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Abstract In spite of the consolidated clinical use of
minimally invasive percutaneous fixation techniques, little
is reported in the literature providing a mechanobiological
explanation for how the design of fixation devices can
affect the healing process within fractured vertebrae. The
aim of this study was to develop a multi-scale mechano-
regulation model capable of predicting how the patterns of
tissue differentiation within a vertebral fracture change in
the presence or in the absence of fixation devices and how
the dimensions of the device, and the materials it is made
from (Ti-6Al-4V alloy and cobalt chrome alloy) can affect
the outcome of the healing process. The macro-scale model
simulates the spinal segment L3-L4-L5, including the
fractured body of the L4 vertebra, while the micro-scale
model represents a fractured portion of cancellous bone.
The macro-scale model also includes a minimally invasive
percutaneous fixation device. The model predicts that fix-
ation devices significantly shorten healing times. Increas-
ing values of the rod diameter D and decreasing values of
its radius of curvature R lead to shorter durations of the
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healing period. Manufacturing the rods in cobalt chrome
alloy is also predicted to reduce slightly the healing period
by providing greater mechanical stability within the frac-
ture callus.
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1 Introduction

Many vertebral compression fractures without neurological
involvement can be safely treated in a conservative way
[25, 36]. Numerous studies have demonstrated the suc-
cessful application of conservative treatments for some
vertebral fractures, for example bed rest followed by
external orthesis, exercise in extension, etc. [4, 12, 25, 34,
37, 39, 40]. Apart from the specific adopted methodology,
the treatment should continue for at least 3/4 months dur-
ing which the compliance and the collaboration of the
patient are of crucial relevance. The problems related to an
excessively long bed rest period are numerous and it can be
very difficult to quantify them [28]. In case of polytrauma,
claustrophobia, psychological disease, venous disease or
previous deep venous thrombosis, obesity and broncho-
pulmonary diseases, conservative treatment is not a viable
treatment option. Moreover, conservative treatments
expose the patient to higher risks of spinal deformity; for
instance, the vertebral body wedging could lead to pro-
gressive spinal disorders such as kyphosis [27] that can
consistently worsen the patient’s quality of life. On the
other hand, treating a vertebral fracture (that could be
submitted to a conservative treatment) with a traditional
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open surgery may be an overtreatment considering the
typical possible surgical complications (e.g. excessive
blood loss, problems correlated with the anaesthesia, etc.).
In such a context, a good compromise may be the percu-
taneous minimally invasive fixation surgery. This tech-
nique can be used every time when a conservative
treatment cannot be applied or is not advisable and a
posterior open arthrodesis may represent an overtreatment.
The minimally invasive percutaneous fixation (MIPF) leads
to clinical and functional results that are better or compa-
rable to those obtained with a conservative treatment; time
of recovery is quicker and the rate of complications is low
[3, 27].

Mechanical factors are known to play a key role in bone
fracture healing [13, 29]. Different numerical models have
been proposed which relate the tissue differentiation pro-
cess occurring during healing of long and flat bones and
osteochondral defects to the mechanical environment
within the mesenchymal tissue [5, 6, 8, 10, 14, 17, 19, 21,
23]. Recently, more sophisticated mechano-regulation
models have been developed that include factors such as
random-walk algorithms of cell dispersal [31], angiogen-
esis [11, 16, 30], cell-phenotype specific activity [20] and
the role of the mechanical environment on the collagen
architecture in regenerating soft tissues [26]. Using the
mechanobiological model [14] and fuzzy rules adapted
from previous studies [1, 38], Shefelbine et al. [35] dem-
onstrated that the mechano-regulation principles regulating
the healing process of diaphyseal fractures hold in case of
fracture repair within trabecular bone.

