 0.3mm slice thickness and exported as DICOM files.

Figure 1: View of the models. (a) Lumbar spine model of two spinal motion segment with (L2-L4), (b) L3 vertebra’s 
cross-section FE model, (c) Bonded connection, (d) Unbonded connection with a gap, (e) IVD cross section FE 
model.
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Mechanical properties
The cortical phase is modelled as an isotropic elastic continuum. 

The trabecular phase is modelled as an elastic orthotropic 
continuum. Thereby, the transverse elastic modulus is assumed 

to be the fraction of the longitudinal modulus. The posterior bony 
elements and endplates are described as linear elastic isotropic 
material. Osteoporotic ageing degeneration properties will be 
different for each model. They are giving in Table 1. Vertebral bones 
material physical properties are seen in Table 2.

Table 1: Characterization of age-related degeneration.

Grades of Age-Related Degeneration Grade 1(Healthy) Grade 2(Osteoporotic) Grade 3 (Osteoporotic)

Cancellous bone (density [kg/m3]) [23] 300 100 100

Connection type between to phase          bonded bonded unbonded

Table 2: Material properties of the components.

System Young Modulus [MPa] Poisson Ratio

Cortical bone [6,24,25] Ecor=8000 Ecor=0.3

Cancellous bone (healthy/ osteoporotic) [23]

Ecan,zz=723/72.3 Vcan,xy=0.3

Ecan,xx=130/13 Vcan,yz=0.2

Ecan,yy=130/13 Vcan,xz=0.2

Gcan,xy=27.8/5

Gcan,yz=48.2/8.7

Gcan,xz=48.2/8.7

Vertebral bony endplate [26,27] Epl=25 Vpl=0.4999

Posterior Bone [11,26,28] Epb=3500 Vpb=0.4999

Nucleus [29-31] ENP=1 Vnp=0.4999

Annulus ground substance [18,32,33] Coefficients of Neo-Hookean material 
c10=0.25; D1=0.86 0.4

Annular Fibers (external / internal) [34,35] 500/300

Finite element model
In this study, the numerical finite element analysis is utilized 

to demonstrate the potential of this tool in evaluation of the risk 
of osteoporotic degradation. Particular advantages of the finite 
element analysis will be explored by developing a universal finite 
element model able to solve various mechanical problems using the 
same geometry. On the other hand, the unified model integrates the 
external shell and the internal 3D solid while regarding different 
bonding between them. A characterization of the mechanical state 
of lumbar vertebrae under osteoporotic degeneration of bone 
tissues will be considered by structural analysis, thereby applying 
the finite element method. Three different finite element models 
describing the above-mentioned samples Grade 1, Grade 2, Grade 
3 are created modeling purposes. Cortical bone was discretized 
by shell finite elements. A shell element associated with larger 
strain and large deflection is sable to describe structure buckling. 
The FE mesh of cortical shell contains 9669 nodes and 9367 shell 
elements. A cancellous bone, endplates, posterior bone, nucleus 
pulposus and annulus ground substance models were meshed with 
volumetric FE. The element supports large displacement and large 
strain capabilities. The volumetric phase was described by a 3D 
mesh containing 710751 nodes and 188100 solid elements. Shell 
and volumetric domains are connected with a rigid bond according 
to Table 1. Fragment of bonded and unbonded connections are 
illustrated in (Figure 1c & 1d), respectively. IVD and NP are covered 
by fiber-reinforced membrane. The thickness of the membrane 

is to 1.5mm. The membrane is composed by four layers of fiber 
laminate, which are stacked by +30° and -30° plies. This study used 
composite four-node shell elements to simulate annulus fibrous. 
Here, bending stiffness is neglected and only in-plane behavior is 
considering. The FE mesh of fiber laminate contains 358 nodes and 
416 shell elements. The meshed model is presented in Figure 1e.

Analysis problem
Development of the FE model comprises mathematical descrip-

tion of the lumbar spine and generation FE assembly. The time-de-
pendent state of the spine two-motion segment is obtained by for-
mulating the nonlinear analysis problem. The behavior of the FE 
model is governed by kinematic boundary conditions. The time-de-
pendent state of the vertebral body is obtained by formulating the 
nonlinear analysis problem. The behavior of the finite element 
model is governed by kinematic boundary conditions. Zero mo-
tion is specified on the bottom L4, while proportionally increasing 
loading is imposed by the vertical motion of the upper endplate L2 
with the maximal vertical displacement uz(t). Thus, external axial 
loading in time t is controlled by the instantaneous contribution 
of the displacement. The axial loading is controlled by the speci-
fied monotonically increasing displacement of the upper endplate  
uz(tmax)=uz,max limited by maximal value uz,max=10mm. The load is 
transmitted to the trabecular and cortical bones through an end-
plate.
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In summary, the nonlinear loading-path-dependent equilibrium 
is characterized by a set of nonlinear algebraic equations. The 
incremental formulation of this model is defined at time instant t 
as follows:

                                   KG(u(t))Δu(t) = ΔF(t)                        (1)

Here, KG is the global nonlinear stiffness matrix comprising con-
tribution of the finite displacements and depending on current val-
ues of the displacement vector u(t), while Δu and ΔF are increments 
of displacement and external load vectors, respectively. The stress-
es are obtained for values displacements of each element separate-
ly [23-35]. Here, an augmented Lagrangian approach was applied 
for handling the inequality constraints in the solution of the contact 
problems. Actually, in order to find a bifurcation point and to trace a 
descending loading branch during instability of loading prescribed 
displacements are specified. The discretization of the bodies is per-
formed by applying the preprocessor of the ANSYS code [36].

