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Article history: The incidence of bone fracture has become a major clinical problem on a worldwide scale. In the past two
Received 8 March 2021 decades there has been an increase in the use of computational tools to analyse the bone fracture problem. In sev-

Accepted 28 June 2021 eral works, various study cases have been analysed to compare human and animal bone fracture healing. Unfor-

tunately, there are not many publications about computational advances in this field and the existing approaches
Keywords: to the problem are usually similar.
Fracture healing In this context, the objective of this work is the application of a diffusion problem in the model of the bone
Bone callus formation fragments resulting from fracture, working together with a mesh-growing algorithm that allows free growth of
Bone growth factors . . e . . . .
Finite element simulation the callus depending on the established conditions, without a pre-meshed domain. The diffusion problem con-
Automatic mesh generation cerns the different biological magnitudes controlling the callus growth, among which Mesenchymal Stem Cells
and chondrocytes concentrations were chosen, together with Tumour Necrosis Factor a and Bone Morphogenetic
Protein as the factors influencing the velocity in the callus formation. A Finite Element approach was used to
solve the corresponding diffusion problems, obtaining the concentration values along the entire domain and al-
lowing detecting the zones in which biological magnitudes reach the necessary thresholds for callus growth. The
callus growth is guided by a geometrical algorithm which performs an additional mesh generation process (self-
added mesh) at each step of the iterative procedure until complete callus formation.

The proposed approach was applied to different types of diaphyseal femoral fractures treated by means of in-
tramedullary nailing. Axisymmetric models based on triangular quadratic elements were used, obtaining results
in good agreement with clinical evidence of these kinds of fractures.

The algorithm proposed has the advantage of a natural callus growth, without the existence of a previous mesh
that may affect the conditions and direction of growth. The approach is intended for the initial phase of callus
growth. Future work will address the implementation of the corresponding formulations for tissue transforma-
tion and bone remodelling in order to achieve complete fracture healing.
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1. Introduction

The prevalence of bone fracture has become an increasing public
health problem on a worldwide scale [1]. Even if the incidence rates
were to remain stable, due to developments in health care and a higher

Abbreviations: IM, Intramedullary nail; CT, Computerized Tomography; FE, standard of living, the occurrence of fractures would increase in any
Finite Element; MSCs, Mesenchymal stem cells; BMPs, Bone morphogenetic case due to the increasing number of people older than sixty-five [1].
proteins; TNF -a, Tumour Necrosis Factor «; CC, chondrocytes concentration; This in turn will lead to a higher risk of people suffering bone problems
BMP-2, Bone Morph(’genetic R ¢ . . such as osteoporosis, which is linked to the femur and hip fracture prob-
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Fig. 1. Axisymmetric model of a diaphyseal femoral fracture treated by means
of an intramedullary nail. Boundary Conditions of the diffusion problem: I'y, ini-
tial predefined concentration values, I'y, zero flow rate.

over, in 2010 a total of 620,000 hip fractures were recorded in the EU.
Within this number, the osteoporotic fractures were associated with
morbidity and mortality, and increasing social costs [3]. Fragility frac-
tures had an estimated economic burden of 37 billion euros and ac-
counted for almost 1.2 million quality-adjusted life years in that same
year [4].

It has been estimated that during the thirty years after 2020, the
number of hip fractures around the world will increase to more than
two thousand million cases [5]. Hip fractures due to osteoporosis are
usually accompanied by a femur fracture.

When a femur fracture occurs, a common surgical procedure is to
implant an intramedullary nail (IM). This surgery is not easy and has

some risks including infection, morbidity and pain [6]. These post-
operative complications must be prevented with all the resources at the
doctors’ disposal. Research on this topic is needed to achieve better re-
sults. Radiographs, Computerized Tomography (CT) scans and all the
existing tools to help the preparation for bone fracture surgery are of
course necessary. However, more support tools are needed for a better
understanding of how to proceed to prevent the above-mentioned prob-
lems.

At the cell scale, obtaining data related with the bone healing
process is achieved by means of investigation in vivo and in vitro [7].
Such data are very difficult to obtain due to the time involved, the ex-
pensive resources required, and the difficulty in generalizing the re-
sults. Computational models have emerged as an alternative to provide
extra support to the obtaining of data. Furthermore, computational
models represent a powerful prediction tool.