In a previous study [9], a multi-scale mechano-regula-
tion model was developed simulating the healing process
occurring within the trabecular bone of a wedge vertebral
fracture. The model successfully predicted the patterns of
tissue differentiation during the healing process at the
level of the individual trabeculae during the first 100 days
after the fracture event. In the present study, we expanded
this model to include the effect of minimally invasive
percutaneous fixation devices (MIPFD). The objectives of
the study are to evaluate: (i) how the spatial and temporal
patterns of tissue differentiation change in the presence or
in the absence of a MIPFD; (ii) how these patterns change
for different geometrical parameters of MIPFD or for
different materials with which such devices can be fabri-
cated and (iii) the von Mises stress distribution within the
MIPFD towards the end of the healing phase to quantify
the risk of a possible failure of the stabilisation device and
to understand whether or not its removal is required. Our
hypothesis is that the presence of fixation devices
decreases the overall level of the biophysical stimulus
acting on the mesenchymal tissue, leading to a prediction
of a reduced soft tissue formation and accelerated bone
repair.
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2 Methods
2.1 Macro-scale model of the spinal segment

Two different finite element models of the spinal segment
L3-L4-L5 were created (Fig. 1). The first one includes the
fractured body of the L4 vertebra (Fig. 1a), the second one,
in addition to the fractured vertebra, includes the model of
a minimally invasive fixation device (Fig. 1b). The finite
element code ABAQUS was utilised. CT scan data have
been utilised for the generation of the finite element mesh
of the entire L3 and LS5 vertebrae and the posterior pro-
cesses of the L4 vertebra. A simplified model of the body
of the L4 vertebra as well as the intervertebral discs located

MIPFD NOT IMPLANTED

Constraint eguations

MIPFD IMPLANTED

Constraint equations

Tie constraints

Constraint equations

b

Fig. 1 Finite element model of the spinal segment L3-L4-L5 in the
case of fixation devices absent (a) and present (b). The height of the
fractured vertebra L4 was assumed to decrease from the posterior
processes towards the anterior side in the case of MIPFD absent ¢ and
to remain constant in the case of MIPFD present d. The body of the
L4 includes the cortical shell (in gray, e) the cancellous bone (in
green, f) and the fracture gap [highlighted in red g and represented as
isolated (in yellow) h]. The points Py, P,, ..., Pg within the fracture
gap in correspondence of which the analysis of the fracture repair
process was carried out are indicated (colour figure online)
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above and below was developed in CAD environment. The
models comprised of parts modelled as deformable [i.e.: in
the case of MIPFD absent, the body of the L4 vertebra
(gray); in the case of MIPFD present, the L3, L5 vertebrae
(gray), the body of L4 (gray), the screws (yellow) and the
rods (blue), Fig. 1a, b] and parts modelled as rigid bodies
[i.e.: in the case of MIPFD absent, the L3, L5 vertebrae
(red) and the posterior processes of the L4 (red); in the case
of MIPFD present, the posterior processes of the L4 ver-
tebra (red), Fig. l1a, b]. The strategy of modelling some
parts of the spinal segment as un-deformable rigid bodies
was adopted to reduce the computational cost of the anal-
yses. In the case where fixation devices are not implanted,
the vertebral height of the L4 decreases by the 20 % from
the posterior processes towards the anterior side (Fig. 1c).
In the case where a MIPFD is implanted, following the
assumption that a complete reduction of the vertebral
fracture was obtained (i.e. the fractured vertebra recovers
its original height) after preliminary surgical treatment, the
height of the fractured L4 vertebra was modelled as con-
stant (Fig. 1d). Between the intervertebral discs and the
vertebral bodies a ‘tie’ constraint was applied (Fig. 1b);
constraint equations were used at the interfaces bone/
screw, posterior processes/L4 body, rod/screw (Fig. 1b).