Numerical Results and Discussion
To evaluate degrees of osteoporotic degradation, numerical 

experiments were performed using the Eq. (1). Three models of 

the lumbar spine were solved. Presentation of numerical results 
is limited by discussion of L3 vertebra. Physical nature of different 
models is qualitatively illustrated by deformation behavior. De-
formed shapes of cortical shell occurring at the end of simulations 
at time instants tmax are shown in Figure 2. The first subfigure (a) 
illustrate healthy vertebra, the second subfigure (b) illustrate oste-
oporotic vertebra with bonded shell-solid interface, while the third 
subfigure (c) illustrate unbonded contact-less situation. The col-
ored contour plot illustrates of displacement magnitude in unified 
scale. The displacement values are defined in millimeters. It was 
observed, that healthy example (Grade 1) has the most rigid prop-
erties, and it is characterized by the smallest displacements (Figure 
2a). In comparing to that, degradation of cancellous tissue (Grade 
2) yields large displacements, retaining, however, simile deformed 
shape (Figure 2b). Degradation of the cortical shell (Grade 3) leads 
to more complex deformation shape where local imperfections are 
clearly observed (Figure 2c). It was observed for healthy sample the 
larges transversal displacement occurred in point I, which located 
in central symmetry plane at the height 20mm. Therefore, transver-
sal displacement uI will for detail analysis.

Figure 2: The view of deformed shapes of L3 cortical shell and contour plot of displacement magnitude (mm) after 
loading at time instant tmax: a-Grade 1; b-Grade 2; c-Grade 3.

Essential properties of the compressed anatomic cylinder 
may be characterized explicitly by the force-displacement F(t)–
u(t) relationship. This relationship between axial force and 
displacement components ux at point I (Figure 3) will be used 
explains stability properties. The first curve, denoted as Curve a, 
illustrate deformation behavior of healthy vertebra (Figure 4). The 
healthy sample exhibit monotonic increasing for displacement 
character indicating stable deformation behavior. The next Curve 
b analogously illustrate the osteoporotic degradation of lumbar 
vertebra in the case of perfect bonding with shell. This curve 
demonstrates the global post buckling instability at point D where 
critical load F2,cr=8.0 kN. Therefore, when compressing a degenerated 
lumbar, the time history of the transversal displacement at point 
I (Figure 3) exhibits unlimited character, illustrating unstable 
deformation behavior. The third Curve c illustrate the variation of 
these quantities for the case of degenerated bond. The descending 
character of displacement from point A to point B and above point 
C indicates unstable deformation. The variation of displacement 

Figure 3 clearly shows the presence of a critical point instant  
u3,cr (F3,cr)=0.06mm. Consequently, load-bearing capacity is 
predefined by the critical buckling load F3,cr=2.1 kN (Figure 3). The 
load-carrying capacity of the spine, in over case of lumbar is usually 
characterized by force values. In the column diagram (Figure 4) is 
the variation of maximum compression forces is shown. The first 
column indicates the maximum value F1=9.0kN of heathy case. This 
force was reached maximum compression displacement 10mm. 
Considering the load-displacement path (Curve a in Figure 3), 
the further the increasing of this load is expected. By considering 
osteoporotic degenerated lumbar (Grade 2), load-bearing capacity 
drops and is characterized by critical load Fcr,2=8.0kN. In the third 
sample, the critical load Fcr,3=2.1kN denoted in Figure 3 at point A is 
achieved at an early state. Compared to available experimental data 
[37,38], where carrying load Fcr=15.9kN is estimated for the young 
man, the significant contribution of osteoporotic degradation was 
observed. The performed numerical stability analyses of lumbar 
vertebrae discovered that the presence of local degradation 
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between cortical and trabecular bones may yield catastrophic 
consequences in the mechanical behavior of lumbar vertebrae. 
Consequently, specific testing procedures have to be elaborated to 

prevent acquiring dangerous osteoporotic degradation, especially 
due to rarefication of bone tissue near the cortical wall.

Figure 3: Load dependency graph. Displacement in horizontal direction at point I (Figure 2).

Figure 4: Comparison of forces for compression versus age-related degeneration.

Conclusion
Numerical simulation illustrating the contribution of 

osteoporotic degradation of mostly loaded spine lumbar vertebra 
L3 results is presented. Three cases of vertebra properties were 
considered, comprising healthy, osteoporotic, reflecting a loss in 
trabecular bone density, and the third limiting case, reflecting off 
the bond weakened between the trabecular and cortical phases. 
Simulation results discovered deformation instabilities occurring 
with osteoporotic degeneration of the cancellous bone tissues. In 
summary, it could be concluded that osteoporosis of the lumbar 
vertebrae yields to reduction of the safe load. The critical reflecting 
stability finally drops below the presumed strength threshold 
value. Consequently, to determine risk of fractures the local 
deformation criteria including the buckling should be applied. To 
detect buckling-induced risk, it is mandatory to evaluate not only 
average trabecular bone density, but also degradation regions near 
the cortical shell.
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