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Abstract

[1] This study aims to enhance the understanding of the relationship between Ilizarov fixator
configuration and its effects on bone fracture healing. Using Taylor spatial frame (TSF) as an
example, the roles of critical parameters (i.e. TSF ring diameter, wire pretension, fracture gap
size and axial load) that govern fracture healing during the early stages were investigated by
using computational modelling in conjunction with mechanical testing involving an advanced
3D optical measurement system. The computational model was first validated using the
mechanical test results and then used to simulate mesenchymal stem cell (MSC)
differentiations within different regions of the fracture site under various combinations of
TSF ring diameter, wire pretension, fracture gap size and axial load values. Predicted
spatially dependent MSC differentiation patterns and the influence of each parameter on
differentiations were compared with in vivo results and good agreement was seen between the
two. Gap size was identified as the most influential parameter in MSC differentiation and the
influence of axial loading and TSF configuration (i.e. ring diameter and wire pretension) on
cell differentiation was seen to be gap size dependent. Most changes in cell differentiation
were predicted in the external callus (periosteal) which is the crucial region of the callus in
the early stages. However, for small gap sizes (e.g. 1 mm) significant changes were predicted
in the endosteal callus as well. The study exhibits the potential of computational models in
assessing the performance of Ilizarov fixators as well as assisting surgeons in patient specific

clinical treatment planning.

Keywords: Mechanoregulation, Taylor spatial frame, mesenchymal stem cell, mechanical

test, 3D optical measurement system.
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1 Introduction

[2] Minimally invasive surgical procedures to treat bone fractures have gained interest during
recent decades '~. This has led to the evolution of different external fixator devices with
variety of capabilities. The main advantage of external fixators over the alternatives is their
adjustability of configurations according to how healing progresses and thereby enabling

better microenvironments to be achieved at the fracture site throughout the healing process 3

[3] An important achievement in the realm of external bone fixator devices is the advent of
lizarov circular fixator (ICF), which minimises the invasion into the bones by using very fine
pretensioned wires (e.g. diameters 1.5 — 1.8 mm ) *°. ICF is very effective in treating
complex and unstable bone fractures %and a variety of other bone defects such as non-union,
deformity, osteomyelitis and leg length discrepancy '. One of the key advantages of ICF is
that it allows patient specific fixator configurations to be deployed by varying the assembly

of the fixator components such as modular rings, threaded rods and pretension wires.

[4] Taylor spatial frame (TSF) is an advanced variant of ICF, which uses a hexapod system
with six adjustable length telescopic struts at the fracture site (Fig.1). The hexapod system is
advantageous over the conventional ‘ring and threaded rod’ system in ICF, as it allows the
fracture site to be adjusted three dimensionally with six degrees of freedom, which enables
TSF to correct almost any multiplanar deformity easily and accurately 89 Thus, it makes TSF
one of the most versatile external bone fixator devices. Most importantly, due to its feature of
computer aided fixator adjustment, TSF is regarded as more reliable than the conventional

ICF '°,

[S] It is known that mechanical stimulation highly influences the mechanical

11,12

microenvironment at the fracture site and affect the healing process Therefore, good

understanding of the mechanical performance of fixators is of great importance when treating

3
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bone fractures. The mechanical stiffness of a fixator affects the interfragmentary movement
(IFM) at the fracture site which is of critical importance; therefore, IFM should be controlled

optimally to achieve timely and successful healing B,

[6] Numerous experimental studies have investigated the influence of ICF frame elements

4,14-16
. However,

and configurations on the biomechanical properties of the conventional ICF
there is only limited amount of data available on the biomechanical properties of TSF under
different configurationsg. Henderson et al.’ investigated the influence of ring-strut angle on
the fixator stability using an isolated TSF hexapod. Khurana et al."’ compared the effect of
wires and half pins using a single ring experimental setup. However, these studies mainly
focused on isolated behaviour of different parts of TSF. A few other studies investigated the
mechanical behaviour of different TSF constructs by using tubes to represent bones™'®.
However, the influence of the stiffness characteristics of the frame constructs (TSF) on the
fracture site movements (i.e. IFM) has not been fully investigated yet. This is one of the

. . . 8,1
current areas of interest in orthopaedic research ™ .

[7] Computational methods are becoming increasingly popular in orthopaedic research 20-24.
Several mechano-regulatory algorithms for predicting mechanobiological processes of

24,25

fracture healing have been proposed so far . Based on these algorithms, numerous

computational models were developed to study the influence of different fixator devices on

. 202226
fracture healing =~

. However, computational studies on TSF or its influence on fracture
healing are very limited and it is still not clear how TSF configuration alters the fracture

microenvironment and affect the healing process.

