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Introduction
The spinal canal, playing the most significant role in the neurologic system of the body, 

is protected by the vertebral column. However, regarding its weak mechanical properties, it 
is vulnerable relative to any problem in the adjacent tissues. For example, it is exposed to 
compression by degeneration of the intervertebral discs (IVDs) or involvement of a vertebra 
with a tumor [1]. In this context, the existence of tumors in the nearby tissues may cause 
different configurations of spinal compression. However, this problem may depend on various 
factors such as the type of metastasis [2,3], the level of the diseased vertebra [4-6], and the 
medical characteristics of the patient such as age, osteoporosis etc. In such conditions, the 
main concern of a medical crew is finding a way to release the spine from compression and 
averting a vertebral fracture, so estimation of the progression and propagation scenarios for 
a tumor, related to the increase of cancerous cells in a location and spreading to adjacent 
regions seems very helpful to prescribe the most efficient treatment program. This matter is 
challenging now, because in spite of the many findings related to the mechanism of osteoclastic 
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Abstract
Background: Involvement of the vertebral components with tumor may be followed by spinal 
compression, however the degree of spine instability depends on various factors such as vertebral level 
and damage configuration. This study aimed to assess the mechanism of a severe spinal compression in 
an anteroposteriorly tumor-involved lumbar vertebra using the computational models.

Methods: The strategy was simulation of a vertebral segment damaged by multiple myeloma using 
a verified FE model and then comparison of the deformations, estimated by the model, with MRIs. 
Progression and propagation of the tumor were simulated using a virtual thermal flux and conductivity, 
based on a valid scenario, reported in the literature. The FE model, associated with the healthy state 
of the vertebral segment, was verified by comparison of its estimations for load carrying shares by the 
various vertebral components with these values, demonstrated in prior In-Vitro tests.

Results: Estimation of the FE model from deformations and spinal compression through progression of 
the disease was promising. The precedence of the softening in the posterior half of the vertebral body 
caused an extra backward rotation and increase of the load carrying share by the posterior elements of 
the damaged vertebra equal to 58%, known as stress-shielding. Diffusion of the osteolytic damage to the 
posterior elements of the vertebra was followed by instability and compression of the spine.

Conclusion: Determination of a sequential propagation of tumor in the anteroposteriorly osteolytic 
lumbar vertebra for the FE model according to the patterns, proposed by the prior studies, was enough 
to simulate spinal compression. This model could estimate the amount of secondary bending moment on 
the posterior elements of the damaged vertebra due to stress-shielding and osteolytic damage.

Keywords: Spinal compression; Tumor progression; Lumbar vertebrae; Stress-shielding; Multiple 
myeloma
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and osteoblastic processes [7], there is a lack of enough knowledge 
on the mechanism of propagation pattern and rate of degradation 
due to concentration of the cancerous cells (tumor progression) 
for most tissues [8]. This shortfall seems mainly due to loss of 
appropriate non-invasive techniques to characterize such events 
in In-Vivo conditions. To establish an easy investigation method in 
this paper, it is noted that the involvement with tumors in many 
tissues is usually incorporated with considerable deformations 
such as a spinal narrowing that takes place due to the existence of 
vertebral tumors. So, knowing that the amount of deformation in 
the tissues may be related directly to the amount of degradation, 
using computational models, one may achieve good estimates from 
the characteristics of the damaged parts, by comparison of the 
deformations, simulated by the computational models, with the 
captured images of the diseased tissues.

