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a b s t r a c t

Aims: The extended usage of unreamed tibial nailing resulted in reports of an increased

rate of complications, especially for the distal portion of the tibia. Unreamed nailing fa-

vours biology at the expense of the achievable mechanical stability, it is therefore of in-

terest to define the limits of the clinical indications for this method. Extra-articular

fractures of the distal tibial metaphysis, meta-diaphyseal junction, and adjacent diaphysis

are distinct in their management from impaction derived ‘‘pilon’’ type fractures and mid-

diaphyseal fractures. The goals of this work were to gain a thorough understanding of the

load-sharing mechanism between unreamed nail and bones in a fractured tibia. With this

purpose a complete model of the human leg was realised, simulating a mid-diaphyseal

fracture, classified as A2 type 1, according to the AO classification.

The analysis of the entire chain allows to have a complete picture of the stress distri-

bution and of the most stressed bones and soft tissues, but, more importantly can over-

come problems connected with boundary conditions imposed at single bony components.

Methods: Model consists of six bony structures: pelvis, femur, patella, fibula, tibia, and a

simplified lump of the feet, configured in a standing up position. Their articular cartilage

layers, were simulated by 3D membranes of opportune stiffness connecting the different

segments. Moreover an unreamed intra-medullary nail Expert Tibial Nail (DePuy Synthes®)

stabilized the fractured tibia. A load of 700 N has been applied at the top of pelvis and a part

the feet, at the tip, was rigidly fixed. Five different contact interfaces have been imposed at

the different bony surfaces in contact.

Results: Three different conditions were analysed: the initially healthy tibia, the A2 type 1

fractured tibia with the Expert tibial nail implanted, and the follow up stage after complete

healing of tibia. Non-linear finite element analysis of the models were performed with

Abaqus version 5.4 (Hibbitt, Karlsson and Sorensen, Inc., Pawtucket, RI) using the geo-

metric non linearity and automatic time stepping options.

Conclusion: The obtained results reveal interesting consequences deriving by taking into

account how the stress shielding can influence the integrity and resistance of bones, in

order to identify the mechanical reasons for the unfavourable clinical results, and to
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identify borderline indications due to biomechanical factors. The evolution of treatment

options for these fractures has been closely linked to developments in implant technology

and surgical technique. Further developments in this area, particularly with respect to

minimally invasive plating techniques and nail design are ongoing.

Copyright © 2015, Professor P K Surendran Memorial Education Foundation. Publishing

Services by Reed Elsevier India Pvt. Ltd. All rights reserved.
1. Introduction

The tibia is the most commonly fractured long bone in the

body; the hospital implies a long recoveryperiod andhigh ratio

of permanent morbidity,1 for this reason, it is important to

determine the best treatment for these injuries. The potential

management may include both operative and non-operative

options; the choice of treatment will depend upon patient

factors, the extent of soft-tissue injury, the fracture configu-

ration, available equipment and surgical experience. Intra-

medullarynailinghasbeenestablishedasa reliablemethod for

the treatment of fractures of the tibial shaft. This technique

has been reported as highly successful in terms of fast union,

good alignment, low shortening, good functional results, and

low complication rates.2 For decades, nails have been themost

frequently used stabilizers for the surgical treatment of dia/

metaphyseal fractures. They have been greatly improved in

recent years and their indications have beenwidely extended.3

The choice of the osteo-synthesis device has thereby become

an issue of special interest since the local mechanical behav-

iours originated in the bone by the fixation system may influ-

ence the process of bone healing.4 The mechanical

environment generated by the osteo-synthesis provides an

essential stimulus for new bone formation.5 It has been shown

that a certain amount of inter-fragmentary movement stim-

ulates callus formation,4,6 and healing rate.7 The advent of the

interlocked tibial nail increased the indication for intra-

medullary fixation to include most non articular tibial frac-

tures. The range of indications has been extended as far as the

metaphyseal border of the proximal shaft.8 The stiffness of the

fixation system has a substantial influence on the progress of

healing, and themechanismof load sharing betweenbone and

fixation device may influence the longevity of the osteo-

synthesis. An alteration of bone loading after osteo-synthetic

stabilization is expected on the local as well as on the global

level. Considerable controversy exists concerning the advan-

tages of reaming or non-reaming in the treatment of tibial

diaphyseal fractures with intramedullary nails. Indeed, the

unreamed nail was developed to address the lack of blood

supply near the fracture.9,10 Tibial fractures, especially distal

ones, have poor soft tissue coverage and external blood sup-

ply.11 Reaming destroys the medullary blood supply, while

unreamed tibial nailing has a lower impact on the endosteal

blood supply.9 The disadvantage of unreamed tibial nails

is their less tight fit when compared to reamed ones, which

results in a higher incidence of malunion.12 Court- Brown

et al13 performed a study of the tibial diaphyseal fractures,
comparing the reamed Grosse-Kempf tibial nail with the

