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Abstract

The topic below concerns the biomechanical investigation of different configu-
rations of the Rekrea, a monolateral external fixator for bone lengthening treat-
ments developed and commercialized by Citieffe s.r.I. The first part of the pa-
per introduces the clinical scenario, the processes that stimulate bone length-
ening, the state of the art of these surgical procedures, the different stages into
which they are performed and the complications that can occur. In particular,
the present work focuses on tibial lengthening thus the geometry of the bone
and the related joints at the extremities are described. It emerged how dur-
ing this treatment it is particularly important to monitor the inter-fragmentary
movement between the two stumps, the global displacement between the an-
kle and the knee joints as well as the stiffness of the entire system. The material
and methods used to perform the tests are described: the testing machine, the
material used to replace the tibial segment and different thickness bone callus.
The assembly details of the fixator are analysed: the frame, the clamps and the
bone screws used. Several biomechanical tests are done in order to understand
how different configurations of the setup affect the values of the parameters of
interest: interfragmentary movement, global displacement and stiffness of the
entire system. Different angles of insertion of the bone screws respect to the
tibial axis, different thickness of the bone callus placed in the fracture site and
different number of bone screws through which the fixator is anchored to the
bone are investigated. Data collected from the tests are analysed in order to
compute the parameters of interests, to do so appropriate Matlab code was
written. Later, statistical tests were done to understand if the configurations in
each couple of comparison were statistically different from one another. The
limits of each setup were analysed. This data will be available for other re-
searches. Finally, the conclusions reveal the salient features of the comparisons
between the different configurations; it is also pointed out which ones are effi-
cient in terms of performance and are in agreement with the parameter values
reported in the literature.
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Chapter 1

Introduction

1.1 Clinical Scenario

The musculoskeletal system is the system responsible for movement and sta-
bility. It consists primarily of bones, muscles and joints. Bones provide struc-
tural support, protect organs, and are involved in the production of blood cells.
Muscles, through contraction, generate movement, while joints allow for the
flexibility and mobility of the bones. Bones can break due to trauma, falls, or
excessive strain.

Worldwide, the 85% of extreme limb injuries comes from lower limb cases.
Lower limb region includes femur, patella, tibia, fibula, talus, hind foot, mid-
foot and forefoot bone. Fractures of the lower limbs are the most common
large-organ traumatic injuries to humans [1].

A bone may be completely fractured or partially fractured in any number of
ways.

Fractures can be: stable - if the shattered ends of the bone align and hardly
move from their original positions; open - if the bone punctures the skin and
the wound exposes the bone; transverse - if the bone has a horizontal fracture
line; oblique - if the fracture has an angled pattern and shattered - if more piece
of the fractured bone are present.

The tibia fracture is the most common; it contributes to at least 8.1% to 37% of
lower limb injuries per year. Tibial injuries can be caused by an excessive inter-
nal force (compression, torsion, and shear) at the knee and/or ankle joint. De-
pending on the fracture types, the treatment can be: cast immobilization, func-
tional cast, traction, internal or external fixation. In this last type of treatment
the doctor places screws into the broken bone above and below the fracture
site; the bone screws are connected to a frame outside the body that stabilizes
and holds the bones. When a fracture is complex or does not heal properly,
surgical intervention may be necessary.

This intervention entails an osteotomy, which is a procedure in which the bone
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FIGURE 1.2: Types of osteotomy, reproduced by .

is surgically cut and realigned. The objective of the osteotomy is to interrupt
the bone continuity so that the optimum local conditions for callus osteogenic
proliferation are obtained [2]. While fractures are accidental bone injuries, os-
teotomies are planned surgical procedures that involve manipulation of the
bone to enhance its shape or function. Osteotomies can be differentiate de-
pending on their shape: straight, curved and U-shaped (Figure[1.T). In partic-
ular, the first one, can be either an open wedge or a closed wedge (Figure[L.2).
The choice of the type and the shape depends on the specific treatment needs.
Since the bone has the ability to regenerate itself, it may be lengthened, straight-
ened, or shortened during the surgery or gradually after the surgery [3]; there-
fore, after the osteotomy, the surgeon may apply an external fixator with post-
surgery adjustments of the device. To ensure an adequate bone callus mechan-
ical stimulation, in terms of loads applied, it is important to take into account
the mechanical behaviour of the external fixator assembly.

1.1.1 Bone growth stimulation

Long bones have a central part, called diaphysis, and two ends known as epi-
physis; the latter, covered with cartilage, form the articular surfaces (Figure
. The long bones are thinner in the centre and their diameter increases as
we move from the diaphysis towards the epiphyses: this area between one
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FIGURE 1.3: Structure of a long bone, reproduced from [4].

end of the diaphysis and the adjacent epiphysis is known as the metaphysis.
In children and adolescents, between the metaphysis and the epiphysis there
is cartilage, which represents the area of growth in length of this type of bone.
In adults, the metaphysis is completely ossified. The surface of long bones is
covered by the periosteum, a connective membrane responsible for the bone
growth processes and the formation of calluses in case of fractures. Compact
bone is composed of a series of osteons that are the structural units. At the
centre of each osteon is the Haversian canal, which contains one or more blood
vessels responsible for vascularizing the structure and eliminating waste sub-
stances. Cortical bone serves as the outer shell of the bone. Below the com-
pact bone lies the trabecular or spongy bone. This bone consists of trabeculae,
which make the bone highly porous. The main functions of the tissue are to
reduce the overall weight of the bone and to serve as a filler for the compact
bone. Within the trabecular bone, bone marrow is contained [5]. Bone tissue
is formed and remodelled in response to the mechanical forces it experiences,
this mechanism is described by Wolff’s law [6] (Figure [1.4).

The formation and adaptation of bone tissue are mediated by bone cells that
perceive and respond to local mechanical signals.
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These are:
e osteoblasts: cells responsible for bone matrix formation;
* osteoclasts: cells responsible for bone matrix disruption;

* osteocytes: cells defined as mechanosensors, able of transform themselves
into osteoblasts when subjected to specific stimuli. These cells detect de-
formations in the extracellular matrix, in which they are immersed, gen-
erated by the physical movement of the individual.

Under physiological conditions, our organism maintains a proper balance be-
tween the amount of tissue formed and the amount of tissue absorbed, and
this prevents the onset of issues.

If bones are subjected to load, that results in a deformation smaller than the
physiological value, the process of bone resorption is triggered, which is the
reduction of bone mass through the activity of osteoclasts. Conversely, if the
amount of deformation experienced by the osteocytes exceeds the physiolog-
ical value, bone tissue formation is increased. What Wolff’s law states is that
bone continually adapts to changes in static and dynamic stresses, remodelling
itself in a way to consume the minimal amount of bone tissue possible.

1.2 Bone lightening

Controlled lengthening is performed in presence of limb length discrepancy.
Relevant discrepancies are considered differences greater than 2 cm. In order
to achieve the desired length increase it is advisable to perform the procedure
during adolescence. The optimal age to intervene is generally between 7 and
16 years old [2].

Before the surgery, the device configuration and its subsequent implantation
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FIGURE 1.5: Callus formation and bone remodelling, adapted from .

are chosen, then the osteotomy is performed creating a gap in which callus
growth will occur. It is recommended, in clinical practice, to perform the os-
teotomy in the metaphyseal region, as this area has the highest osteogenic po-
tential of the bone. Following the fracture, blood cells can be observed around
the site within a few hours, forming clots or hematomas (Figure [1.5).

1.2.1 Surgical treatment evolution

In the early 20th century, the objective of treatment was bone lengthening with-
out considering the effect on muscle and joints such as the technique continu-
ous extension (A. Codivilla, Bologna, 1904).

This technique described a pin traction plaster that he used to treat patients
with coxa-vara, he drove a pin measuring 5 to 6 mm in diameter transversely
through the heel, and then with a chisel he made an oblique osteotomy in the
middle of the femoral shaft [8].

Main concerns were related to overcome the resistance of the soft tissues with-
out damaging their function and to focus on the response of normal muscle to
gradual distraction.

Later, in 1915, Gavril Abramovic Ilizarov developed modular ring fixator (Fig-

ure[L.6).

His idea influenced next generations of surgeons and it is still in use.
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FIGURE 1.6: The Ilizarov ring fixator, 1951, reproduced from [8].

The principles of the Ilizarov fixator are as follows:

* superior quality of the regenerated bone due to the system assembly;

multistep distraction procedure of 1 mm/day;

tull weightbearing distraction procedure;

Kirschner wires to fix the two bone segments;

* promotion of healthy joint mobility and tissue nutrition using a device
that permits physiotherapy.

Following Ilizarov’s lecture in the 1970s, De Bastiani in Verona accepted Ilizarov’s
concepts and improved them by employing a unilateral dynamizable fixator.
One of his innovations completely changed the theory and method of callosta-
sis, or callus distraction: following an osteotomy, he waited 14 days before
beginning distraction, allowing for the growth of new callus.

Unilateral external fixation frames differ from circular frames (Figure since
the first are positioned on one side of the limb, they allow easier insertion and
are generally better tolerated by patients due to the reduced bulk of the struc-
ture.

External fixation devices are used for the treatment of various pathologies,
and one of the most critical aspects of its use is the choice of the configura-
tion, which depends not only on the device itself but also on the patient being
treated.
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FIGURE 1.7: From left to right: external fixator with circular and unilat-
eral frame, adapted from [9]] and [10].

