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Bone healing process is a complicated phenomenon regulated by biochemical and mechanical sig-
nals. Experimental studies have shown that ultrasound (US) accelerates bone ossification and has a
multiple influence on cell differentiation and angiogenesis. In a recent work of the authors, a biore-
gulatory model for providing bone-healing predictions was addressed, taking into account for the
first time the salutary effect of US on the involved angiogenesis. In the present work, a mechano-
bioregulatory model of bone solidification under the US presence incorporating also the mechanical
environment on the regeneration process, which is known to affect cellular processes, is presented.
An iterative procedure is adopted, where the finite element method is employed to compute the
mechanical stimuli at the linear elastic phases of the poroelastic callus region and a coupled system
of partial differential equations to simulate the enhancement by the US cell angiogenesis process
and thus the oxygen concentration in the fractured area. Numerical simulations with and without
the presence of US that illustrate the influence of progenitor cells’ origin in the healing pattern and
the healing rate and simultaneously demonstrate the salutary effect of US on bone repair are pre-

sented and discussed. © 2019 Acoustical Society of America. https://doi.org/10.1121/1.5089221

[CCC]

I. INTRODUCTION

Secondary bone healing is a complex procedure taking
place in four stages, i.e., the inflammatory, callus differentia-
tion, ossification, and bone remodeling stages, all characterized
by biochemical signals, mechanical stimuli, and a plethora of
other impressive cellular and molecular processes.

During the last three decades, several mathematical
models and computational methods have been proposed to
simulate the difficult procedure of secondary bone healing
(Betts and Miiller, 2014; Wang et al., 2017; Ghiasi et al.,
2017). Although more intensive work is required on the sub-
ject, these models offer a powerful tool that helps scientists
and practitioners to elucidate underlying mechanisms,
explore the involved complex biological processes, test bone
healing acceleration scenarios, and optimize treatment tech-
niques (Pivonka and Dunstan, 2012). Besides, the use of
those computational models allows one to perform easily
and economically many parametric studies, which otherwise
would require expensive and time-consuming in vivo and
in vitro experiments to be conducted.

As it is mentioned in the very recent review work of
Wang et al. (2017), all the relevant mathematical and com-
putational models proposed so far in the literature can be
grouped into three categories. The first category concerns
the bioregulatory models like the one demonstrated in the
recent work of Vavva et al. (2018). In this category, the
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biochemical factors involved in cell signaling and differenti-
ation are only considered in bone healing simulations. The
second category deals with the so-called mechanoregulatory
models, where the mechanical stimuli possess the key-role
of bone healing. Finally, in the third category belong the
coupled mechanobioregulatory models that effectively com-
bine the models mentioned in the previous two categories.

Focusing on mechanoregulatory and mechanobioregula-
tory models, it is well known that successful healing requires
the stabilization of the bone using applicable forces on it.
First, Pauwels (1941) reported that pseudarthrosis occurs
when the fractured bone is inadequately fixed. Many years
later, Pauwels (1960) presented the exact parameters and the
mechanical environment that exist to achieve bone forma-
tion. Distortional stress affects the development of fibrous
connective tissue and hydrostatic compression stimulates
cartilage formation. Furthermore, experimental (Augat et al.,
1998; Claes et al., 1998) and clinical studies (Goodship and
Kenwright, 1985; Goodship et al., 1998; Kenwright and
Gardner, 1998) have demonstrated that mechanical loading
plays a significant role in bone fracture healing.

During the last decades numerous mechanoregulation
and mechanobioregulation computational models have
appeared to demonstrate the relationship between mechani-
cal loading and tissue differentiation, especially in bone
healing (Ament and Hofer, 2000; Carter et al., 1998; Claes
and Heigele, 1999; Prendergast, 1997; Alierta et al., 2014;
Vetter et al., 2012, Wang et al., 2017; Ghiasi et al., 2017,
Wilson et al., 2017). Several mechanical loadings have been

© 2019 Acoustical Society of America
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investigated which mainly include force application at the
boundary, force transmission through the tissue matrix,
mechanosensation and transduction by cells, and transforma-
tion of the extracellular matrix characteristics (Isaksson
etal.,2011a, 2011b).