unreamedAOUTNnail. Therewas nomalunion in the reamed

group, while four cases occurred in the unreamed group, in

which 13 patients had screw breakage and one had a broken

nail. Due to fracture stabilization, extended portions of the

bone may become subjected to unloading or overloading. In

the long term, this may lead to bone resorption and remodel-

ling.14 Within the fixation system, high stresses and fatigue

can lead to its technical failure. Compression, bending, and

torsional tests have been performed to compare the stiffness

and fatigue behaviour of various interlocking nails,15 or

implanted nails.16 These studies provide precious information

on the overall stability of the implantebone complex. How-

ever, they do not permit an assessment of the appropriateness

of a fixation device in vivo. Stiffness tests seldom provide in-

formation on the alteration of bone loading due to fracture

fixation.17 But as long as these tests use simple compression or

torsional loads, the load sharing between implant and bone

under physiological conditions remains unknown. Clinical

reports,18 indicate an increased incidence of mechanical fail-

ures in the unreamed nailing of distal tibial fractures (17.9%)

compared with the other regions of the lower leg (14%). The

extension of indications for unreamed tibial nailing to the

metaphyseal regions of the bone resulted in reports of

increased complication rates.19,20 While indications in the

proximal third are known to be associated with surgical

problems,21 there are no surgical restrictions on use in the

distal third. Different computationalmodels have beenused to

study tibial fractures. Raunest et al22 performed a 3D finite

element (FE) model of the human tibia to analyse the biome-

chanical effects caused by an unreamed interlocking nail

(UTN) for different types of tibial fractures. In that work, the

anchorage of the implant in trabecular bone was simulated

with elastic rods. Duda et al23 also developed a FE tibial model

to study the performance of the UTN. They performed a more

accurate 3D FE model simulating both cortical and trabecular

bone and considered the interface between implant and bone

with corresponding contact elements with null friction. They

analysed up to five different fracture locations and concluded

that the clinical problems reported for distal fracturesmight be

due to less favourable mechanical conditions. Fibular osteo-

synthesis has beenused as amethod to enhance the treatment

of tibial fractures.

However, none of the above computational models

considered the influence of the fibula and the interosseous

membrane (IOM), though some authors think they play a

mechanical role in stabilizing tibial fractures.24 Many works

have been performed to clarify the role of the fibula and IOM in

http://dx.doi.org/10.1016/j.jor.2015.01.016
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load transfer in the lower extremity,24e26 though differing

conclusions have been drawn. Lambert26 reported that 15% of

load transmitted by the lower leg is carried by the fibula.

Sonoda et al27 performed a 3D FE model of the tibioefibula

complex, including the IOM, by means of gap elements in a

study of stress fractures in athletes. We know of no FE simu-

lation that models the complete interaction among tibia, fib-

ula, and IOM system including intramedullary nails. In this

work, two different nails, an unreamed medullary inter-

locking nail and a reamed medullary interlocking nail, have

been studied from a biomechanical point of view to determine

their ability to stabilize different shaft fractures of the tibia

(proximal, mid-diaphyseal, and distal). The risk of fracture of

these nails and their bolts and the role of the fibula and IOMon

the stabilization of these fractures were also studied. Beside

variations in mechanical conditions, a number of additional

factors might have contributed significantly to the reported

clinical outcome. First of all, the injury mechanisms are quite

different in proximal (impact) versus distal fractures (torsion)

of the tibia. This may result in differences in the clinical

outcome.28,29 Additional injuries may considerably alter the

long-term outcome for tibial fractures.30 While the mecha-

nism of injury cannot be influenced by the clinician, the

osteosynthesis may be optimized to support the biological
Fig. 1 e The Orthopaedics Trauma Association (OTA) A0 classific

