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Abstract

Bone fractures has high incidence numbers and despite all prejudice caused by this kind of injury, some bone
healing process features are still unknown. In this work, it is computationally investigated the influence of low
amplitude and high frequency mechanical stimulation on cell differentiation during bone healing, using a cell
differentiation theory proposed including as mechanical variables strain and flow velocity of interstitial fluid. For
this purpose, a finite element model was developed to study three hypothetical situations, aiming at determining in
which proportion external mechanical influences bone healing. In the first hypothetical situation, the mechanical
stimulus used in the model was computed as 20% of external mechanical stimulus and 80% of the stimulus during
gait. Similarly, the second hypothetical situation was 50% external mechanical stimulus and 50% gait stimulus.
Finally, the third hypothetical situation used a proportion of 80% external mechanical stimulus and 20% gait
stimulus. The results indicated that hypothesis considering high proportions of external stimulation results in
unreal delayed healing process and the first hypothetical situation proved to be that which best represents the
real process, among the studied cases. From the results obtained in this work, it was concluded that external
mechanical stimulation does not affected directly cell differentiation during bone healing. Thus, other processes
such as flow of oxygen, nutrients or wastes must be considered.
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1 Introduction

Bone fractures is a common kind of injury. The incidence of femoral shaft fractures, for example, range from of 9.5 to 18.9
per 100,000 population annually (NIKOLAOU et al., 2011) and their treatments results in high economic costs, besides the
patient’s suffering. Nonetheless, the mechanisms by which bone heals, as well as the means by which internal and external
factors work together to generate bone healing are still unknown.

Cell migration, proliferation and differentiation involving osteoblasts, chondrocytes or fibroblasts are some processes occur-
ring during bone healing. All these processes depend on multiple factors such as time, mechanical stimulus and vascularization.

An experimental study (CLAES et al., 2008) applied combined distraction/compression stimulus during bone healing of
sheep tibia, which resulted in faster healing and a larger and more stable callus. In another experimental study (GOODSHIP et
al., 2009), low-magnitude displacements at relatively high frequency were induced on sheep tibia during bone healing, resulting
in a greater callus diameter and increased bending strength compared to the non-stimulated control group. Other experimental
(PALOMARES et al., 2009; CLAES et al., 2002) and computational (GOMEZ-BENITO et al., 2001; GARCIA-AZNAR et al.,
2007) studies also reveal that mechanical stimulus can improve and accelerate bone healing. Nevertheless, the way mechanical
stimulus influence on bone healing is currently an open question.

This computational study evaluates a mechanobiological hypothesis to investigate the influence of low amplitude and high
frequency mechanical stimulation on cell differentiation during bone healing to help to clarify the mechanisms involved in
such process.

2 Bone Healing Process

Bone is the only tissue that heals without forming a fibrous scar (MARSELL and EINHORN, 2011), instead of it, new bone
is developed to replace the damaged one. In order to restore the original shape and functions of a fractured bone, several cellular
events such as proliferation, migration and differentiation involving mesenchymal stem cells, cartilage cells, bone cells and
fibrous tissue cells. These processes occur in an orchestrated manner driven by the chemical and mechanical microenvironment
(GONZALEZ-TORRES et al., 2011). The use of flexible fixation systems, generates a proper mechanical microenvironment
that stimulates bone healing by secondary bone healing (MARSELL and EINHORN, 2011). Secondary healing is the most
common process for bone healing , that involves the formation of an external callus to increase the fracture cross section and
therefore its stiffness (ISAKSSON, 2012).

Secondary healing is composed by different overlapping phases, which are represented in Figure 1: hematoma formation,
inflammation, fibrocartilaginous callus formation or soft callus stage, ossification or bonny callus formation and bone remode-
ling. When the bone fracture happens, immediately starts the inflammation phase. The surrounding tissues, the cortical bone,
periosteum and blood vessels are disrupted and the osteocytes necrosis begins (GERIS et al., 2008). From then onwards starts
the inflammatory response, the necrotic tissue is removed and granulation tissue is formed providing a provisory stabilization
callus (DOBLARE et al., 2004).