This paper aimed to describe the spinal compression 
mechanism for an anteroposteriorly tumor-involved vertebra. 
Although the effective factors for propagation of a tumor to 
the posterior elements of a vertebral body are not definite, 
this occurrence seems to increase the severity of the spinal 
compression, because propagation of damage to these parts is 

followed by instability of these components exposing the spinal 
canal posteriorly. Of course, this influence seems different for 
different levels of the vertebral column. Figure 1 shows larger 
deformation of an anteroposteriorly damaged thoracic vertebral 
body [9], in comparison to a lumbar vertebra, examined by the 
present study. In spite of larger deformation and failure of the 
thoracic vertebral body in this figure, instability of the posterior 
elements of the lumbar vertebra has exposed the spinal canal to 
larger compression. Figure 2 illustrates the cause of this different 
response for the vertebrae at the different levels. According to this 
figure, because of different natural curvature for different segments 
of the vertebral column, the distance between the center of rigidity 
for each vertebra and the load carrying axis of the whole vertebral 
column changes [10]. Due to this eccentricity (shown by “e” in Figure 
2), in addition to the influence of axial compression, a clockwise or 
counterclockwise bending moment also exposes each vertebra. The 
existence of a clockwise bending moment for the lumbar vertebra 
leads to an increase in the load carrying share and stress for the 
posterior elements. However, for an anteroposteriorly osteolytic 
lumbar vertebra, the occurrence of stress-shielding in the posterior 
elements, a secondary bending moment on these elements seems 
to expose the spinal canal to a larger compression.

Figure 1: Comparison of the boundaries related to spinal stenosis around a tumor, observed for (a) a thoracic 
vertebra [9] and (b) a lumbar vertebra (examined in this study). (Hatched area denotes the regions involved with the 

tumor).

Figure 2: Schematic of a vertebral column and eccentricity for the center of rigidity of each vertebra relative to the 
load carrying axis of the whole vertebral column.
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An experimental study on stress-shielding has been reported by 
Pollintine et al. [11] who reported an increase in the load carrying 
share for the posterior elements of a lumbar vertebra due to disc 
degeneration under an In-Vitro test. In this study, they determined 
three load carrying regions for each vertebra, consisting of the 
anterior (AH) and the posterior (PH) halves of a vertebral body 
and the elements around the neural arc (NA), shown in Figure 3. 
They used the stress profilometry technique to estimate the load 
carrying shares for AH, PH and NA regions equal to 44%, 48% 
and 8%, respectively, in an intact state and 19%, 41% and 40% 
after degeneration of the disc. In the present paper, it was aimed 
to estimate these load carrying shares for a lumbar vertebra with 
progressive osteolytic damage using a computational model, so 
the model had to simulate progressive failure of the vertebral 
components according to a valid scenario. In the following, some of 
the failure studies on the tumor-involved vertebrae are reviewed.

Figure 3: A schematic to denote the load carrying 
regions of a lumbar vertebra [11].

Hipp et al. [12] investigated the influence of endosteal metastatic 
lesions on structural consequences of long bones through 
observation of the In-Vitro tests and simulation of the FE models. 
They demonstrated the major significance of minimum wall 
thickness in the bone specimens for estimation of the bone 
strength. Mizrahi et al. [13] tried to simulate the existence of 
metastatic lesions in lumbar vertebrae using the 3D FE models and 
estimated the influence of various parameters such as location and 
size of lesion, modulus of the cortical and the trabecular bone and 
osteoporosis for prediction of the fracture load. Whyne et al. [14,15] 
simulated metastatically involved spinal segments by 3D poroelastic 
FE models to evaluate the influence of various parameters such as 
bone density, pedicle involvement, disc degeneration and tumor 
size to assess a burst fracture risk for thoracolumbar vertebrae. 
Tschirhart et al. [16] using the FE models demonstrated a higher 
risk of burst fracture for the tumors, located in the PH of a vertebral 
body, in comparison to the central tumors. Through another study, 
Tschirhart et al. [17] reported a higher risk of fracture for the 
upper thoracic vertebrae when involved with a tumor but a lower 
risk for the kyphotic motion segments. Alkaly [18] assessed the 
influence of lytic defects on thoracolumbar vertebral units under 
In-Vitro compression tests by observation of stresses and strains 
for the intact and artificially defected specimens. They tried to 
simulate the In-Vitro specimens using the nonlinear FE models 
and demonstrated that simulation of the lytic defects in the bones 
by considering a certain boundary between the healthy and lytic 