type 1.
healing process. Thus a better understanding of the load and

strains sharing, between implant and bone, may encourage

the healing process. The goals of this work is to investigate by

using a complete 3d FE model of the leg the load sharing

mechanism between implant and bone in a fractured tibia

under physiological loading, to identify mechanical reasons

which could act to generate the failure of the nail.
2. Materials and methods

The geometrical data of the model developed herein were ob-

tained by matching a nuclear magnetic resonance (MRI) for

soft tissues, and a computerized tomography (CT) for bones,

with images taken from a normal adult patient, separated at

intervals of 1.5 mm in the sagittal, coronal and axial planes

with the knee at 0� flexion (accuracy 0.5mm). These lines were

transferred into the commercial code Hypermesh by Altair®

where the main surfaces and solid version of the model were

reconstructed; in particular 5.758 elements and 1.837 nodes

wereused for pelvis, 20.096 elements and1.012 nodes in femur,

2.567 elements and 687 nodes in patella, 2.480 elements and

849 nodes in fibula, 17.831 elements and 2.032 nodes in tibia

and 1.120 elements and 412 nodes for the foot. On the upper
ation of tibial diaphyseal fractures, the chosen case was A2

http://dx.doi.org/10.1016/j.jor.2015.01.016
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zone, the ilio-femoral ligament, the ligament of the hip joint,

which extends from the ileum to the femur in front of the joint,

was modelled with 252 tetrahedral elements and 151 nodes.

The knee joint constituted by the medial collateral ligament,

which extends from themedial femoral epicondyle to the tibia,

the lateral collateral ligament, which extends from the lateral

femoral epicondyle to the head of the fibula, the anterior cru-

ciate ligament which extends postero-laterally from the tibia

and inserts on the lateral femoral condyle, and the posterior

cruciate ligament which extends antero_medially from the

tibia posterior to the medial femoral condyles were modelled

with 529 tetrahedral elements and 296 nodes. On the lower

zone, the foot joint, constituted by the plantar fascia, the

medial and lateral ligaments were modelled with 366 tetra-

hedral elements and 187 nodes. For tibia, and other bony parts

of the model, material properties were distinguished between

two principal regions, cortical bone and trabecular bone. The

mechanical properties were assumed to be linear elastic,

isotropic and homogeneous. Young's modulus of trabecular

bone grew from 300 to 700 MPa over three element layers from

proximal to distal.31 Young'smodulus of the compact bonewas

selected to be E ¼ 17.000 MPa with a Poisson's ratio of

n ¼ 0.332,33; A mid-diaphyseal fracture classified as A2 type 1,

see Fig. 1, was simulated on tibia, according to the AO classi-

fication.34 No contact and a gap size of 9mm, between fracture

fragments, were imposed. An unreamed intra-medullary

nail Expert Tibial Nail (DePuy Synthes®) stabilized the frac-

tured tibia. The shape of the medullary cavity defined the nail

positionwithin the cavity of themodel tibia (Fig. 2). The Expert

Tibial Nail (http://footandanklefixation.com/product/synthes-

expert-tibial-nail/) permits an intra-medullary approach for

the fixation of proximal, shaft and distal fractures of the tibia,
Fig. 2 e a) Geometrical characteristics of the implant and FE mo

appled to the FEB simulation.
providing a stable fixationof fractures by incorporating oblique

locking holes in the proximal and distal portions of the nail. An

intra-medullary approach results in decreased blood loss

compared to plate fixation. Cancellous bone locking screws are

used proximally for better purchase in the cancellous bone.

Themost proximal locking screw, when usedwith an end cap,

provides a locked, fixed-angle construct, prevents in growth of

tissue and facilitates nail extraction. Three unique and inno-

vative locking options, in combination with cancellous bone

locking screws, increase the stability of the proximal fragment

for proximal third fractures. Two state of the art medio-lateral

(ML) locking options enable primary compression or secondary

controlleddynamization of proximal fractures. Locking screws

in the distal oblique hole andML hole provide stable fixation of

distal fractures. Diameters ranging from8mmto 13mm (1mm

increments), in particular a diameter of 10 mm has been cho-

sen in our case. From 8 mm to 10 mm nails have a proximal

diameter of 11 mm and are round, while they have a proximal

diameter consistentwith the shaft diameter and are fluted, for

the other sizes. Length can vary from 255 mm to 465 mm

(15 mm increments); in our case it is 330 mm. Three distal

(L¼ 38mm,f¼ 4mm) and twoproximal (L¼ 35mm,f¼ 4mm)