[8] By developing computational models in conjunction with mechanical testing (Fig. 2), the
present study aims to investigate the influence of TSF configuration (i.e. ring diameter and

wire pretension) on the mechanical microenvironment of the fracture site. In addition, the
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effects of the axial loading and fracture gap size on the fracture microenvironment are also
investigated. The current study mainly focuses on the early stage of fracture callus (i.e. post
inflammatory phase callus consisting of granulation tissue) as it has been shown that the early
stage fracture site is very critical and decisive of the cell fate which could affect the entire

. 27,28
healing process .

2 Materials and Methods

[9] Mechanical tests were carried out on surrogate bone specimens with transverse fractures
stabilized by a two ring TSF (Fig. 1a). The details of the experimental setup are shown in
Fig. 3. The specimens were axially loaded using INSTRON universal testing machine and the
interfragmentary movements (IFM) were measured using a 3D optical measurement system
(ARAMIS). The IFM measurements were then used to validate the numerical predictions
made using a computational model developed in this study (Fig.4). After model validation,
the computational model was used to predict the mesenchymal stem cell (MSC)
differentiation within the early callus under different combinations of gap size, axial load,

ring diameter and wire pretension.
2.1 Mechanical Testing

[10] The surrogate adult human tibiae manufactured by SYNBONE AG (Malans,
Switzerland) was used in the mechanical testing. The bone is made of specially formulated
polyurethane foam that has the mechanical properties similar to those of adult human tibiae
22 ¢ comprises of outer cortical bone and inner cancellous bone and imitate the anatomical
structure of a real bone very closely. The average compressive Young’s modulus and
Poisson’s ratio of the surrogate bone are 1500 MPa and 0.25 respectively 2l and the surrogate
bone fractures were stabilized using TSFs, manufactured by Smith & Nephew PLC

(Memphis, Tennessee, USA).
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[11] The coordinate system shown in Fig. 1 (and explained under section 2.5) was adopted in
this study. Each TSF construct used in the mechanical test (Fig. 3) consisted of (i) two
identical aluminium rings (one for the proximal fragment and another for the distal
fragment); (ii) four 1.8 mm diameter stainless steel pretension wires (two mutually
perpendicular wires per ring; one parallel to X and another parallel to Y direction), and (ii1)
six FAST FX struts (Smith & Nephew) per assembly. The rings and FAST FX struts were
assembled to have a ring-strut angle of 65° (as shown in Fig. 1b) and the bone specimens
were centred to the rings. The wires were affixed to a drill driver (Milwaukee, Wisconsin,
USA) and their bayonet ends were used to directly drill through the bones and secured in
position at both ends of the rings with slotted wire fixation bolts. Once the TSF was affixed to
the bones, a 20 mm fracture gap was created at mid height of the tibia. The reason for

choosing a relatively larger gap size was to prevent bone fragment apposition during loading.

[12] In the next step, the wires were pretensioned by keeping one end of the wire tightly fixed
to the ring using slotted wire fixation bolts and nuts and stretching the other end using a
dynamometric wire tensioner (Smith & Nephew). This device provides graduations of the
standard range of clinical wire pretension levels in kilograms (i.e. 50 — 130 kg) which was
used to measure the pretension level in the wires as they were stretched. Once the desired
pretension was achieved, the wire tensioner was locked in position and the wire was secured

to the ring tightly at the stretching end using slotted wire fixation bolts and nuts.

[13] Two different TSF constructs, one with 130 mm ring diameter and another with 155 mm
ring diameter were used in the mechanical testing. It should be noted that these diameters
refer to the internal diameter of the rings. In both cases, wire pretension of 883 N (90 kg) was
applied to all wires. The distal bone ends of the assembled TSF constructs were fixed to a

lathe chuck and the assembly was loaded at the intercondylar eminence of the tibia in the -Z
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direction using the universal testing machine (INSTRON 5569A, Massachusetts, USA). This
test setup resembles the physiological load application (e.g. standing) on tibia from knee and

c 213
ankle joints 30

[14] With the help of the cross hairs of ARAMIS, the specimens were placed in the
INSTRON machine each time carefully so that the fragments are vertical and properly
aligned. This was done to ensure that the compressive load is applied axially (-Z direction)
and to minimize the lateral movements of the fragments during axial loading. To simulate a
partial weight bearing condition after surgery, an axial compressive load of 150 N (i.e.
around 20 % of the body weight) was ramped over 0.5 s 29 using the INSTRON machine.
Each test was repeated five times and the IFMs were recorded using ARAMIS 3D optical

measuring system at 25 N intervals.
2.1.1 IFM measurement using ARAMIS 3D optical measuring system

[15] The purpose of this mechanical test is to measure the fracture site movements at number
of points along the fracture ends rather than at just one point (e.g. mid-point) using the
ARAMIS 3D optical measuring system (GOM, Braunschweig, Germany); which, allows full
field measurements at multiple points to be taken simultaneously. ARAMIS provides very
accurate non-contact measurements, eliminating the sources of measurement errors that are
present in contact measurements. It can measure deformations as small as 0.0002 mm with a
strain accuracy of 0.01 %; thus, making the effect of measurement errors insignificant for the

range of displacements measured in this experiment (Fig. 4).

