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ABSTRACT 

In this study a multi-scale mechano-regulation model was developed in order to investigate the 

mechanobiology of trabecular fracture healing in vertebral bodies. A macro-scale finite element model of the 

spinal segment L3-L4-L5, including a mild wedge fracture in the body of the L4 vertebra, was used to 

determine the boundary conditions acting on a micro-scale finite element model simulating a portion of 

fractured trabecular bone. The micro-scale model, in turn, was utilized to predict the local patterns of tissue 

differentiation within the fracture gap and then how the equivalent mechanical properties of the macro-scale 

model change with time. The patterns of tissue differentiation predicted by the model appeared consistent 

with those observed in vivo. Bone formation occurred primarily through endochondral ossification. New 

woven bone was predicted to occupy the majority of the space within the fracture site approximately 7-8 

weeks after the fracture event. Remodeling of cancellous bone architecture was then predicted, with 

complete new trabeculae forming due to bridging of the microcallus between the remnant trabeculae.  

 

1. INTRODUCTION 

Vertebral fractures commonly occur in elderly people with osteoporosis.
1
 For example, in the United States 

vertebral fractures account for nearly half of all osteoporotic fractures.
1
 With age the structure of cancellous 

bone within vertebral bodies transforms from that characterized by predominantly plate-like trabeculae to 

rod-like trabeculae.
2
 This change leads to an age-related decrease in trabecular bone mass.

2
 The reduced 

bone mass observed in vertebral bodies, particularly with osteoporosis, is generally accompanied by greater 

amounts of microcallus formations around injured trabeculae.
2,3

 This weakening of the tissue means that 

spine fractures may occur after minimal trauma.
4-6

 While the cascade of events that occur during fracture 

healing of long bones has been well characterized
7,8

, there is less reported on the natural healing process that 

occurs following acute fracture of a vertebral body.
9-11

 It has been suggested that the stabilization of a 

fracture of the vertebrae is mainly a process of the cancellous bone rather than a process of the cortex, with 

fractured vertebrae presenting the same morphology of callus as described for microcallus formations.
2
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 Fracture healing in long bones normally follows an orderly process
7
, with healing occurring by a 

process that involves both intramembraous and endochondral ossification. Mechanical factors are known to 

play a key role in such bone healing.
12,13

 Numerous previous studies have used computational models to 

investigate the role of biophysical stimuli in regulating the tissue differentiation process during fracture 

healing of long bones.
14-19

 More recently such mechano-regulation models have been extended to include 

factors such as random-walk algorithms of cell dispersal
20

, cell-phenotype specific activity
21

 and 

angiogenesis
22

 which provides further support for the role of mechanical factors in regulating the events that 

occur during fracture repair. There is also evidence to suggest that the same mechanobiological principles 

that regulate diaphyseal fracture healing also influence bone formation and remodeling during trabecular 

bone fracture healing.
23

 By utilizing fuzzy logic rules in combination with a finite element model, it was 

possible to predict repair through the formation of woven bone in the fracture site and eventually the 

formation of a trabecular structure
23

, representative of the events that occur during fracture repair in the 

metaphyseal and epiphyseal regions of long bones.  

 Only recently have the stages of fracture healing in acute human osteoporotic vertebral body 

fractures been characterized by histomorphometric analysis.
11

 Four stages of fracture healing were identified 

in biopsy specimens: (i) fracture haematoma, (ii) chondrogenesis and bone matrix synthesis, (iii) 

endochondral ossification and woven bone formation, and (iv) bone modeling and remodeling.  

The objective of this study was to investigate if biophysical stimuli play a role in regulating this 

process. To determine the magnitude of such stimuli at the level of individual trabeculae, a multi-scale finite 

element approach was adopted. A number of previous studies have used multi-scale modeling approaches in 

biomechanics and mechanobiology, for example to model complex mechanisms occurring in various cells 

24,25
, in cartilage

26
, bone

27,28
 and in scaffolds for bone regeneration.