Lacroix et al. (2002) used a diffusion equation to model
the concentration of progenitor cells through proliferation,
originating from the periosteum, the bone marrow, as well as
the soft tissue external to the callus. In this approach, pro-
genitor cells were considered to differentiate into fibroblasts,
chondrocytes, or osteoblasts, following a mechanoregulation
concept, which will be explained in detail later. Bailon-Plaza
and van der Meulen (2001) focused on the cell and molecu-
lar mechanisms of the bone healing while Perez and
Prendergast (2007) introduced a stochastic model of cell dis-
semination into the mechanoregulation algorithm. Garcia-
Aznar et al. (2007) and Gomez-Benito et al. (2005) have
suggested a model of tissue differentiation, which considers
cellular processes along with volumetric tissue growth.

Researchers have recently developed computational
models incorporating other significant determinants of bone
healing apart from the mechanical environment, such as
angiogenesis and/or the nutrient supply in directing tissue
differentiation within a fracture callus (Chen et al., 2009;
Checa and Prendergast, 2009; Carlier et al., 2015; Geris
et al., 2010a; Shefelbine et al., 2005). In more detail, Geris
et al. (2008) developed a continuous mechanical model
using a number of partial differential equations to describe
the bone-healing phenomenon. The healing process, using
this method, was found to be in agreement with experimental
observations. Later on, the authors extended their previous
study in order to take into account the effect of mechanical
stimulus in their model (Geris et al., 2010b). Finally,
OReilly et al. (2016) employed a computational mechano-
biological model to examine whether the local oxygen ten-
sion regulates chondrocyte hypertrophy and endochondral
ossification of the cartilaginous matrix within the callus of a
fractured long bone. To this goal they set up a three-dimen-
sional Finite Element Method (FEM) model of the fracture
callus to determine the biophysical stimuli generated by the
loading of the callus during gait.

In the present work, a new FEM computational mechano-
bioregulatory model is proposed. More precisely, the computa-
tional model for tissue differentiation of Checa and
Prendergast (2009) is adopted, with the difference that the vas-
cularization process and thus the supply of oxygen and
nutrients to cells is accomplished through the bioregulatory
computational model addressed in our recent work (Vavva
et al., 2018). In that work, the salutary effect of Low Intensity
Pulsed Ultrasound on bone healing is reviewed and is taken
into account by introducing, in the considered system of equa-
tions, a term associated with the diffusion of ultrasound (US)
in the injured area. As explained by Xu et al. (2006), fluid satu-
rated porous media subjected to a small amplitude oscillatory
pressure gradient appears as micro-fluid flow caused by the
imposed pressure fluctuations, a phenomenon that can be
described by dynamic diffusion. Such a consideration takes
into account the low intensity of the US and the imposed pres-
sure gradient (Qin et al., 2003) than its wave characteristics
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like pulse duration and frequency. Investigation on the influ-
ence of the wave characteristics of the US on the acceleration
of bone fracture healing requires more detailed models where
the interaction of US with the different microstructure of the
healing phases of the bone has to be considered. However, in
this case the US effect is assessed locally (Hosokawa, 2013)
rather than globally, as in the case of Vavva et al. (2018).
Thus, in the present work, the positive influence of US is auto-
matically taken into account via the global bioregulatory model
of Vavva et al. (2018).

The paper is organized as follows: In Sec. II the materials
and the flow chart of the iterative computational process fol-
lowed in the present work are illustrated and presented in detail.
The essential stages of fracture healing process obtained by the
simulations along with the influence of US to the speed of heal-
ing are demonstrated as well. Finally, the obtained results are
analyzed and discussed assiduously in Secs. III and IV.