The body of the fractured L4 includes the cortical shell
with a thickness of 0.5 mm [24], the cancellous bone and
the fracture gap (Fig. le-h). The cancellous and the cor-
tical bone have been modelled as biphasic poroelastic
materials possessing transversely isotropic elastic proper-
ties. The spatial distribution of the cancellous bone
Young’s modulus was assumed to be heterogeneous. The
L3 and L5 vertebrae include the cortical shell 0.5 mm thick
and the cancellous bone. Also, in this case these tissues
have been assumed to possess transversely isotropic
properties and the cancellous bone to possess mechanical
properties heterogeneously distributed in the space (Fig.
ESM_1 available online (ESM_1.pdf)). Further details
regarding the values of the mechanical properties utilised
for the cancellous and cortical bone as well as the user-
defined FORTRAN subroutine utilised to model the
heterogeneous distribution of cancellous bone material
properties are reported [9].

Each intervertebral disc includes the cartilagineous
endplates, the nucleus polposus, and the annulus fibrosus
with the collagen fibres. The flavum, intertransverse,
interspinous and supraspinous ligaments have been inclu-
ded in the model. Further details about the modelling of the
intervertebral discs and of the ligaments are reported [7, 9].

The minimally invasive percutaneous fixation devices
include two principal components: the screws and the rods.
Different dimensions for each component have been
modelled in this study (Fig. 2a). The screw diameters Dg
available on the market come in the following dimensions:
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Fig. 2 a Geometrical parameters investigated. Three different values
have been hypothesised for the rod diameter D and for the radius of
curvature R. The sensitivity of the fracture healing process to the
screw diameters Dg appears to be of negligible entity. b Schematic of
the 3 x 3 =9 cycles of analyses performed for each material
hypothesised for the rod elements

4.5,5.5, 6.5, 7.5 and 8.5 mm. Preliminary finite element
analyses revealed that very small differences can be seen
between the patterns of tissue differentiation predicted by
the proposed model for different screw diameters. In other
words, the sensitivity of the fracture healing process to the
screw diameters Dg appears practically negligible. All the
simulations presented in the manuscript refer to the case
Ds = 8.5 mm. The rod diameter D had a more dramatic
effect (Fig. 2a). The typical value of D for devices avail-
able on the market is D = 5.5 mm. The proposed mec-
hano-regulation model has been utilised to predict how the
patterns of tissue differentiation change if the diameter
D increases or decreases by 40 %. Hence, three different
values have been hypothesised for the rod diameter:
D=55mm, D=55x%x14=77mm and D =5.5 x
0.6 = 3.3 mm. Another important geometrical parameter
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for the rod is the radius of curvature R (Fig. 2a). The radius
of curvature R is typically R = 90 mm. As in the case of
the rod diameter, three different radii of curvature have
been considered in the present study: R = 90 mm,
R=90x14=126 mm and R =90 x 0.6 = 54 mm.
(Note: 40 % is a threshold value, if the radius of curvature
decreases by more than 40 %, the rod model penetrates
within the body of the L4 vertebra). A total of 3 x 3 =9
analyses have been performed with the different hypothe-
sised values of D and R according to the schematic shown
in Fig. 2b.

The material of which the screws are typically realised
is the Ti-6Al-4V alloy (E = 110,000 MPa, v = 0.3) while
the rods are realised both, in Ti-6Al-4V alloy or, very
recently, in cobalt chrome alloy (E = 230,000 MPa,
v = 0.3). In summary, in the case of MIPFD implanted, 18
cycles of analysis have been performed, 9 for the case of
rods in Ti-6Al-4V alloy and 9 for the case of rods in cobalt
chrome alloy. In the case of MIPFD absent, just one cycle
of analysis has been run.

2.2 Micro-scale model of trabecular bone

The micro-scale model of the trabecular bone is the same
as that utilised by Shefelbine et al. [35] (Fig. 3). Prismatic
domains 0.1 mm thick portrayed the trabeculae bordering
the gap. The space between fractured trabeculae was
hypothesised to be 0.5 mm high, according to the model of
Shefelbine et al. [35], and occupied by granulation tissue.
Both the trabecular bone and the granulation tissue were
modelled as biphasic poroelastic materials. Further details
about the micro-scale finite element model of trabecular
bone are reported [9].