After approximately two weeks, the fibrocartilaginous callus formation begins and the mesenchymal stem cells that mi-
grated to the fracture site during inflammation phase differentiate into chondrocytes, osteoblasts or fibroblasts, depending on
mechanical and biochemical conditions (DOBLARE et al., 2004). Chondrocytes generates cartilage, which provides mechanical
stabilization to the fracture (GERIS et al., 2008), while osteoblasts are responsible for intramembranous bone tissue formation
(DOBLARE et al., 2004). Differentiation of mesenchymal stem cells into fibroblasts is also possible (GOMEZ-BENITO et
al., 2005). At the end of soft callus phase, chondrocytes are hypertrophyed chondrocytes (DOBLARE et al., 2004) and car-
tilage is mineralized. Then endochondral ossification gradually replaces this cartilaginous callus with bone (MALIZOS and
PAPATHEODOROU, 2005).

The third phase of bone healing is bonny callus formation, where just a small gap of non-ossified tissue separates the
callus surfaces (CLAES and HEIGELE, 1999). Hypertrophic chondrocytes generated on second phase secrete growth factors
that attracts osteocytes, which has the function of degrade the mineralized cartilage allowing the invasion of blood vessels in
the calcified cartilage (SHINDELER et al., 2008), essential to hard callus formation (DOBLARE et al., 2004). Ossification
process continues until all cartilage has been replaced by bone tissue and a bony bridge which grants sufficient stability and
stiffness to the fracture gap (DOBLARE et al., 2004). Clinical union occurs when the fracture edges are connected by callus
(GERIS et al., 2008).

Hard callus is an irregular bone tissue non modelled (SHINDELER et al., 2008). After ossification, bone remodeling occurs,
so as to restore the original shape and structure of the bone (DOBLARE et al., 2004). Initially, bone resorption is followed by
the transformation of irregular callus bone tissue into lamellar bone, while the neovascularization process remains constant
until bone supply return to normal conditions (GERIS et al., 2008). All these biological events enclose bone healing process
and restore the fractured bone to its primary shape and functions.
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Figure 1- Four stages of secondary healing on a fractured bone. Adapted from (MARIEB, 2006)
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When studying biological processes, it should be considered that such processes depend on many internal and external
factors that directly or indirectly influence on its outcome. Genetic, cellular and biochemical factors, patient age, type of
fracture, interfragmentary movement, fracture geometry, among other factors work together to influence bone regeneration
decisively (GOMEZ-BENITO et al., 2005). In some studies, was observed that flexible fixations increased callus formation,
while the rigid fixations limit the stimulation of callus formation (ISAKSSON, 2012; EPARI et al., 2010). The callus forma-
tion is important, because its biomechanical function is to reduce the initial movement to enable the union of bone fragments
with bony bridges. Lacroix and Prendergast (2002) classify the types of differentiation according to the levels of biophysical
stimulation. According to their study, high stimulus levels favours differentiation into fibroblasts, intermediate levels favours
chondrocytes and low levels favours osteoblasts. The mechanical condition of the fracture zone regulates the formation of in-
tramembranous and endochondral bone in callus and these conditions are constantly altered by changes in geometry and tissue
stiffness (WILSON et al., 2015). A previous study (ZHANG et al., 2012) concluded that the mechanical environment to which
the fracture was submitted strongly influenced the size and shape of callus. Changes in callus components depended on the time
led to corresponding changes in the mechanical properties and stability of the fracture (ZHANG et al., 2012). Vascularization is
essential for bone regeneration. Angiogenesis is described using equations that depends on angiogenic growth factors relative
to osteoblasts and cartilage, in addition to consider the natural production decay of these growth factors (GERIS et al. 2008).

Prendergast et al. (1997) introduced a tissue differentiation model based on a biphasic poroelastic finite element model
of tissues and proposed two biophysical stimulus as mechanical variables: shear displacement (deviatoric) on the solid phase
and fluid velocity in the interstitial fluid phase (ISAKSSON, 2012). According to this theory, high deviatoric displacement
and fluid velocity magnitudes stimulate the differentiation into fibrous tissue, whereas if both stimuli are low, bone formation
may occur. Later, Lacroix and Prendergast (2002) have applied this theory on a finite element model able to predict slower
symmetrical 2D regeneration with increasing size of the fracture gap and increased production of connective tissue with in-
creased interfragmentary displacement.