Il. THE MECHANOBIOREGULATORY MODEL

In the present study, we propose a coupled mechanobiore-
gulatory model for simulating bone fracture healing under US
enhancement. That coupled model combines our previous mul-
tiscale model (Vavva et al., 2018) and a mechanoregulatory
model based on the idea of Checa and Prendergast (2009) of
considering tissue differentiation based on the local mechanical
environment and the local vascularity. The effect of US in the
new model is introduced as vascularization enhancement via
an angiogenesis procedure facilitated by the bioregulatory
model presented in Vavva et al. (2018). The main steps and the
underlying iterative process of the proposed model are sche-
matically presented in the flowchart of Fig. 1 and explained in
what follows. The bioregulatory and mechanoregulatory parts
of the coupled model are indicated in the flowchart by boxes
with continuous red and black lines, respectively, while their
coupling is depicted with dashed lined boxes.

A. The bioregulatory part of the coupled model

The bioregulatory part of the coupled mechanobioregu-
latory model proposed here is that of Vavva et al. (2018) and
it is employed here just for two specific purposes: first to pre-
dict the Mesenchymal Stem Cells (MSCs) migration and
proliferation during the healing process and, second, to sim-
ulate the spatiotemporal evolution of vasculature under the
US effect to determine the oxygen concentration inside the
callus.

The calculation of (MSC) concentrations (c,,) is derived
from the solution of the following non-linear diffusion
(Fisher) equation:

oo,

E =V (Dmvcm - CmCTCmv(gb + gv) - CmHTCmvm)

+Anzﬂ'n1(1 - Ocmcm) —Ficy — Facy — Facp, (D

where the functional forms related to migration (D,,, C,.cr,
C,.u1), proliferation (A,,), chondrogenic differentiation (F»),
the differentiation of mesenchymal stem cell toward osteo-
blasts (F;), the differentiation of mesenchymal stem cells
into fibroblasts (F4), and the variables for the generic
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FIG. 1. (Color online) Flowchart of the iterative coupled mechanobioregulatory model used for tissue regeneration during bone healing. The differentiation
process is regulated by the local mechanical environment (biophysical stimuli S) and local vascularity (oxygen concentration).

osteogenic (g,), the generic angiogenic growth factor (g,),
and the total matrix density (m) influencing the random
motion were taken from Geris et al. (2008) and «,, is indi-
cated from the limiting densities as described in Bailon-
Plaza and van der Meulen (2001).

The above-mentioned formulation is applied to the
geometrical domain defined in Fig. 2(a). The results of Eq.
(1) are related to the migration and proliferation of the
MSCs inside the callus region and they will be used in the
rule of mixture, which will be explained later in the present
work, as shown in Fig. 1. Concerning the initial conditions,
fixed MSC concentrations are assumed on either (i) perios-
teum layer, (ii) periosteum cortical interface, or (iii) bone
marrow interface depending on the assumption for the ori-
gin of the cells (see below). To establish how MSCs are
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distributed inside the selected geometry 200 iterations were
required, which corresponds to 35 days post-fracture heal-
ing period.

The spatiotemporal evolution of blood vessels, carry-
ing the oxygen inside the callus, is determined by solving
numerically the system of 12 coupled differential equa-
tions, addressed in Vavva et al. (2018), which describe the
spatiotemporal variation of mesenchymal stem cell (c,,),
fibroblasts (c¢y), chondrocytes (c.), osteoblasts (c}), fibrous
extracellular matrix (my), cartilaginous extracellular
matrix (m,.), bone extracellular matrix (m,), generic osteo-
genic (g;), chondrogenic (g.), and vascular growth factors
(g,) as well as the concentration of oxygen and nutrients
(n). To describe the sprout dynamics the discrete variable
¢, is used, while the effect of US on c, is represented by

FIG. 2. (a) The geometrical domain
models one-fourth of the real fracture
callus geometry due to reasons of sym-
metry: (1) periosteal callus; (2) inter-
cortical callus; (3) endosteal callus;
and (4) cortical bone ends. (b)
Geometrical model of bone fracture
for the poroelastic FEM model. The
origin of the coordinate system is
placed in the left bottom corner of the
geometrical domain.

