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ABSTRACT

The most popular model of the bone healing considers the fracture callus as poroelastic
medium. As such it requires an assumption of the callus’ external permeability. In this work a
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systematic study of the influence of the permeability of the callus boundary on the simulated

bone healing progress is performed. The results show, that these conditions starts to play
significant role with the decrease of the callus size. Typically enforced impermeability inhibits
the progress of healing during simulation. A remedy for this effect is imposing drainage

conditions at the callus’ boundary.

1. Introduction

Depending on the stabilization techniques, the fusion
of the bone fracture can proceed in two ways, i.e. as
primary (direct) or secondary (indirect) healing with
callus formation (Isaksson et al. 2006; Claes 2011;
Augat et al. 2014; Augat et al. 2021). Although both
processes possess characteristic disadvantages, and the
fracture callus was perceived even as pathological
(Augat et al. 2021), nowadays secondary healing is
considered as much more biological (Augat et al.
2021) and faster (Foster et al. 2021). This fracture
repair takes place in typical stages during which the
fracture site changes sequentially from hematoma
through soft callus to hard callus. The process is
followed by bone remodeling (Quinn et al. 2022a).

Bone healing is a very complex process. Since the
experimental revision of this phenomenon is limited,
the numerical simulations serve as a good alternative
for the evaluation of various stabilization techniques of
the fracture site, see e.g. (Miramini et al. 2015; Beirami
et al. 2021; Feng et al. 2021; Nayak et al. 2024).

The process depends on many issues, like e.g. spe-
cific biological factors or medical treatment. Evidently,
the mechanical environment at the fracture site is also
very important. For example, indirect healing requires
an appropriate amount of movability of the fracture to
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provide the callus formation (Claes 2011; Augat et al.
2021). In fact, the healing process consists in sequential
changes of mesenchymal stem cells (MSC) infiltrating
the callus to specific phenotypes, like fibroblasts, chon-
drocytes or osteoblasts (Lacroix et al. 2002). This tissue
differentiation is strongly dependent on mechanical
factors. Over the years several mechano-regulation
theories were proposed (Isaksson et al. 2006). These
theories consider specific mechanical factors as a
stimulus of cell differentiation. Pauwels hypothesized,
that hydrostatic pressure promotes cartilage formation
whereas tensile deviatoric stress is responsible for
fibrous tissue arise (Lacroix et al. 2002; Isaksson et al.
2006; Boccaccio et al. 2011). The osteoblast can
develop only in zones stabilized by soft callus. On the
other hand, in Perren’s theory tissue differentiation is
driven by strain. Each tissue phenotype cannot form, if
the tissue exists in a strain field greater than strain
value causing its rupture (Perren 1979; Boccaccio et al.
2011; Claes 2011). This theory is usually called
‘interfragmentary strain theory (IFS)" (Isaksson et al.
2006; Augat et al. 2021). The hypothesis of Perren is
very simple and intuitive and therefore it is readily
used in the evaluation of fixators (Miramini et al.
2016; Augat et al. 2021). Nonetheless, the most popular
mechano-regulation theory used in the simulations of
the healing process is the proposal of Prendergast
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(Prendergast et al. 1997; Lacroix and Prendergast 2002;
Lacroix et al. 2002; Boccaccio et al. 2011; Ma et al.
2018; Mehboob et al. 2020; Mehboob et al. 2024).
According to this concept the mechanical stimuli
which govern the tissues’ differentiation are the octahe-
dral shear strain and velocity of the interstitial fluid. In
the opposite to the previous hypotheses this one con-
siders the callus as a biphasic medium. Thus, in this
case one of the assumption that must be made in the
simulation is the permeability of the callus external
boundary. This is mostly assumed to be impermeable
(Lacroix et al. 2002; Epari et al. 2006; Isaksson et al.
2006; Ma et al. 2018; Mehboob et al. 2024). The aim
of this paper it to review the consequences of this
hypothesis. In order to achieve this goal, the series of
simulations of axially compressed bone healing is per-
formed with varying drainage conditions of the callus’
boundary. The attention is paid to the influence of the
callus external permeability on the effect of the simula-
tions. As the importance of these conditions is sup-
posed to increase with the decrease of the callus
dimensions, two sizes of the callus are examined. To
the best of the author’s knowledge such study is ori-
ginal one.