[16] To capture the displacements using ARAMIS, a stochastic speckle pattern consisting of
black dots on white background was created using spray paints around the fracture gap of the

tibia (Fig.3) as per the specifications of the GOM °'. ARAMIS creates facets (small
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rectangular areas) from this speckle pattern and uses them to determine the displacements

based on the relative movements of the facets between subsequent images captured.

[17] In this study, two cameras (50 mm focal length lenses) of the ARAMIS system, set up
according to the specifications of GOM 3! were used to capture the images. The facets were
of 19 x 19 pixel (15 x 15 pixels with 2 pixel overlapping) which is the recommended facet
size of ARAMIS for normal deformation measurements °'. Before each test, to ensure that the
speckle pattern is adequate, an image covering the fracture gap and the surrounding areas
with speckle pattern was captured and processed using the ARAMIS control machine (Fig. 3)
to see if ARAMIS could detect the fragment ends and the surrounding areas which is the area
of interest. Mechanical test and displacement measurements were carried out only after

ensuring this.

[18] Full field (i.e. X, Y, Z) displacements of multiple points along the proximal end of the
fracture gap and the corresponding points (lying vertically below) in the distal end of the
fracture gap were measured and the relative movements between the proximal points and the
corresponding distal points were calculated as IFM in each direction. In each test, the first
image was captured when the axial load was zero and then images were captured at every 25

N intervals up to 150 N.
2.2 Computational modelling

[19] To study the influence of ring diameter, wire pretension, gap size and axial load on the
early fracture microenvironment, a 3D computational model of the fractured tibia with TSF
was developed (Fig. 1b). The 3D geometry of the tibia was reconstructed from CT scan
images of the surrogate tibia, which enabled the tibial geometry to be reconstructed with its
the inner open volumes. The geometry was then imported to the commercial CAD software
SOLIDWORKS (Dassault Systemes, Massachusetts, USA) where the geometric operations

8
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were carried out. The finalised geometry of the fractured tibia was then imported to the
commercial finite element software package COMSOL MULTIPHYSICS (COMSOL AB,
Stockholm, Sweden) where the geometry of the TSF was developed around the tibia.
Subsequently meshing and numerical analysis were conducted using COMSOL

MULTIPHYSICS.

[20] First, the computational model was validated using the axial IFMs measured in the
mechanical test. The purpose of this validation process is to ensure that the computational
model could be implemented to simulate [FMs (mechanical stimulus for cell differentiation
within the callus) under different combinations of the parameters studied (e.g. wire
pretension, axial load etc.). As shown in Fig. 2, to simulate the mechanical test, the model
was created with a gap at mid height of the tibia and the material properties of SYNBONE
surrogate tibia were assigned to the bone fragments. The TSF components (i.e. aluminium
rings, stainless steel FAST FX struts and stainless-steel pretension wires) were modelled as
linear elastic materials and the axial loading was applied as a point load to represent the
narrow loading region in the mechanical test (Fig. 2). The IFM predictions were then
compared with the mechanical test results. After validation, our previously developed
poroelastic callus model *"**** was imported into the model and added around the fracture
gap as shown in Fig.2 where the bone-callus interface was connected using continuous solid

to solid connections. The properties of the materials used in this study are given in Table 1.
2.3 Governing equations

[21] Based on the theory of porous media, the mechanical behaviour of the early stage
fracture callus could be explained as given below ***%. The stress tensor ¢ of the callus could

be expressed as

o=—-pl+ ¢° (D
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where, p is the incremental interstitial fluid pressure, I an identity matrix and o€ the elastic
stress of solid matrix 2. Neglecting the body forces and assuming that the tissue is under

quasi static condition, the momentum equation could be expressed as 2,
Vo= -Vp+ V.c°=0 2)
where, Vp is the gradient of p, V.o and V. o® are the divergences of ¢ and 6*, respectively.

' The continuity of solid and fluid phases could be expressed by the following divergence

equation:
V.(v*=KkVp)=0 3)

where, v® is the velocity of the solid phase and K is the tissue permeability tensor.