peo]

(b)
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FIG. 3. (Color online) The geometry of the callus along with the different cell origins indicated by the red arrows. (a) No cells origin is considered, (b) cells
come from the periosteum-cortical interface, (c) cells originating from the periosteum layer, (d) cells’ diffusion takes place from bone-marrow interface, and

(e) cells originate from the three previous interfaces.
the US pressure gradient Vp in the right-hand side of the
equation,

gy
ot

=V (ngvgl’ + ngVP) + Egvhcb + Egvccc
_gv(dgv + dgvccv)~ (2)

More details concerning the material properties, geometry,
and the numerical implementation of the above-mentioned
system can be found in Vavva et al. (2018).

B. The mechanoregulatory part of the coupled model

After the determination of all necessary biological
parameters (MSC and O, concentration), a FEM model for
solving poroelastic problems is employed to determine the
shear strain environment and the fluid/solid velocity at the
different ossification stages of the bone. A spatial domain
[Fig. 2(a)] from real callus geometry, at 3 weeks post frac-
ture in a standardized femoral rat fracture model (Peiffer
et al., 2011; Harrison et al., 2003) is employed for the FEM
analysis. Due to reasons of symmetry only one-fourth of the
considered cross-section is discretized. For compatibility
reasons the geometry of the discretized area is the same with
the corresponding one used in the bioregulatory model of
Vavva et al. (2018). The FEM calculations were performed
with the aid of ANSYS Simulation Software (ANSYS
Student Release v. 16.2) in a typical PC (Intel® Core™"

TABLE I. Material properties for the different stages in callus formation.

i7-8650U CPU @ 1.90 GHz, 8.00 GB RAM) with time sim-
ulation ranging from 5 to 15 min.

The deduced geometrical domain, which was used for
the numerical simulations, can be seen in Fig. 2(b). It con-
sists of three regions, i.e., cortical bone, marrow, and callus.
The last is the region of interest in which we examined tissue
differentiation during the bone healing process. The gap size
was chosen in accordance with the experimental observa-
tions of Harrison et al. (2003) who reported the formation of
a pseudarthrosis in a 3mm distracted mid-diaphyseal rat
femoral osteotomy. This value is also in the same range as
other rat femoral critical defect sizes reported in literature:
1cm (Vogelin et al., 2005), 8mm (Tolli et al., 2011), and
6 mm (Drosse et al., 2008).

The cortical bone was subjected to an axial ramp load-
ing of 500 N. The nodes in the transverse plane through the
center of fracture were constrained on the longitudinal direc-
tion, while the nodes on the centerline of the medullary canal
were constrained on the transverse direction. A plane strain
mesh was created for the modeling purposes at hand. The
mesh had 2733 two-dimensional eight noded-coupled pore-
pressure elements (CPT213) and 8516 nodes.

In the analysis of the fracture callus, the origin of the
progenitor mesenchymal cells was modeled by a fixed cell
concentration being defined on either (i) periosteum layer,
(ii) periosteum cortical interface, or (iii) bone marrow inter-
face. Apart from these three cases we examined the com-
bined effect of the three sites origin as well as the no-cells
origin case as it is shown in Fig. 3.

Granulation Tissue Fibrous Tissue Cartilage Immature Bone Mature Bone Cortical Bone
Young’s modulus (MPa) 0.2 2 10 1000 6000 20000
Permeability (m*/Ns) 1x107' 1x107' 5%x107" 1x107" 37x1071 1x107"
Poisson’s ratio 0.1667 0.1667 0.1667 0.3 0.3 0.3
Solid compression modulus (MPa) 2300 2300 3400 13920 13920 13920
Fluid compression modulus (MPa) 2300 2300 2300 2300 2300 2300
Porosity 0.8 0.8 0.8 0.8 0.8 0.04
J. Acoust. Soc. Am. 145 (2), February 2019 Grivas etal. 1051



The proliferation coefficients were estimated by consider-
ing that a steady state concentration would be reached in the
granulation tissue. This gave a proliferation coefficient of
0.1 mm?/day for the bone marrow site, 0.5 mm?day for the
periosteum bone interface, and 0.3 mm?/day for the periosteum
layer (Lacroix et al., 2002). Cell concentration was calculated,
and the differentiation scheme was implemented to predict tis-
sue phenotype forming every day of the healing period.