2. Materials and methods
2.1. Bone healing model

The simulation of the bone reconstruction is per-
formed by making use of the model proposed by

Lacroix et al. (2002). Figure 1 depicts the scheme of
the analysis together with the geometry and loading
conditions of the considered models. It must be
noticed, that the geometry of the large callus and load
scheme are taken after (Lacroix et al. 2002).

In the model with the small callus only the callus
size is modified. The callus is assumed to be filled
with the granulation tissue at the beginning of the
simulation (Lacroix et al. 2002). The healing, in the
sense of the simulation, is an iterative process in
which the MSC cells’ migration is treated as a diffu-
sion phenomenon

Oc
— = DV? 1
o Ve (1)

In Equation (1) ¢ stands for the normalized cell
concentration (0 < ¢ < 1) and D indicates the diffu-
sion coefficient. The value of D is determined basing
on the assumption that it provides the steady state
concentration (¢ = 1) after 16 weeks in the entire cal-
lus (Lacroix et al. 2002; Isaksson et al. 2006; Ma et al.
2018). It is assumed, that the cells flow from the peri-
osteum, surrounding tissues and marrow (Figure 1).
The normalized cell concentration at the mentioned
boundaries is assumed to be constant (c=1),
(Lacroix et al. 2002).

The fracture site is mechanically stimulated by an
average load in each day (each iteration). For long
bones, like e.g. tibia, usually axial compression is con-
sidered with 1Hz frequency (Lacroix et al. 2002;
Isaksson et al. 2006). In the present study the average
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Figure 1. Scheme of the iteration process, geometry data and mesh of the large and small callus.
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force is set to 500N (Lacroix et al. 2002), see
Figure 1.

According to the Prendergast theory (Huiskes et al.
1997) the biomechanical stimulus (S) at the peak load
is identified by Equation (2)

2)

where 7y is the octahedral shear strain and v is the
interstitial fluid velocity, and a = 0.0375 and b =
3um/s are the material constants identified experi-
mentally (Huiskes et al. 1997; Prendergast et al. 1997).
The stimulus S arising in Equation (2) is assumed to
govern the transformation of MSC cells to specific tis-
sue phenotypes, according to: 0<S<0.267 - mature
bone, 0.2670 <S<1 - immature bone, 1<S<3 -
cartilage, 3 < S - connective fibrous tissue. Similarly as
in Miramini et al. (2016), if S>6, no cell transform-
ation is identified. To prevent the numerical computa-
tions from instabilities caused by rapid modifications
of material properties, some smoothing strategy must
be introduced (Lacroix et al. 2002). In this work it is
assumed, that the actual value of the material param-
eter is a 10d average P;, see (Isaksson et al. 2006;
Mehboob and Chang 2018; Mehboob and Chang
2019):

i

1
P=—>"P (3)
10k=i 9

where P indicates the material parameter (Young
modulus, Poisson ratio, permeability). Table 1
includes the material data adopted in the analysis,
that are taken after (Lacroix et al. 2002; Isaksson et al.
2006). Taking into account the concentration of the
MSC cells, see Equation (1), the final value of each
material parameter is obtained (Lacroix et al. 2002):

P?Ct:C'Pi_‘_(l_C)'Pgmn (4)
where P, is the parameter of the initial granulation
tissue.

Table 1. Properties of poroelastic materials (E — young modu-
lus, v — poisson ratio, k-permeability, n-porosity).

Tissue E [MPa] vI[-] k [m*/N-s] n [-]
Cortical bone 20,000 03 107" 0.04
Marrow 2 0.167 107" 0.8
Granulation tissue 1 0.167 107 0.8
Fibrous connective tissue 2 0.167 107" 0.8
Cartilage 10 0.167 5.107" 0.8
Immature bone 1000 0.3 107" 0.8
Mature bone 6000 03 37107 0.8

2.2. Finite element model

The simulations are performed with the use of the
Abaqus (2021) HF12 (Dassault Systemes Simulia
Corp.) program. The usage of this software is very
popular in the field of biomechanics and mechanobi-
ology since years see, e.g. (Isaksson et al. 2009; Byrne
et al. 2011; Merdji et al. 2020; Taharou et al. 2021;
Mehboob et al. 2024). The material of the tissues is
treated as a fully saturated poroelastic medium. A
user subroutines USDFLD, UEXTERNALDB, SDVINI
and Python scripts are employed to update the mater-
ial properties and to transfer the data between the
iterations, see Figure 1. In the MSC cells diffusion
simulation C3D8PT elements, whereas in the mechan-
ical stimulus analysis (consolidation) the C3D8P ele-
ments are adopted. The numbers of elements used in
the discretization of each part of the model are col-
lected in Table 2. The approximate size element used
in the discretization of the bone, marrow and large
callus is 0.6 mm. In modeling of small callus finer
mesh (0.4 mm) is adopted to capture the deformabil-
ity of the thin gap. Increasing the number of elements
does not influence the solution.