bones did not correspond to a real pattern of bone degradation due 
to a neoplastic infiltration [19,20]. Groenen et al. [21] examined the 
existence of a tumor for some two-level thoracolumbar vertebral 
units defected artificially and tried to simulate these units using 
nonlinear FE models, while the mechanical properties of the bony 
elements were determined according to the ash density using the 
formulae, proposed by Keyak et al. [22], Kopperdahl et al. [23] and 
Morgan et al. [24,25]. They compared the estimations of the models 
for the failure load and the stiffness with the experimental values. 
However, for some specimens, the estimations of the deformations 
were considerably different from the deformations captured by 
MRIs. Costa et al. [26] tried to assess the fracture risk for some 
metastatic vertebrae using the FE models in which the residual 
strength of the tumor was determined to be equal to 5% of the 
original bone strength. However, they did not consider a major 
influence on the existence of a lesion on the failure load of the 
metastatic vertebrae.

In the present paper, degradation of the mechanical properties 
in the bony elements of an osteolytic vertebral segment was 
simulated using a virtual thermal flux and a virtual thermal 
conductivity, according to the clinical report for a specific patient. 
Accurate simulation of the hyperelastic response for IVDs and spinal 
materials had a significant influence on the accuracy of the load 
distribution mechanism in the vertebral segment and occurrence of 
stress-shielding in the posterior elements of the damaged vertebra. 
The novel results of the paper, related to estimation of the secondary 
bending moment on the posterior elements and redistribution 
of the load on the vertebral components by progression of 
osteolytic damage were dependent on the accurate simulation of 
the interactions between the various components of the vertebral 
segment. The main strategy of the study was comparison of the 
deformations, estimated by the verified models and the capture 
of the MRIs to describe the mechanism of spinal compression due 
to instability of the vertebral components in the clinical case with 
anteroposteriorly osteolytic lumbar vertebra.

Clinical case of the study
The specific case of the study, related to the subject of the paper, 

was a 68-year-old male, 68kg and 170cm tall, who suffered from 
an osteolytic lumbar vertebra due to multiple myeloma. Multiple 
myeloma is a hematological malignancy due to an increase in 
osteoclastic bone resorption and insufficient bone formation, 
thereby, gradual destruction of bone with the most common 
localization around the spine that may cause vertebral compression 
fracture and spinal compression [27,28]. The patient signed the 
consent forms to provide his results for this study. Figure 4 shows 
involvement of L1 vertebral body and its posterior elements with 
the lesion in the clinical case. In the transverse image, the location 
of some sagittal slices has been shown to realize the lesion front in 
the damaged vertebra. These figures exhibit larger progression of 
damage in the PH of the vertebral body and diffusion of the lesion to 
the posterior elements with an obvious lesion front in the spinous 
process. The sagittal views in Figure 4 show different densities 
of damage to the various regions of the damaged vertebra. The 
specific characteristic of the clinical case of this study, in addition 
to propagation of the tumor to the posterior elements of a vertebra, 
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was the obvious front of damage in the vertebral components that 
allowed to depict a damage propagation pattern and compare 
this pattern with the available discussions on this matter. Since 
simulation of the osteolytic damage propagation in the vertebral 
components required for determination of a real scenario, using 
a simple image processing program, the intensity of damage to 
various regions of the diseased vertebra was evaluated and some of 
the values were shown in Figure 4(a), where the highest intensity 
of damage, related to complete replacement of the healthy cells by 

the cancerous cells, was ascribed by 100%. This pattern of damage 
seemed in good consistence with the configuration of a Batson’s 
venous plexus [29,30] and the central role of a red bone marrow 
[31] to spread cancerous cells. The reports on precedence of a 
vertebral body to the posterior elements of a vertebra to progress 
a tumor [32] is parallel to this scenario. Regarding this scenario, 
the reports of disease survival after laminectomy surgery for the 
patients with tumor-involved vertebra and spinal compression 
seem rational [33-35].

Figure 4: (a) Sagittal view from the diseased vertebral segment of the clinical case, (b) transverse view (section B-B) 
and location of the sagittal views, shown by (c) Sl 7, (d) Sl 5, (e) Sl 3.