In addition, the external fixators compared to the internal plates and the
intramedullary nails are less invasive, ideal for managing soft tissues, allow
post-operative adjustment during bone lengthening and manipulation of frag-
ments in case of bone fracture. These are the reasons why in recent decades
external fixation has become one of the main techniques used for the treat-
ment of numerous bone tissue pathologies.

This work focused the attention on the application of an external fixator named
Rekrea made by the company Citieffe srl, Bologna.

Itis indicated in adult or pediatric patients in reconstructive procedures for the
treatment of shortening and lengthening of upper and lower limb, bone loss
and deformity correction.

1.2.2 Treatment phases

The treatment of monofocal controlled bone lengthening after the osteotomy
can be divided into four different phases, as described below, followed by the
removal of the fixator [2].

Latency Phase: after surgery a hematoma begins to form in the osteotomy gap,
then the periosteal membrane near the osteotomy starts to promote the activity
of chondroblasts, which are responsible for the formation of hyaline cartilage.

Periosteal cells at the extremities of the fracture gap are transformed into os-
teoblasts and begin to form bone tissue that tends to bridge across to the tissue
on the other side of the cut.
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FIGURE 1.8: Distraction phase, reproduced from [10].

This phase has two objectives:
e facilitate the healing of surgical wounds;

* facilitate cell proliferation by forming a bridge between the two bone seg-
ments so that they can stabilize.

The duration of this phase (7-10 days) varies depending on the age of the pa-
tient, the type of disease and many other factors that are related with the os-
teogenic capacity of the bone. This is higher if adequate vascularization is
present.

Distraction Phase: if radiographic checks reveal that the callus begins to form,
the distraction or lengthening phase starts (Figure[1.8). The patient, by rotat-
ing a T-shaped key inserted into the proximal or distal terminal of the external

fixation frame, achieves incremental distraction of a few millimetres with each
click of rotation. When using the Rekrea device, increments of 0.25 mm are
performed every 6 hours in order to reach a lengthening of 1 mm per day, un-
less complications arise.

The separated bone segment is gradually moved using a transport system that
applies continuous traction and corresponding stretching to the healing area.
Additional fibroblasts proliferate in the callus, depositing collagen, which is
organized into fibrils in the direction of distraction.

This results in the development of a fibrous zone containing highly prolifera-
tive cells. The first radiographic check is one week after the start of this phase
of the treatment, while the subsequent ones are one month apart.

If there is pain, muscle spasms or from the X-ray-images are present signs of
poor callus formation, the distraction rate is reduced. Contrarily, if there is ex-
cessive ossification with the risk of premature consolidation, the lengthening
rate is increased [2].
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bone and the fixator, adapted from [11].

Neutralization Phase: once the desired length is reached, the fixator is locked to
stabilize the bone regeneration; it is appropriate to subject the treated limb to
a load sufficient to allow the maturation of the bone callus [2].

Dynamization Phase: once the callus is mature, the fixator is placed in dynamic
mode so an axial load is gradually transferred from the fixator to the bone
callus in a way proportional to the stiffness of the fixator (Figure [2].
Where:

* F, overall force acting on the structure,
¢ F. force through the bonce callus;

* Fy force through the fixator;

e K. stiffness of the bone callus;

* K stiffness of the fixator.

At the beginning of this phase the load is completely on the fixator while at
the end it is completely on the callus (Figure [1.10). The dynamization in-
creases bone thickness preventing fracture or non union after removing the
fixator body. A critical aspect of that phase is the stiffness of the fixator - a
rigid system causes delays in bone consolidation, while a certain level of mo-
bility obstructs callus formation. Controlled axial load improves bone healing
but movement of the bone in other planes causes shearing and bending forces
that inhibit bone formation; therefore a good fixator should be able to control
these.



Chapter 1. Introduction 18

v V V

O
L&
II/\I

Y&
=
.l
52

FIGURE 1.10: Transformation of the bone callus during dynamization
phase, adapted from [11].

Once this final dynamization phase is completed, and proper bone
maturation is achieved, the fixator is removed; it is important to leave the
bone screws in place for 3 or 4 days to have the possibility of repositioning the
fixator in case of length loss or complications.

Before removing all the components the callus rigidity is checked through
radiography; despite these, re-fracture can occur in 3 to 10% of cases.
According to more precise research, when we obtain a stiffness of 15
Nm/degree in the sagittal plane, the consolidation of the tibial fractures is
appropriate for the removal of the fixator [12]. Sometimes, after the removal
of the fixator, it could be useful to support the bone with other immobilization
methods for 2 or 3 weeks to ensure a better bone consolidation.

1.2.3 Treatment studies

Due to their duration, complications might arise during the treatment.

A parameter that can be considered to evaluate the length of the treatment is
the healing rate, this is calculated by dividing the total treatment time (in days)
by the elongation achieved (in cm); therefore it indicates the number of days
of treatment required for the consolidation of a centimetre in an elongation [2].
During the monofocal controlled lengthening technique, the axial distraction
force, applied by the fixator, must be greater than the resistance imposed by
the formed bone callus and the surrounding soft tissues. The total distraction
force will, therefore, be composed of the force required to distract the callus
tissue in the osteotomy gap, as well as the force needed to overcome the resis-
tance of soft tissues, such as muscles [13]. The latter, in addition to undergoing
elongation during the treatment to which they resist, are also severed by the
progressive movement of the fixator’s bone screws.
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FIGURE 1.11: Resultant hip contact force and knee contact force, both
in BW, reproduced from [14].

To understand the force and internal moments, authors simulated the cutting
plane at nine different locations [14]. The models that authors used to estimate
the internal loads was driven by the gait analysis dataset "man": the shank was
considered a rigid body, on it optical markers were placed and ground reac-
tion force was measured with two Kistler plates. The cutting plane was always
perpendicular to the longitudinal axis of the tibia, with the distance L; to the
ankle joint. The AnyBody program estimated the muscle forces to meet the
rigid body system’s balance requirements in each simulated gait time step.
The highest internal loads corresponded to the axial force and the bending mo-
ment in the sagittal plane. The late stance phase was the one in which the tibia
experienced its greatest internal force, which always operated in the longitu-
dinal direction (Figure [I.1I). However increasing the osteotomy distance from
the ankle joint, the moments in the sagittal plane increased up (Figure|1.12).
In the study reported [15], axial forces were measured during various bone
lengthening treatments. Specifically, in each monolateral external fixation de-
vice, a load cell was incorporated to measure the axial distraction force before
and after each lengthening increment. The distraction increments were mea-
sured using the calibrated wire on the fixation device body.

The trend of the total distraction force over time during the lengthening phase
was characterized by peak forces and resting forces (Figure[1.13).

When a roughly constant force level was reached, the remaining force is de-
fined as the resting force (Figure [1.14).

After each distraction increment, there was an instantaneous increase in the
force value until the peak value was reached.
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The peak force decreased exponentially after each lengthening increment
due to the viscoelastic behaviour of the tissues (Figure[I.15), characterized by
stress relaxation, which involved a decrease in stress over time while the im-
posed deformation remains constant.

Authors [14] [15] [17] [18] have reported axial forces registered during distrac-
tion phase while treating of tibial lengthening, and it was possible to sum up
that the range in which were the forces during the treatment is: 250 N - 1000
N. This range of magnitude was so wide because the values of those forces de-
pendsed on the location of the cutting plane, the phase of the motion, the task
that perform the subjects, the velocity of walking and the type of pathology
that was treated.

Same consideration could be done for the moments that were much larger in
the medio/lateral axis.

Therefore, to proper planning and execute the treatment, it is necessary to anal-
yse in detail the patient’s characteristics. A first subdivision is possible by di-
viding the treated patients in two categories:

* patients with post-traumatic shortening: following trauma or a medical
condition, some patients exhibit a difference in limb length;

* patients with congenitally short limbs: they exhibit a difference in limb
length from birth.

From scientific literature it has been possible to define that subjects with con-
genital discrepancies exhibit, during the lengthening phase, forces of greater
magnitude compared to the post-traumatic one (Figure|1.16).
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FIGURE 1.16: Distraction force in case of congenitally short limbs (red
line) and traumatic shortening (blu line), adapted from [14].

This result was correlated with the fact that the limb length discrepancy
present from birth also affects the length of the soft tissues, which will there-
fore be shorter than in a physiological condition. Therefore, with each incre-
ment of distraction, the soft tissues had to adapt to reach lengths never reached
before. This did not happen in patients who had been in an incident because
the treatment was performed following trauma or the onset of a medical con-
dition, both of which generate limb length discrepancy. In these last patients,
since the length of the soft tissues corresponded to the physiological condi-
tion, the reduction in limb size led to the loosening of the surrounding soft
tissues, which, after the distraction increment, tended to generate lower resis-
tance forces.

In addition, patient with congenitally short limbs developed not only high
peak forces but also a large amount of relaxation; in those cases muscles and
soft tissues reacted unfavourably to distraction when the limb length was in-
creased of more than 10%.