As the axial load is considered only, one half of
the callus is modelled taking advantage of the sym-
metry conditions relative to the plane perpendicular
to the longitudinal axis of the bone, Figure 1.

Typically, in many studies, see e.g. (Lacroix et al.
2002; Epari et al. 2006; Isaksson et al. 2006; Miramini
et al. 2015), the external boundaries of all tissues are
impermeable. However, in this work full imperme-
ability is imposed only at the bone external boundary,
whereas at the callus’ external surface various types of
permeability conditions are assumed: impermeable,
fully permeable (zero pore pressure imposed on the
surface) and intermediate. They were achieved by
assuming a normal pore fluid flow from the interior
of the callus. The flow is determined by the seepage
coefficient (k;). Three levels of seepage coefficient
value are considered: large, medium and small,
respectively. According to (Abaqus 2021, Dassault
Systemes, SIMULIA) free drainage can be achieved if
ks > kyei/vic,, where kyg=k-vy, is the hydraulic
conductivity of the material of the callus, y; is the
specific weight of the liquid and c,; is the characteris-
tic length of the element next to the drainage surface.

Table 2. Finite element numbers in the models.

Tissue Large callus Small callus
Cortical bone 83,080 83,080
Marrow 54,432 56,160
Callus 79,705 41,454



http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

4 A. SABIK

Since in this part of the study the simulation of full
free drainage conditions is not intended, as the large
seepage coefficient the limit value k;~k/c, is
assumed, whereas as k the approximate value of
mature bone permeability is presumed, ie. k=
1-1071, which is the most permeable tissue arising
during the callus stiffening. Thus, the large seepage
coefficient is set to k8 = 1013 /¢, The medium
and small seepage coefficient are set arbitrary to
fmedium — 0.1k, fgmall — 0.01K2"¢¢, respectively.

3. Results

At first the two opposite permeability conditions for
both callus sizes are considered. In Figure 2 the bone
tissue formation for fully impermeable and fully per-
meable condition in large and small callus is pre-
sented. The results are presented until no significant
changes in bone formation is noticed.

The tissue phenotype is identified basing on the
resultant elastic modulus achieved in the considered
region of the callus (Isaksson et al. 2006; Ma et al.
2018), ie. E € (500,1000), E € (1000,2000), E >
2000 MPa for immature, intermediate and mature
bone, respectively. The fully permeable conditions at

Day Impermeable Permeable

callus callus

14

21

28

35

42

the callus external boundary slows down slightly the
stiffening of its external part in the first stage of heal-
ing. For the large callus it is clearly visible up to the
21th day and for the small callus up to the 56th day.
From this moment, the external callus starts to be
composed of the mature bone only and the healing
progress is faster if permeable conditions are
enforced. The stiffening ratio does not depend sub-
stantially on the permeability conditions in the case
of the large callus, however, a remarkable inhibition
of bone formation at the interface between the cor-
tical shaft and the medullary canal is observed in the
case of the small impermeable callus.

Figures 3 and 4 present the evolution of the octahe-
dral shear strain (y) and interstitial fluid velocity (v) in
arbitrary chosen points (P1-P4) of large and small cal-
luses for permeable and impermeable conditions. The
number of days shown in Figures 3(a) and 4(a) corre-
sponds to the day at which the strain in all the consid-
ered points reaches zero. In the contrary, the evolution
of velocity changes (Figures 3(b) and 4(b)) is shown for
the same periods as in Figure 2. The points match
characteristic regions: P1 — the center of the internal
part of the analyzed half of the callus, P2 - center of
the analyzed half of bone inter-fragmentary gap, P3 -

Day Impermeable Permeable
callus callus
+ —
frm— -
P
“ m m

Mature bone

Intermediate bone

Immature bone

Figure 2. Comparison of bone tissue formation for permeable and impermeable conditions — large callus (left), small callus

(right).
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a)
0,18 LARGE

P1impermeable callus
P2 impermeable
P3 impermeable
P4 impermeable
------- P1 permeable