29,30
   Our hypothesis was that a mechano-

regulation model for tissue differentiation
31

  that has previously been used to predict the time-course of 

fracture repair in long bones
14

 can be used to predict trabecular bone healing in fractured vertebrae at the 

level of individual trabeculae.  
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2. METHODS 

2.1 Macro-scale model of spinal segment 

Two finite element models of the spinal segment L3-L4-L5 were created (Fig. 1), building on a previous 

model.
32

 The first (Fig. 1(A)) included the body of a healthy L4 vertebra, in the second one the same vertebra 

was modelled as fractured (Fig. 1(B)). The healthy model was used to help corroborate the finite element 

model of the spinal segment, whereas, the model with the fractured vertebra was utilized to predict the 

patterns of tissue differentiation occurring during the fracture healing. The finite element code ABAQUS 

(Hibbit et al., Rhode Island, USA) was utilized. CT scan data (slice thickness 3 mm, pixel size 0.9 mm, 

Toshiba Inc.) of a 52 years old male subject were utilized for the generation of the mesh of the entire L3 and 

L5 vertebrae and the posterior processes of the L4 vertebra. An idealised model of the L4 as well as the 

intervertebral discs located above and below was developed. In the healthy model, the L4 vertebra had a 

constant height (Fig. 1(C)) whereas in the fractured one the vertebral height decreased by 20% from the 

posterior processes towards the anterior side (Fig. 1(D)-(E)). In the Genant grading
33

, such a fracture is 

classified as a mild wedge fracture. Full details of the macro-scale finite element model are available online 

as Supplementary Material A.  

2.2 Micro-scale model of trabecular bone  

The micro-scale model of the trabecular bone was similar in geometry to that used by Shefelbine et al.
23

 (Fig. 

2). A diastasis of 0.5 mm was simulated, with the trabeculae bordering the gap idealized as prismatic 

domains 0.1 mm thick. The space between fractured trabeculae was hypothesized to be occupied by 

granulation tissue. Both the trabecular bone and the granulation tissue were modelled as biphasic poroelastic 

materials. Table 1 lists the mechanical properties utilized for the micro-scale model.  

Following the fracture event the granulation tissue was gradually replaced by repair tissue according 

to the rules of the algorithm described below (Section 2.3). The value of the Young’s modulus for the mature 

bone in the micro-scale model was set equal to 1440 MPa. This value was chosen based on the fact that the 

transversal area occupied by the trabeculae spicules was 1/4 of the total transversal area, yielding an 

equivalent Young’s modulus along the vertical direction of 360 MPa, which was the assumed value of the 
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equivalent Young’s modulus for the cancellous bone along the vertical direction z in the macro-scale model 

(see Table SMA1 reported in the Supplementary Material A). Similar values have been used in the 

literature.
38

 

For both the micro and the macro-scale model, poroelastic elements available in ABAQUS 

(C3D8P, 8 node trilinear displacement and pore pressure; 8 gauss points) have been used. 

2.3 Multi-scale mechano-regulation model of tissue differentiation 

A multi-scale approach was adopted. The macro-scale model of the spinal segment was utilized to determine 

the elastic and poroelastic boundary conditions acting on eight different micro-scale models which were 

hypothesized to represent different regions in the fractured cancellous bone situated in the neighbourhood of 

the points P1,…,P8 (Fig. 3). The micro-scale model, in turn, was utilized to predict the local patterns of  

tissues differentiation during the fracture repair process and how the equivalent mechanical properties of the 

macro-scale model change with time. The equations describing tissue differentiation were implemented into 

an algorithm, a graphical summary of which is depicted in Fig. 4. The time period investigated corresponded 

to the first 100 days after the fracture event. The equivalent mechanical properties for the fractured region of 

the macro-scale model were first determined (Block [1]). To this end, a strain εimp=5 % was imposed by 

applying a displacement δ=εimp· Lµs (Lµs=0.7 mm being the height of the micro-scale model) to the top 

surface of the micro-scale model, and based on the value of the reaction force F at the constraints (placed on 

the bottom surface) preventing vertical translation, an equivalent Young’s modulus for the macro-scale 

model Eequiv_ms was determined as: 

δ
µ

⋅

⋅
=

A

LF
E

s

msequiv _                                                                   (1) 

where, A=0.6·0.6 mm
2
 was the transverse area of the micro-scale model. The displacement was applied over 

a time period of 1000 seconds. Preliminary tests demonstrated that for such a long time period the drained 

condition was reached and hence the bone callus, which was modeled as a biphasic poroelastic material, 

behaved as an elastic one. Concerning the other mechanical properties (e.g. Poisson’s ratio, Bulk modulus, 

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. These equivalent mechanical 
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properties were inputted into the macro-scale model (Block [2]) and then a first FE analysis was performed 

on the spinal segment (Block [3]).  