In the past two decades, there has been an increase in the use of
computational tools to analyse the bone fracture problem. Unfortu-
nately, there are few publications about computational advances in this
field. Claes et al. [8] estimated stresses and strains in a fracture callus
using three finite element (FE) models applied to tissular differentia-
tion. The first model reflects the morphology occurring one week after
fracture. The second and third models describe the fourth and eighth
healing weeks, respectively. To describe progressive stiffening of the
callus, they assumed five tissue types differing in their elastic material
properties. In the initial healing stage, the callus consisted only of con-
nective tissue. The second model contained callus of intermediate stiff-
ness in a small region along the periosteum, and soft callus tissue adja-
cent to it, while the remainder consisted of initial connective tissue. In
the third model the callus tissue contained five tissue types: initial con-
nective tissue, soft callus, intermediate stiffness callus, stiff callus and
chondroid ossification zone. Consequently, there is a predefined do-
main for the callus and there is no mesh generation. Bailon-Plaza et al.
[9] presented a two-dimensional mathematical model of the bone heal-
ing process for moderate fracture gap sizes and fracture stability, in
which the inflammatory and tissue regeneration stages of healing were
simulated by modelling mesenchymal cell migration. Lacroix et al. [10]
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Fig. 2. Different shapes of parametric function depending on a, b values. The parameters a and b are positive constants that adjust the slopes of the function and are
related to the concentrations of the considered chemical factors (in the model TNF-o« and BMP-2 were used).
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Fig. 3. Growth boundary. Location where the callus starts to grow, correspond-
ing to free boundaries at the fracture site.

used a biphasic poroelastic FE model of a fracture callus for modelling
the time course of tissue differentiation during fracture healing. Simon
etal. [11] developed a dynamic model to simulate complex interactions
of mechanical stability, revascularisation and tissue differentiation in
secondary fracture healing. The model used an axisymmetric FE model
to describe the fracture callus and fuzzy logic rules to control biological
procedures. In a subsequent study, the same authors used fuzzy logic in
a similar manner [12]. Cameron et al. [13] presented a FE model of a
sheep tibial osteotomy comparing results with real ones. Finally, Wang
et al. [14] showed a dynamic three-dimensional fracture healing model
with biphasic poroelastic finite element analysis and fuzzy logic con-
trol, calculating the local biophysical stimulus and different tissue dis-
tribution within the callus. When compared with experimental observa-
tions, the model had a good prediction outcome. In this model the
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shape of the callus is predefined, there is no mesh generation, and the
approach is tissular differentiation.

The most common approach in the published works [8-15] focuses
on tissular differentiation and bone remodelling, considering a prede-
fined callus form (pre-meshed domain), changing or updating the type
of material of the elements according to the evolution of strains,
stresses and fluid pressure.

The typical approach to the diffusion problem, for computational
solving, considers one main variable and one or more factors affecting
the velocity in the diffusion problem. The most common main variable
for the diffusion problem is the Mesenchymal Stem Cells (MSCs) con-
centration; the growth process depends directly from the recruitment of
MSCs and the biggest sources of this resource are muscles, skin, adipose
tissue and bone marrow [16]. As for the factors, researchers consider
Bone Morphogenetic Proteins (BMPs) as accelerators.

In biological terms, the most influential factors controlling fracture
healing are the Tumour Necrosis Factor a (TNF-«) and the superfamily
of Transforming Growth Factor beta (TGF-$). The TNF-a helps in the
regulatory process of the immune system during the inflammatory
phase [17]. Furthermore, it is present in the MSCs recruitment phase.
However, its most important role occurs at the beginning of the chon-
drocyte apoptosis [18]. BMPs are a subfamily within the TGF- super-
family [18], which are the most widely studied for clinical applications
[17, 18]. The BMPs are osteoinductive proteins that induce bone forma-
tion, accelerate union time and prevent non-union [19].

In this context, this work presents a new approach for initial callus
growth during fracture healing in long bones. The objective is the appli-
cation of a diffusion model working together with a mesh growing algo-
rithm that allows free growth of the callus depending on the established
conditions, without a pre-meshed domain. Furthermore, the iterative
algorithm allows the generation and step by step control of the mesh.
As biological magnitudes, the chosen variables were the MSC and the
chondrocyte concentrations (CC), and the factors influencing the veloc-
ity in the callus formation were the TNF-a and the Bone Morphogenetic
Protein2 (BMP-2). The model allows selecting or changing the different
biological and chemical magnitudes. The work is intended to simulate
the initial phase of callus formation; tissue differentiation and remodel-
ing will be addressed in future works in order to complete the simula-
tion of the whole fracture healing process.