P2 permeable

P3 permeable P P2
P4 permeable

0,15

0,12

0,06

characteristic points
0,03

c) Comparision of the present results with Lacroix 2002

P2 impermeable 0,004
............. Lacroix 2002

0,009
0,008
0,007
0,006
0,005
0,004
0,003
0,002 x e

0,003

0,002

[mm/

= 0,001

v [mm/s]
w
(o)}

0,001
0,000

Figure 3. (a and b) Influence of permeability conditions on the octahedral shear strain (y) and fluid velocity (v) in characteristic
points of large callus. Comparison of the present model with (Lacroix et al. 2002).

a) .
0,12 P1 impermeable
P2 impermeable
P3 impermeable
P4 impermeable Small
009 M | =oeme=e P1 permeable callus
P2 permeable
------- P3 permeable
_— 0,06 H—N—">N—""""T0] =====-- P4 permeable
- P4
P1 P2
e . characteristic points
0
0 10 20 30 40
Day
b)
0,024
0,020
0,016
S
E 0,012
" 0,008
0,004
0,000
0 5 10 15 2021 42 63 84
Day

Figure 4. (a and b) Influence of permeability conditions on the octahedral shear strain (y) and fluid velocity (v) in characteristic
points of small callus.
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region of the highest fluid velocities in the final stage of
healing, P4 - external boundary of the gap. As for the
case of the large impermeable callus a reference solu-
tion exists, additionally, in Figure 3 the comparison of
the present results with curves reported in Lacroix
et al. (2002) is shown. For this purpose the evolution of
the strain and fluid velocity in point P2 is presented for
the same time period as shown in Lacroix et al. (2002).

Independently of the callus size and the permeabil-
ity conditions, the reduction of the deformability of
the fracture site is caused by the formation of the
external callus: it falls on ca. 12d for large (Figure
3(a)) and on ca. 35d for small (Figure 4(a)) callus,
respectively, (cf. Figure 2).

Figure 3(a) shows clearly, that the permeability con-
ditions do not influence essentially the mechanical
flexibility of the large callus. They have an impact
only on the velocity values (Figure 3(b)), which are
slightly larger for the permeable conditions during the
external callus formation and just after this phase.
Thereafter they tends asymptotically to zero. The latter
observation is not noticed for the impermeable callus.
The impermeable conditions hinder the decrease of
the velocity field in the internal callus (points P1, P2,
P3, Figure 3(b)) - the velocity tends to zero very

Impermeable
callus

3,00
— 2,00

wn

1,00

0,00

0 5 10 15 20

4,00
3,00

= 2,00

%)

1,00

0,00

slowly. Though, the entire callus is filled with bone tis-
sues after 3 weeks of simulation.

In the opposite, the callus permeability conditions
start to play a more important role for smaller callus
size. From Figure 4(a,b) it follows, that they influence
substantially the velocity as well as the deformability of
the external callus, especially in point P4. Impermeable
conditions provide larger deformations of this region
(Figure 4(a)) whereas full permeability enforces signifi-
cantly larger fluid velocity (Figure 4(b)). Similarly as in
the case of the large callus, the impermeability condi-
tions hinder the reduction of the velocity values to
zero in the cortical shaft (points P2, P3, Figure 4(b)),
but in this case this leads to the inhibition of bone for-
mation in this region.

For better understanding of the influence of the
individual stimuli on the healing process, in Figures 5
and 6 the influence of permeability conditions on the
biomechanical stimuli S(y) = v/0.0375 and S(v) =
v/0.003 mm/s in characteristic points (P1-P4) of
large and small callus is demonstrated. Figures 5(c,d)
and 6(c,d) illustrate the evolution of the stimuli for
the total period considered, cf. Figure 2, whereas
Figures 5(a,b) and 6(ab) illustrate shorter periods
characterized by large fluctuations of stimuli.