2.4 Mechano-regulation

[22] Several mechano-regulatory theories for fracture healing have been proposed so far 25.33-

3 These theories either use a combination of mechanical parameters such as principal strain
and hydrostatic stress -, strain and hydrostatic pressure **, deviatoric strain and fluid

23,25

velocity or single mechanical parameter such as interfragmentary strain > or deviatoric

3 24
1.

strain *® to simulate the mechano-regulation at fracture site. Isaksson et a compared
several of these mechano-regulatory theories with in-vivo sheep experimental data and
concluded that the algorithm for poro-elastic formulations based on deviatoric strain and fluid
velocity by Prendergast et al. >*>*" was reasonably accurate, more versatile and shows better
agreement with the experimental observations than the alternatives. Therefore, we

incorporated the theory of Prendergast et al. **°7 in the present study along with the

material properties (Table 1) used in their models.

10
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[23] The mechano-regulatory theory of Prendergast et al 2537 suggests that the differentiation
of mesenchymal stem cells (MSC) into osteoblast, chondrocytes or fibroblasts depends on the
stimulation index ‘S’ (S =y/a + v/b ; where, y is the octahedral shear strain of solid
phase, v is the interstitial fluid flow, a = 0.0375 and b = 3 um s™) **’. During the early
stage fracture healing, small magnitudes of S ( < 1) would lead to osteoblast differentiation, S
in the range of 1 < § < 3 would lead to chondrocyte differentiation, while large magnitudes of

S (> 3) would lead to fibroblast differentiation 37,
2.5 Boundary conditions and loading protocol

[24] In this study, the early callus was assumed to be filled with MSC, and its external

boundaries were assumed to be impermeable to fluid flow **

. As shown in Fig. 1, a right-
handed Cartesian coordinate system was used in the model with positive X pointing the
anterior direction; positive Y pointing the medial direction; and positive Z pointing proximal
direction. Wire pretensions were applied as initial stress (initial condition at t = 0) to the wire
elements along their axial direction (i.e. either X or Y direction depending on the orientation
of the wires). The bottom end of the distal fragment was fixed. The axial compression was

then applied over a period of 0.5 seconds at the top of the proximal end (in the -Z direction)

as depicted in Fig. 1b.

[25] In real circumstances, around 60 % of the knee load is taken by the medial condyle and
40 % is taken by the lateral condyle **. Therefore, the distribution of the load on the tibial
plateau is generally nonuniform across the surface **. For simplification, the axial load could
be as uniformly distributed loading applied on the tibial plateau *°, and this simplification
would have little effect on the mechanical microenvironment of the bone cells. During the
mechanical test, the pretension wires drilled through the bones had a very firm grip on the

bones. Therefore, the wire-bone interface was modelled using rigid connections as in the

11
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study of Nielsen et al. ** and the simulation results fitted the experimental data reasonably

well (Section 3.1).
2.6 Geometric non-linearity of pretension wires

[26] The relationship between the transverse load and the corresponding deflection of the
pretension wires is generally non-linear *' due to the stress stiffening effect of the wires
which tends to increase the resistance to deflection as the transverse load increases 2

Therefore, the geometric non-linearity of the wires was considered in the analysis.
2.7 Numerical solutions

[27] As shown in Fig. 1b, the entire fracture geometry was meshed using second order solid
tetrahedral elements. A mesh convergence analysis was conducted to determine the optimum
mesh size for the model and the numerical model was solved using the time dependent solver
with absolute tolerances of 10" Pa and 10* m for pore pressure and displacement,
respectively. These tolerance values were chosen based on the degree of accuracy required

22
’ 9, the

for the solution and computational efficiency. Based on our previous studies
dependent variables, i.e. displacement and pore pressure were calculated to 10* m (or 0.1
mm) and 10 Pa (or 0.1 Pa) accuracies. The mesh sizes were chosen such that the differences
between subsequent solutions in the convergence analysis were less than 2 %. As pore
pressure and fluid velocity are rapidly changing variables within the callus, the convergence
analysis resulted in finer mesh for the callus than the other elements in the model. The entire

geometry was meshed with 216496 and 207595 tetrahedral elements for 155 mm and 130

mm ring TSFs respectively.

2.8 Parametric studies

12
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[28] Using the developed computational model, a series of parametric studies were conducted
to investigate the influence of different TSF configurations, fracture gap sizes and loading
conditions on cell differentiations within the callus during the early stage of healing. Two
different ring diameters (i.e. 130 mm and 155 mm) and three different wire pretensions (i.e.
491 N (50 kg), 883 N (90 kg) and 1275 N (130 kg)), gap sizes (i.e. ]| mm, 3 mm and 5 mm)
and axial loads (i.e. 100 N, 150 N and 200 N) were considered in this study as shown in
Table 2. The cell differentiations within different regions of the fracture callus, namely,
periosteal callus, intercortical callus and endosteal callus (Fig. 5b) were numerically

predicted under each of the cases (Table 2).