An axial compression of 1000 N was applied to 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). 

This load was applied for each iteration (day) of the 100 days investigated. A group of about 10 elements 

situated in the neighborhood of each point P1,…,P8 within the macro-scale model was considered; for each 

group, the average value of strain in the vertical direction εzzPi, and pore pressure ppore were determined 

(Block [4]).  Next, a compression test was simulated (Block [5], Block [6]) on the micro-scale model. The 

inferior surface was constrained and a vertical displacement ∆LPi was applied on the top surface given by:  

∆LPi=εzzPi· Lµs                                                                                                                         (2) 

The pore pressure averaged from the neighbourhood of each point P1,…,P8, was applied on the six external 

faces of each of the eight micro-scale models. The compression load and pore pressure were ramped over a 

time period of 1 s. Based on the values of strain and fluid flow velocity predicted in each element of the 

fracture site domain, the biophysical stimulus S was determined (Block [7]). Specifically, if γ is the 

octahedral shear strain and v is the fluid flow velocity, the stimulus S was determined using: 

b

v

a
S +=

γ
                                                                            (3) 

a=3.75%  and b=3µms
-1
 being empirical constants.

39
 The new tissue phenotype was then determined (Block 

[8], Block [9]): 














⇒<<

⇒<<

⇒<<

⇒>

resorbtionboneosteoclastnS

bonewovenmatureosteoblastSn

cartilageechondrocytmS

tissueconnectivefibrousfibroblastmS

if

resorbtion

resorbtion

:0

:1

:1

:

                               (4) 

where nresorption=0.01, and m=3 represent boundaries of the mechano-regulation diagram for tissue 

differentiation.
14

   

Page 6 of 25

John Wiley & Sons, Inc.

Journal of Orthopaedic Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 7 

A diffusion analysis was performed for the micro-scale model to simulate the process of 

mesenchymal stem cell (MSC) migration through the space between the trabeculae. If c is the concentration 

of the MSCs in a given volume and D is the diffusion coefficient, the dispersal of MSCs can be described as: 

cD
t

c 2∇=
d

d
                                                                    (5) 

The parameter of Eqn. (5) (i.e. the D diffusion coefficient) was set so that the complete cell coverage of the 

space between the trabeculae was achieved two days after the fracture event. The elastic modulus of the 

differentiating tissues was then estimated according to an exponential law developed previously.
40,41

 Finally, 

the algorithm incorporated a simple rule of mixtures described in Lacroix and Prendergast
14

 (Block [10]). 

Further details of the exponential law and of the rule of mixtures implemented in the algorithm are available 

online as Supplementary Material B.  

A third finite element analysis was performed (Block [11]), simulating a compression test of the 

micro-scale geometry to determine the equivalent elastic modulus to be inputted in the next iteration in the 

macro-scale model (Block [12]). The pore pressure boundary condition determined from the macro-scale 

model was removed from the micro-scale model for this analysis (i.e. ppore=0). In other words, this analysis 

simulated the drained condition of a poroelastic material where the pore pressure ppore=0 and the structural 

response is dependant only on the ground substance while the effect of the liquid phase is negligible. A 

displacement δ producing an average strain of εimp=5% (δ=εimp· Lµs) was applied on the top surface of the 

prismatic domain, ramped over a time period of 1000 s; the inferior surface was hypothesized to be 

constrained. Equivalent mechanical properties were determined for each of the eight micro-scale models 

associated with the points P1,…,P8. Knowing the reaction force F at the constraints, an equivalent Young’s 

modulus was determined according to Eqn. (1). It was assumed that the spatial changes in the mechanical 

properties in the macro-scale model could be described with a cubic interpolation law (Block [13]). 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 P2 and P3 and does not change with respect to z (Fig. 3). The variability of the 

mechanical properties in the plane (x,y) was modelled by means of the user defined FORTRAN subroutine 
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UFIELD available in ABAQUS. The equation describing the change in space of the mechanical properties 

was of the form: 

MP=Ax
3
+By

3
+Cx

2
y+Dxy

2
+Exy+Fx+Gy+H                                            (6) 

where MP was the mechanical property under consideration (e.g Young’s modulus, permeability etc), x and 

y are the plane coordinates (Fig. 3). A, B, …. H are coefficients computed in each cycle of the algorithm that 

regulate the shape of the cubic surface MP=MP(x,y).    