Fig. 3 Geometry (a) and
section (b) of the micro-scale
model. In red are represented
the trabeculae spicules, in blue
sky the granulation tissue
(colour figure online)
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2.3 Multi-scale mechano-regulation model of tissue
differentiation

A multi-scale approach was adopted [9]. The equations
describing tissue differentiation were implemented into an
algorithm, a graphical summary of which is depicted in
Fig. 4. The time period investigated corresponds to the first
100 days after the fracture event. The macro-scale model
of the spinal segment with and without MIPFD was utilised
to determine the elastic and poroelastic boundary condi-
tions acting on eight different micro-scale models which
were hypothesised to represent different regions in the
fractured cancellous bone located in the neighbourhood of
the points Py, ..., Pg (Fig. 1h). In order to evaluate the
above-mentioned boundary conditions, an axial compres-
sion of 1,000 N—which is the typical load acting on the
lumbar vertebrae of a 70 kg subject in the erect standing
position—was applied in the centre of mass of the L3
vertebra and ramped over a time period of 1 s (which can
be considered the time in which a subject assumes the erect
position). The nodes located on the inferior surface of the
L5 vertebra have been clamped (Fig. 4, Block{1}, {2},
{3}, {3bis} {4}). To switch from the macro to the micro-
scale model, proper localization rules have been utilised
(Fig. 4, Block{5}). A group of about 10 elements situated
in the neighbourhood of each point Py, ..., Pg within the

macro-scale model is considered; for each group, the
average value of strain in the vertical direction ¢,,p;, and
pore pressure ppore are determined. The micro-scale model,
in turn, served to predict the local patterns of the tissues
differentiating during the fracture repair process. A com-
pression test was simulated on the micro-scale model
reproducing the same elastic and poroelastic boundary
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Fig. 4 Schematic of the
algorithm utilised to model the
fracture repair process both, in
the presence and in the absence
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conditions as those determined from the macro-scale model
(Fig. 4, Block{6}). Following the hypothesis that the
inferior surface is constrained, a vertical displacement ALp;
is applied on the top surface given by ALp; = &,,pi X Ly,
L,s = 0.7 mm (Fig. 3) being the height of the micro-scale
model. The pore pressure averaged on the neighbourhood
of each point Py, ..., Pg, is applied on the six external faces
of each of the eight micro-scale models. The results
obtained from this finite element analysis were used to
determine the biophysical stimulus acting in each element
of the micro-scale model. The biophysical stimulus,
according to Huiskes et al. [18], was hypothesised to be a
function of the tissue octahedral shear strain and the
interstitial fluid flow (note: the trabecular bone and the

tissues differentiating in the micro-scale model have been
modelled as biphasic poroelastic materials) (Fig. 4,
Block{7}). At this point, based on the boundaries of the
mechano-regulation diagram proposed by Lacroix and
Prendergast [23], the new tissue phenotype was determined
for each element of the micro-scale model (Fig. 4,
Block{8}, {9}). The elastic modulus of the differentiating
tissues can then be estimated according to an exponential
law developed previously [5, 6], incorporating a simple
rule of mixtures described in Lacroix and Prendergast [23]
(Fig. 4, Block{10}). The change of the tissue phenotype
leads to a change of the equivalent mechanical properties
within the fracture gap of the macro-scale model. In order
to determine these equivalent mechanical properties, a new
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Fig. 5 Patterns of the tissues differentiating during the fracture healing process in the point P; in the presence (Cobalt Chrome alloy,
R =90 mm, D = 5.5 mm) and in the absence of fixation device
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compression test was simulated on the micro-scale geom-
etry (Fig. 4, Block{11}). A displacement ¢ producing an
average strain &mp, = 5 %, 0 = &imp Lys, is applied on the
top surface of the prismatic domain, ramped over a time
period of 1,000 s; the inferior surface was hypothesised to
be constrained. For such a long time period, the drained
condition is reached and then the bone callus, modelled as
a biphasic poroelastic material, behaves as an elastic one.
Equivalent mechanical properties are determined for each
of the eight micro-scale models associated with the points
Py, ..., Pg. Knowing the reaction force F at the constraints,
the equivalent Young’s modulus E.quiy_ms (to be imple-