3 Results

3.1 Model validation

[29] The mechanical test results showed that the IFMs were predominantly vertical (Z
direction) and both vertical and lateral components (X ,Y directions) of IFMs increased with
axial load. However, the largest lateral IFMs (X or Y direction) were observed to be 0.077
mm and 0.101 mm for TSF with 130 mm and 155 mm diameter rings respectively at 150 N
axial load. The corresponding model predicted IFMs were 0.073 mm and 0.097 mm
respectively which are close enough to the mechanical test results (5 % and 4 %
respectively). Since the lateral components (X or Y) of the IFMs were negligible compared to
the vertical components (less than 2.5 % of the Z components for both rings), the lateral and
rotational components were ignored from further analysis. Therefore, IFM would refer to the

axial IFM (Z direction) hereinafter.

[30] To obtain a more representative value of the IFM, the mean values of IFMs were
calculated from three points along the proximal end and the corresponding points in the distal

ends. Fig. 4 compares the mean axial IFM components calculated from the mechanical test

13
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with those predicted numerically. The non-linear relationship between axial load and IFM
can be seen in Fig. 4 which is due to stress stiffening effect of the pretensioned wires ' This

. . . . . . 41-4
nonlinearity is geometric as reported in many studies *'*’

and depends on the level of
transverse movements of the wire. This explains the difference in the nonlinearities under
different ring sizes. It was observed that the numerical predictions were either within the
experimental error range or very close to the mean IFM values (maximum of 7 % deviation)

for the entire range of loading considered. Therefore, the developed computational model

could reproduce the mechanical experiment reasonably well.
3.2 Parametric studies
3.2.1 Spatially dependent MSC differentiation pattern

[31] After validation, the model was used to investigate the effects of fracture gap size, axial
load, TSF ring diameter and wire pre-tension on MSC differentiations during the early stage
healing. Fig. 5 shows cell differentiations within the fracture callus, stabilized with TSF (ring
diameter = 155 mm, wire pre-tension = 883 N (90 kg) and axial load = 150 N) under different
gap sizes (i.e. | mm, 3 mm and 5 mm). It can be seen that, MSC differentiation in the fracture
callus is spatially dependent with osteoblast differentiation in both proximal and distal ends
of the external callus (i.e. periosteal callus) far from the fracture gap, chondrocyte
differentiation in the external callus and fibroblast differentiation within the internal callus

(i.e. intercortical and endosteal callus).

[32] Histological observations of early stage bone fracture healing 446 have shown that (i)
bone forming from intramembranous ossification (i.e. directly from osteoblasts) takes place
farther away from the fracture site in the external callus adjacent to periosteum where the
interfragmentary movements cause very little strain; (i1) formation of cartilaginous tissue

from chondrocyte differentiation takes place in the external callus adjacent to the fracture

14

This article is protected by copyright. All rights reserved.



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

line; and, (iii) fibrous connective tissue forms within the fracture gap and between the
cartilaginous zones where the tissue strains are high. It can be seen that, the predicted
differentiation patterns in Fig. 5 agree reasonably well with patterns observed histologically
4446 Furthermore, as shown in Fig. 5, the model predicts that the internal and external callus
regions are in different mechanical microenvironments. The internal callus is affected more
than the external callus as a result of IFM which concurs with other studies in the literature
12.23. Figures 6-9 presents the influence of each parameter (i.e. gap size, axial load, wire
pretension and ring diameter) on the cell contents within different regions of the callus (i.e.

periosteal, intercortical and endosteal). But, the results of callus regions where there were no

significant changes (all changes < 5%) are not presented.

3.2.2 Gap size

[33] Figure 6 shows the change of fibroblast, chondrocyte and osteoblast contents relative to
the control case G3 (i.e. gap size = 3mm (Table 2)) under different gap sizes (i.e. 1 mm and 5
mm). The results show that cell differentiation is very sensitive to gap size. Decreasing the
gap size from 3 mm to 1 mm increased the osteoblast content by around 120 % but decreased
the chondrocyte and fibroblast contents by around 70 % and 90 %, respectively in the
periosteal callus. On the other hand, increasing the gap size from 3 mm to 5 mm, increased
the fibroblast content in the periosteal callus by around 80 % but decreased the osteoblast
content by around 55 %. In the intercortical callus, the changes were relatively small (< 4 %)
and the cells were mostly fibroblasts. However, in the endosteal callus, chondrocyte content
increased (by 35 %) and the fibroblast content decreased (by 35 %) as the gap size decreased

from 3 mm to 1 mm. But, no noticeable changes were seen as the gap size increased.