Nevertheless, since several radiographs were taken in the weeks during length-
ening, complications such as valgus deformity of the tibia or deformity of the
joints adjacent to the treated segments were noted. When high forces de-
veloped, distraction was stopped temporarily because if during lengthening
phase the axial forces exceeded the levels that the fixator could, this caused the
failure of the frame or damage to the cartilage in the adjacent joints.
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These forces caused by muscles and tendons attached to the bones could
not be suppressed by the patients, even if they tried to prevent the overload
of the treated leg they could not suppress the muscle contractions when they
walked with crutches.

During tibial elongation procedure the tension generated on the gastrocnemius
caused the equinus deformity and less frequent also the joint subluxation. To
prevent musculotendinous contraction the soft tissues could be released dur-
ing the surgery and active physiotherapy was done throughout the treatment.
Then the muscle tension during the neutralization phase began to decline al-
lowing the joint movement.

Since this lengthening procedure had a long duration in time, the patients had
to be informed about the cleaning of insertion sites, to prevent infections and
how to perform the distraction [19]. The use of hydroxyapatite-coated bone
screws could significantly reduce the incidence of infection at the screw inser-
tion site, thanks to a greater capacity for osseointegration with the bone.

1.3 Tibial lengthening treatment

As cited before one of the possible complications that could happen during
bone lengthening was the joint subluxation that happens when a load is ap-
plied to an unstable joint; therefore the partial loss of normal anatomical rela-
tionships between the joint surfaces happens.

The bones involved in joints are characterized by a mechanical axis and an
anatomical axis (Figure ; these are two concept used to describe the struc-
ture and the orientation of the bone itself.
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FIGURE 1.17: Mechanical (A) and anatomical (B) axis of the entire leg,
adapted from [20].
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The anatomical axis of a bone is an imaginary line that represents the direc-
tion of its length. This axis generally coincides with the midshaft line, which is
the central or median point of the bone. The anatomical axis is important for
describing the overall orientation of the bone within the body.

The mechanical axis of a bone is a concept related to the forces and movements
that the bone can withstand and generate. This axis connects the proximal
and distal joint centres, it represents the direction along which biomechanical
forces act on the bone and it is used to assess the function of the bone in situa-
tions such as loading and joint movement. The mechanical axis is significant in
biomechanics and orthopedics to understand how bones respond to mechani-
cal stresses.

In particular, in the case of femur treatment, performing lengthening along the
anatomical axis forces the mechanical axis of the joint in a lateral direction,
causing a valgus deformity of the knee. It should be considered that position-
ing the body of the fixator parallel to the mechanical axis results in a higher
tensional state at the screw-bone interface since the screws will not be inserted
perpendicularly to the bone itself [2]. This considerations do not regard the
tibia because in this bone the anatomical axis coincides with the mechanical
one therefore, for the treatments of the tibia there is no doubt if the fixator has
to be aligned with the anatomical axis or with the mechanical one. In litera-
ture it is reported that for tibial lengthening the mediolateral positioning of the
fixator gives high stability but it can be uncomfortable for the patient to walk,
therefore, usually surgeons opt for anteromedial application that guarantees
enough stability and comfort for the subject. Other authors, suggest that to
avoid valgus deformities it is recommended the anterior positioning of the fix-
ator.

The first screw of the setup that is implanted is the proximal one followed by
the most distal of the frame and consequently the remaining screws.
Depending of the height on which the screws are inserted in the tibia, atten-
tion should be paid to soft tissues and blood vessels that may be encountered.
For example in the proximal part of the tibial tuberosity the anterior zone on
both sides of the patellar ligament is safe for unilateral fixation (Figure [1.18).
While distal to the tibial tuberosity it is best to insert the pins where soft-tissue
coverage is minimal so the risk of pin track infection is lower (Figure[1.19).

In the middle part of the tibia near the posterolateral tibial border runs the neu-
rovascular bundle that includes the deep peroneal nerve, anterior tibial artery
and vein therefore if the screws are inserted as shown by the red dotted line,
they could be dangerous [21] (Figure [I.20). Also the distal zone of the tibia
(Figure is critical for the screws insertion because the peroneal nerve, the
anterior tibial artery and vein are very close to the posterolateral bord of the
tibia; therefore, in literature precise guidelines for the surgeons regarding the
insertion of the screws are reported.
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FIGURE 1.18: Screw insertion in the proximal part of the tibia, repro-
duced from [21].

FIGURE 1.19: Screw insertion in the distal part of the tibia, reproduced

from .
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Anterior tibial artery and vein
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FIGURE 1.20: Screw insertion in the middle zone of the tibia, repro-
duced from .
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FIGURE 1.21: Screw insertion in the distal zone of the tibia, reproduced
from [21].

1.4 Interfragmentary movement, global displacement and stiffness

There are numerous strategies to get a tibia fracture to heal. One of them is
that the external fixator used to repair the fracture should be as stable as possi-
ble because this speeds up the healing process. According to the authors [22],
when compared to internal fixation methods (screws, plates, and wires) the
external fixation is the most stable fixation. The stability of the fixator can alter
the healing rate. The use of external fixator, through the screws and the frame,
is the favourable option to allow weight bearing forces to be distributed from
the upper to lower patient’s body.

A fundamental aspect of the entire external fixation system during bone length-
ening is the axial stiffness, it primarily depends on the configuration of the de-
vice chosen for the specific treatment which is characterized by various factors,
including:

¢ the number of bone screws: the more screws there are, the greater the
stiffness of the construct;

* screw diameter: the larger the diameter of the screws used, the greater
the axial stiffness of the construct. However, if the diameter is too large,
it can weaken the bone to the point of fracturing it. It is common practice
not to use a screw diameter greater than one-third of the diameter of the
bone in which it is fixed [2[];

* clamp-to-first cortical distance: the smaller the clamp-to-first cortical dis-
tance, the greater the axial stiffness of the construct. This distance is, in
fact, nothing more than the lever arm of the force acting on the bone to
be treated, and as it increases, the bending moment to which the bone
screws are subjected also increases [23].

The stiffness of the fixator depends on the phase of the treatment. It relates to
the strength needed for the device to overcome the peak pressures, caused by
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the stretching resistance imposed by soft tissues, and the resistance created by
the bone callus during the distraction phase. The amount of axial stiffness dur-
ing consolidation is associated with the interfragmentary movements required
to facilitate the mineralization of the bone callus in the fracture gap.

Two characteristics of the construct are therefore important: stability and de-
formability.

The stability of the system is a crucial factor for a successful treatment out-
come, it refers to the ability of the device to withstand the loads it is subjected
without permanent changes in the configuration of individual components.
The most important factors influencing the stability of a fixator are the bone-
screw connection and screw-frame connection.

The deformability of the construct allows micro-movements at the fracture site,
so bone fragments move reciprocally under the influence of applied loads and
return to their original position when the load ceases. The deformability of an
external fixator can be adjusted by varying the distance between the bars of the
frame and the axis of the treated bone, the diameter of the bone screws, their
arrangement and number, or their mutual distance.

During the years, the clinical opinion of ensuring a configuration with the
highest possible axial stiffness, has given way to the need to promote mi-
cromovements to the bone callus, thanks to the elasticity of the construct. A
mechanically stable fixator determines the interfragmentary movement in the
fractured area where the callus forms during the healing process, allowing the
bridging of the fracture gap [24].

Therefore, it is clear that the movements between the fracture surfaces are es-
sential during the healing process, even if the most beneficial environment for
the healing of a fracture is not fully explained [25]. Having high stress and
strain at the pin bone interface may create the risk of pin loosening and infec-
tion. An excessive movement in the fracture gap is undesirable for the healing
process and may increase the risk of pseudoarthrosis. From the analysis of the
articles available in the scientific literature, it has emerged that: movements in
the fracture gap ranged between 0.1 — 1.3 mm in axial direction and 0.2 - 0.5 in
shear direction are known to be beneficial, but if they are greater than 2.0 mm
they could lead to complications and if they are lower than 0.1 they may cause
bone resorption (Figure [1.22) [24] [25] [26] [27].

The evaluation of these value ranges is currently under investigation. In gen-
eral, the frames should be quite steady at first, in order to promote fracture
healing; then the frames must be increasingly dynamized as the healing contin-
ues. In this stage, the osteogenesis site gradually receives an increasing strain.
As there isn’t a widely used method, the dynamization of the fixator can either
be done by extending the space between the frame and the bone or by remov-
ing part of the bone screws.
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FIGURE 1.22: Axial stiffness (AS) and interfragmentary movements
(IFM) relation.

In this work for each configurations are evaluated the interfragmentary move-
ments and also the global displacements that indicate how close the ankle joint
approaches the knee, this last index reflects in the global stiffness of the con-
struct. This indexes are monitored during all the healing process till the re-
moval of the fixator before which radiographic examination are done to evalu-
ate the consolidation of regenerated tissue, this images only offer quantitative
data that are unrelated to the mechanical characteristics of the bone. Even after
the fixator has been removed, it is usual to keep the bone screws in place for a
few days to allow for any required fixator repositioning.
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1.5 Objective of the thesis

The literature analysis has revealed how different factors affect the quality of
limb lengthening treatment. For this reason, device manufacturers are contin-
uously looking for solutions that provide the best outcome of the treatment, in
close collaboration with the medical-scientific environment.

It is necessary to consider how the concepts of stability and stiffness for uni-
lateral external fixation device during the treatment of bone lengthening are
critical.