Permeable
Weeks 1-3 sallys
b)

4,00

3,00

1,00

_o”

P2

0,00

0
Weeks 1-8 )

—P15y)
----- P1S(v)
P25(Y)
----- P25(y)
P3S(Y)
----- P3S(v)
P4S(y)
_____ P4 S(v)

40 50 60

Figure 5. (a—d) Influence of permeability conditions on the biomechanical stimulus S(y) and S(v) in characteristic points of large

callus.
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Impermeable

Permeable

callus Weeks 1-6 callus

b)
8,00

7,00
6,00
5,00

4,00

S[]

3,00
2,00

1,00

0,00

0 10 20 30 40
Weeks 1-12
D
d) e
8,00 —y)
7,00 | ee——— P1S(v)
P25(Y)
600 —tN—1+— 11— ____. P25( )
5,00 P35(Y)

= | & T || eee-- P3S(v)

- 400 —P4(y)
300 [+ | === P4S(vy)
2,00
1,00 —

0,00 gty 1 T Y S
60 80

Figure 6. (a—d) Influence of permeability conditions on the biomechanical stimulus S(y) and S(v) in characteristic points of small

callus.

In large callus (Figure 5), independently on the
permeability conditions, a characteristic interplay of
both  stimuli ~ S(y) =7v/0.0375 and S(v) =
v/0.003 mm/s is observed. In all points studied, in
the first stage, the deformation stimulus S(y) plays an
essential role evidently. It decreases with the increase
of the distance from the cortical shaft. The decrease
of the deformation stimulus S(y), caused by the for-
mation of the external callus, is followed by the
increase of the velocity stimulus S(v). The latter one
after a certain number of days reduces asymptotically
to zero or larger value, depending on the boundary
permeability, cf. Figure 5(c,d).

Slightly different observations are made for the small
callus (Figure 6). The deformation stimulus S(y) in the
internal callus (points P1-P3) is comparable for both
cases of permeability conditions, see Figure 6(a,b).
Nonetheless, the callus impermeability provides essential
deformation stimulus S(y) in the external callus (point
P4), whereas the permeable boundary enforces large vel-
ocity stimulus S(v) in this region, see Figure 6(a,b).
These both stimuli remain high over 4-5weeks and
inhibit the formation of the external callus, cf. Figure 2.
After this period the healing is governed by the velocity
stimulus which decrease is reliant on the boundary per-
meability, see Figure 6(c,d).

While both, the fully impermeable and fully per-
meable boundary conditions, are rather not realistic,
additional analyses were performed with intermediate
drainage conditions. Since, as described above, the
permeability conditions are pronounced only for the
small size of the callus, only this case is considered
more extensively.

Figure 7 depicts the comparison of the bone forma-
tion process in small callus with respect to different
drainage conditions. Additionally, the pore pressure
distribution for the last simulated day is shown.
It must be stressed, that irrespective the assumed
drainage conditions, pore pressure distribution
remains qualitatively the same after the stiffening of
the external callus. It can be seen, that the external
permeability of the callus has an essential impact on
the pore pressure distribution and flow direction at
the fracture site. With the decrease of the boundary
permeability the external pressure values and the over-
all pressure gradients in the callus increase. With the
decrease of the seepage, the flow tends to be localized
and oriented toward the medullary canal. Therefore,
an increase of the fluid velocity at the interface
between the cortical shaft and the marrow cavity is
observed. For this reason the bone formation in this
area is inhibited for fully impermeable conditions.
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Day Impermeable Small Medium
callus Seepage Seepage

14
28

42

56
70

84

84

+1.80e-1 +4.91e-2 +1.13e-2
+3.20e-3 +1.88e-3 +8.92e-4

Large Permeable
Seepage callus

Mature bone
Intermediate bone
Immature bone

Pore Pressure [MPa]

+8.93e-3
+2.3%-4

+7.34e-3
+0.0

Figure 7. Influence of permeability conditions of the small callus on the bone tissue transformation in selected days and pore

pressure distribution (day 84 only).

4. Discussion
4.1. Model verification

At first a comment on model verification shown in
Figure 3(c) should be provided. It can be seen, that
the present strain curve is in acceptable agreement
with the reference solution (Lacroix et al. 2002). In
the author’s opinion the discrepancies can follow from
various reasons, like other FEM program and other
element formulation used in Lacroix et al. (2002),
a different value of established diffusion coefficient,
but especially from different smoothing strategy uti-
lized in the update of material parameters. Additional
tests performed by the author, assuming that the 10-
days average is obtained even for the iterations less
than 10, provide the delay of the callus stiffening and
the resultant curve matches better the solution of
Lacroix. Unfortunately, the smoothing strategy is not
described in Lacroix et al. (2002).

