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ABSTRACT XV

ABSTRACT

BACKGROUND: In trauma surgery osteosynthesis aims on early mobilisation of
the patient with quick reintegration to work, school and family. However, fracture
fixation devices made of conventional titanium as well as of bioabsorbable poly-
mers have several drawbacks in clinical practice. The former are associated with
stress shielding phenomenons and have to be removed frequently (especially in
paediatric trauma surgery), whereas the latter may cause adverse tissue reactions
and exhibit limited mechanical properties. Therefore, we evaluated a newly devel-
oped implant made of a magnesium alloy (Mg implants) which is supposed to
combine excellent strength retention properties of metallic implants with biode-

gradability of polymers.

METHODS: In this comparative study, three different types of uncoated smooth
cylindrical implants were used: novel Mg pins, new poly(lactic-co-glycolic acid)
(PLGA) implants and conventional commercially pure titanium pins. All implants
were placed transcortically in the middiaphysis of the femoral bone of 108 Spra-
gue-Dawley rats. Pushout testing, microfocus computed tomography, fluorescent
labelling, lightmicroscopic and exemplary scanning electron microscopic examina-
tion of the tested implants were performed after an implantation period of 1, 3 as

well as 6 months to assess osseointegration.

RESULTS: Pushout testing yielded highly significantly greater median maximum
push out forces as well as ultimate shear strengths in Mg implants than in titanium
and PLGA pins after each implantation period. Moreover, microfocus computed
tomography revealed significantly higher mean bone-implant contact area in Mg
implants than in titanium implants after 1 and 6 months of implantation and than in
PLGA implants after 1 month. In addition, no local or systemic inflammatory reac-
tions were observed in any of the investigated implant types.

CONCLUSION: This study indicates that these novel biodegradable Mg implants
are superior to new bioabsorbable PLGA and even to titanium pins with respect to
both osseointegration and bone-implant interface biomechanics and thus may im-
prove primary stability and advance fracture fixation.
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ZUSAMMENFASSUNG

HINTERGRUND: Sowohl Titan als auch diverse bioresorbierbare Polymere finden
derzeit Anwendung als Osteosynthesematerial. Titan-Implantate mussen jedoch
insbesondere in der Kindertraumatologie haufig in einer Zweitoperation entfernt
werden und kénnen ,Stress-Shielding“ verursachen. Bioresorbierbare Polymere
hingegen rufen gelegentlich Fremdkoérperreaktionen hervor und weisen limitierte
mechanische Eigenschaften auf. Ein neu entwickeltes Implantat aus einer vdllig
neuartigen bioresorbierbaren Magnesium-Legierung soll die oben genannten
Nachteile GUberwinden und die hervorragenden mechanischen Eigenschaften me-

tallischer Implantate sowie die Bioresorbierbarkeit von Polymeren verbinden.

METHODIK: Im Rahmen dieser Studie wurden glatte, unbeschichtete, zylindrische
Implantate aus 3 verschiedenen Materialen (neu entwickelte bioresorbierbare
Magnesium Legierung, neues bioresorbierbares PLGA-Polymer und herkdmmli-
ches Titan) hinsichtlich Osteointegration und Knochen-Implantat-
Grenzflachenfestigkeit verglichen. Zu diesem Zweck wurden die Pins transkortikal
in die femorale Diaphyse von 108 Sprague-Dawley Ratten implantiert und nach 1,
3 oder 6 Monaten mittels mikro-CT, pushout-Test und Fluoreszenzmikroskopie
evaluiert. Zudem wurden die biomechanisch getesteten Implantate lichtmikrosko-

pisch und exemplarisch auch elektronenmikroskopisch untersucht.

ERGEBNISSE: Die biomechanischen Tests ergaben hochsignifikant hdhere me-
diane Maximallast und Scherfestigkeit dieser neuartigen Implantate im Vergleich
zu PLGA- und Titan-Pins. Die mikro-computertomographisch bestimmte mittlere
Knochen-Implantat Kontaktflache dieser Magnesium-Implantate war ebenfalls sig-
nifikant groRer als jene von Titan-Implantaten nach 1 und 6 Monaten sowie als

jene von PLGA Implantaten nach 1 Monat.