Due to the lack of stiffness of an external fixator system, a cartilaginous cal-
lus is more likely to form, it has a harder time turning into bone. As a result,
the consolidation process may take longer than expected and pseudoarthrosis
may occur. The consolidation of the bone regeneration may be delayed also by
excessive stiffness in the later phases of the therapy [2].

In general, a surgeon relies on his or her personal experience to define the best
device configuration to use, since no rigorous guidelines that take into account
all treatment variables are available. It is also important to remember that dur-
ing treatment the only way they have to monitor and assess the status of bone
callus consolidation are X-ray images.

Citieffe s.r.l. is a company that develops and commercializes surgical instru-
ments for orthopaedic traumatology, particularly implantable devices for in-
ternal and external fixation. It is actively engaged in researching the best con-
figuration use of its Rekrea external fixation device based on the patient speci-
fications, through collaborations with users of the device.

In this context, during my curricular internship, I took part in the study of the
mechanical behaviour of different configurations during the treatment of tibia
lengthening. The fixator was anchored to two tibial bone substitutes, simulat-
ing the osteotomy of a real treatment, through a different number of screws,
positioned closer or further from the fracture gap. The screws were inserted
in a different way in respect to the anatomical /mechanical axis of the tibia, in
order to understand how mechanical behaviour changed.

Thickness of the bone callus placed in the osteotomy gap was investigated to
understand the effect of this variable.

Data resulting from all the mechanical tests were analysed to evaluate how
changing the different configurations brought to a diverse outcomes, which
had to met some basic medical requirements, as described in literature.

The main goals of this thesis were to investigate the performance of the Rekrea
device: if it is used in Lock/Unlock configurations, if the thickness of the sim-
ulated bone callus is changed and if the number and positioning of pins in-
volved in the Tandem Assembly is changed.
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Chapter 2

Materials and Methods

To obtain the results, shown in the following paragraphs, mechanical tests
were done.

2.1 Experimental Setup

The tibial bone was simulated with two Teflon (PTFE) cylinders with a diame-
ter of 30 mm and length of 30 cm (similar materials and dimensions respect to
bone tissue) separated by a gap that corresponded to the fracture site [28]. The
external fixation device was anchored to the simulated bones through several
bone screws. In the gap between the two bones two "sheaths" were placed to
guarantee the uniaxiality of the compression test. Between these, a thin layer of
simulated bone callus, obtained from Sawbones block 10 PCF (density of 0.16
¢/cm®) was placed. For the following tests different thickness of simulated
bone callus were used, as to simulate a bone growth. On the upper extremity
of the construct, the load was applied, through a ball joint or a knee prosthesis.
On the lower extremity the structure is supported always by a spherical joint
simulating the tibial plafond.

Since the interfragmentary movement plays a key role in the treatment, be-
tween the two simulated bones it was necessary to arrange a setup able to
evaluate these movements [29]. For this scope an extensometer (model MTS
632.79) was fixed to the structure, at the level of the two "sheaths" that included
the bone callus, to measure IFM only in the axial directions without any other
interference caused by deformations along other directions. The extensometer
(Figure[2.1) was packed in a case which contained: the instrument, the attached
cable with connectors, the springs, the attachment devices and the tools.
Testing activities were performed with a universal testing machine: MTS 858
Mini Bionix IT Model used in axial configuration (Figure [2.2).
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FIGURE 2.1: MTS 632.79
Immersible Extensome- FIGURE 2.2: Testing
ter. machine.

The analysis of the data from the mechanical tests were obtained using the
Matlab R2023a software. From the output data file of the testing machine, the
useful columns of data were extracted; then some graphs were obtained such
as the load in time (Figure in order to see the sinusoidal cyclic load acting
on the structure. The last cycle is considered the steady state behaviour of the
system therefore it was the one used to compute the parameters of interest,
which were:

* IFM: calculated as the difference between the displacement value recorded
by the extensometer at the end of the last compression cycle of load and
the value of the same variable at the beginning of this cycle;

* DISP: calculated as the difference between the displacement value recorded
by the axial LVDT at the end of the last compression cycle of load and the
value of the same variable at the beginning of this cycle;

* E_glob: calculated as the slope of the regression line on the curve ob-
tained plotting the load in the last cycle of compression on y axis and the
global displacement in the corresponding interval on x axis.
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FIGURE 2.3: Load in time acting on the structure.

2.1.1 Simulated Bone Callus

To simulate the bone callus placed in the gap between the two bones segments
after the osteotomy a thin layer of Sawbones block 10 PCF (density of 0.16
g/ cm®) was placed.

Sawbones are artificial bones designed to simulate the bone architecture, as
well as the bone’s physical properties [30]. Plastics and epoxies are the funda-
mental parts of the sawbones. They are used in applications that previously
depended on dead bodies. These applications include orthopedic biomechan-
ics research and surgical teaching. Although cadaveric models are the indus-
try’s gold standard simulators, they have significant disadvantages that limit
their use in educational facilities. These disadvantages include the risk of dis-
ease transmission, high cost, and long preparation times. Furthermore, cadav-
eric samples represent the elderly people, whose bone quality might not be
represent the majority of orthopedic patients.

Sawbones are used by orthopedic educators to demonstrate how soft tissues,
such as muscles and ligaments, are attached to bones and how they relate
to each other. Additionally, the orthopaedic resident gets the chance to con-
tinually practice various orthopedic surgery techniques on sawbones, until a
certain level of competence, including fracture reduction, drilling, plate fixa-
tion, and screw insertion is reached and without harming patients.The most re-
cent Sawbone generation accurately mimics the biomechanical characteristics
of the human bone when subjected to varying loads such as axial, torsional,
and bending pressures. They provide exact reconstructions of the anatomical
landmarks of the bone with cortical wall thickness that is equivalent to the real
bone.

This work demonstrates how the different thickness of the bone callus results
in different values of the analysed parameter (IFM and DISP) of the entire con-
struct subjected to axial load.
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2.2 Rekrea Fixator Components

Rekrea is a monolateral limb reconstruction system (Citieffe s.r.l.). It has a
range of fixator body lengths: Standard, Bifocal and Small. In this last version
both the fixator body and the clamps are small.

For this reason, it is recommended for pediatric use.

The main elements of the Rekrea system are:

* TFixator Body;

* Mobile Clamps;

¢ Bone Screws;

e Kirschner Wire (for the hybrid configuration).

This system meets the requirements of the standard specification and test meth-
ods for external skeletal fixation device F1541 -17. This specification is under
the jurisdiction of ASTM Committee FO4 on Medical and Surgical Materials
and Devices.

2.21 Frame

The monolateral Rekrea fixator body (Figure [10]) is composed of three
radiolucent rods: one has the function to move the clamp for the distrac-
tion/compression treatment and it is made of a thermoplastic material (Ketron
CA30 PEEK), while the other two are made of composite material (carbon
fiber).

n/distraction

iolucent distraction/compression rod

for individual mavement of the single clamps

FIGURE 2.4: Monolateral Rekrea fixator body, reproduced from [[10].
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FIGURE 2.5: Rekrea Small fixator body, reproduced from [10].

The fixator body comes in different lengths and types:
* Rekrea fixator body;

* Rekrea Bifocal fixator body, for treatments involving significant bone trans-
port;it is best to move the clamps in opposite directions or at different
speeds;

* Rekrea Small fixator body for small bones.

For the tests performed in this analysis the Rekrea Small fixator body was con-

sidered (Figure [2.5).

222 Clamps

The mobile clamps for bone screws are made in aluminium alloy (7075 Alu-
minium Alloy - Ergal) and they allow different types of configurations and
movements depending on the treatment in which they are involved. The clamps
can be used: Straight, Translational, Standard and Swiveling; all the cited types
are also available in Small version, to be used with the Rekrea Small fixator
body (Figure [2.6).

For the analysis, discussed in the following sections, Standard Small clamps
were used. At the base of all Rekrea clamps there are two screws: green
“ON” and purple “LOCK-UNLOCK?”, which control the sliding of the clamp
along the fixator body rods (Figure 2.7). When the “ON” screw is tightened,
the clamp is locked to the compression/distraction rod; turning the compres-
sion/distraction screw moves the clamp. Regarding the “LOCK-UNLOCK”
screw, when the it is tightened in the “LOCK” position, the clamp is locked.
When the screw is loosed in “UNLOCK” position the clamp is free.

For this thesis, mechanical tests were done to understand if significant results
emerged when the “LOCK-UNLOCK” and the “ON" screws were in the same
position.
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FIGURE 2.6: Mobile clamps for Rekrea fixator body and Rekrea Small
fixator body, reproduced from [[10].

FIGURE 2.7: “ON” and “LOCK-UNLOCK” screws of the clamp, repro-
duced from [10].
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FIGURE 2.8: Steel double-diameter thread bone screw, reproduced from
[10].

2.2.3 Bone screws

Bone screws are the elements that, through the clamps, connect the body of
the fixator with the treated bone [10]. The Rekrea system uses steel double-
diameter thread bone screws (Figure 2.8). These are self-drilling and self-
tapping and are designed to achieve optimum capture with minimal damage
to the bone tissue. The double-diameter profile is one of the elements that
contributes to ensuring the stability of the system. The screws are made of
steel 316L that is a non-magnetic material, so that it is not affected by magnetic
fields, it has a high elastic modulus and high mechanical properties in com-
pression.