interlocking bolts were used to stabilize the bony fragments of

the investigated tibial fracture, see Fig. 2. Titanium alloy was

selected as the material for nails and bolts (Tie6Ale7Nb),

modelled as linear elastic, isotropic and homogeneous with

theYoung'smodulus andPoisson's ratio of E¼ 110.000MPaand

n ¼ 0.3 respectively. Contact interfaces were imposed at the

ilio-femoral (femur-pelvis), knee (femur-patella, patella-tibia,

and fibula-tibia) and foot (tibia-feet) joints; defined using a

penalty-based method with a weight factor, a coefficient of

friction of 0.04 was chosen to be consistent. The glue option
del representation. b) loading and constrain conditions

http://footandanklefixation.com/product/synthes-expert-tibial-nail/
http://footandanklefixation.com/product/synthes-expert-tibial-nail/
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was chosen to simulate the contact interface between nail,

screws, and tibial bony fragments. A distributed, on 70 nodes,

vertical (y axes) load of 700 Nwas applied on the left side of the

pelvis, while a fixed constrain, of 200 nodes, was imposed at

the lower extremity of the foot, see Fig. 2.

A mid-diaphyseal fracture, classified as A2 type 1, accord-

ing to the AO classification, was simulated on the left tibia and

Different conditions were analysed: the A2 type 1 fractured

and separated tibia with the Expert tibial nail implanted

(initial condition), and the follow up stages until the complete

healing of tibia, by percentage increasing of the Young

Modulus. Finally the results have been compared with those

of a healthy tibia.

Non-linear finite element analysis of the models were

performed with Abaqus version 5.4 (Hibbitt, Karlsson and

Sorensen, Inc., Pawtucket, RI) using the geometric nonline-

arity and automatic time stepping options.
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3. Results

A geometrical accurate 3D FE model of the human complete

model of the leg was realised. The analysis of the entire chain

allows having a complete picture of the stress and strain

distribution, but, more importantly can overcome problems

connected with boundary conditions imposed at single bony

components. By analysing the obtained results a simple

consideration must be done, for a value corresponding at 10%

(1700 MPa) of the elastic modulus, stresses, displacements,

and strains, solicited the implanted calcifying bone in almost

the same condition of an implanted and completely healed

tibia. For this reason, by supposing a healing period of 180

days, each percentage of the increased Young Modulus was

associated to a specific interval of days. In Table 1 are reported

the obtained results in terms of themaximum equivalent Von

Mises Stress, displacements, and equivalent elastic strain,

localised on the nail body, on the two superior screws, and on

the inferior distal screws. The eq. Von Mises Stresses, see

Fig. 3, follow a regular decreasing trend with values ageing

from about 160 to 95 MPa on the nail body, the two superior

screws suffer a stress from about 36 to 31 MPa for the case of

the fractured tibia, to arrange their stress distribution on the

value of about 31 MPa for the remaining cases. The three

inferior screws result unloaded for the case of the fractured

tibia (13.54 MPa), to follow an increasing of the stress until

34 MPa. Displacements on the nail body reach their maximum

value of 6.2 mm at the 1% (170 MPa) of the value imposed to

the elastic modulus of the tibia, to follow a decreasing trend

till 5.37 mm until the complete calcification of the fracture,

(E ¼ 17000 MPa). The same considerations, reported for the

nail body, can be done for the superior screws which show a

maximum displacement of 4.61 mm for the 1% of the Elastic

modulus. The final value, at the consolidation of the fracture,

is of 4.05 mm. Displacements on the inferior screws follow a

decreasing trend, from the fracture to the complete consoli-

dation, with values ageing from 0,38 to 0.35 mm. The equiv-

alent elastic strain on the nail body has a peak in the case of

the fractured tibia 67 [mS], and then follows an increasing

trend from 50 to 52 [mS]. The equivalent elastic strain regis-

tered on the superior and inferior screws follow increasing

http://dx.doi.org/10.1016/j.jor.2015.01.016
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Fig. 3 e Contour maps of the Eq. V.Mises stress localized on a) the complete model b) the fractured tibia c) Expert tibial nail.
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courses respectively ageing from11 to 26 [mS], for the superior