ZUSAMMENFASSUNG: Wir konnten in dieser Studie zeigen, dass diese neuarti-
gen bioresorbierbaren Magnesium-Implantate neuen PLGA und sogar herkdmmli-
chen Titan-Implantaten hinsichtlich Osteointegration und Knochen-Implantat-

Grenzflachenfestigkeit im Rattenmodell deutlich Gberlegen sind.
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1 INTRODUCTION

1.1 AIMS AND HYPOTHESES

The aim of this experimental study was to evaluate the bone-implant interface
biomechanics and osseointegration of two new biodegradable implants in com-
parison to conventional titanium pins in a transcortical rat model. To this purpose
pushout testing, microfocus computed tomography, fluorescent labelling, light-
microscopic and exemplary scanning electron microscopic examination of the
tested implants were performed after an implantation period of 1, 3 as well as 6

months.

The first device investigated was a completely new type of biodegradable implant
made of a magnesium alloy (henceforth referred to as Mg implant). This pin was
supposed to combine excellent strength retention properties of metallic implants
with biodegradability of polymers already used for fracture fixation. The second
implant was a novel bioabsorbable pin made of poly(lactic-co-glycolic acid) (PLGA,;
lactide-to-glycolide ratio of 80:20) with new polymer orientation (henceforth re-
ferred to as PLGA implant). The third implant tested in the present study was a
conventional pin of commercially pure titanium (Tn implant) which served as con-

trol.

Our project intends to test the following hypotheses:

e The biomechanical properties of the bone-implant interface (Biomech) (i.e.
maximum pushout force, maximum shear strength, interface stiffness and en-
ergy absorption to failure) of Mg implants are equal or superior to those of Tn

implants.

Hl : #Biomech[v[g Z /’lBiomecth

HO : /’lBiomechMg < #BiomeCth
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e The biomechanical properties of the bone-implant interface (Biomech) (i.e.
maximum pushout force, maximum shear strength, interface stiffness and en-
ergy absorption to failure) of PLGA implants are equal or superior to those of

Tn implants.

H] : luBiomechPLGA 2 luBiomecth

H

0 - luBiomechPLGA < luBiomecth

e Osseointegration (Ol) exhibited by Mg implants is equal or superior to that of
Tn implants evidenced by three parameters obtained by quantitative micro
computed tomography (bone volume per total tissue volume (BV/TV), mean

trabecular thickness (Tb.Th) and bone-implant contact area (BIC)).

H, S HMoryg Z Mo,

Hy oy, < Horp,

e Osseointegration (Ol) exhibited by PLGA implants is equal or superior to that
of Tn implants evidenced by three parameters obtained by quantitative micro
computed tomography (bone volume per total tissue volume (BV/TV), mean

trabecular thickness (Tb.Th) and bone-implant contact area (BIC)).

H, oy proa 2 Horr,

Hy oy pros < Horr,

e Analysed blood parameters (BP) of sacrificed rats which received Mg implants
do not significantly differ from those of animals implanted with Tn implants,
which indicates that these new implants do not induce a systemic inflammatory

reaction.

H, “Hepye = Hapra

H, “Hppyg  Hepry



INTRODUCTION

e Analysed blood parameters (BP) of sacrificed rats which received PLGA im-
plants do not significantly differ from those of animals implanted with Tn im-

plants, which indicates that these new implants do not induce a systemic in-
flammatory reaction.

H, g prgq = M,

H  tpprq # Hapr,

All evaluations were carried out after an implantation period of 1, 3 as well as 6
months.
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1.2 OVERALL IMPORTANCE AND SIGNIFICANCE

During the past years the number of osteosynthesis in trauma patients, especially
in children, constantly increased. The reasons for this are reduced duration of in-
patient treatment and the possibility of functional after-treatment with early mobili-
sation and weight bearing — both resulting in reduced absence from school or

work.