These double-diameter bone screws act as follows:

* the self-drilling tip creates a hole the size of the smallest diameter;
¢ the smallest diameter inserts into the bone;
* the first self-tapping portion performs the tapping of the bone;

* the second self-tapping portion facilitates the transition to the largest di-
ameter;

* the largest diameter penetrates while correcting any ovalisation of the
first hole.

For patients who have inflammatory or allergic reactions to the tip, nickel-free
cortical bone screws are available as well as screws covered by hydroxyapatite,
due to its high biocompatibility.

Hydroxyapatite is an important mineral component of bones, it is responsible
for the consistency and strength. In bones, hydroxyapatite merges with other
substances, such as calcium salts and collagen, to form a solid and resilient
structure.

Hydroxyapatite is present in bone reconstruction materials to restore and main-
tain bone structure. It is useful when screws have to remain in place for long
treatment.



Chapter 2. Materials and Methods 37

2.3 Mechanical tests

2.3.1 Lock/Unlock configuration testing

The first tested configuration (Figure showed two standard clamps on the
Rekrea Small fixator body, the first with three screws and the second with two
screws. The first clamp was fixed on the bone segment above the fracture site
(proximal clamp), the second on the segment below the gap (distal clamp).
Between the two tibial segments a layer of simulated bone callus (Sawbones
block 10 PCF) with the thickness of 6 mm and then 9 mm was tested. The
joints, so the extremities of the structure were simulated with spherical joints.

FIGURE 2.9: Complete system mounted on the testing machine.

All the system, with the different simulated bone callus thickness, underwent
six tests, each test had six repetitions, each repetition composed of 10 load cy-
cles. The sinusoidal load had an amplitude between -150 N and -750N with a
frequency of 0.1 Hz. Half of the six tests were executed in UNLOCK configu-
ration, and the others in LOCK configuration.

UNLOCK configuration emplies that:

* on the proximal clamp the “ON" screw is loosed while the “LOCK-UNLOCK”
screw is tightened;

* on the distal clamp the “LOCK-UNLOCK” screw is loosed while the “ON"
screw is tightened.

LOCK configuration entails that on the proximal and distal clamps all the
screws are tightened. This setup was not recommended by the company but
was investigated to understand how the system (bone-fixator) behaved.

One of the problems in the treatment of the tibia is the deformation that the
frame undergoes due to the moment generated by the accumulation of soft
tissues present in the posterior area of the tibia [31]. Considering this issue, a
particular configuration of the device called Tandem was tested.
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2.3.2 Simulated bone callus validation testing

To understand how the simulated bone callus behaves, tests were done with-
out the fixator anchored to the tibial segments (Figure and Figure 2.11).
Assuming the following period of treatment (6, 10.3, 16.3 and 21.2 mm of bone
callus at the osteotomy), the system underwent five compressive tests and for
each test five cycles of sinusoidal load were applied, in the range between -150
N and -550 N, with a frequency of 0.1 Hz.

FIGURE 2.10: System without Rekrea anchored mounted on the testing
machine.

|

FIGURE 2.11: Focus on the system without Rekrea.
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2.3.3 Rekrea Tandem Assembly configurations mechanical testing

The Tandem configuration shows the distal bone segment connected to two
clamps positioned close on the frame of the fixator. In this configuration three
clamps are mounted on the frame: on the proximal bone segment; on the dis-
tal bone segment, proximally to the osteotomy; and distally on the same bone
segment. This configuration allows greater variability in the placement of the
bone screws showing the simultaneous movement of both adjacent clamps.

In particular, the configurations that underwent mechanical tests were reported:

e Configuration Tandem central 2screws (Td_central_2screws) (Figure[2.12):
three screws were in the proximal clamp, two screws in the clamp proxi-
mal to the fracture site (first and last hole of the clamp) and one screw in
the central hole of the distal clamp;

FIGURE 2.12: Configuration Td_central_2screws

* Configuration Tandem distal 2 screws (Td_distal_2screws) (Figure :
three screws were in the proximal clamp, one screw in the central hole of
the clamp proximal to the fracture site and two screws in the distal clamp
(tirst and last hole of the clamp);

FIGURE 2.13: Configuration Td_distal_2screws.

¢ Configuration Tandem central full (Td_central_full) (Figure [2.14): three
screws were in the proximal clamp, three screws in the clamp proximal
to the fracture site and one screw in the central hole of the distal clamp;
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FIGURE 2.14: Configuration Td_central_full.

* Configuration Tandem distal full (Td_distal_full) (Figure[2.15): three screws
were in the proximal clamp, one screw in the central hole of the clamp
proximal to the fracture site and three screws in the distal clamp;

FIGURE 2.15: Configuration Td_distal_full.

For all the systems cited, both for 6 mm and 9 mm of simulated bone callus,
five tests of cyclic load were executed in LOCK configuration and 5 cycles in
the UNLOCK configuration. The sinusoidal load had an amplitude between
-150 N and -550N with a frequency of 0.1 Hz. These tests were executed when
the fixator was positioned in the mediolateral direction (ML, 45°) in respect to
the tibia and also in the anteroposterior direction (AP, 0°) respect to the tibia

(Figure and Figure[2.17).
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FIGURE 2.16: Directions of the insertion of the screws in the bone,

adapted from [21].

FIGURE 2.17: Anteroposterior and mediolateral positioning of the fixa-
tor.

The ML application is the most commonly used during surgical procedure,
but for the purpose of this research the AP application was tested; the
moments were analysed to investigate the effect of maximizing the angle of
pin insertion.

The comparison of the results obtained in all the different configurations
reported above are explained in detail in the dedicated section (Paragraph
Results and Discussion).
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2.4 Data analysis

The data obtained from the mechanical tests were compared using statistical
tests.

First, the normality of the distributions was verified. One of the most common
continuous probability distribution function is the normal probability density
(Figure 2.18), also known as the normal distribution or Gaussian distribution.
In statistics, the normal distribution is important for several reasons, includ-
ing the fact that various continuous phenomena follow, at least approximately,
a normal distribution. Furthermore, the Gaussian distribution can be used to
approximate numerous discrete probability distributions. To test the normal-
ity of the distributions the Shapiro-Wilk test was used [33]]. Through this test,
the calculation of the p-value was performed, this number allows to determine
if there is a significant difference between a certain quantity and the hypothe-
sized value. The p-value is a measure of the credibility of the null hypothesis
Hy; in fact, if p is small, it means that the observed value in the sample deviates
significantly from what is expected under the null hypothesis. The threshold
value «, indicates the significance level of the test. In this reserach it was set at
0.05. Once the p-value is calculated, one can proceed as follows:

¢ if p >« then we accept the null hypothesis Hy and we reject the alternative
one, therefore we suppose that the data are normally distributed;

* if p <& then we reject the null hypothesis Hy and we accept the alternative
one, therefore we suppose that the data are non-normally distributed.

During the analysis the homoscedasticity of the data was checked using the
Bartlett test [34], which determines whether multiple samples come from pop-
ulations with equal variances.

Some statistical tests, such as the T-test, require that variances are equal among
groups or samples. Variance is a statistical variable that defines the average of
the squares of the differences between individual values of the population and

FIGURE 2.18: Normal probability density, reproduced from [32].
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FIGURE 2.19: One-tailed test, adapted from [36].

their arithmetic mean.

After confirming the normality and homoscedasticity of the distributions, the
T-test was applied. It is a statistical test used to compare the means of two
groups; for the purpose of this research, the mean values of the estimated pa-
rameteres, for the different configurations, were compared. The T-test [35] is a
parametric test and is used when the samples meet the conditions of normality
and equal variance.

The test was done comparing different configurations using the function TEST.T
in Microsoft Excel. After having selected the two data distributions for the test,
the function required to specify the “tail” and the “type” of test to apply.

A “one-tailed” test refers to a test in which the critical region, so the rejection
region, appears only on one end of the distribution. "One-tailed" hypothesis
tests are also known as directional tests because the effects are tested in only
one direction. When a one-tailed test is performed, the entire significance level
percentage goes into the extreme end of one tail of the distribution. It signi-
fies that the estimated test parameter can be greater or lower than the critical
value.

A "one-tailed" test (Figure[2.19) can be:

* left-tailed test (negative "one-tailed" test): it is used when the alternative
hypothesis states that the true value of the parameter specified in the null
hypothesis is less than the null hypothesis claims;

* right-tailed test (positive "one-tailed" test): it is used when the alternative
hypothesis states that the true value of the parameter specified in the null
hypothesis is greater than the null hypothesis claims.

In a “two-tailed” test (Figure[2.20), the rejection region or critical area is located
on both ends of the normal distribution. It determines if the sample falls within
a certain range of values. a represents the significance level of the test and is
set at 0.05 but since it is a "two-tailed" test the p-value found is compared with
0.025.
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Two-tailed test

FIGURE 2.20: Two-tailed test, adapted from [36].

When using the Excel function TEST.T the options are:
* paired t-test;

* homoscedastic t-test: it is used when there is equal variance between two
samples;

* heteroscedastic t-test: it is used when there is unequal variance between
two samples.

For the following analysis the "two-tailed" tests were used with the assumption
of homoscedasticity.
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Results and discussions

3.1 Lock/Unlock configuration outcomes

During the treatment the clamps can be used both in lock and unlock configu-

rations according to the surgical technique.