screws, and from 8 to 25 [mS] for the inferior ones. In Table 2

are reported the obtained results in terms of the maximum

equivalent Von Mises Stress, displacements, and equivalent

elastic strain, localised on the complete model, on the frac-

tured tibia, and on the calcifying fractured area. The eq. Von

Mises Stresses follow a regular decreasing trend, see Fig. 3,

with values ageing from about 160 to 95 MPa on the complete

model, as seen for the nail body. On the fractured tibia, apart

the initial condition with 27 MPa, the eq. Von Mises Stresses

follow a regular decreasing trend from 43 to 40 MPa, see Fig. 4.

The last value is almost totally reached at 45 days of course.

On the zone of the calcifying fractured area, no stress can be

found at the initial condition, while a decreasing trend can be

individuated until 60% (120 days) of the elastic modulus

(values ageing from 16 to 11 MPa). At 70% of the Elastic

Modulus (135 days) trend starts to increase reaching a value of

about 12 MPa, at 100% of Elastic Modulus. No significant dif-

ferences can be evidenced for the Global displacements

localised on the fracture (1.72 mm), see Fig. 5e6, and Table 2.

In order to better understand the mechanism of calcifying of

the fracture both positive and negative displacements along

the Y axes, see Fig. 6; were calculated around the described

area. The results indicate a decrement, reached at 20% of

Elastic modulus (60 days), of both positive and the negative

displacements, ageing from þ0.20 to þ0.15 mm and �0.37 to

�0.29 mm respectively. The equivalent elastic strain, see

Fig. 7, as expected registers a decreasing trend on the tibia

ageing from 154 to 222 [mS], and from 0 to 63 [mS] on the

fracture site. Finally a comparison between the healthy tibia

and the fractured one, in terms of eq. V. Mises Stress is pro-

posed in Fig. 8.
4. Discussion

The fixation of distal tibial fractures with intra-medullary

nails is associated with high union rates and offers a signifi-

cant benefit in not disturbing the soft-tissue envelope at the

fracture site. However the use of this technique in distal tibial

fractures has historically been associated with reports of

malunion often due to technical problems including difficult

fracture reduction, fracture propagation into the ankle joint,

hardware failure, and inadequate distal locking options.35e37

A number of implant and surgical advances have been

developed over the past two decades to improve implant

durability and aid fracture reduction. Achieving and main-

taining a good reduction is the most difficult aspect of nailing

distal tibial meta-diaphyseal fractures. In mid-diaphyseal

fractures, insertion of the intramedullary nail aids fracture

reduction as the nail has a diameter only slightly smaller than

the cavity in which it sits, ensuring coronal and sagittal

alignment. The hypothesis of the present work was that a

better understanding of the load sharing between implant and

bone may help to understand the mechanical aspects of the

healing process in a tibia stabilized with an unreamed nail.

The analysis of the intact tibia, under physiological like and

simplified loading conditions, allowed investigation of the

surface strain distribution. Simplified loading significantly

overemphasized bending in the distal portion of the tibia. This

further stresses the assumption that, beside their capability to

allow relative movements in joints, muscles play a major role

in compensating shear and bending loads which would

otherwise lead to an overloading of the long bones.38e40 The

analysis of the fractured tibia revealed a considerable
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unloading of the tibia compared with the intact condition, see

Fig. 8. The unloading was very pronounced for the distal

defect. In the antero-lateral cortices, the tension was slightly

enhanced. The load sharing between implant and bone led to

an axial loading of the nail and an unloading of the bone be-

tween the proximal and distal interlocking bolts, see Table 1.

The bone itself was mainly loaded under bending. On the side

of the defect, the bending moments were transferred through

boneenail contact interfaces. This contact between bone and

nail resulted in an unloading of the bone (Fig. 8 and Table 2)

and an increase in the loading of the nail at the fracture site

(Fig. 3). Loads were transferred through the locking bolts, the

contact through the trabecular bone, and through contact

forces at the level of the defect. Due to the extremely low

Young's modulus at the defect site, only negligible forces were

directly exchanged between the bone and nail at the defect

site. On one side, the nail was statically locked between the

proximal and distal interlocking bolts. Major load transfer

took place through the bolts and resulted in an unloading of

the interlocked bone segment (Figs. 3 and 8). On the other side,

the unloading was somewhat compensated by contact pres-

sures which are transferred from the implant through the

inner cortex to the bone.