The three regions in the fracture site are assigned with
material properties equal to cortical bone, bone marrow, and
granulation tissue. As healing proceeds, granulation tissue
progressively evolves to fibrous tissue, cartilage, and woven
bone. Two types of woven bone were modeled representing
different stages of maturation, i.e., immature and mature
bone. Table I lists the mechanical properties considered for
the different tissue phenotypes.

In the present paper we adopted the mechanoregulation
algorithm proposed by Prendergast (1997) and modified by
Checa and Prendergast (2009). Following that concept, the octa-
hedral shear strain 7 in the solid phase and the fluid velocity v in
the interstitial fluid phase are used as regulators of the tissue dif-
ferentiation process according to the following equation:

YoV

S="+, 3)
where S is a mechanoregulatory stimulus and a, b constants
derived empirically for each tissue type. The present work fol-
lowing the suggestions of Prendergast (1997) and Checa and
Prendergast (2009) considers a = 0.0375 (%), b =3 um/s.

The diagram of Fig. 4 (Prendergast, 1997) with the lim-
its of the various fields given in Table II, is employed to
determine whether the precursor cells would differentiate

TABLE II. The limits of the mechanoregulation algorithm and the corre-
sponding phases in tissue differentiation process.

0.01 <S<0.267 Stimulation of osteoblasts and maturation of bone

(Conditions for mature bone)

0.267<S<1 Stimulation of osteoblasts and immature bone
(Condition for bone formation)
1<S<3 Stimulation of chondrocytes and cartilage (Condition

for cartilage)
S>3 Stimulation of fibroblasts and fibrous tissue (Condition
for fibrous connective tissue)

1052  J. Acoust. Soc. Am. 145 (2), February 2019

FIG. 4. The mechanoregulatory dia-
gram adapted from Prendergast (1997).

into either fibroblasts, chondrocytes, or osteoblasts, leading
to the formation of fibrous tissue, cartilaginous tissue, or
osseous tissue, respectively. Furthermore, the bone field region
was divided into an immature and mature woven bone to rep-
resent two mineralization stages of bone formation.

Indicating the role of US in angiogenesis and especially in
the growth of blood vessel network inside the callus it is crucial
to include the influence of vascularity on tissue differentiation
process. Checa and Prendergast (2009) extended Prendergast’s
algorithm stating that at low mechanical stimuli cartilage will
form if there are no blood vessels within a distance from the dif-
ferentiating cell. This is summarized in the following set of rules:

e IF (S =bone AND O, =low) THEN Cartilage formation,
e IF (S =bone AND O, =high) THEN Bone formation,

where no blood vessels surrounding the differentiating cell cor-
responds to low oxygen concentration (O, low) and capillaries
in the vicinity of the differentiating cell translates into high
oxygen concentration (O, high) and the mechanical stimuli is
regulated as shown in Table II (immature and mature bone).

For each iteration, a percentage of MSCs has reached
the maturation age and differentiates toward fibroblasts,
chondrocytes, or osteoblasts. When MSCs differentiate, a
new tissue phenotype is predicted via the mechanoregulation
algorithm and the issue of computation of the overall—cal-
lus—material properties arises.

In this stage, where two or more different tissue pheno-
types exist simultaneously in the finite element model, the
rule of mixtures is used to determine the homogenized mate-
rial properties. In more detail, the MSC concentrations and
the maximum concentration at each time step, as calculated
in the mechanobiology model (Vavva et al., 2018) is the nec-
essary input data for the considered calculation.