mented into the macro-scale model at the next iteration) is

. FXxLy
determined as: Eequiv_ms = 55" 5

section of the micro-scale model. Concerning the other
mechanical properties (e.g. Poisson’s ratio, etc.), their
equivalent value for the macro-scale model was computed
as the average of the values of the mechanical properties of
each element making up the micro-scale model. Proper
homogenization techniques have been finally adopted to
switch from the micro- to the macro-scale model (Fig. 4,
Block{12}). It was supposed that the spatial changes in
the mechanical properties in the macro-scale model could
be described with a cubic interpolation law. The vari-
ability of the mechanical properties was modelled by
means of the user-defined FORTRAN subroutine UFIELD
available in ABAQUS. Given that only an axial load was
applied to the centre of mass of the L3 vertebra, it was
assumed that the distribution of the mechanical properties
within the vertebral fracture was symmetric with respect
to the axis connecting the points P, and P; and does not
change with respect to z (Fig. lh). The equation
describing the change in space of the mechanical prop-
erties was of the form:

where A is the transverse

MP = Ax> —|—By3—|—Cx2y+ny2+Exy+Fx+Gy+H
(1)

where MP was the mechanical property under consider-
ation (e.g. Young’s modulus, etc.), x and y are the plane
coordinates (Fig. 1h). A, B, ...., H are eight coefficients
computed in each cycle of the algorithm that regulate the
shape of the cubic surface MP = MP(x, y) and that are
determined by utilising the equivalent mechanical proper-
ties computed in each of the eight points Py, P,, ..., Ps.
Further details regarding the algorithm are reported [9].

3 Results

In either the presence or the absence of MIPFD (Fig. 5),
the bone repair process is predicted to follow a similar

@ Springer

pathway with significant temporal differences. Bone ini-
tially forms at the fractured trabecular ends, replacing a
cartilaginous template through the process of endochondral
bone formation. Then, bone resorption leads to rapid re-
organisation of the repair tissue thus favouring the forma-
tion of bony bridges linking the trabeculae spicules.

In both the presence and absence of the device, the space
between the fractured trabeculae is predicted to be mostly
occupied by fibrous tissue in the first days after the fracture
event (see Fig. 5 that shows the patterns of tissues pre-
dicted for the point P;). In the absence of a MIPFD, fibrous
tissue only disappears completely after 6 weeks (Fig. 6a),
while in the presence of a MIPFD, fibrous tissue was
predicted to disappear after 4 weeks (Fig. 6b, c). Carti-
laginous tissue was predicted to be completely replaced by
bone after 2 months in the absence of a MIPFD (Fig. 6a).
This process of endochondral ossification was accelerated
in the presence of the MIPFD (Fig. 6b, c). After the first
month, the space between the fractured trabeculae is
entirely occupied by bone if a MIPFD is implanted.
Without the support of a MIPFD, the bone remodelling
process starts after the second month and is predicted to
reach equilibrium at the 85th day, while after implantation
of the device the process starts after the first month and
reaches equilibrium after about 65 days.

The duration of the healing period—defined as the
number of days necessary to have 30 % of the available
space occupied by remodelled bony tissue—(Fig. 7a)
decreases significantly when a fixation device is implanted
(Fig. 7). Also, shorter healing periods are predicted for
increasing values of the rod diameter D (for a fixed radius
of curvature R) and for decreasing radii of curvature R (for
a fixed rod diameter D) (Fig. 7b, c). Finally, the greater
stiffness of the cobalt chrome rods allows slightly faster
(than those predicted for the Ti-6Al-4V alloy rods) healing
processes to occur (Fig. 7b, c).