3.2.3 Axial load
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[34] Figure 7 shows the changes in cell contents within different zones of the callus under
different axial loads (i.e. 100N and 200N) relative to control case (i.e. axial load = 150N
(Table 2)). It indicates that the influence of axial load on cell differentiation is location and
gap size dependent. For example, under a small gap size (i.e. Imm), the change in the
magnitude of axial load had little influence on osteoblast content; however, under mid and
large gap sizes (i.e. 3mm and Smm), obvious increase (i.e. up to 45%) was seen in the
periosteal callus when reducing axial load from 150N to 100N. In the endosteal and cortical

callus no noticeable changes were seen in the osteoblast content.

[35] Differentiation of chondrocytes in the periosteal zone, increased with the axial load for
small and medium sized gaps (i.e. 1 mm and 3 mm); however, under a large gap size (i.e. 5
mm), increase in axial load predicted decrease in chondrocyte content. The fibroblast content
in the periosteal callus generally increased with the axial load and the increase was more
significant under relatively small gap sizes (e.g. 1 mm) as shown in Fig. 7. No noticeable
changes in the chondrocyte or fibroblast contents were predicted in the intercortical or
endosteal callus due to changes in axial load magnitude for mid and large gap sizes (i.e. 3 and
5 mm). However, for 1 mm gap, endosteal callus showed increase of chondrocytes (up to 80
%) and decrease of fibroblasts (50 %) as the load reduced to 100 N; but, decrease of
chondrocytes (up to 60 %) and increase of fibroblasts (35 %) were noticed as the load

increased to 200 N.

3.2.4 TSF ring diameter and wire pretension

[36] Figure 8 shows the changes in cell contents within different callus regions under 130 mm
diameter ring relative to control case (i.e. ring diameter = 155mm (Table 2)) for different gap
sizes. The results show that decreasing the ring diameter from 155 mm to 130 mm affects

osteoblast content significantly (around 20 % increase); but, only in the periosteal callus for
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large gap sizes (e.g. Smm). The increase in TSF mechanical stiffness resulting from the
reduction of the ring diameter from 155 mm to 130 mm was insufficient to affect the
fibroblast or chondrocyte contents significantly except in the endosteal callus for small gap
sizes (e.g. 1 mm) where chondrocytes increased and fibroblasts decreased by 20 % and 15 %

respectively.

[37] Figure 9 shows the effects of different wire pretensions on cell contents within different
regions of the callus relative to control case (i.e. 883N or 90 kg (Table 2)). The changes in
wire pretension significantly changed the osteoblast content (around 10 %) only in the
periosteal callus under a large gap size (i.e. 5 mm). The fibroblast contents did not change
significantly by changing the wire pretensions and the chondrocyte content was also not
predicted to change significantly, except in the endosteal callus for a small gap size (i.e. 1

mm) where 10 % increase was observed as the wire pretension increased to 1275 N.

4 Discussion

[38] Differing from previous studies in literature which mainly focus on the mechanical
behaviour of Ilizarov fixator (TSF), the current study provides a mechanobiological
perspective to its performance. A single fully coupled 3D computational model of Ilizarov
fixator (TSF) including poroelastic soft tissues of bone is presented in this study. This enables
mechanobiological assessment of the effects of fixator configuration and patient specific

geometric and load conditions on the biomechanical microenvironment of the fracture site.

[39] Since the axial stiffness of TSF is dependent upon the IFM itself (due to stress stiffening
of pretensioned wires), important parameters that affect IFM such as gap size and axial load

were also considered in this study along with TSF ring diameter and wire pretension. The
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present study closely mimics the realistic bone fracture conditions stabilized by TSF and a
range of clinically relevant values were chosen for the parametric studies. i.e. (1) Axial
loading ranging from 100 N to 200 N, which represents the allowable weight bearing after
surgery 21- (ii) Common wire pretensions ranging from 491 N (50 kg) to 1275 N (130 kg) 4

and (ii1) TSF ring diameters of 130mm and 155mm (Smith & Nephew).

[40] It should be noted that ring-strut angle plays an important role in the stability of TSF. An
experimental study ? showed that TSFs would reach instability as the ring-strut angle reduces
and recommended to avoid ring-strut angles less than 30°. The study also showed that TSFs
are generally stable under compression for ring-strut angles in the range of 30-70° with larger
angles leading to lower stresses in the struts which could be explained using simple truss

mechanics. Therefore, we adopted a ring-strut angle of 65° in this study (Fig. 1).

[41] In this study, the effects of each parameter (i.e. gap size, axial load, ring diameter and
wire pretension) and their interactions on the fracture environment were studied numerically
using the computational model based on predicted cell differentiations (mechanobiological
performance). The purpose of the mechanical test was to only validate the computational
model and not to study the mechanical performance of the fixator under different parametric
values as many studies in literature >*'” have already done this. However, we carried out a
two-way ANOVA test on the mechanical results which revealed that both axial load and ring
diameter have strong effects on the axial stiffness of the fixator (p < 0.05) with ring diameter
having the strongest effect. However, their interaction did not appear to affect the axial

stiffness significantly (p = 0.06).