For simulation of disease propagation in the models, the 
scenario described above was implemented. Activation of damage 
was determined for three regions according to the configuration of 
a Batson’s venous plexus inside a vertebral foramen, by a rational 
time sequence to consider a damage progression pattern according 
to Figure 4(a). The sequence of damage propagation was at first, 
around the basivertebral vein in the vertebral body, the second, 
related to the pedicle and around the vertebral foramen, and the 
third, in the lamina and the spinous process. Figure 5 shows a 
schematic of these regions for a vertebra, where t1, t2 and t3 denoted 
the times related to initiation of damage to these regions and tn 
denoted the time that was estimated for completion of damage 
in the vertebral body, while Db, Dp, Ds denoted the average value 
of the damage estimated for the volume of the vertebral body, 
the posterior elements and the spinous process, respectively 
[36]. Figure 6 shows a schematic for this mechanism. By earlier 
initiation of damage in region 1, according to this scenario, the PH 
of the vertebral body experienced some softening and settlement, 
followed by a backward rotation of the vertebra and a minor 

displacement of the center of rigidity into the posterior elements 
in the damaged vertebra. Through this occurrence, not only the 
eccentricity of the center of rigidity from the load carrying axis of 
the vertebral column increased, but also an additional eccentricity 
(“e” in Figure 6(a)) was created for the load, endured by the 
articular processes which exposed the posterior elements to a 
higher stress due to the secondary bending in addition to available 
compression (P+M). Pollintine et al. [11] showed that through 
degeneration of an IVD, the load carrying share on the posterior 
elements of the lumbar vertebra increased by 30% due to stress-
shielding. In this study using a computational model, it was tried 
to estimate variation of the load carrying shares for the vertebral 
components through propagation of the tumor. In the present 
mechanism, instability of the posterior elements seemed to be the 
major factor in the occurrence of spinal compression, so, due to the 
existence of the bending moment on the lamina according to Figure 
6(b), the rotation of the spinous process through movement to the 
spinal canal was rational, according to the MRIs.
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Figure 5: Schematic location of a Batson’s venous plexus in a vertebra and three regions for propagation of 
cancerous cells [36].

Figure 6: (a) Schematic description of the mechanism of spinal instability in an anteroposteriorly tumor involved 
lumbar vertebra, (b) the location of the secondary bending moment which led to rotation and movement of the 

spinous process to the spinal canal after softening of the lamina.
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FE modeling and verification
Using a commercial package (Abaqus 6.10; Dassault Systems 

Simulia Corporation, Pennsylvania, USA), the FE model was 
generated. The geometry of the 3D models was estimated according 
to the 2D images captured by the MRIs, using the technique 
proposed by Prats-Galino et al. [37]. A three-level FE model was 
sufficient to examine the subject of the paper. It consisted of the 
diseased middle L1, surrounded by T12 and L2, while the whole 
segment was assumed between two rigid plates and each vertebra 
was surrounded by IVDs. To reduce the time of analysis, just half 
of the vertebral segment was modeled, while the appropriate 
boundary conditions were applied to the plane of symmetry. 
The superiority of this model was the inclusion of the posterior 
elements of the vertebrae. However, in many studies, the posterior 
elements have been removed from the models. The advantage of 
the rigid plates at the top and bottom ends of the model was the 
application of the boundary and loading conditions on these 
plates, so for each plate a reference point was determined, tied to 
the plates and the DOFs of the plates were tied to the DOFs of the 

reference points. The bottom reference point was fixed, while the 
top one was free to move vertically with a weight load equal to 2000 
N [11]. The mechanical properties of the materials were assigned 
according to the available data in the literature, shown in Table 
1; [38-46]. The IVDs were segmented into two regions of nucleus 
pulposus (NP) and the annulus fibrosus (AF). The hyperelastic 
response for these parts was determined using the second order 
polynomial energy functions. Existence of the collagenous fibers 
in the AF was the cause of its different response under tensile and 
compressive stresses. The same reaction was simulated using an 
adaptive model [47], which intelligently selected the appropriate 
material properties from a material library. The efficiency of this 
modeling procedure has been verified by a recent study [48]. The 
spinal canal was composed of three regions, related to white and 
gray materials on the inside and the subarachnoid space at the 
exterior region, while the hyperelastic response of the internal 
materials was simulated according to the data, reported by Ichihara 
et al. [44] and Oakland [45], and to simulate a weak response for 
the subarachnoid space, the mechanical properties related to a 
water-like material were assigned.