Thus, the present work look for computationally study whether or not external mechanical stimulation of low magnitude
and high frequencies directly influence on the healing process, with the purpose of deepen in the understanding of the process.
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3 Material and Methods

Cell differentiation, migration and proliferation can be mathematically represented by conservation equations applied to
cell concentrations. Equations (1) to (5) represent the cellular dynamics in the bone fracture callus with a simplified model.
Tissue densities are considered proportional to cell concentration.
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where "5, represent the concentration rates of each cell type (s = stem cells; b = bone cells; ¢ = cartilage cells; h = hyper-

trophied cartilage cells; f = fibrous tissue cells); D_ represents mesenchymal stem cells diffusion which depends on granula-
tion tissue concentration; a, is a parameter that describe the velocity of mesenchymal stem cells proliferation; k / represents
the differentiation velocity from cell i to cell j; M and F represent cell maturation (functions with the value 0 or 1); ¢, is the
concentration of cell i; y is the mechanical stimulus. Detailed explanation of Conservation Law for cells and parameters are
presented in Appendix A.

Equation (6) represents angiogenesis, where D. is the velocity coefficient of disrupted tissue and v is the vascularization
level that depends on the mechanical stimulation. Thus, after perform analysis and considerations, based on Geris et al. [13],
was used Df =3 m¥s.
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The model presented was implemented in the software Abaqus v.6.12. The purpose was to investigate the influence of low
amplitude and high frequency mechanical stimulation on cell differentiation during bone healing. To do that it was considered
the cell differentiation law proposed by Prendergast et al. (1997), which considers cell differentiation is regulated by the de-
viatoric shear strain and the velocity on interstitial fluid in tissues. Thus, it was chosen a biphasic material model to represent
the tissues. The mechanical stimulus, i, was computed by using the Equations (7) and (8).
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where y is the mechanical stimulus, which depends on the localization and time; y g is the relative interstitial fluid
velocity on extracellular solid matrix; a = 0,0375; b=3um/s (PRENDERGAST et al., 1997). J5 is the second invariant of the
deviatoric stress tensor; gJ,&] ,&]J] are the principal strains and g, is the octahedric strain.

Tissue differentiation was considered to depend on vascularization and mechanical stimulus [8] (Eq. 9). Mesenchymal stem
cells can differentiate directly into osteoblasts, if the mechanical stimulus is adequate and the vascularization level is higher
than a minimum value. When the vascularization conditions do not favor differentiation towards osteoblasts, mesenchymal
cells differentiate either into chondrocytes or fibroblasts, according to the mechanical stimulus levels presented by Equation
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(9). It is important to note that cells maturation time was considered, which is detailed in Appendix A.

0,005 <y <0,03; v> Vonin osteoblasts
If 0,005<yw <0,1; v> Vinin chondrocytes 9)
0,1<y <08 v> Vinin fibroblasts

The finite element model implemented in the software Abaqus v6.12 was used to solve the equations of the model in a two
dimensional geometry, which represents the callus of a sheep metatarsus. The geometry was a quarter of the callus (Figure
2), considering symmetry in the plane of the fracture, and also axial symmetry, the dimensions were extracted from similar
geometries used in literature (GONZALEZ-TORRES et al., 2011). The load and boundary conditions were considered as axial
loading of the metatarsus due to the activities of sheep or external stimulation (Figure 2).

The mesh was composed by 769 linear squared elements with 839 nodes. As initial conditions, it is considered the fracture
gap composed by granulation tissue, the cortical bone fully vascularized, a saturation of stem cells in the periosteum, while the
concentration and density of other cells and tissues is considered null in the fractured region. The boundary conditions for the
flow of interstitial fluid are indicated in Figure 2. The frequency of external mechanical stimulus is 90 Hz (GOMEZ-BENITO
etal., 2001; GOMEZ-BENITO et al., 2005; MALIZOS and PAPATHEODOROU, 2005). Concentration of cells was normalized
between 0 and 1. Zero represents null concentration and one the maximum concentration.