[42] In the mechanical test, we ensured no bone apposition during loading by creating a large
gap (i.e. 20 mm) in the tibia due to the fact that, if the fragments get into contact under

loading, the load could pass directly through the contact surface, making the fixator
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ineffective. In general, flexible fixations such as TSF are ideally expected to permit
interfragmentary strains (IFS) around 10 — 30 % for the best healing outcomes '>***’. IFSs

above 30 % are considered high '***

and may have detrimental effects on healing. IFS due to
loading depends on the flexibility of the fixator. An Ilizarov fixator that is too flexible
(unstable) may result in large [FMs and even bone apposition under partial weight bearing 49-

! leading to very high IFSs which are detrimental to healing. Therefore, surgeons generally

strive to achieve moderate IFS by limiting the IFM.

[43] Although the computational model developed in this study mainly focuses on the early
stage cell differentiations within the callus, it provides very useful data for two reasons.
Firstly, the early microenvironment is of prime importance as it is decisive of the cell fate and
affect the healing pathway of the progenitor cells and subsequently the entire healing process
2728 Secondly, the fixator’s role in the fracture stability is predominant in the early stage l

when the fracture callus stiffness is too low with very soft tissues.
4.1 Predictive capacity of the model

[44] The predictive capacity of the developed computational model was assessed by
comparing the IFMs predicted by the computational model with the IFMs measured
experimentally using the ARAMIS 3D optical measuring system (Fig. 4). It was observed
that the IFM predictions for 155 mm ring showed larger differences from the mechanical test
compared to those of 130 mm ring. This could be possibly attributed to the relative
movement of the wire in the bone-wire interface. As the wires deflect under transverse load,
they tend to elongate and move relative to the bone. For 155 mm ring the effect would be
more compared to that of 130 mm as the axial stiffness of 155 mm ring would be relatively
low and the movements would be relatively big. Also, this effect would be more perceptible

at relatively small loads, because the axial stiffness would be low at low loads. As the load
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increases, the axial stiffness would increase due to stress stiffening effect and the incremental
deflection of wires for a given load increment would get smaller. However, in the present
model, the interface was modelled as rigidly connected to each other. Incorporating the
relative movement in the computational model would have resulted in relatively more axial
movements as reported in the study of Zamani and Oyadiji #_ Nevertheless, it could be seen
that the computational model can reproduce the experimental observations reasonably well as
the numerical predictions were always either within the experimental error range or very

close to the mean values (maximum of 7 % deviation).

[45] In addition, the model predicted cell differentiations were consistent with, in vivo

12,44-46 23,24
. F

observations and predictions of well established computational models or

example, the cell differentiation patterns predicted in this study (Fig. 5) concur with patterns

observed in histological studies 4446

and those predicted by the computational models of
Lacroix and Prendergast 23 and Isaksson et al. 2*. In addition, the model predicted that the cell
differentiations within the fracture gap is affected very much by the IFM; but, the effect of

IFM gradually diminishes with the increase of distance from the fracture gap which is in line

with other studies *°.
4.2 Parametric study and comparison with in vivo studies

[46] In studying human orthopaedic conditions, rat, mouse and rabbit models are the most
commonly used in laboratories 52, However, due to the size of these animals, their
applicability is limited to basic orthopaedics and acceptable only in the early stages 2 To
study more complex issues (e.g. fracture fixations) larger animals with limbs and skeletal
segments of sufficient sizes such as non-human primates, sheep, goats, dogs and pigs 2 are
required. Among these, sheep is found to be (i) easy to handle; (ii) more feasible in terms of

economy, emotions and ethics and (iii) similar to humans in terms of body weight *%. A lot of
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studies using external fixations have been carried out on sheep models in the past 12

113354 The present study compares the model predictions with some of the relevant sheep

experiment results in the literature.

[47] The model predicted that most of the changes resulting from parametric changes were
within the periosteal region of the callus and the changes in the internal callus (intercortical
and endosteal callus) were insignificant in most cases. This is because the internal callus
would be highly affected (S >> 3) by IFM in the early stages of the healing and varying the
external parameters within the physiological range would not be enough to turn the
mechanical microenvironment favourable (S<=3). Only reducing the fracture gap to very
small sizes (e.g. 1 mm) could stabilize the environment and make it more favourable for

. . . 12,53
healing as observed in sheep experiments 3

. The present model was able demonstrate this
as the internal callus was predicted to be favourable and responsive to other parameters only

for 1 mm gap size (Fig 6-9).

[48] The changes in external callus (periosteal) are thought to be very crucial in the early
stages as external callus plays the role of surrounding the fracture site and stabilizing it in the
early stages so that the fracture site movements can be limited ******. This would gradually
turn the fracture site microenvironment favourable for healing (S<=3). Therefore, we focus

mainly on the changes within this region of the callus.