The stress distribution in the nail was characterized by

bending superimposed onto axial compression and torsion. In

the region across the defect, the nail showed an intensive

loading along the anterior and posterior edges, mainly due to

bending. The postero-medial and antero-lateral aspects of the

nailwere less loaded than theanterior andposterioredges.The

high axial stiffness of the nail restrained inter-fragmentary

motion. The inter-fragmentary shear movement was mainly

due to the relative rotation of the bony fragments around the

longitudinal axis of the tibia. A finite element analysis by

Gomez-Benito et al41 compared the biomechanical perfor-

mance of reamed and unreamed tibial nails. They concluded

that reamed nails were superior to unreamed nails in mid-

diaphyseal and distal tibial fractures as lower stresses were

transmitted to the locking screws, reducing the risk of screw

failure. In distal tibial fractures, treated by the GrossKempf

nail, the role of distal locking is not just to control length and

rotation, but also stability in the coronal and sagittal planes.

A clear stress concentration was always visible in the

neighbourhood of the insertion of the screws. The maximum

nail stresses were observed with a proximal fracture in the

unreamed nail and with a distal fracture and a reamed nail,

with values of 230 and 275 MPa, respectively. The computed

vonMises stresses in the bolts of unreamed nails for the distal

and mid-diaphyseal fractures were about 590 MPa. In general,

it is expected that the stress level would decrease during the

fracture healing process due to the increasing stiffness of the

fracture callus. Gomez-Benito et al41 considered the gap

completely healed, and obtained a von Mises stress in the

bolts of the unreamed nail of 160 MPa. In this paper a different

nail, and different loading conditions, were adopted, thus the

obtained results report eq. Von Mises Stresses values ageing

from about 160 to 95 MPa on the nail body, and a stress of

about 36 MPa on the two superior screws for the case of the

fractured tibia, which stabilizes to the value of about 31 MPa

for the remaining cases, until the complete healing. The three

inferior screws result unloaded for the case of the fractured

http://dx.doi.org/10.1016/j.jor.2015.01.016
http://dx.doi.org/10.1016/j.jor.2015.01.016


Fig. 4 e Curves of Eq. Von Mises stress Vs Days (or equivalent percentage of the elastic modulus) for the complete model

fractured tibia, and fracture.
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tibia until 13,54 MPa, then follow an increasing of the stress

until 34 MPa. The obtained results must be interpreted by

considering we have used a complete FE model taking into

account the complete bony chain of the leg, much less rigid of

a single constrained and implanted tibia. Unreamed nailing of

the distal defect results in an extremely low axial and high

shear strain between the fragments. The simultaneous pres-

ence of low axial and high shear strains is viewed critically

from a clinical point of view.42e44 Apart from biological rea-

sons, clinical problems reported for distal fractures may be

due to the less favourablemechanical conditions in unreamed

nailing. In a clinical setting, the aim is to reduce large defects.

This would lead to an unloading of the nail and to compres-

sion of the fracture fragments. In all proximal and diaphyseal
Fig. 5 e Contour maps of Displacements localized o
defect locations, considerable axial and shear interfrag-

mentary strains were evident. Measurements on fracture gap

movements in humans show strain values as large as 50% and

more in external fixation.45 Comparedwith external fixation, a

rigid medullary stability achieved through nailing avoids

excessively large interfragmentary strains. Fractures are

usually reduced or dynamized and bone contact exists be-

tween fracture fragments. This reduces the axial movement

component dramatically. In contrast, reduction or dynam-

ization does not necessarily reduce shear movements. Only

with sufficient bone contact, (i.e., friction between fragments

and axial loading), the shearmovement is reduced or avoided.