Table 1: Mechanical properties of the materials for different tissues in the FE model.

Tissue Model Mechanical Properties (MPa) Refs

Cortical bone Orthotropic

Ex=11,200

Ey=11,200

Ez=22,000

Gxy=3,400 
Gyz=3,400 
Gxz=5,800

ʋxy=0.488

ʋxz=0.203

ʋyz=0.203

[38, 39]

Cancellous bone Orthotropic

Ex=140

Ey=140

Ez=200

Gxy=48.3 Gyz=82.4 
Gxz=82.4

ʋxy=0.45

ʋxz=0.315

ʋyz=0.315

[40, 41]

Posterior elements Isotropic E=3,500, ʋ=0.25 [42]

Annulus fibrosus Aniso-hyperelastic

Tensile response:

C10= -6.25746, C01= 7.49638, C20=25.26174, C11= 23.8884,

C02= -46.3076, D1=8.349838E-02, D2= N.A.

Compressive response:

C10= -5.7433, C01=5.83625, C20=36.8889, C11= -51.5312, 
C02=17.541, D1=1.11302, D2= N.A.

[41-43]

Nucleus pulposus Isotropic
C10= 6.66448E-02, C01= -3.33108E-02, C20= -1.45851E-03,

C11=6.4348E-03, C02= -1.23174E-03, D1=1.11302, D2= N.A.
[42]

Spine (white matter) Hyperelastic C10= 8.50151E-03, C01= -5.77158E-03, C20=1.95589E-03, [44-46]

Spine (grey matter) Hyperelastic
C10=3.94696E-02, C01= -2.6483E-02, C20=8.9207E-03,

C11= -1.52647E-03, C02=2.7635E-04, D1=7.96598, D2= N.A.
[44-46]

The mechanical properties of the ligaments have been 
simulated using hyperelastic functions to produce the force-
deformation response, according to the data obtained by Schmidt 
et al. [49]. The relation between the various components of each 
vertebra was determined using tie constraints. By selection of 

mesh size equal to 2mm for all eight-node C3D8R brick elements 
(with three rotational and three translational DOFs per node) of 
the model, based on a mesh convergence study, the total number 
of the elements was about 75,000. Figure 7 shows the various 
components and the boundary conditions for this FE model.
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Figure 7: Various components of the vertebral segment and the regions of virtual thermal flux in the FE model 
(spinal canal was removed from view).

For simulation of the tumor progression and propagation 
in the bony elements, application of a virtual temperature in the 
tissues as per density of the osteolytic damage has been observed 
successfully [48]. Regarding the lack of knowledge on the rate of 
bone degradation due to osteolytic damage, by assumption of a 
monotonic rate, the osteolytic damage criterion for each location of 
the diseased tissues was determined by:

f

Td
T

=

where T and Tf were the available and the final conditions of 
osteolytic damage through replacement of the healthy cells by the 
cancerous cells at any point and  denoted the damage variable. 
The zero density of the osteolytic damage was considered by a 
zero temperature. The stiffness of the damaged elements was 
determined dependent on the damage variable according to 