3.1.1 Results

The mean (+ standard deviation) values evaluated on five samples of IFM and
DISP obtained for the different thickness of simulated bone callus (6 mm and

9 mm) are reported in[3.T]and Table

6 mm UNLOCK LOCK
IFM [mm] | 0.258 (+0.011) | 0.228 (+0.004)
DISP [mm] | 0.894 (+0.005) | 0.865 (+0.008)

TABLE 3.1: 6 mm simulated bone callus results.

9mm UNLOCK LOCK
IFM [mm] | 0.287 (x0.013) | 0.259 (+0.001)
DISP [mm] | 0.859 (x0.006) | 0.846 (+0.004)

TABLE 3.2: 9 mm simulated bone callus results.
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3.1.2 Statistical results

The distributions of the data (IFM and DISP) obtained from the mechanical
tests are normal both for the case of 6 mm simulated bone callus and 9 mm.
The values of the p-valuespapiro wilk test are reported in Table 3.3 and Table
they are always greater than 0.05 (level of significance of the test) therefore the
data do not show a significant departure from normality.

p'ValueShapiro Wilk test
IFM unlock 0.45
DISP unlock 0.29
IFM lock 0.47
DISP lock 0.75

TABLE 3.3: Shapiro Wilk Test’s p-value for 6 mm Simulated Bone Callus
Data.

p-valueghapiro Wilk test
IFM unlock 0.08
DISP unlock 0.32
IFM lock 0.24
DISP lock 0.28

TABLE 3.4: Shapiro Wilk Test’s p-value for 9 mm Simulated Bone Callus
Data.

Then using the T-test it was possible to conclude that values obtained for IFM
and DISP comparing Lock and Unlock configurations are statistically
different.

3.1.3 Discussions

Considering 6 mm simulated bone callus the collected data shows variations
statistically different for:

e [FM decreases of 11.6% from UNLOCK (0.258 mm) to LOCK (0.228 mm)
configuration (p-value = 4.09 x 10~7);

¢ DISP decreases of 3.24% from UNLOCK (0.894 mm) to LOCK (0.865 mm)
configuration (p-value = 3.17 x 107°).

Considering the 9 mm simulated bone callus data shows:

e [FM decreases of 9.7% from UNLOCK (0.287 mm) to LOCK (0.259 mm)
configuration (p-value = 1.12 x 107°);

e DISP decreases of 1% from UNLOCK (0.859 mm) to LOCK (0.846 mm)
configuration (p-value = 5.3 x 103).
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We can assume that the applied load is distributed more on the fixator frame
rather than on the simulated bone callus in LOCK compared to UNLOCK con-
figuration since both the IFM and DISP show decreased values.

In according to this statement the data shows:

* with 6 mm of simulated bone callus the global stiffness increases of 4% in
LOCK configuration;

* with 9 mm of simulated bone callus the global stiffness increase of 1.5%
in LOCK configuration.

Considering the lock configuration for the two simulated bone callus, as re-
ported in the Figure the 9 mm simulated bone callus setup shows higher
IFM but lower DISP compared to the 6 mm simulated bone callus (both p-
values < 0.05).

It has to be noticed that the test setup acquires axial displacement exclusively.
As described in literature movements in the sagittal plane occur [14] [17] [18]
and we can assume that these movements influence the DISP values, but we
are not able to quantify them with the current setup.

IFM and DISP (Lock configuration)

1.000
0.865 0.846

0.800
0.600
g B 6 mm LOCK
0.400
0.228 0-259 B9 mm LOCK
0.200 . I
0.000

FIGURE 3.1: IFM and DISP obtained from the lock configuration.
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3.2 Simulated bone callus outcomes

3.2.1 Results

Executing the test considering the simulated bone callus as is explained above
(Paragraph [2.3.2) we can state that (Figure 3.2):

* moving from 6 mm of simulated bone callus to 10.3 mm so an increase of
70% in thickness cause an increase in DISP of 50%;

e moving from 10.3 mm of simulated bone callus to 16.3 mm so an increase
of 58% in thickness cause an increase in DISP of 37%;

* moving from 16.3 mm of simulated bone callus to 21.2 mm so an increase
of 30% in thickness cause an increase in DISP of 13%.

DISP without fixator for different thickness of simulated bone callus

0.50

0.40 0.37 6 mm
10.3 mm

030 0.25 B 16.3 mm

0.20 m21.2 mm

0.10

0.00
DISP

FIGURE 3.2: DISP without the application of the fixator.

3.2.2 Statistical results

The distributions of the data obtained from the mechanical tests are normal
for all the thickness of simulated bone callus, this hypothesis was verified ap-
plying the Shapiro Wilk Test and having found p-valueghapiro wilk test always
greater than 0.05 (Table [3.5).

DISP p-valueshapiro Wilk test
6 mm 0.94
10.3 mm 0.33
16.3 mm 0.62
21.2 mm 0.08

TABLE 3.5: Shapiro Wilk Test’s p-value for Different Thicknesses of
Simulated Bone Callus.
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Then using the T-test it was possible to conclude that values obtained for DISP
are statistically different in the case of simulated bone callus with thickness
of 6, 10.3, 16.3 and 21.2 mm as visible from the p-valuegnapiro wilk test Obtained
(Table from each comparison always lower than 0.05.

Comparison p-valuer-test
DISP (6 mm VS 10.3 mm) 2.09 x 10710
DISP (6 mm VS 16.3 mm) 1.29 x 10712
DISP (6 mm VS 21.2 mm) 3.87 x 10714
DISP (10.3 mm VS 16.3 mm) | 1.77 x 1010
DISP (10.3 mm VS 21.2 mm) | 1.01 x 10~ 12
DISP (16.3 mm VS 21.2 mm) | 1.10 x 1078

TABLE 3.6: T-test p-values for Each Comparison

3.2.3 Discussions

Increasing the thickness of the simulated bone callus DISP increases as well.
We can assume that the structure with 21.2 mm simulated bone callus is less
stiff than the 6 mm model. To bring out the fact that increasing the thickness
of the simulated bone callus DISP increases as well are done tests placing the
Sawbones of 6, 10.3, 16.3 and 21.1 mm in the gap between the two tibial seg-
ments after the osteotomy. If increasing the thickness DISP increase the axial
stiffness (E) decrease, graphs are reported in the figure below (Figure3.3).

1

o 1600 V=7

08l i 1400
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0 0
6mm 10.3mm 16.3mm 21.2mm 6mm 10.3mm 16.3mm 21.2mm

Sample of Sawbones with different thickness Sample of Sawbones with different thickness

FIGURE 3.3: From left to right: boxplot representing DISP and E ob-
tained in different tests with increasing thickness of Sawbones (6 mm +
21.2 mm).

Itis possible to find a correlation between the mean values of each test for DISP
and E as shown in the Figure
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FIGURE 3.4: A: regression line obtained starting from the mean values

of DISP for each test, B: regression line obtained starting from the mean

values of E for each test. In both cases tests are done with increasing
thickness of Sawbones (6 mm =+ 21.2 mm).

R-squared is an index that has a value between 0 and 1. Values close to 1, like
the one found in the previous graphs, indicate that much of the variation of
the dependent variables (DISP and E values) can be explained by the linear
regression model used. In other words, the linear regression model is able to
explain and predict much the variation in the data of the dependent variables.
The fact that was possible to find a linear regression model help to understand
what happens when the thickness of the simulated bone callus is increased.
This allow to approximate the behavior of the Sawbones with the formula:

_P-L

5= —
E-A

where P is the axial load applied to the structure; L is the different thickness
of the regenerated bone callus, A is the area of the section of where the load
is applied and E is the Elastic modulus of the material underwent the test. It
has to be noticed that this formula derived from any situation in which a ho-
mogeneous, isotropic metal rod of length L and constant cross-sectional area
A is subjected to a concentrated axial load P. In the present study we use it
to explain the linear behaviour of the simulated bone callus subjected to com-
pressive test.



Chapter 3. Results and discussions 51

3.3 Rekrea Tandem configuration outcomes

Considering the test performed in Tandem configuration we obtain different
results depending on:

¢ Frame Configuration (AnteroPosterior or MedioLateral application);
* Stage of healing process (6 or 9 mm simulated bone callus) (Figure 3.5);

* Bone screw configuration (number/position of pins in the mobile clamps).

FIGURE 3.5: From left to right: Sawbones to simulate the bone callus
with thickness of 6 mm and 9 mm.

3.3.1 Results for the MedioLateral application of the fixator

In this phase of the test the fixator is positioned with 45° of inclination respect
to the sagittal plane (Figure B.6). This setup is tested in order to try to better
counteract the moments developed by muscles and tendons (Figure[1.12} Para-

graph [23) [14]

FIGURE 3.6: Tibial fixation with a mediolateral wire.

Considering that positioning of the device with two pins in the central clamp
(Td_central_2screws) or in the distal one (Td_distal_2screws), analysing the re-
sults they were not so different in terms of DISP (0.628 mm, 0.625 mm) (-0.5%,
p-value = 5.5 x 10~3) in case of 6 mm of regenerated bone.
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Moving from Td_central 2screws to Td_distal 2screws was obtained an in-
crease in IFM (0.101 mm, 0.103 mm) (+2%, p-value = 2.53 x 107%) (Figure @)
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FIGURE 3.7: From the left to the right: IFM and DISP in the two config-
urations reported above with 6 mm of simulated bone callus.