The maximum value of the von Mises stresses within the
device and computed at the end of the healing process was
predicted to be localized in correspondence of the point
where the rod is attached to the screw (Fig. 8a). The pre-
dicted magnitude of stress is sensitive to both the rod
diameter D and the radius of curvature R. For increasing
rod diameters D (for a fixed radius of curvature R) and radii
of curvature R (for a fixed rod diameter D), smaller values
of the maximum von Mises stress are calculated (Fig. 8b,
c). The predicted maximum von Mises stress is more
sensitive to changes in the material with which the rods are
realised. In the case of the cobalt chrome alloy, the model
computes values of the maximum von Mises stress that are
about 1.5 times higher than those predicted in the case of
the Ti-6Al-4V alloy.
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Fig. 7 Duration of the healing (a)
process predicted by the
numerical model for the
different investigated
dimensions and for the different
materials hypothesised:

b Ti-6Al-4V alloy, ¢ cobalt
chrome alloy. The duration has
been determined by evaluating
the number of days necessary to
have 30 % of the available
space occupied by remodelled
bony tissue (a)
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4 Discussion The present study has a number of limitations. The

mechano-regulation algorithm does not include a damaged
This paper presents a multi-scale mechano-regulation  tissue region that would allow tissue to fracture and a new
model of a vertebral fracture treated with minimally  callus to form in regions experiencing high levels of bio-
invasive percutaneous fixation. physical stimulus [35]. Other factors, such as angiogenesis
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[11, 16, 30, 33] and growth factors [2] that could play an
important role in fracture healing, were also not included in
the model. A simplified micro-scale model of the fractured
cancellous bone has been adopted. A finite element model
reconstructed from micro-CT data (see for example, the
models developed by Sandino et al. [32, 33]) would mimic
more accurately the actual morphology of the trabecular
vertebral bone. Ideally, the micro-scale analysis should be
performed at all the points in the fracture gap. The decision
not to perform this at all point was made due to the high
computational cost of such an undertaking. We estimate
that even using multiple processors this analysis would
take years to complete using the available computing
resources. Therefore, the choice of eight points (the same
number of points was used in our previous study [9]) was
the result of a compromise between the accuracy of the
obtained results and the computational cost of the analysis.
In spite of these limitations, the spatial and temporal pat-
terns of tissue differentiation predicted by this model in the
absence of a device are in general agreement [9] with those
observed experimentally [15]. Diamond et al. [15] describe
four stages of fracture healing process in the vertebral
body: (i) fracture haematoma, (ii) chondrogenesis and bone
matrix synthesis, (iii) endochondral ossification and woven
bone formation, and (iv) bone modelling and remodeling.
The same stages of fracture healing process are predicted
by the present model in the absence of a fixation device at
comparable time points [9]. Currently, to the knowledge of
the present authors, no data are reported in the literature
describing the patterns of tissue differentiation observed in
vertebral fractures treated with fixation devices. The model
predicts that use of fixation devices allows the healing
times to be significantly shortened (Figs. 5, 6, 7, 8), which
has also been described in the literature [3, 27].

By increasing the global stiffness of the L3-L4-L5 spinal
segment, the device decreases the average value of the
biophysical stimulus acting on the mesenchymal tissue thus
allowing a faster formation of bony tissue and subsequent
remodeling. The higher stiffness of the cobalt chrome alloy
with respect to that exhibited by the Ti-6Al-4V alloy was
also predicted to reduce displacements in the fracture gap
of the macro-scale model thus reducing the level of strain
(i.e. the biophysical stimulus) in the mesenchymal tissue.