[49] Among the four parameters explored in this study (i.e. gap size, axial load, ring diameter
and wire pretension), gap size is the most critical parameter affecting the cell differentiations
within the callus. As shown in Fig. 6, relatively smaller gap sizes (e.g. 1 mm) result in larger
osteoblast differentiation within the periosteal callus, which is indicative of osteogenic
pathway and faster bridging of the fragments. In contrast, larger gap sizes (e.g. 5 mm) lead to

the increase of fibroblast content which is indicative of delayed healing. These observations
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are consistent with the sheep experiment of Claes et al. 12 which investigated the roles of gap
size and fracture stability on fracture healing and indicated delayed healing with the increase
of gap size from 1 to 6 mm. This observation could be attributed to the increase of
interfragmentary strain (IFS) with gap size (when all other parameters are kept unchanged)
12.23. Smaller IFSs (under small gap sizes) result in more stable mechanical
microenvironments (S<1) which is conductive to osteoblast differentiation, whereas
relatively unstable microenvironments (S>3) resulting from larger IFS (under large gap sizes)

are conductive to fibroblast differentiation.

[50] The present study suggests that the chondrocyte content is high in the periosteal region
of mid-sized (e.g. 3 mm) fractures (up to 70 % more than other gap sizes) which is indicative
of greater cartilage tissue formation (Fig. 6). This prediction is also comparable with the
results of the sheep experiment 12 which reported that a 2 mm gap size induced more
cartilage formation (up to 60 %) than those of 1 mm or 6 mm gap sizes 'Z This is because
mid-sized gaps (i.e. 3 mm) result in moderate IFSs which gives rise to mid-range S values
(i.e. 1<S<3) within the callus which is conductive to chondrocyte differentiation and

subsequently cartilage formation.

[51] Physiologically relevant loading imposed on the fractured bone after surgery is another
important factor that influences the healing outcomes. The results in Fig. 7 show that the
increase of axial load (from 150 N to 200 N) could increase the fibroblast content (up to 60
%) but decrease the osteoblast content (up to 25 %) in the periosteal callus. However,
chondrocyte content could increase with the axial load only for small (i.e. I mm) and mid-
sized (i.e. 3 mm) gaps (up to 45 % and 5 % respectively). For large gap sizes (i.e. 5 mm)
chondrocyte content tends to decrease with the axial load (up to 15 %). This observation too

concurs with the sheep experiment results of Claes et al.'? where IFS increase from 7 % 31 %
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resulted in callus area increase of 19 % and 29 % for 1 mm and 2 mm gaps respectively; but a
37 % decrease for 6 mm gap. This is because fractures with relatively small and mid-sized
gaps (i.e. 1-3 mm) are relatively stable. Therefore, moderate loading (100 — 200 N) would
give rise to moderate stimulation (1<S<3), increasing the chondrocyte content. However, for
relatively large gaps (i.e. 5 mm), where the fracture site is unstable, the same magnitude of
load would result in larger IFS and hence higher S values (S>3), which could lead to increase
in fibroblast differentiation. The implication of the model predictions is that the amount of
weight bearing has to be carefully chosen considering the patient specific parameters such as

gap size to prevent delayed healing or non-union.

[52] Within the range of values considered in this study, the stiffness changes due to change
of TSF ring diameter or wire pretension appeared to be insufficient to make significant
changes to the cell contents within the periosteal callus for small and moderate gap sizes (i.e.
1 — 3 mm). However, for a large gap size (i.e. 5 mm) significant changes were observed,
especially with osteoblast content (Fig.8 and Fig. 9). The results suggest that, in the early
stages of healing, for small or mid-sized fractures (i.e. 1-3 mm), controlling the loading (i.e.
partial weight) could be more effective than striving to modify the stiffness of TSF by
changing the wire pretension or ring diameter. However, for relatively large gap sizes (e.g. 5
mm) surgeons would also have the option of adjusting these parameters to a certain extent to
control biomechanical microenvironment of the fracture site. But the most important of all is
careful reduction of the fragments; because, it would decide the gap size which is the most

influential parameter of all.

[53] In the internal callus (intercortical and endosteal), it could be seen from Fig. 6 that
reducing the gap size to 1 mm from 3 mm could result in chondrocyte increase and fibroblast

decrease (around 35 % each) in the endosteal region. Furthermore, Fig. 7-9 show that
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significant changes occur in the endosteal callus in response to other parameters only for 1
mm gap size. In general, stabilizing the fracture site increases chondrocyte content and
decreases fibroblast content within the endosteal zone for small gap sizes (e.g. 1 mm). For
example, decreasing the axial load (from 150 N to 100 N) or decreasing the ring diameter
(from 15