2. Materials and Methods

The proposed approach consists of a first phase corresponding to the
diffusion problem concerning biological magnitudes that control the

BOME AXIS

Fig. 4. How the callus growth algorithm works. When the distance between lower and upper fronts is higher than o times the average mesh size (L), there is a normal
triangular growth. When the distance is lower, the two fronts close with two triangles forming a square.
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Fig. 5. Flow chart of the growth algorithm.

callus formation, numerically solved by means of the appropriate finite
element formulation, together with a second phase in which a specific
algorithm performs the mesh growth in the case that the biological
magnitudes reach the prescribed thresholds. Then, both phases work in
conjunction in an iterative process until callus formation is complete.
The approach is applied to different osteosyntheses treated by means of
intramedullary nailing. In all cases it was considered a stable osteosyn-
thesis, with a locking configuration which guarantee a range of local
micro-movements between fracture edges compatible with callus
growth.

2.1. Diffusion problem. Numerical approach

In the biological processes that control fracture healing, the concen-
trations of MSCs and chondrocytes at the fracture site are the trigger of
the process, whereas the TNF-o and BMP-2 concentrations control the
velocity of the fracture healing. The diffusion problems relating to these
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Fig. 6. Flow chart of the complete process.

magnitudes must therefore be addressed to calculate the corresponding
concentrations from the initial conditions.

The diffusion law employed was Fick's second law, in which the
problem is governed by the following differential equation:

dc

— =V (DVe €8]
7 (DVe)

where c is the concentration, t is the time and D is the diffusion coeffi-
cient; and V is the divergence/gradient operator. If the diffusion coeffi-
cient is constant, the above equation becomes:

dc

—=DA 2

" c (2)
A being the Laplacian operator. The boundary conditions are estab-

lished as follows:

0Q

—rurnd¢ (f,t) = @ I'; (Essential conditions) 3
T 1Y 21 DVeii=0T, (Natural conditions)

where I' represents the part of the boundary in which the concentra-
tion is prescribed and I'; represents the part of the boundary with zero
flow rate (Fig. 1).

For the finite element approach, the usual method of weak formula-
tion together with the appropriate discretization is applied. So, the ref-
erence equation becomes:
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Fig. 7. Evolution of different magnitudes during the iterative process for a transverse diaphyseal femoral fracture stabilized with intramedullary nail (12 mm diame-
ter) with an initial gap of 6 mm.
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Fig. 8. Fracture healing for different callus growth velocities. The Fig. shows the same transverse fracture in the same iteration time for different values for the a and

b factors of the parametric function.
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Fig. 9. Callus formation of a 4 mm gap transverse fracture with intramedullary nail fixation.

Ne NneNne [ 4.¢ functions, Ne is the number of elements in the mesh and Nne is the num-
Zzz [ m / [ dQe] (4)  ber of nodes of the element. Using the following matrix notation:
e=li=lj=
Ne Nne NneNne
= ZZD/ ¢f dre / o @f dQ° (52)
e=1j= i= l j=1
Ne NneNne NneNne
=2 ¥es / REALK ZZD / Vo$ V! dO° (5b)
e=li=1j=1 Q i=1 j=1
Nne
where ¢{ are the nodal values of concentration for each element (de- fe= ZD / (/’je dre (5¢)

pending on time), <P, ¢ are the corresponding elemental approximation
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Fig. 10. Callus formation of a 3 mm 31° gap oblique fracture with intramedullary nail fixation.
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Fig. 11. Callus formation of a 2 mm 22° upper gap and 4mm lower gap of a comminuted fracture with intramedullary nail fixation.

and after assembling the different elemental matrices, the following
system of differential equations is obtained:
de
M= =f — N 6
7 f c (6)
In order to solve the evolutionary problem defined by equation (6),
a finite difference scheme is used, considering the linear approxima-
tion:

dc,

Crong =€+ AL 7; )
Then:
ﬁ _ Cac— G ®)
dt At
and the iterative algorithm is established as:

1 1
(EM+N) cun =1 tuMe 9

The algorithm defined by Eq. (9) is applied to the MSCs and chon-
drocytes as well as the TNF-a and BMP-2 concentrations.

The solver for the diffusion problem was written in the FORTRAN
language [20].