 

RESULTS 

The Von Mises stress distribution predicted by the spinal segment model in the first day after the fracture 

event was quite symmetrical with respect to the middle sagittal plane and reached a maximum value at the 

point where the fracture gap had the greatest thickness (Fig. 5(A)). In the unfractured model the compression 

load produced a vertical displacement with very small relative rotations between the vertebrae (Fig. 5(B)). 

The magnitude of these rotations became significant in the fractured model where, due to the shape of the 

wedge fracture, the centre of gravity of the L3 vertebra moved anteriorly (Fig. 5(C)).  

The space between the fractured trabeculae was predicted to be mostly occupied by fibrous tissue in 

the initial days after the fracture event (see Fig. 6 that demonstrates the patterns predicted for the points P1, P2 

and P3). During the first 30-35 days after the fracture event the amount of fibrous tissue predicted decreased 

significantly and disappeared completely after six weeks. Small amounts of cartilage appeared during the 

first week, and approximately 40% of the space between the fractured trabeculae was occupied by cartilage 

after one month. This cartilaginous tissue was completely replaced by bone after two months. Small amounts 

of bone were predicted to form after the first two weeks and after the second month the space was entirely 

occupied by bone. Bone deposition was predicted to initiate at the fractured trabecular ends. The bone 

remodeling process was initiated after the second month and reached an equilibrium at the end of the third 

month. The remodeled trabeculae were aligned with those bordering the fractured region. 

Small differences were predicted between the patterns of bony tissue formed the points P1, P2 and P3 

(Fig. 7). In particular it appeared that the bone re-growth process occurred more slowly at the point P2. For 
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example, after 56 days bone was predicted to completely occupy the space between the trabeculae for the 

point P3, whereas for the points P1 and P2 some small regions were still occupied by other tissues. However, 

in general the predicted patterns of trabecular bone repair were similar at all points within the fracture gap.  

Bone initially formed at the fractured trabecular ends, replacing a cartilaginous template through the 

process of endochondral bone formation. There was a near linear increase in the amount of bone tissue 

within the callus during the first 60 days of repair (Fig. 8). Bone resorption led to rapid reorganization of the 

repair tissue, with near ideal levels of bone remaining at equilibrium at each point in the fracture gap.   

 

DISCUSSION 

This paper presented a multi-scale model of vertebral fracture repair, where a multi-scale finite element 

model of a spinal segment was used to predict the magnitude of various biophysical stimuli acting in the 

callus surrounding regenerating trabeculae. The displacement field (Fig. 5) predicted by the macro-scale 

model was rather consistent with the results reported by Rohlmann et al.
42

, who found that a wedge-shaped 

fracture of a vertebral body increases the flexion bending moment due to the upper body weight. The spatial 

and temporal patterns of tissue differentiation predicted by this model are also in general agreement with that 

observed experimentally
11

, providing further evidence that certain biophysical stimuli regulate tissue 

differentiation in a similar manner in diaphyseal fractures and in trabecular bone fractures in the vertebrae. 

Diamond et al.
11

 describe 4 stages of fracture healing process in the vertebral body, with significant overlap 

between the various stages of healing. Chondrogenesis was evident in the second stage of the fracture 

healing process, which followed the initial granulation tissue stage (characterized by necrotic bone and 

fibrovascular stroma). The appearance of cartilaginous tissue in the days following the fracture event was 

also predicted by the model (Figs. 6 and 8). This cartilaginous tissue was predicted to be gradually replaced 

by woven bone. Such endochondral ossification has also been observed in experimental studies (stage 3).
9-11

 

The model then predicted a peak in bone formation (Figs. 7-8). Hyperosteoidosis/Osteosclerosis (excessive 

formation of osteoid) has also been observed experimentally at comparable time-points.
11

 New woven bone 

can occupy most of the marrow space during this stage, a phenomena also predicted by the model (Fig. 7). 
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Finally remodeling of the cancellous bone architecture was predicted. Complete new trabeculae are 

predicted to form due to bridging of the microcallus between the remnant trabeculae, leading to restructuring 

of the bone architecture.
2
  

 A feature of vertebral fractures is the overlap between the different stages of healing within a given 

body, with two or more stages of fracture healing in the same biopsy specimen.
11