Specifically, the rule for the Young’s modulus obtains
the form

Cmax - Ccell Ccell

Efina = Egran +——
gran
Chnax Crnax

Eupda (4)
where C.. and C\,,, are the cells” and the maximum concentra-
tion in each element of the FEM model, respectively, Eq is the
updated Young’s modulus, and Ep,, is the final value of
Young’s modulus of the granulation tissue. Similarly, we can cal-
culate the other homogenized mechanical properties such as: per-
meability, Poisson’s ratio, solid, and fluid compression modulus.

Grivas et al.



lll. RESULTS

The present mechanobioregulatory model captures the
essential features of fracture healing phenomenon as they were
observed experimentally. Specifically, it begins with the direct
differentiation of granulation tissue to bone (intramembranous
ossification), predicts the intermediate tissue differentiation phe-
notypes until the hard callus formation via a cartilage phase
(endochondral ossification), and describes quite clearly the bony
bridging which signifies the completion of the ossification

0.2 Days

2 Days

8 Days

0.2 Days 2 Days

Fibrous
Tissue

Granulation
Tissue

Cartilage

process. The presence of US and its influence on the speed
of healing process is demonstrated and it will be shown that
apart from its already proven beneficial effect on angiogene-
sis it affects significantly the cartilage differentiation accel-
erating the osseous bridging. Finally, the progenitor cell
origin is included in our parametric study since it severely
affects the healing pattern and the healing rate as well.
Figures 5-9 represent the ossification predictions esti-
mated for five different cell origins as shown in Fig. 3. For
each of the above-mentioned cases, we present two sets of

12 Days 16 Days 20 Days

12 Days 14 Days

(b) 8 Days

A
==

Mature
Bone

Immature
Bone

FIG. 5. (Color online) Predicted healing patterns when cells are immediately distributed within the fracture: (a) The analysis was run without including US;
and (b) ultrasound effect was taken into consideration. The vascular network from the angiogenesis problem is given at specific days for comparison reasons.

The color palette underneath indicates the different tissue phenotypes.
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FIG. 6. (Color online) Predicted healing patterns when cells originate from the periosteum cortical interface (black arrows): (a) The analysis was run without

including US; and (b) ultrasound effect was taken into consideration.

simulations, where the biphasic model under consideration is
subjected to a rather high load case of 500 N, with and with-
out the presence of US. To describe as accurately as possible
the healing pattern over time, we took into consideration the
five tissue phenotypes (granulation tissue, fibrous tissue, car-
tilage, immature, and mature bone), which were described in
detail in Prendergast’s mechanoregulatory diagram (Fig. 4).

First, we examine the case where the progenitor cells at
t=0 are uniformly distributed within the callus. Based on
the sequence shown in Fig. 5(a), we observe that bone for-
mation mainly starts from the periosteal callus. It is found
that the region where the direct bone formation takes place
is significantly extended and very soon the fracture site is
occupied by cartilaginous tissue (12th day). In general, a
very rapid ossification process is observed accompanied by a
fast evolution of endochondral ossification, which mostly
involves the intercortical and endosteal callus regions.
Eventually, the differentiation of these regions contributes to
the bridging of the fracture gap (16th day) and the comple-
tion of the healing process at the 20th day.

When US is imposed in the poroelastic model a quite
similar, in quantitative terms, healing pattern occurs. The
ossification process is favored in periosteum, but the intra-
membranous ossification is more intense, and it seems to be
enhanced by the growth of the local vascular network. In

1054  J. Acoust. Soc. Am. 145 (2), February 2019

more detail, we can see that in the sub-regions where new
blood vessels are born, new bone (immature and mature)
phenotype is predicted, following the same healing path as it
is revealed indicatively by the figures showing the vascula-
ture at days 2 and 8. As healing time passes, the callus region
as well as the cortical gap is covered with new bone (12th
day) and due to the positive effect of US the ossification pro-
cess is accelerated significantly lasting only for 14 days, i.e.,
30% gain on post-fracture time.