2.2. Callus growth trigger and control
Once the cell concentrations are determined for a time step along

the process, a callus growth algorithm is activated depending on the
previously established thresholds. The growth velocity is calculated as:

with:
44
y(a,f) = +B
[1 + e‘“("“’ﬂ)] [1 . e—b(ﬁ—ﬁn)] (11)

a normalized parametric function defined in the [ag, 1]x[f; 1] domain.
The parameters a and b are positive constants that adjust the slopes of
the function and are related to the concentrations of chemical factors

involved in the callus formation (in this model TNF-a« and BMP-2 were
used). The variables (a, p) are the dimensionless concentrations
(= cupses/Cuscs™™, = Ceno/Ccno™™), and (ag,Po) are the thresholds of
each concentration. Finally, A and B are adjustment constants to nor-
malize the function as follows:

@ (@, By) =0 (12)
e, 1)=1

For its part, v, is chosen according to the actual physiological val-
ues corresponding to the usual healing fracture period observed in stan-
dard clinical practice [18, 21]. The defined parametric function ex-
hibits a generalized sigmoid behaviour (Fig. 2), appropriate for differ-
ent biological processes [22-24].

2.3. Callus growth algorithm

In order to proceed with the callus evolution, a growth boundary is
defined. This boundary corresponds to the free faces at the fracture site,
considering the normal direction to the fracture plane and an additional
lateral zone at the external corners (Fig. 3). Once the concentrations are
calculated and the growth velocity is determined, the possibility of
growth in the corresponding step is checked. So, from the velocity and
time step, the total growth volume is calculated and compared with the
possible additional volume generated by the new elements added to the
mesh.

The new elements grow following the normal direction of the corre-
sponding free faces of elements which have concentrations above the
corresponding thresholds. The algorithm tries to define each new ele-
ment as an equilateral triangle based on the free boundary of the exist-
ing elements. For this purpose, a new node is generated at the appropri-
ate distance from the corresponding edge, avoiding growing inside an-
other element. In this way, a new element is generated taking as a basis
the considered edge and joining it with the new node. In a second
phase, the proximity between new nodes is checked, defining closing el-
ements when appropriate. Finally, the proximity between lower and
upper fronts is checked in order to proceed to the final closure of the
mesh.

Some restrictions are considered in the growing algorithm. So, the
algorithm does not allow the growth of an element if the angle from the
normal direction to the corresponding edge is perpendicular to the nat-
ural bone axis. On the other hand, the growth is not possible if the nor-
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mal direction to the corresponding edge is contrary to the determined
growth direction (lower to upper or upper to lower boundary, as the
case may be).

Neither can it grow if the growing element is too distorted. If the dis-
tance between the two frontiers is lower than a mesh-dependent limit,
the closing algorithm starts to work. The closing algorithm finds the
middle points between two free faces and then creates two new ele-
ments in the empty space. It then looks for empty spaces and fills the
empty space near to the active elements (Fig. 4). A flow chart of the al-
gorithm is shown in Fig. 5.

Once the new mesh is generated, the diffusion problem needs to be
solved again for the updated model. The Python 3.8 language [25] was
employed to control the workflow of the main program. A flow chart of
the complete process is shown in Fig. 6.

3. Results

The proposed approach was applied to several diaphyseal femoral
fractures treated by means of an intramedullary nail (a 12 mm diameter
nail was considered with a bone thickness of 6 mm). Specifically, it was
applied to different cases of diaphyseal femur fractures: first, a trans-
verse fracture with an initial gap of 6 mm; second, a 3 mm 31° gap
oblique fracture; and third, a 2 mm 22° upper gap and 4 mm lower gap
of a comminuted fracture.

The first example corresponds to a transverse fracture with an initial
gap of 6 mm. An axisymmetric local model based on triangles with qua-
dratic approximation and an average mesh size of 1 mm was imple-
mented. Fig. 7 shows the evolution of the MSC and chondrocyte con-
centrations during the iterative process.

As can be seen in the Fig., the concentrations reach the threshold
values in the different elements of the growth boundary, triggering the
growth process in every case.

Concerning growth velocity, the same example was used to analyse
the influence of parameters a and b, depending on the TNF-a and BMP-2
concentrations. Fig. 8 shows the results for the same time step for differ-
ent values of the parameters. As can be seen in the Fig., as the values of
the parameters increase (higher concentrations) the callus growth ve-
locity increases giving rise to a quicker fracture healing.