Figure 2- Transversal section of a fractured bone with symmetry and revolution axes, including the fracture callus and the
interfragmentary space (above the horizontal symmetry axis). The mesh of quadrilateral elements used in the model, the
applied loads (in red) and the boundary conditions of flux are presented
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4 Results

The interfragmentary deformation used in the simulations adapt according to the variations in the conditions of the fractured
zone, which changes with time due to several factors such as mechanical stimulation, changes of histological characteristics,
among others. The amplitude of interfragmentary movement decreases with time due to the instability of the fractured region
that decreases as the mechanical stimulus decreases. In the first simulation, a frequency of 1Hz (GOMEZ-BENITO et al., 2005)
was applied, simulating the in vivo gait.. Aiming to verify the accuracy of our model, in Figure 3 the results of the computa-
tional simulation obtained with this study was compared with experimental results of interfragmentary movement in a sheep,
obtained by Claes and Heigele (1999).
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Figure 3- Evolution of interfragmentary movement in computational simulation compared with the experimental results in a
sheep (CLAES and HEIGELE, 1999)

1
= e Exper mental
E e S
= ~
o Computational
H
= 06
=
b
<04
E
-] kP
P e
02N Tl
B -----
=

]

0 10 20 50 40 50 60
Days after fracture

Figure 4- Concentration of bone cells in fraction (from 0 to 1) comparing different hypothesis of stimulus. More realistic
results are presented in A, where the external mechanical stimulus has the lower influence (20%). B and C present non
realistic results, with influence external stimulus of the 50% and 80%, respectively
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Simulations involving external mechanical stimulus were performed, after obtain results from the model close to experi-
mental ones (Fig. 3). First, it was investigated in which proportion external mechanical stimulus could effectively influence on
bone healing, for this purpose, three hypothetical proportions were established: hypothesis A - 20% for the external mechanical
stimulus and 80% for the gait stimulus; hypothesis B - 50% for the external mechanical stimulus and 50% for the gait stimulus
and hypothesis C - 80% for the external mechanical stimulus and 20% for the gait stimulus. The frequency of external mecha-
nical stimulus was 90 Hz and the frequency considered for gait is 1 Hz. The results of simulations correspondent to the three
hypotheses during 60 days are shown in Figure 4.

During the first week of simulation only the gait stimulus was considered, since it is the inflammatory stage and the fracture
site is still very unstable to tolerate external stimulation. From the 7th day to the 21st day a combination of external mechani-
cal stimulus and gait was applied, according to the situations previously presented. This period corresponds to the soft callus
stage, in which the mesenchymal stem cells differentiate into bone cells, cartilage cells and fibrous tissue cells. After day 21,
during hard callus and remodeling stages only gait stimulus was considered, since this work was focused on the study of the
influence of an external mechanical stimulus when cell differentiation is happening.

An additional simulation was executed to investigate the influence of the duration of the mechanical stimulation. Bone
healing evolution only considering the stimulation from gait (Figure 5A) was compared with bone healing evolution with a
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combined external and gait stimulation (Figure 5B). The combined stimulation was considered from the 7th day to the 21st
day. During this period, a combination of 17 minutes (1020 seconds, 90 Hz) of external stimulus (GOODSHIP and KENWRI-
GHT, 1985) and 8.5 hours (30600 seconds, 1 Hz) of gait per day (POKORNA et al., 2013) was considered. In the first week
of simulation and from the 22nd day to the 60th day again only stimulation from gait was considered.

Figure 5- Concentration of bone cells in fraction (from 0 to 1) comparing different hypothesis of stimulus. (A) Results
obtained only with gait stimulation. (B) Results considering the proportion of application time for simultaneous external and
gait stimulation (from 7th day to 21th day). Not significant differences are observed between both situations
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5 Discussion

It is known that mechanical stimulation can affect positively and even accelerate bone healing process (CLAES et al., 2008;
GOMEZ-BENITO et al., 2001; GOODSHIP and KENWRIGHT, 1985; EBRAHIMI et al., 2012). This work aimed at better
understanding how mechanical stimulation affects bone regeneration process, focusing on the investigation of the the role of
low amplitude and high frequency mechanical stimulation in cell differentiation during bone fracture healing.