When progenitor cells originate from the periosteum corti-
cal interface [Fig. 3(b)], it is predicted that intramembranous
bone formation occurs along the periosteum (external callus). At
the second day, some cartilaginous tissue is observed in the
external callus and the fracture site mostly constitutes of fibrous
tissue. In subsequent days (16th and 20th), cartilaginous tissue is
observed at periosteal regions near the fracture gap and in the
medullary cavity as well. At this time only small regions of
fibrous tissue remain in the fracture gap. Finally, at the 24th day
ossification takes place in the callus leading to the bridging of
the cortical gap and the gradual replacement of the remaining
soft tissues until bone healing is integrated (32nd day). The just
described sequence is depicted in Fig. 6(a).

The presence of US [Fig. 6(b)] remains beneficial for
the bone healing process as it was noted in the case of Fig. 5.
The enhancement of soft callus formation is obvious from
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day 6, when direct bone formation seems to be larger than
the respective one in Fig. 6(a). Furthermore, at the 14th day
the model predicts two independent ossification fronts (med-
ullary cavity and external callus) progressing at different
rates. At this day, bony bridging has already started and
endochondral ossification would proceed producing during
the next days of simulation mature bone inside the callus
region. Consequently, the post fracture time is reduced to 24
days and the healing process under the effect of US becomes
25% faster than in the case of its absence.

When cells originate from the periosteum layer, a simi-
lar pattern as the one depicted in Fig. 6(a) is observed,
except that the progress of endochondral ossification is much
slower as is indicated by the extended regions of cartilage in
the fracture gap and the thin zone alongside the bone marrow
[24th day; Fig. 7(a)]. Despite the delayed response in hard
callus formation, the ossification is completed and bridging
in the external callus occurs.

When US is imposed, the healing pattern does not differ-
entiate much from that depicted in Fig. 7(a) at least for the first
6 days. Specifically, until day 10 the transformation of fibrous
tissue to cartilage at endosteal regions and in the medullary
cavity seems to be the dominant characteristic of the healing
process. This transformation is critical for the initiation of
endochodral ossification, which will take place in the
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subsequent days (14th and 18th days). Although until the 18th
day considerable regions of cartilage and immature bone are
still observed, US is proven to accelerate the process compared
to the case that no US has been employed during the treatment.
Ultimately, at the 18th day bridging has already been started
and within the next 6 days (the 24th day) the ossification pro-
cess is completed, reducing the healing period by 25%.

When cells originate from the bone marrow interface,
bone formation lasts longer than in previous cases and finally
only a small percentage of the callus region has been cov-
ered with newly formed bone. As in previous cases the direct
bone formation first appears in the external callus. However,
the intramembranous ossification process is much more lim-
ited, and as a result we observe (2nd day) large regions of
undifferentiated tissue in the cortical site. In the following
days, fibrous tissue replaces granulation tissue in the cortical
region and differentiates to mature bone but the ossification
and bridging processes evolve at very slow rates.

Although the ossification process remains slow even in
the case of US radiation, Fig. 8(b) reveals a positive contribu-
tion of US to bone bridging throughout the medullary canal.

Finally, we examined the case where the progenitor
cells originate simultaneously from the above-mentioned
three origins (Fig. 9). This case can be considered as the most
realistic one since the origination of cells is not focused only
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in one region of the formed callus. When US is not included in
the poroelastic analysis, the first mechanism associated to the
healing process is intramembranous ossification. This process
occurs mainly in periosteal regions [8th day; Fig. 9(a)] leaving
extended regions of undifferentiated bone elsewhere and more
specifically fibrous connective tissue in the fracture gap and
cartilage to the remaining areas. Next, endochondral ossifica-
tion arises in the external callus until stabilization is sufficient
to allow osseous bridging at the outside of the callus (32nd
day). In the examined case it is clearly seen that new tissue is
born through the formation of internal and external callus.
This is achieved as a result of the ossification process, which
propagates from medullary cavity and external callus (ossifica-
tion centers) at different rates for each one. Eventually, bone
healing is completed at 36 days, namely, 4 days longer than
the first two examined scenarios. This is justified due to the
fact that we have incorporated into our model much more real-
istic assumptions (several areas as origins of mesenchymal
cells). Moreover, it should be noted that between the two ossi-
fication centers, periosteum is predicted to have the main con-
tribution in the differentiation process.