Finally, the complete approach was applied to three different types
of fractures: a transverse fracture with a gap of 4.0 mm (Fig. 9), an
oblique fracture with a gap of 3.0 mm and an angle of 31° (Fig. 10), and
a comminuted fracture with an intermediate bone fragment with 2.0
mm for the upper gap (angle of 22°) and 4.0 mm for the lower gap (Fig.
11). All the FE models were developed with triangular quadratic ele-
ments and an average mesh size of 1.0 mm. It can be observed that the
callus formation is complete in every case, despite the geometrical com-
plexity (tilted boundary in the case of the oblique fracture; discontinu-
ous boundary in the case of the comminuted fracture).

Moreover, in the case of the comminuted fracture the intermediate
fragment was considered as devitalized, so the callus growth can only
take place from upper and lower boundaries corresponding to the non-
devitalized parts.

4. Discussion

A new approach for initial callus growth during fracture healing in
long bones has been presented. The approach combines a diffusion
model with a mesh growing algorithm that allows free growth for the
callus depending on previously established conditions, without a pre-
meshed domain. Mesenchymal stem cell and chondrocyte concentra-
tions were chosen as the main biological factors controlling the callus
formation, and TNF-a and the Bone Morphogenetic Protein2 as the fac-
tors influencing the velocity of the callus growth. The approach allows
different biological magnitudes to be selected or changed.

Previous works on FE simulation in this field [8-15] have mainly fo-
cused on tissular differentiation and bone remodelling, considering a
predefined callus form. They use a pre-meshed domain updating the
type of material of the elements according to different mechanical and
biological factors, but without considering the callus growth itself.
None of the previously published approaches include predictive algo-
rithms referring to the callus morphology. Moreover, the previous ap-
proaches analyse only a single biological factor, while the proposed ap-
proach simultaneously takes into account biological factors controlling
callus formation as well as biological factors influencing the velocity of
the callus growth.

The proposed approach was applied to several diaphyseal femoral
fractures treated by means of intramedullary nailing, this being the
most usual surgical technique for long bones (femur, tibia, humerus).
Closed reduction followed by IM nail fixation is an ideal surgical
method as it can provide strong internal fixation with a mini-incision
but without interfering with local blood supply at the fracture site [26],
essential for appropriate callus growth.

Three types of fractures have been included in the study. The trans-
verse fracture model is commonly reported in different FE bone healing
publications; it is therefore important to check its good performance
even though transverse fractures are the least common in clinical prac-
tice. The oblique fracture is more common than the transverse, present-
ing greater complexity due to the angle formed with the main direction
of the bone. Finally, the comminuted fracture represents an extremely
complex problem, because the presence of three parts of bone and the
diffusion problem concerns only to the two main bone fragments (upper
and lower), the intermediate fragment being without blood supply and
therefore the callus growth is only activated on the main bone frag-
ments. No publications concerning callus growth in this type of fracture
have been found.

The proposed approach has proved effective in all the analysed
cases, helping us to understand the initial phase of fracture healing con-
cerning to the callus growth in different types of fracture and under dif-
ferent biological conditions. Moreover, it has the advantage of natural
callus growth, without the existence of a previous mesh that may affect
the conditions and direction of growth.

As a main limitation of the work, it should be made clear that the
proposed approach refers only to the initial phase of fracture healing,
when the primary callus appears. Future work will focus on the imple-
mentation of the corresponding formulations for tissue transformation
and bone remodelling in order to achieve complete fracture healing.

5. Conclusions and future work

The algorithmic strategy implemented allows the simulation of cal-
lus growth for different fracture geometry boundaries. Furthermore, the
callus growth does not follow a predefined morphology of the mesh, but
generates a mesh following a natural way of callus growth depending
on the diffusion and growing algorithms. In consequence, there is a real
generation of new mesh added to the fracture model boundaries. New
elements appear in the growth boundary of the mesh, expanding the do-
main of the FE model. This prediction of the evolution of the callus is af-
fected by the parametric growth function defined according to the MSC
and Chondrocyte factors; at the same time the evolution reproduces the
mechanism of cell colonization until the gap in the bone fracture is
filled.

The algorithm accomplishes the closing of the growth boundaries,
irrespective of the initial shape. The algorithm even has the ability to
join isolated fragments of a comminuted fracture.

At this point, where the callus growth algorithm has been imple-
mented and successfully tested in an axisymmetric 2D model, the re-
search is focussing on generalizing the methodology to 3D models. In
the next stage, a formulation for tissue differentiation and transforma-
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tion will be developed in order to simulate bone remodelling, allowing
complete fracture healing to be reproduced.
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