 No large differences were 

observed in the predicted temporal patterns of tissue differentiation at different points in the vertebral body, 

which would appear to be at odds with the experimental observations of overlap. It has been suggested that 

in vertebral bodies the fracture stabilization that permits orderly repair in long bones is not possible due to 

repetitive injury. A limitation of the present model is that the mechano-regulation algorithm does not include 

a damaged tissue region that would allow tissue to fracture and new callus to form in regions experiencing 

high levels of biophysical stimulation (e.g. strain). Therefore this study has only considered the original 

injury event. A ‘tissue destruction’ phase
23

 will be included in future mechano-regulation models. In 

addition, more consideration of osteoclastic and osteoblast activity
43

, and associated trabecular 

microdamage
44,45

, may ultimately lead to models that can predict the modeling, remodeling, fracture and 

repair of trabecular bone. Regardless, the predictions of the present model suggest that experimental 

observations of significant overlap between the various stages of healing
11

 are due to multiple fracture events 

initiated at different times. 

There are other limitations of the presented model. It was assumed that viable granulation 

tissue/bone marrow completely fills the volume between fractured vertebrae following the fracture event. A 

simplified cancellous bone geometry was assumed, but more accurate micro-scale geometries could be 

considered, as has been implemented for mechano-regulation models within irregular scaffolds.
46

 Another 

limitation was that in each iteration only one loading cycle is applied on the spinal segment, which was 

assumed to be representative of the typical loading experienced during a given day. Similar assumptions are 

adopted in previous studies.
14,47,48

 In patients with vertebral fractures, vertebrae can undergo to more 

complex loading cycles and the frequency of the loading cycles is patient specific. The utilization of a multi-

scale approach presents its own unique problems for mechanobiological models. For example, up-scaling of 
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material properties from the micro-scale to the macro-scale was only based on only 8 micro-scale models 

within the callus, with a cubic interpolation function used to estimate material properties in intermediate 

regions. Therefore spatial variation in mechanical properties was greatly simplified. Also, the fracture gap 

was modeled as heterogeneous isotropic in the macro-scale model; ideally this region should be modeled as 

heterogeneous and transversely isotropic (i.e. the same modeling assumption as utilized for the cancellous 

bone within the L4 vertebra). In the present model, due to the intrinsic limitation of the adopted micro-scale 

model (that includes only vertical trabeculae with no trabeculae lying on the horizontal plane), only isotropic 

material properties are computed when up-scaling from the micro-scale model to the macro-scale model. 

The elastic properties in the other directions (1 or 2, see Fig. 2) should be determined by simulating 

compression tests in these directions; however the absence of trabeculae lying on the horizontal plane would 

lead to incorrect predictions of the elastic moduli. Increases in computational power will ultimately allow 

better micro-scale models to be developed to more accurately simulate the geometric complexity of the 

regenerating fracture gap and will allow more “physiologic” loading conditions acting on the lumbar 

vertebrae during the healing period to be considered. Other factors known to partially regulate fracture 

healing, such as angiogenesis
22,49

 and growth factors,
50,51

 were also not included in the model.  

In conclusion, this paper presented a multi-scale approach to investigate the mechanobiology of 

trabecular fracture healing. The predictions of the model suggest that trabecular fracture healing in vertebral 

bodies is similarly mechano-regulated to diaphyseal fracture healing. The study used a mechano-regulation 

hypothesis first proposed by Prendergast et al.
31

, and the same model parameters as has been used in 

numerous other predictions of tissue repair including long-bone fracture healing
14,52,53

. These 

mechanobiological models must be continually tested to assess if they can predict the sequence of events that 

occur during other reparative events that occur in the body,
 40, 47

 in order to provide further corroboration for 

the hypotheses on which the models are based. Future tests of the underlying modeling hypotheses should 

also include investigating if the same model parameters can be used to predict vertebral fracture repair under 

altered loading conditions. This will provide greater confidence that such models can be used to improve 

physical rehabilitation regimes or the design of orthopedic devices. For example, it may be possible to 
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predict how gradual increases in loading in the days following a fracture event will influence the healing 

outcome. Furthermore, the proposed modeling framework could be extended to help optimize new 

regenerative medicine approaches to repairing normal tissue bone architecture following trauma or disease.  
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FIGURE CAPTIONS 

Figure 1: Finite element models of the spinal segment L3-L4-L5; the body of vertebra L4 was modelled firstly as healthy 

(A), and then as fractured (B). The height of the healthy vertebra (C) was constant, the height of the fractured one (D) 

decreased towards the anterior side. The fracture gap was located in the centre of the vertebral body and its thickness 

decreased towards the posterior processes (E) (the fracture gap is highlighted in red). 