On the other hand the discrepancy of the velocity
curves is more pronounced. This can follow from the
same factors, as mentioned above. It must be however
stressed, that the velocity field becomes very irregular
during the course of callus stiffening and the velocity
curves fluctuate significantly over time, see (Lacroix
et al. 2002). In the present study at around day 8 sub-
stantial velocity gradients arise in the vicinity of point
P2. Thus, the quality of the curve is strongly depend-
ent on the chosen point. Unfortunately, in Lacroix
et al. (2002) the precise coordinates of the considered
points are not provided. Thus, there is no guarantee

that the same points are compared. Another reason
that can cause these differences are the flow condi-
tions at the interfaces of different tissues. In Abaqus
by default the pore pressure consistency is imposed.
It is not clear what kind of flow conditions are
enforced in simulations in Lacroix et al. (2002) where
a different FEM code, Diana, is employed. In the
author’s opinion different flow conditions at tissue
interfaces can be also responsible for differences of
the velocity field in the callus. Unfortunately, the vel-
ocity curve in Lacroix et al. (2002) is not provided for
a longer period than ca. 36days and it is difficult to
decide, whether it tends to zero or not in further
iterations.

Nonetheless, the stiffness distribution presented in
Lacroix et al. (2002) indicates that after 20 d the callus
is filled with bone tissues which is consistent with the
present study, see Figure 2 (large impermeable callus).
Thus, the overall healing pattern obtained in the
present study matches the reference one, which
proves the correct implementation of the model.

4.2. Influence of external permeability and size of
the callus on simulation of bone healing progress

From the presented results it follows, that the larger cal-
lus heals faster. It should be noticed, that the geometry
of the large callus was taken after (Lacroix et al. 2002).
The fracture gap size (10mm) assumed in there is pure
theoretical. In fact, it is doubtful that gap of such size
would heal in reality (Claes et al. 1997). Typical distance
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between the bone fragments providing bone union
achieve 1-3mm (Lacroix and Prendergast 2002; Epari
et al. 2006; Butler et al. 2007; Wehner et al. 2010;
Miramini et al. 2016). The reason of the rapid healing of
the large callus follows from the significant distance of
the callus boundary from the cortical shaft which distrib-
utes the load to the fracture site. In consequence the
MSC cells, which enter the callus from surrounding tis-
sues are subjected to low biomechanical stimulus, cf. P4
in Figure 5. Thus, this zone stiffens very fast, leading in
turn to the decrease of the octahedral strain, in the entire
callus. In fact, it is questionable, that callus of such diam-
eter (deaiius/dpone = 1.6) can form in practice. Although
such large das/dpone ratios assumed in the simulations
of bone healing can be found in the literature (Wang
and Yang 2018; Quinn et al. 2022b) rather lower values
are most often reported, e.g. 1.4 (Isaksson et al. 2006;
Byrne et al. 2011), 1.3 (Ma et al. 2018), 1.1 (Miramini
et al. 2015; Miramini et al. 2016). In practice, the callus
mass depends on the stabilization technique and other
biological factors. Nonetheless, such large size seems
unrealistic. In the present paper these dimensions were
adopted for comparison purposes only, basing on the
data provided in the pioneering work of Lacroix (Lacroix
et al. 2002).

Although some numerical methods of prediction of
the callus size can be also found in the literature
(Comiskey et al. 2013; Mehboob and Chang 2018), in
the present work the experimental investigations reported
in Horn et al. (2011) were taken as a premise of the
small callus’ diameter. According to Horn et al. (2011)
the ratio dygs/dpone is approximately 1.1. The gap
dimension 2mm assumed in the small callus is also
more realistic.

In simulation the callus of such a size heals longer,
since the MSC cells in its external part, cf. P4 in
Figure 6, have unfavorable conditions for transform-
ation into the hard phenotypes. Thus, the formation
of the external callus which stabilizes the entire frac-
ture site progresses slowly. What is more, at the
final stage of healing, when the fluid flow play a cru-
cial role, the fully impermeable conditions provide
unfavorable pressure gradients within the callus lead-
ing to the increase of the fluid velocity in the region
of the cortical shaft. This inhibits the healing progress
in this zone.

4.3. Relevance of the study

The aim of the study is to evaluate influence of exter-
nal permeability of the callus on simulation of bone
healing progress. To the best of the author’s

knowledge the callus external boundary is usually
assumed as impermeable in the simulations, see e.g.
(Lacroix et al. 2002; Isaksson et al. 2006; Butler et al.
2007; Ma et al. 2018) and others. This assumption is
frequently made without further explanation. The
extended comment on this can be found e.g. in
Isaksson et al. (2006). This condition is supposed to
be provided by the fascia surrounding the fracture
site.