the framework, explained in a recent study [48]. The residual 
strength of the bone lesion has been determined to be equal to the 
bone residual strength after a compressive failure, estimated by 
reduction of the stiffness to 1% of the original value. The values 
of strains, related to the initiation and completion of osteolytic 
damage, were determined for all bony elements equal to 0.015 and 
0.034, measured for metastatic vertebral bones by Costa et al. [26]. 
The influence of stress-based damage was ignored for osteolytic 
bones. Progression and propagation of damage was simulated 
by assuming the values of virtual thermal conductivity ratio and 
virtual specific heat equal to 1 W/mK and 10 J/kg.K, respectively 
[48] for all bony elements of the model. By determination of a 
virtual thermal expansion ratio equal to zero, the influence of the 
virtual thermal characteristics on the mechanical stresses of the 
tissues was neutralized. Determination of the appropriate values 
for the time laps to activate damage in the various regions, shown 
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in Figure 5, was essential since it directly influenced the softening 
sequence of the vertebral components and the configuration of the 
spinal compression. By a rough estimation of the volumes, related 
to Db, Dp and Ds, the damage initiation times were determined for the 
model. Regarding the clinical reports of the patient, the influence of 
any other diseases such as osteoporosis and degeneration of disc 
was ignored in the model.

To verify the FE model, the results of load carrying shares 
estimated for the various vertebral components in an intact state, 
were compared with the similar results, obtained by Pollinitne et 
al. [11] using the stress profilometry technique. Figure 8 shows 
good accuracy of the FE results. Of course, it must be noted that 
the values of the load carrying shares may be different for various 
levels of a vertebral column because of the different geometry 
and eccentricity from the center of rigidity of the whole vertebral 
column for the different vertebrae.

Figure 8: The load carrying shares for various regions 
of a L1 vertebra, estimated in this study in comparison 

to the values, obtained by experiment [11].

Discussion of Results
In the first step, by a static analysis, deformation of the model was 

examined due to the weight load for the intact state of the vertebral 
segment. Then the sequential virtual thermal flux was activated, 
according to the damage propagation scenario. Initiation of damage 
around the basivertebral vein corresponded to the softening of the 
PH region in the vertebral body and stress-shielding in the other 
regions of the vertebra (for t1<t<t2, 0<Db<20%) but there was not 
any compression on the spinal canal yet. Figure 9 shows the load 
carrying shares by three load carrying regions of the vertebra 

versus the increase of damage in the vertebral body (Db). This figure 
also shows the load carrying capacity of the vertebral segment, 
called strength, versus Db. Because of the activation of damage in 
Region 1, in spite of no influence on the strength of the vertebral 
segment, the load carrying share of PH considerably decreased, 
while there was a minor reduction in the load carrying share of 
AH, but a fast increase of that for NA. By increase of Db from 20%, 
the load carrying capacity started to decrease, however the load 
carrying share by NA was increasing yet. The maximum value of the 
load carrying share by NA reached 70% when Db=33%. Figure 10 
shows the distribution of damage and deformation of the vertebral 
segment for four values of Db. Reduction of the load carrying share 
by NA corresponded to the propagation of damage to the pedicle 
and the top part of the lamina. Figure 10(a) shows damage to the 
vertebra at the time maximum load carrying share by NA. Diffusion 
of damage in the connection region between the superior and 
inferior articular processes led to the main reduction of the load 
carrying share by NA at Db=55%, according to the deformation 
shape, shown by Figure 10(c). Through enough propagation of 
damage in the vertebral components after Db=70%, the load 
carrying shares by the various regions of the vertebra seemed to 
be compromised. The major instability of the posterior elements 
and the main reduction of the strength in the vertebral segment 
occurred when Db=75%. Figure 10(d) shows the distribution of 
damage and spinal compression, related to this description. Figure 
11 shows a good agreement between the deformations, captured by 
the MRI and estimated by the FE model for the damaged vertebra 
and the spinal canal when Db=75%.

Figure 9: Variation of load carrying share for the 
various load carrying regions of the damaged vertebra 

(L1) versus increase of Db. (Figure 10 shows the state of 
damage, associated to each letter, shown in this figure).
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Figure 8: Propagation of damage for the vertebral components when (a) Db=35%, (b) Db=45%, (c) Db=55%, (d) 
Db=75%. (Figure 9 shows the reduction of the strength associated with the letters in this figure. Ligaments were 

removed from the view)

Figure 11: Comparison of the boundaries of deformations in the damaged vertebra and the spinal canal, estimated 
by the FE model for Db=75% and the MRI.
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Figure 12: (a) Horizontal and vertical deformations 
versus the average damage index in the vertebral 

body (Db), (b) the values of average damage and the 
secondary bending moment in the posterior elements of 

the vertebra versus Db.