The model predicted that increasing the rod diameter
D and decreasing the radius of curvature R shortens the
healing period. However, the healing period appears to be
more sensitive to the rod diameter rather than to the radius
of curvature (Fig. 7b, ¢). While it is intuitive that increasing
values of the rod diameter will lead to greater stability and
hence a prediction of a shorter duration of the healing
process, less obvious is the reason for the prediction of
accelerated healing with decreasing values of the radius of
curvature. To understand this finding, consider a single

device for fixation schematized as the combination of two
straight beams and a curved one (Fig. ESM_2a available
online (ESM_2.pdf)). The straight beams represent the
screws while the curved beam represents the rod. The dis-
placement J of the point G along the vertical direction can
be determined by applying Castigliano’s theorem. If Q is
the load applied at the point G, the stiffness K can defined
as: Kg = /6. Assuming that the effect of the normal and
the shear stress is negligible, one can express the stiffness
Kg in function of the radius of curvature R (Fig. ESM_2b
available online (ESM_2.pdf)). Appendix A, available
online (ESM_2.pdf), illustrates the mathematical formula-
tion adopted to determine Kg = Kg(R). The continuous line
refers to the case chrome cobalt alloy (Ex = 230,000 MPa,
v = 0.3), while the dashed line refers to the case Ti-6Al-4V
alloy (Eg = 110,000 MPa, v = 0.3) (Fig. ESM_2b). It can
be seen that as we move towards increasing radii of cur-
vature R, decreasing values of Kg, or, equivalently,
increasing values of ¢ are predicted. This explains why the
proposed mechano-regulation model predicts longer dura-
tions of the healing period for increasing radii of curvature.
These results would push the surgeon to use smaller radii of
curvature; however, such a choice would lead to higher
values of the maximum von Mises stresses within the device
(Fig. 8).

The von Mises stress values predicted (after 100 days
since the fracture event) in the cobalt chrome alloy rods are
higher than those predicted for the Ti-6Al-4V rods (Fig. 8).
The peak stresses are well below the fatigue limit (for the
Ti-6Al-4V alloy, Agy v = 510 MPa; for the cobalt chrome
alloy Aopp = 610 MPa) for both the alloys. This allows
us to conclude that for the hypothesised load acting on the
lumbar segment the risk of failure of the fixation device is
low. In clinical practice, when fixation involves the L2 or
lower segments, due to the possible risk of failure, the
device is removed [27]. The removal typically occurs after
10-12 months since the surgical treatment; at this time, the
healing process practically has terminated and then the
lumbar segment L3-L4-L5 can be subjected not only to
compression load (i.e. the load hypothesised in this study)
but also to a combination of compression load and flexion—
extension, axial and lateral-flexion moment which certainly
induce local peaks of stress greater than those induced
within the device with the sole compression load. These
stresses can also assume high values in view of the sig-
nificant mobility of the spine at the lumbar level and can
lead, after a given number of loading cycles to failure of
the device. Interestingly, predicted von Mises stress peaks
are of the same order of magnitude as those determined
numerically by Kim and Kim [22] although the model
presented by these authors refers to a different spinal
device that only approximately reproduces the geometry of
the fixation device investigated in the present study.
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In conclusion, in this paper, using a mechano-regulation
model, the process of tissue differentiation and bone
remodelling in a vertebral fracture treated with a fixation
device has been simulated. Different geometrical dimen-
sions have been investigated for the individual components
of the device. In addition, the effect of the mechanical
properties of the material with which the rod component
can be realised has also been investigated. The Von Mises
stress distribution was determined within the fixation
device for assessing the possible risk of its failure and for
understanding if its removal is required. Analyses revealed
that the dimension of the screw diameter has negligible
effects on the predicted patterns of tissue differentiation.
More interesting appeared the effects of the rod diameter
D as well as of its radius of curvature R. Increasing values
of D and decreasing values of R lead to predictions of
shorter durations of the healing period. However, for
decreasing values of R, if D remains constant, higher von
Mises stress peaks are predicted. Finally, the analyses
carried out revealed that realising the rods in cobalt chrome
alloy allows slightly shorter healing periods to be obtained
(with respect to the case of rods in Ti-6al-4V) as well as
heavier loads to be applied on the spinal segment.

The computational model presented in this paper seems
to be a promising tool able to predict how the choice of
the different components of the fixation device and
the modalities with which the device is implanted on the
fractured spinal segment can affect the outcome of the
healing process.
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