Obviously, it is questionable if such tissue is pre-
sent initially. It rather forms during the course of
healing. However, since according to the present
results, the permeability conditions do not affect the
first phase of the process substantially, the lack of
fascia in the first days does not need to be considered
more extensively. The question is however, if it is
fully impermeable, as it is most often assumed, and in
what extent this full impermeability influences the
results. In (Isaksson et al. 2006) it is stated, that callus
permeability conditions have a minor effect on the
tissues transformation in the fracture site. Though,
the study was performed for relative large callus
(dcatius/ Apone = 1.4). Present results confirm, that the
fascia permeability does not have an significant
impact on the healing process of large calluses.
Nonetheless, its influence starts to be pronounced for
smaller callus’ diameters. Full impermeability of the
callus boundary increases the pore pressure gradients
and promotes the fluid flow towards the medullary
canal. Due to the large gradients at the interface
between the cortical shaft and the marrow canal, the
fluid velocity is too large for the bone formation in
this region. As shown, an assumed small drainage of
the callus boundary reduces this adverse effect with-
out essential qualitative changes of the pore pressure
distribution in the entire callus. It provides the gap’s
closing after ca. 8 weeks (Figure 7), whereas the full
impermeability inhibits this process and the union is
not observed even after 12 weeks.

Although the size of the nonunion zone caused by
the fully impermeable boundary is not considerable,
in the author’s opinion it is worth noticing, that in
the simulations of healing of small callus the perme-
ability of its boundary can be crucial after the matur-
ation of its external parts. If such deceleration of the
healing progress, as it is shown in the present study,
is observed during the simulation, changing of the
drainage conditions of the callus boundary can be a
good remedy. It should not be treated as a numerical
trick only, since in practice full impermeable bound-
ary is only an assumption.
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The model used in the present study possesses sev-
eral limitations, as simplified geometry of the bone
and callus, idealized loading conditions, etc. Moreover,
the theoretical background of the bone healing simula-
tion is not new. The model does not account for cells
proliferation, blood vessel development and many
other biological aspects. Some of these factors are
included in newer studies e.g. (Byrne et al. 2011;
Irandoust and Miiftii 2020; Quinn et al. 2022b). These
simplifications can be found as an essential restraint
of the present study. However, in the author’s opinion
the conclusions drawn in this paper will be also valid
for the enhanced simulations. Moreover, it is worth to
stress, that the approach in such a basic form, as in
the present analysis, is still widely used without any
improvements, see e.g. (Chou and Miifti 2013; Ma
et al. 2018; Mehboob et al. 2020) and others. Thus,
the outcome of the paper is relevant.

As the study is only numerical, no hard clinical
recommendations can be made. However, as the
results show that the external permeability influences
the healing process, it is worth to consider examina-
tion of this effect in experimental way. To the best of
the author’s knowledge the clinical studies focus usu-
ally on the stiffness of the fixators. Perhaps, flow and
permeability conditions at the fracture site are also
worthy attention.

4, Conclusions

In the paper the influence of the external permeability
of the fracture callus on the simulation of the bone
healing process is studied. Following conclusions can
be drawn:

e Significance of the external permeability increases
with the decrease of the callus size.

e Independent of the callus size full impermeable
conditions improve the formation of the mature
external callus. However, the effect is more pro-
nounced for small callus.

o After the formation of a mature external callus full
impermeable conditions slow down the healing
progress. In small callus they provide unfavorable
pressure gradients which inhibit the bone forma-
tion at the final stage of healing in the region of
the cortical shaft.

e Independently of the callus size, the concept of the
impermeable callus boundary in simulation is a
‘safe’ approach, since it provides finally worse con-
ditions for healing. Thus, it can be always justified.

o Nonetheless, whenever a characteristic inhibition
of the healing progress is observed in the simula-
tion due to the deceleration of the velocities
decrease, it is recommended to impose drainage
conditions at the callus’ boundary. Even small val-
ues of seepage can reduce the pore pressure gra-
dients substantially and provide the reduction of
velocity. Additional studies prove, that this conclu-
sion is valid also for other bone and callus geome-
tries and load directions.

e The drainage conditions of the callus’ boundary
are physically valid. Although the value of the
seepage coefficient is unknown, a parametric study
can be always performed to establish this quantity.
It is reasonable to use such values which do not
change the quality of the pore pressure distribu-
tion within the callus.
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