Concerning the simulation where US is taken into con-
sideration, the positive influence of US on the overall pro-
cess is proven. During the first 6 days intramembranous
ossification guides the differentiation but quite soon
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endochondral ossification takes the lead and until the 16th
day stabilization of endosteal and fracture gap has already
been achieved. Thereafter bridging evolves [20th day; Fig.
9(b)] contributing essentially to the fast ossification of the
whole callus region (28th day). In total, our model predicts
that US accelerates the healing process reducing the post-
fracture time by 22%.

IV. CONCLUSION

In this paper we presented a computational mechano-
bioregulation model for predicting the ossification process in
bone fracture healing under the presence of US illumination.
The models effectively combine the bioregulatory model
addressed in our recent work (Vavva et al., 2018) and a
mechanoregulatory model that takes into account the influ-
ence of vascularization in the bone healing process. The iter-
ative procedure implemented by the present model was
based on tissue differentiation taking into account the local
mechanical environment and the local vascularity enhanced
by the presence of US. More specifically, first we solved the
biological problem in order to derive the MSCs concentra-
tion at each point of the callus region. Subsequently and sep-
arately from the iterative process, the angiogenesis problem
has been solved to determine the oxygen concentration
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inside the callus region via the spatiotemporal evolution of
the blood vessels network.

The next step of the iterative procedure was to set up the
FEM model, which solves the related poroelastic problem
and calculates the biophysical stimulus at each point of the
callus and at each time step of the iterative algorithm. After
the determination of mechanical stimulus (mechanoregula-
tory model) and oxygen concentration (bioregulatory model)
we were able to predict, through Prendergast’s mechanore-
gulation diagram, the occurred tissue phenotype. Several
cases of progenitor cell origination have been considered
and investigated. The obtained results show that US acceler-
ates first the intramembranous bone ossification, which fol-
lows the same healing path with vascular network growth,
and second, facilitates the bony bridging which is undoubt-
edly a core process of endochondral ossification.

The novelty of our model clearly lies at (i) the descrip-
tion of the contribution of US on the vascularization process
and subsequently the oxygen concentration in the injured
area, and (ii) the consideration of vascularization rate in the
FEM iterative procedure applied for the determination of tis-
sue phenotype at all fracture healing stages. Regarding the
quality of our numerical results obtained without the pres-
ence of US, one can say that they are in good agreement
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with the corresponding results provided by other numerical
mechanoregulatory models, mentioned in Sec. I. Small dif-
ferences appearing in the healing time are mainly due to the
contribution of the oxygen concentration in the iterations of
our FEM model. Our numerical results that take into account
the US effect predict a reduction of the post-fracture time by
22%, which seems to be a realistic and conservative result
confirming the salutary effect of US in bone healing
(Heckman et al., 1994; Kristiansen et al., 1997; Claes and
Willie, 2008; Protopappas et al., 2008; de Albornoz et al.,
2011; Cheung et al., 2011; Kumagai et al., 2012; Li et al.,
2012; Leighton et al., 2017).

We recognize that all predictions provided in the above
simulations need to be validated experimentally.
Unfortunately, properly designed in vitro or in vivo experi-
ments that can be used for the validation of a mechanobiore-
gulatory computational model like that proposed here are
not available in the literature. As Betts and Miiller (2014)
mention, the comparison between predictions provided by
simulations and experimental studies remains an obstacle for
advancing the field. Despite the lack of experimental data
for comparisons, the present work successfully takes into
account the effect of the diffused pressure field imposed by
US in the fractured area and offers a new and reasonable
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computational mode, which in conjunction with properly
designed experiments is able to give answers to tissue differ-
entiation due to US and solutions to bone fracture treatment
and bone scaffolds designing.
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