With 6 mm of simulated bone callus if we compare Td_central_full and Td_distal_full
(three pins in the central or distal clamps) analysing the IFM we had no differ-

ence between the two (p-value = 0.91) and DISP was quite similar (0.62 mm,

0.60 mm) (-3%, p-value = 2.34 x 10~°) (Figure.
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FIGURE 3.8: From the left to the right: IFM and DISP in the two config-
urations reported above with 6 mm of simulated bone callus.
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If we considered simulated bone callus of thickness of 9 mm moving from
Td_central 2screws to Td_distal_2screws was obtained a decrease in terms of
IFM (0.145 mm, 0.125 mm) (-13%, p-value = 4.82 x 10~1°) and of DISP (0.708
mm, 0.675 mm) (-4.6%, p-value = 2.70 x 10~°) (Figure .

Td_central_2screws

B

Td_distal_2screws

g

Td_central_2screws

Td_distal_2screws

B

FIGURE 3.9: From the left to the right: IFM and DISP in the two config-
urations reported above with 9 mm of simulated bone callus.

With 9 mm of bone callus moving from Td_central_full to Td_distal_full was
obtained a decrease in terms of IFM (0.110 mm, 0.107 mm) (-3%, p-value = 0.02)
and of DISP (0.643 mm, 0.633 mm) (-1.6%, p-value = 0.001) (Figure 3.10).
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FIGURE 3.10: From the left to the right: IFM and DISP in the two con-
figurations reported above with 9 mm of simulated bone callus.
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Further results were shown from the comparison between Td_distal_2screws
and Td_distal_full or Td_central 2screws and Td_central full, both in terms
of IFM and DISP, for 6 mm and 9 mm of simulated bone callus.

Starting from 6 mm of thickness moving from Td_distal_2screws to Td_distal_full
was obtained a decrease in IFM (0.102 mm, 0.092 mm) (-10%, p-value = 7.61 x
10719 and DISP (0.625 mm, 0.60 mm) (-4%, p-value = 1.49 x 10~7) (Figure
3.11).
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FIGURE 3.11: From the left to the right: IFM and DISP in the two con-
figurations reported above with 6 mm of simulated bone callus.

Always with simulated bone callus of 6 mm moving from Td_central_2screws
to Td_central_full was obtained a decrease in IFM (0.105 mm, 0.092 mm) (-
12%, p-value = 1.03 x 10~ ) and DISP (0.634 mm, 0.628 mm) (-1%, p-value =

4.8 x 107%) (Figure3.12).

Considering 9 mm of thickness for the simulated bone callus moving from
Td_distal_2screws to Td_distal_full was obtained a decrease in IFM (0.124 mm,
0.107 mm) (-14%, p-value = 1.38 x 10~'2) and DISP (0.675 mm, 0.635 mm) (-6%,

p-value = 2.5 x 10~%) (Figure 3.13).
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FIGURE 3.12: From the left to the right: IFM and DISP in the two con-
figurations reported above with 6 mm of simulated bone callus.
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FIGURE 3.13: From the left to the right: IFM and DISP in the two con-
figurations reported above with 9 mm of simulated bone callus.

Having fixed 9 mm of thickness for the simulated bone callus moving from
Td_central_2screws to Td_central_full was obtained a decrease in IFM (0.146
mm, 0.107 mm) (-27%, p-value = 1.02 x 10~11) and DISP (0.708 mm, 0.645 mm)

(-8%, p-value = 2.56 x 10~%) (Figure[3.14).
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FIGURE 3.14: From the left to the right: IFM and DISP in the two con-
figurations reported above with 9 mm of simulated bone callus.

3.3.2 Results from the AnteroPosterior application of the fixator

With 6 mm of regenerated bone, if we consider two screws in the distal clamp
(Td_distal_2screws) instead of the central clamp (Td_central_2screws) we can
conclude that the first configuration was stiffer than the second one. In partic-
ular from Td_distal_2screws to Td_central_2screws we had an increase in IFM
(0.096 mm, 0.102 mm) (+6%, p-value = 8.34 x 10~°) and DISP (0.565 mm, 0.609

mm) (+7.8%, p-value = 8.17 x 10~8) (Figure 3.15).
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FIGURE 3.15: From the left to the right: IFM and DISP in the two con-
figurations reported above with 6 mm of simulated bone callus.
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Adding a bone screw in the central or in the distal clamp, we obtain a similar
trend since data show that distal configuration is stiffer than the central con-
figuration.

Moving from Td_distal_full to Td_central_full we have an increase in IFM
(0.107 mm, 0.111 mm) (+4%, p-value = 2.56 x 10~°) and DISP (0.655 mm, 0.675
mm) (+3%, p-value = 1.86 x 10°) as shown in the graph below (Figure .
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FIGURE 3.16: From the left to the right: IFM and DISP in the two con-
figurations reported above with 6 mm of simulated bone callus.

Simulating few days later in the treatment, results were confirmed also in the
case of 9 mm simulated bone callus (Figure 3.17).

Moving from Td_distal 2screws to Td_central 2screws was obtained an in-
crease in IFM (0.116 mm, 0.150 mm) (+29%, p-value = 4.37 x 10~1?) and DISP
(0.64 mm, 0.71 mm) (+10%, p-value = 1.81 x 1078).

Instead moving from Td_distal_full to Td_central_full we had an increase in
IFM (0.123 mm, 0.129 mm)(+5%, p-value = 5.01 X 10~7) and DISP (0.664 mm,
0.695 mm) (+4.5%, p-value = 7.2 x 10~°) as showed by the graph below: Figure
3.18]
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FIGURE 3.17: From the left to the right: IFM and DISP in the two con-
figurations reported above with 9 mm of simulated bone callus.
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Comparing the same configuration “Td_distal” with 6 mm of simulated bone
callus, but varying the number of the bone screws, two or three pins in the dis-
tal clamp (Td_distal_2screws or Td_distal_full) (Figure was shown that
the first configuration was stiffer, reaching lower values both for IMF and DISP.
Moving from Td_distal_2screws to Td_distal_full was obtained an increase in
IFM (0.095 mm, 0.106 mm) (+11%, p-value = 5.8 x 10~8) and DISP (0.565 mm,
0.65 mm) (+15%, p-value = 5.49 x 10~ 11).
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FIGURE 3.19: From the left to the right: IFM and DISP in the two con-
figurations reported above with 6 mm of simulated bone callus.

Similarly, always with 6 mm of simulated bone callus, between Td_central_2screws
and Td_central_full is added one pin in the central clamp and considering
the graph of IFM and DISP (Figure [3.20), moving from Td_central_2screws

to Td_central_full was obtained an increase in IFM (0.102 mm, 0.1119 mm)
(+9.8%, p-value = 1.15 x 10~!1) and DISP (0.61 mm, 0.679 mm) (+11.5%, p-
value = 1.23 x 107).

This behaviour, in case the material between the two bone segments had a
thickness of 9 mm, so simulating the test few days later in the treatment, was
confirmed only in the comparison between Td_distal_2screws and Td_distal_full.
In detail moving from Td_distal_2screws to Td_distal_full was obtained an in-
crease in IFM (0.117 mm, 0.123 mm) (+5%, p-value = 1.43 x 10~%) and DISP
(0.639 mm, 0.667 mm) (+4.7%,p-value = 1.29 x 107°) (Figure 3.21).
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figurations reported above with 6 mm of simulated bone callus.
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FIGURE 3.21: From the left to the right: IFM and DISP in the two con-

figurations reported above with 9 mm of simulated bone callus.
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While, always moving with 9 mm of simulated bone callus, from Td_central_2screws
to Td_central_full was obtained a decrease in IFM (0.151 mm, 0.128 mm) (-
15%, p-value = 5.78 x 10~11) and DISP (0.709 mm, 0.689 mm) (-3%,p-value =

1.6 x 10~°) (Figure 3.22).
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FIGURE 3.22: From the left to the right: IFM and DISP in the two con-
figurations reported above with 9 mm of simulated bone callus.
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3.3.3 Statistical results

The distributions of the data obtained from the mechanical tests are normal
both for the case of 6 mm and 9 mm, this hypothesis was verified applying the
Shapiro Wilk Test and having p-values greater than 0.05. Then using the T-test
it was possible to find configurations that are similar so for which the results in
terms of IFM and DISP are not statistically different so when the p-value find
is greater than the significance level «; in all other cases the p-value obtained is
less than a. Among the configurations where thickness of the simulated bone
callus is 6 mm no statistical differences in IFM are highlighted between:

e Td_distal_2screws (ML) and Td_central_2screws (AP) (p-value = 0.09);
e Td_distal_full (ML) and Td_central_full (ML) (p-value = 0.91).

In terms of DISP no statistical differences are highlighted between:
e Td_distal_full (ML) and Td_central_2screws (AP) (p-value = 0.11);
e Td_distal_2screws (ML) and Td_central_2screws (ML) (p-value = 0.05);
e Td_distal_2screws (AP) and Td_distal_full (AP) (p-value = 0.63);
e Td_distal_2screws (ML) and Td_central_full (ML) (p-value = 0.08).