In order to compare this model with experimental studies, the results were compared to the reported interfragmentary mo-
vement in sheep (CLAES and HEIGELE, 1999). The model proposed in this study proved to agree with these experimental
results, thus it was possible to continue with the computational experiments of situations presented in this article. However, some
simplifications had to be considered in the model, the axial loading was the only force considered, despite is not the only one
present in the fracture region, it has the more significant magnitude (GONZALEZ-TORRES et al., 2011). Other simplification
was that the model did not consider tissue equations and cell hypertrophy and that growth factors and cytokines, substances
that are necessary for different events occurring during bone healing (GERIS et al., 2008), were not explicitly included in the
model. Even so, as all the simulated cases involved the same characteristic it is possible to compare the results from them and
to extract valid conclusions.

The first group of simulations was aimed at verifying in which proportion of external mechanical stimulation and gait
stimulation more realistic cell differentiation patterns were predicted. Thereby, as described in the previous section, three
different cases were evaluated and as shown in Figure 4, high proportions of external stimulation artificially delay the healing
process, probably because excessive mechanical stimulation difficult bone synthesis. More realistic results were observed for
the lowest weight (20%) was attributed to external stimulation.

Simulations considering the proportion of the time in which forces are applied (Fig. 5) reveal no significant changes in
bone healing evolution between the two studied cases. Comparing the results obtained from the simulations with experimental
studies (GOODSHIP et al., 2009; GOODSHIP et al., 1985), they are more similar to the experimental radiographs when low
influence of external mechanical stimulation is considered.

Bone healing is a complex and intriguing process that has been studied by many scientists aiming at understanding and
contribute with the improvement of methods and techniques to accelerate the regeneration of bone fractures. Although, the
way in which the process is influenced by all internal and external factors remain unknown.

From the results obtained in this work, it can be concluded that low amplitude and high frequency mechanical stimulation
does not affect directly cell differentiation during bone healing. Other processes such as diffusion of nutrients and wastes or
even growth factors and cytokines, or the promotion of proliferation of cells, can be other ways as external mechanical stimu-
lation modify the bone healing process. Therefore, it is still necessary to understand more deeply the biological mechanisms
which works during bone healing processes.. Thus, this field of study requires further investigation.
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APPENDIX A

Equation (A.1) is the Conservation Law for Cells:

Migration Proliferation Differentiation - to-other-cells  Differentiation - from - other - cells

%zv(Dchi)+Fi (ciow)ei— X6, K{(cjvy.Dep  + scells, Kl (cjvpe
o P VEX J J#1 J J

(A1)

where ¢; is the cell concentration for cell type i, D; is the diffusion coefficient; F (cl',l// ) is the proliferation function

which depends on cell concentration (¢;) and mechanical stimulus () ; K* (C RNV lp ) is the differentiation rate of cell type

i into cell type j which depends on cell concentration (¢ ;) , vascularization level (v), mechanical stimulus () and time ().
The equations used in this model depend on several parameters and some of them are defined in Table A.1.
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Table A.1. Parameters

Parameter Value Description Reference
kboks xSl 1day Osteoblasts, chondrocytes, hypertrpphic (GERIS et al., 2008)
chondrocytes and fibroblasts differentiation
constants
—1 Mesenchymal stem cell proliferation (GARCIA-AZNAR etal. 2007)
a, 0.85day Y p
74 0.2 Mechanical ~ stimulus  necessary  for (GARCIA-AZNAR et al. ,2007)
rdf mesenchymal stem cell proliferation
Dy Lmm2/ day Migration coefficient for mesenchymal (GARCIA-AZNAR et al. ,2007)
stem cell
mC 17 days Maturation time for chondrocytes (GERIS et al, 2008; GARCIA-
AZNAR et al. ,2007)
b 1 day Maturation time for fibroblasts (GERIS et al, 2008; GARCIA-
M AZNAR et al. ,2007)
m/S 15 days Maturation time for fibroblasts (GERIS et al, 2008; GARCIA-
AZNAR et al. ,2007)
Fh 20 days Maturation  time  for  hypertrophic (GERIS et al, 2008; GARCIA-
¢ chondrocytes AZNAR et al. ,2007)
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