In some studies, to assess the risk of fracture in the vertebral 
body and the endplates, the values of vertebral bulge and vertical 
deformation have been observed in the FE models [14,50]. Figure 
12 shows the vertical (uv) and horizontal (uh) deformations 
of the damaged vertebra in the present study on the plane of 
symmetry versus increase of Db. Figure 12 shows the index lines 
for measurement of uh and uv. This figure showed a minor range 
of deformations of the damaged vertebra, even after the major 
involvement of the vertebral body with a lesion, so the deformation 
of the vertebral body seemed to have a minor influence on the 
occurrence of a severe spinal compression rather than the major 
influence of the posterior elements of the vertebra. Figure 12(b) 
shows the average value of damage in the posterior elements (Dp) 
versus increase of Db. According to this figure, the rate of damage in 
the posterior elements increased considerably because of activation 
of the damage in region 3. The same figure shows the amount of the 
secondary bending moment (M) on the superior articular process 
of L1 vertebra, shown in Figure 6(b), versus the increase of Db. The 
amount of secondary bending moment in this figure was calculated 
equal to the value of the axial load on NA multiplied by the value of 
the eccentricity for the superior articular process from its original 
location in the intact state. According to this figure, through the 
increase of Db up to 30%, the amount of the secondary bending 
moment was increased, however for Db=30%-70%, reduction of the 
load carrying share by NA led to reduction of this bending moment. 

The latter part of this graph showed considerable increase in this 
bending moment due to instability of the posterior elements when 
the lesion diffused enough to the connection region between the 
superior and inferior articular processes in the damaged vertebra. 
The same bending moment led to rotation and movement of 
the spinous process and exposing the spinal canal to a large 
compression. The values of the secondary bending moment, shown 
in Figure 12(b), were enough to cause instability of the posterior 
elements after softening. The interaction, simulated in this study 
between the spinal canal and the vertebrae seemed a most accurate 
one in comparison to the prior simulations [51,52].

Summary and Conclusion
The purpose of this study was a computational investigation into 

the spinal compression mechanism around an anteroposteriorly 
tumor-involved lumbar vertebra and the strategy for verification of 
the estimations was comparison of the deformations in the vertebral 
components, obtained by the model with the MRIs. An appropriate 
clinical case for the subject with multiple myeloma was selected 
to be simulated. Because the occurrence of spinal compression 
was attributed to degradation of the mechanical properties in 
the osteolytic vertebra, dependent on a virtual temperature, 
progression and propagation of disease was determined according 
to the available reports of failure of the In-Vitro test specimens under 
mechanical loads and spreading of cancerous cells in a Batson’s 
venous plexus. The hyperelastic response for the IVDs and the spinal 
materials was simulated using the second order polynomial energy 
functions to observe an accurate load transmission mechanism by 
the model. The load carrying characteristics of the lumbar vertebra 
estimated by this model were consistent with those reported for 
In-Vitro test specimens. 

The model could simulate stress-shielding in the posterior 
elements of the damaged vertebra due to earlier occurrence of 
damage in the vertebral body and estimate an increase in the load 
carrying share by the posterior elements equal to 58%. Diffusion 
of the osteolytic damage to the posterior elements was followed 
by instability and displacement of the spinous process to the 
spinal canal. The low values of axial and bulge deformations in the 
damaged vertebral body indicate the significant influence of the 
posterior elements of a vertebra if involved with osteolytic damage, 
causing more severe spinal compression. The computational model 
developed in this study seemed sufficient for prediction of a spinal 
compression configuration due to progression of osteolytic damage 
in the various levels of the vertebral column.
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