A possible explanation for the negative effect of a large axial to

shear ratiomight be that fractures are hardly stabilized if they
n: a) the complete model b) the fractured tibia.

http://dx.doi.org/10.1016/j.jor.2015.01.016
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Fig. 6 e Curves of total displacements and displacements along the Y axes Vs Days (or equivalent percentage of the elastic

modules) for the fractures.
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show a large amount of shear compared to compression. In

fact, it is well-known that the mechanical conditions during

the early phase of bone healing modify the course of healing

and the quality and quantity of callus formation.46,47 More-

over, the differences observed in shear interfragmentary

strains may also delay the fracture healing process.48 This is

especially relevant in distal and mid-diaphyseal fractures

stabilized by an unreamed intramedullary nail, where differ-

ences up to 50% were found. An intact fibula enhances me-

chanical stability and prevents sliding of the fracture

components when the interlocking screws are removed. The

prevalence of compressive strains at the postero-medial cor-

tex and the relative tension of the antero-lateral cortices

suggested a combined loading consisting of axial compression

superimposed onto bending in themidesagittal plane. In vitro

gauge measurements of intact tibiae under simplified loading

showed strain magnitudes ageing between 125 and 220 mS,

while in the present research was obtained an equivalent

elastic strain on the tibia ageing from 154 to 222 [mS], and a

value of 63 [mS] localised on the fracture site, for the healed

tibia. From the computational analysis of the healthy tibia,
Fig. 7 e Curves of Eq. Elastic Strain Vs Days (or equivalent perc

Fracture.
compressive strains in the postero-medial side of the tibia

indicated a combined axial compression and bending mode

onto the midesagittal plane.49 Similarly, Goodwin and Shar-

key,50 performed a gait simulation andmeasured peak strains

on the surface of the distal third of the tibial diaphysis of 431 to

310 mS, in compression, and from 719 to 469 mS in tension.

The most important differences are observed in shear inter-

fragmentary strains for fractures stabilized by an unreamed

nail. The equivalent elastic strain on the nail body has a peak

in the case of the fractured tibia 67 [mS], and then follows an

increasing trend from 50 to 52 [mS]. The equivalent elastic

strain registered on the superior and inferior screws follow

increasing courses respectively ageing from 11 to 26 [mS], for

the superior screws, and from8 to 25 [mS] for the inferior ones.
5. Conclusions

The extended usage of unreamed tibial nailing resulted in re-

ports of an increased rate of complications, especially for the

distal portion of the tibia. Intramedullary nailing of a tibial
entage of the elastic modulus) for the fractured Tibia and

http://dx.doi.org/10.1016/j.jor.2015.01.016
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Fig. 8 e Comparison between the healthy tibia and the

fractured one, in terms of eq. V. Mises Stress.
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fracture at any level has been associated with complications

such as an increased risk of compartment syndrome, nail

breakage andmost commonly, chronic knee pain, which often

persistsbeyondremovalof thenail. Thegoalof thisworkwas to

gain a thoroughunderstandingof the load-sharingmechanism

between unreamed Expert Tibial (DePuy Synthes®) Nail and

bones in a fractured tibia. The obtained results reveal that after

a brief period of re-calcification, estimated in 30e40 the me-

chanical behaviour of the implanted tibia is almost the same of

the healed one, in terms of eq. V. Mises Stress, displacements,

and strains. The problem could be investigated further by tak-

ing into account, from a chemical and biological point of view,

the robustnessandthedurability of thenewbonystructure just

created around the fracture site. Other interesting conse-

quences were investigated by taking into account how the

stress and strain shielding can influence the integrity and

resistanceof bones.Although thenumerical approachdoesnot

fully simulate physiological loading and only roughly imitates

the effect of ligaments, fasciae, compartments and other soft

tissue structures, it seemed to offer a good approximation.

Knowledge on the behaviour of implants under physiological

conditions isessential tounderstand theirperformance invivo.

Pre-clinical testing of osteosynthetic devices should include

beside strength testing and stiffness evaluation an analysis of

the load-sharingmechanismsunder physiological-like loading

conditions. Nailing a fractured tibia results for all defect loca-

tions in a considerable unloading of the bone during normal

gait. By this, the bone structure even if is distant from the

fracture site is subjected to a modified mechanical loading

compared with the intact situation. In patients with osteopo-

rosis or otherwise reduced bone stock, this mechanical

unloading might lead to a further pronounced effect of bone

resorption. The large interfragmentary strain observed for the

distal defect locations provide a biomechanical explanation
for the large failure rateseen inunreamednailingofdistal shaft

fractures, especially in those cases without appropriate bony

support. The evolution of treatment options for these fractures

has been closely linked to developments in implant technology

and surgical technique.
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