Regarding configurations where thickness of the simulated bone callus is 9 mm
statistical differences in IFM are present in each comparison, while in terms of
DISP no statistical differences are highlighted between:

¢ Td_central_2screws (AP) and Td_central_2screws (ML) (p-value = 0.81);
e Td_distal_2screws (AP) and Td_central_full (ML) (p-value = 0.06);
e Td_distal_2screws (ML) and Td_distal_full (AP) (p-value = 0.28).

Comparing the results when the thickness of simulated bone callus is 6 mm
against the case in which that layer is 9 mm in terms of IFM no statistical dif-
ference have arisen between:

e Td_central_full (AP, 6mm) and Td_central _full (ML, 9mm) (p-value =
0.09).

In terms of DISP no statistical differences have arisen between:

e Td_distal_2screws (ML, 6mm) and Td_distal_full (ML, 9mm) (p-value =
0.28);

e Td_central_full (AP, 6mm) and Td_distal_2screws (ML, 9mm) (p-value =
0.49);

e Td_central_full (AP, 6mm) and Td_distal_full (AP, 9mm) (p-value = 0.10);
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e Td_central_full (ML, 6mm) and Td_distal_full (ML, 9mm) (p-value = 0.72);
e Td_distal_full (AP, 6mm) and Td_central_full (ML, 9mm) (p-value =0.92).

When no statistically significant differences emerge in the comparisons be-
tween configurations, it means that for these the number of bone screws and
their positioning relative to the tibial axis balance the moments generated dur-
ing the treatment in a similar way. With the same outcome, it is preferable to
use the configuration that requires the fewest number of bone screws.

3.3.4 Discussions

Considering the ML application of the device, the distal configurations showed
stiffer behaviour compared to the central configurations: we assume that the
insertion of a large number of screws in the central clamp rather than the distal
one may cause movements in the transverse plane, therefore movements that
are not detectable in our setup.

In general the insertion of three bone screws, rather than two, in the cen-
tral or distal clamp, comparing the results between Td_distal 2 screws and
Td_distal full or Td_central_2screws and Td_central_full, increases the stiff-
ness in terms of IFM or DISP in case of 6 mm and 9 mm of thickness of regen-
erated bone in the gap between the two bone segments.

It is possible to conclude that the distal configuration is stiffer than the central
one in terms of both IFM and DISP (difference not always statistically signif-
icant for the 6 mm simulated bone callus) (Figure [3.23JA-B) and this can be
explained by stating that in the distal configuration the lever arm, from the
last of the distal bone screws to the ankle joint, is smaller.

Comparing 2screws versus full configurations, the first are less stiff (difference
not always statistically significant for the 6 mm simulated bone callus) (Figure
A-B), although the values obtained are also in agreement with the refer-
ence values found in the literature [26] [27].
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FIGURE 3.23: Radar plot for the ML application of the fixator. Are
graphed IFM values (A) and DISP values (B) for all the configurations
tested in case of simulated bone callus of 6 and 9 mm.

* denotes significant difference when compared with the anatomical

group.

Considering the AP application of the device, comparing Td_central_2screws
with Td_distal_2screws (for 6 and 9 mm) is possible to notice that Td_distal_2screws,
that appears as the more stiff in the comparison, we can assume that the load
is more distributed on the fixator than on the callus itself.

This last consideration is feasible also when in the central or in the distal clamp
are present three pins: Td_central_full and Td_distal_full.

To conclude having more pins in the distal clamp instead of in the central one
give strength to the implanted system in that precise configurations.

This is true if the regenerated bone placed in the gap between the two bone
segments has a thickness of 6 mm or 9 mm; to confirm this last sentence the
tests have been done with both the thickness so simulating a situation of bone’s
growth from 6 to 9 mm, the data have been analysed and the results are shown

in the paragraph above (Figures|3.15| 3.16} 3.17 3.18).
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Furthermore from Figure[3.23lmerged that when are placed in the gap 9 mm of
simulated bone callus the system is more yielding respect to the case in which
that layer has a thickness of 6 mm.

It should be noticed that in the case of distal configurations, the lever arm from
the last of the distal bone screws to the ankle joint is smaller.

Despite the increased clamp distance L (Figure [3.24), that represents the ex-
posed bending part of the frame, there is an increase in stiffness (and lower
IFM) when moving from central to distal configurations. This behaviour is
hypothesized to be attributable to the Tandem configuration: the clamp in the
center of the frame prevents the frame from bending while maintaining IFM
values in line with those suggested by the scientific literature [[26],[27]]. In
accordance with what is exposed above we have found Figure which re-
ferred to a simplified scheme of a modular fixator.

L = active length of the rod
d = diameter of the rod
E = Young modulus of the rod
L D = distance to the bone axis
kz; = elastic modulus of the fixator rod.

e = E - d*
fs = 64-1-D3

FIGURE 3.24: Scheme of the fixator applied to the bone.

Having the AP application of the device, comparing the central and distal con-
figurations, the trend seen for the ML application of the device is confirmed,
thus that the distal ones are stiffer (difference not always statistically signifi-
cant in DISP with 9 mm simulated bone callus) (Figure B).

Regarding the comparison between 2screws and full configurations when in
the fracture gap are present 6 mm of simulated bone callus the behaviour was
not in good accordance with ML application results (Figure A-B) and also
with 9 mm of simulated bone callus the behaviour was not in accordance with
ML configuration results.
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This fact can be explained knowing the complexity of the moment that were
generated with this setup; therefore for future investigations it would be ap-
propriate to use a setup that allows for the evaluation of not only axial move-
ments.

In conclusion the 9 mm test sessions exhibit greater data dispersion due to both
a greater exposed length of the frame bars and the thickness of the Sawbones
placed in the fracture gap (Paragraph [3.1.1). In addition when three pins are
involved both in the central or in distal clamps moving from the AP applica-
tion to the ML application is more rigid having lower IFM and DISP.

Td_central_2screws

IFM [mm]o.2

0.15

Td_distal_full Td_distal_2screws AP 6 mm

AP 9 mm

Td_central_full

(a)

Td_central_2screws

DISP [mm] 0.80

Td_distal_full Td_distal_2screws AP 6 mm

= AP 9 mm

Td_central_full

(B)

FIGURE 3.25: Radar plot for the AP application of the fixator. Are
graphed IFM values (A) and DISP values (B) for all the configurations
tested in case of simulated bone callus of 6 and 9 mm.

* denotes significant difference when compared with the anatomical

group.
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Chapter 4
Conclusions

The current document has the objective to investigate different configurations
of the Rekrea fixator used during tibial lengthening treatments. Consequent
phases were simulated using different thicknesses for the bone callus placed
in the gap of the fracture.

A bibliographic research was done to understand the state of art in the use of
the external fixator systems for bone lengthening procedures. It emerged that
the loads on the bone callus are critical.

The data analysis of the first test scenario demonstrated how, switching from
the Lock to the Unlock configuration, the obtained results were different. In
particular, the Lock configuration was stiffer than the Unlock setup, showing
smaller IFM and DISP. After, the effects of varying the thickness of the bone
callus were analysed. It appeared that, as the thickness of the bone callus in-
creased, the flexibility of the assembly increased too. This meant an increase of
the full-scale of the computed values increasing the thickness of the simulated
bone callus.

The other configurations (Tandem applications) were tested for 6 mm and 9
mm of simulated bone callus to investigate the onset of the distraction phase,
where the forces exerted by the soft tissues were contained, and this was in
line with the setup that did not have the contribution of soft tissues.

The first Tandem applications tested had the bone screws inserted parallel to
the mediolateral axis of the tibia (ML application), therefore, results from the
four configurations of each thickness of bone callus (6 and 9) were obtained.
Then, the same four configurations were tested when the screws were inserted
parallel to the anteroposterior axis of the tibia (AP application).

Regarding the ML application, it was possible to conclude that, having the
possibility to add one pin in the central or distal clamp and comparing the re-
sults between Td_central 2screws with Td_central_full and Td_distal_2screws
with Td_distal_full, the stiffest situation appeared when the pins were added
(“full” configurations) both in terms of IFM or DISP for the different thickness
of the bone callus.
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This conclusion was not confirmed considering the AP application: the values
obtained for IFM and DISP were greater in respect to ML case (this difference
was confirmed by statistical analysis).

It was hypothesized that if the system in the central clamp was more flexible,
it could develop shear forces that induced non axial movements of the stumps.
These were not detectable from the setups used, therefore the values measured
with ML applications were smaller.

This last application (AP) could be investigated in other research, without lim-
iting the analysis to the axial movement because soft tissues induced moments
on the bone that caused additional deformations, critical during the treatment
of elongations.

In the future, tests could also be conducted using materials characterized by
behaviour similar to that of the bone tissue. These analyses could lead to re-
sults that better approximate a physiological condition. Further analysis could
also be done changing the angles of inclination in respect to the tibial axis to
find a configuration that limits, as much as possible, the movements caused by
shear forces.

Also the difference between the results of all the Tandem configurations ob-
tained with 6 mm and 9 mm of simulated bone callus could benefit from fur-
ther studies with more complex scenarios.

The outcome of this study was a good starting point to improve the position-
ing of the Rekrea external fixation device applied on the needs of the patient
treated.
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