Figure 2: Geometry and principal dimensions of the micro-scale model of the trabecular bone. In orange are represented 

the trabeculae spicules, in green the granulation tissue which was hypothesized to occupy the space between the trabeculae 

initially after the fracture event.  

Figure 3: Points (P1, P2,…, P8) within the fracture gap where analysis of the fracture repair process was carried out. 

Figure 4: Schematic of the algorithm utilized to model the fracture repair process. 

Figure 5: Maps of the Von Mises stress (A) and of the u3 displacement component field in the healthy (B) and in the 

fractured (C) model (first day after the fracture event). 

Figure 6: Patterns of the tissues differentiating during the fracture healing process in the point P1. 

Figure 7: Patterns of the bony tissue forming during the fracture healing process in the points P1, P2, and P3.  

Figure 8: Percentages of tissues differentiating during the healing process in the points P1 (A), P2 (B) and P3 (C). The 

percentages of tissues within the fractured region have been computed by dividing the number of elements of a given 

tissue by the total number of elements making up the micro-scale model. ‘Resorption’ indicates the number of elements for 

which S<0.01. The space originally occupied by the trabeculae before the fracture is 1/4 (25%) of the total available space. 
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TABLES 

Table 1 

Material properties utilized in the micro-scale model for the trabecular bone and the fractured region.
14,34-37

 
Material Granulation 

tissue 

Fibrous tissue Cartilage Mature Bone Trabeculae 

spicules 

Young’s Modulus 

[MPa] 
0.2 2 10 1440 4400 

Permeability 

[m
4
/Ns] 

1*10
-14

 1*10
-14

 5*10
-15

 3.7*10
-13

 1·10
-17

 

Poisson’s Ratio 

 
0.167 0.167 0.167 0.3 0.3
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Figure 1: Finite element models of the spinal segment L3-L4-L5; the body of vertebra L4 was 

modelled firstly as healthy (A), and then as fractured (B). The height of the healthy vertebra (C) 

was constant, the height of the fractured one (D) decreased towards the anterior side. The fracture 

gap was located in the centre of the vertebral body and its thickness decreased towards the posterior 

processes (E) (the fracture gap is highlighted in red). 
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Figure 2: Geometry and principal dimensions of the micro-scale model of the trabecular bone. In 

orange are represented the trabeculae spicules, in green the granulation tissue which was 

hypothesized to occupy the space between the trabeculae initially after the fracture event.  
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Figure 3: Points (P1, P2,…, P8) within the fracture gap where analysis of the fracture repair process 

was carried out. 
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Figure 4: Schematic of the algorithm utilized to model the fracture repair process. 
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Figure 5: Maps of the Von Mises stress (A) and of the u3 displacement component field in the 

healthy (B) and in the fractured (C) model (first day after the fracture event). 
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Figure 6: Patterns of the tissues differentiating during the fracture healing process in the point P1. 

 

 

Page 23 of 25

John Wiley & Sons, Inc.

Journal of Orthopaedic Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 POINT P1 POINT P2 POINT P3 
7

 D
A

Y
S

 

   

2
1

 D
A

Y
S

 

   

3
5

 D
A

Y
S

 

   

5
6

 D
A

Y
S

 

   

7
7

 D
A

Y
S

 

   

1
0
0

 D
A

Y
S

 

   
 

 

 

Figure 7: Patterns of the bony tissue forming during the fracture healing process in the points P1, P2, 

and P3. 
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Figure 8: Percentages of tissues differentiating during the healing process in the points P1 (A), P2 

(B) and P3 (C). The percentages of tissues within the fracture gap have been computed by dividing 

the number of elements of a given tissue by the total number of elements making up the micro-scale 

model. ‘Resorption’ indicates the number of elements for which S<0.01. The space originally 

occupied by the trabeculae before the fracture is 1/4 (25%) of the total available space. 
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