Up to now various metal implants, mainly stainless steel or titanium were used for
implant design. Here the major disadvantage lies in a second operation, usually in
general anaesthesia, which is necessary for implant removal. Additionally the rigid-
ity of solid intramedullar metal implants protects bones from stress and thus may
induce a mild osteoporosis ®’. These known disadvantages lead to the introduction
of bioabsorbable implants. The major advantage of these implants is that removal

becomes unnecessary °'¢’

allowing early return to school or work and reduced
duration of inpatient treatment. Additionally biodegradation of the implant is more
compatible to fracture healing than rigid fixation with metal implants (with increas-
ing degradation of the implant the stress is subsequently transferred to the bone
leading to a stimulation by dynamic loading processes) 219125 Regarding the
economical aspect a study comparing the costs of metal and biodegradable im-
plants in selected fractures revealed a clear advantage of degradable implants °.
However, the currently available bioabsorbable implants lack strength and stiff-

28,108

ness , moreover associated inflammatory reactions and osteolysis have been

reported '°.

Our experimental study evaluates a newly developed innovative type of biode-
gradable implant made of a magnesium alloy. This novel material is supposed to
combine excellent strength retention properties of metallic implants with biode-
gradability of polymers already used as implant material. Furthermore it is ex-
pected to exhibit superior biocompatibility and bone-implant integration.

Therefore, the results of our study may lead to a further increase of biodegradable
implants in (pediatric) orthopaedic trauma surgery leading to personal and socio-

economic benefits.
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1.3 BACKGROUND

Bioabsorbable implants are implants made of biomaterials that degrade in vivo
whereas the produced degradation fragments are introduced into normal physiol-
ogic and biochemical processes ?’. The vast majority of the clinically used biode-
gradable fixation devices are based on poly(glycolic acid) (PGA), poly(lactic acid)
(PLA) and their co-polymers. The hydrolytical scission is the prevailing mechanism

of polymer degradation *+"3

in these polymers which are finally degraded to car-
bon dioxide and water via citric acid cycle. The terms “bioabsorbable” and “biode-

gradable” will be used synonymously in this thesis.
1.3.1 Biodegradable Polymeric Implants — Assets and Drawbacks

The main assets and drawbacks of biodegradable polymeric implants will be out-

lined in the following sections:
1.3.1.1 Assets

There are two chief advantages of biodegradable polymer implants:

First, contrary to metal alloys most commonly used in fracture-fixation devices
bioabsorbable implants obviate the need for a second surgical intervention for im-
plant removal. Thus an additional risk of anaesthesia and infection is eliminated
and further inpatient treatment as well as varying periods of disability generally
associated with such a retrieval operation can be prevented. Hence, the use of
degradable implants is particularly appealing in paediatric trauma surgery % where

implant removal is exceedingly frequent.

Second, absorbable fracture fixation devices have overcome another significant
drawback of metal implants: Metal devices retain a large portion of the mechanical
load applied to the bone because of their high Young’s modulus compared to
bone. This phenomenon called “stress shielding” may result in bone resorption
and implant loosening **'%. Unlike metal implants bioabsorbable devices ensure
adequate initial stability for fracture consolidation, transfer increasing load to heal-

ing bone as they gradually degrade and thus lead to stimulation of the healing
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process by dynamic loading 27"%12° .

Besides, there are other advantages that deserve mentioning: Biodegradable im-
plants facilitate postoperative radiologic imaging as they do not cause artefacts in
magnetic resonance imaging and computer tomography in contrast to metallic de-
vices ' Furthermore studies analysing the financial implications of the use of
absorbable implants revealed a clear (removal rate dependant) advantage of de-
gradable implants in selected fractures '»'®. Moreover, potential corrosion, wear
and debris formation of retained metal implants can be avoided *. Biodegradable
fracture fixation devices may also be an option in patients confronted with prob-

lems of sensitivity to metal components of the implants, especially nickel.
1.3.1.2 Drawbacks

Since their initial inauguration, several drawbacks and limitations of absorbable

fracture fixation appliances have been reported:

First, after clinical implementation of absorbable internal fracture fixation devices it
became obvious that these devices sometimes induce adverse tissue reactions
1519 Histopathological analyses revealed a rather uniform nonspecific inflamma-
tory, abacterial foreign-body reaction that could be observed even in patients with-
out any clinically manifest inflammatory reaction ''. Scores of macrophages and
foreign-body giant cells phagocytosing polymer degradation particles as well as
neutrophilic leucocytes and lymphocytes were seen. On the contrary polyglycolide
was found to be an immunological inert implant material in human lymphocyte cul-
tures %. In most cases this tissue response takes place without any clinical symp-
toms, but in some patients the inflammatory foreign-body reaction becomes mani-
fest. Bostman et al. ™° described the clinical characteristics of this tissue response:
Initially an erythematous, fluctuating and painful papule arises over the implant
track and bursts open within a few days resulting in a sterile sinus discharging lig-
uid degradation remnants. Radiologically osteolytic lesions along the implant track
are present in about 50% of these patients '®*'. Consequently classification sys-
tems have been established to be able to compare adverse tissue response re-

ported in different clinical studies °>'"". Moreover, it has been shown that the inci-
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dence of foreign-body reactions to biodegradable implants is independent of the
implant volume as well as of the age and gender of patients '"'°. However screw
shape of implants (compared to cylindrical shape) and poor vascularity (as in case

5 et al.

of scaphoid bone) seem to increase tissue response rate 1% Bostman
hypothesised that this may be due to a insufficient clearing capacity of these tis-
sues resulting in a local accumulation of polymeric degradation remnants. In a
survey including a total of 2500 patients having bioabsorbable implants for internal
fixation Rokkanen et al. °' noted a nonspecific foreign body reaction rate of 2.3%
and an implant failure rate of 3.7%. In 2528 patients operated on using polygly-
colid and polylactid implants Béstman et al. ' reported a clinically significant for-
eign body reaction in 0.2% and 5.3%, respectively. The incidence of this adverse
tissue reaction varied from 1.8% (radial head fracture) to 25% (ununited fractures
of the scaphoid) according to fracture site and was observed 11 weeks postopera-
tively on average. Besides, synovial inflammation after intra-articular fixation "> and
moderate to severe osteoarthritis of the ankle after prior foreign-body reactions "
have been described. Consequently, the author of the latter article recommended
to avoid absorbable implant placement near joint spaces because an inflammatory
foreign-body reaction may lead to intraarticular dissemination of polymeric degra-

dation remnants resulting in osteoarthritic changes.

Second, mechanical properties of biodegradable fracture fixation devices are lim-
ited even though their strength has been improved particularly by self-fibre-re-
inforcement '°. However, moduli (especially modulus of elasticity) of these bioma-
terials could not be increased sufficiently yet ?%. In addition, loosening of biode-
gradable polymeric fixations often occurs due to creep and relaxation, which are
characteristic properties of these materials 2. Consequently, absorbable implants
have found applications where lower-strength materials are sufficient (such as in
the hand, foot and ankle as well as soft tissue fixation) but are not yet suitable for
fractures of load bearing cortical bone where they might fail due to excessive me-
chanical stress 2419,

The main assets and drawbacks of biodegradable implants are summarised in
Table 1-1.
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Table 1-1. Synopsis of main assets and drawbacks of biodegradable implants in orthopae-
dic trauma surgery

Assets Drawbacks

No need for implant removal Adverse tissue reactions

No ,stress shielding” Limited mechanical properties

Gradually load transfer to bone Invisibility in postoperative x-ray examination

Cost effectiveness

Facilitate postoperative MRI and CT evaluation

1.3.2 Current clinical role of biodegradable implants

The use of bioabsorbable implants in trauma and bone surgery became more fre-
quent during the last years. Polymers made from lactic acid (PLA), glycolic acid
(PGA), and dioxanone (PDS), as well as their copolymers (e.g., poly(lactic-co-
glycolic acid) (PLGA)), are most frequently used and readily available as implants

for both bone and soft-tissue fixation 3*:

Various implants made of bioabsorbable materials were used clinically with in-
creasing frequency for fixation of tendons and ligaments to bone in arthroscopic

surgery and sports medicine %47, Several screws, arrows, tacks, suture anchors

9,87,106

and sutures have been developed and evaluated for meniscal repair , ante-

39,567,107,126

rior cruciate ligament reconstruction and treatment of shoulder lesions

25,116

Furthermore, biodegradable fixation devices of various kinds were applied for frac-
ture treatment especially in craniofacial and orthopaedic trauma surgery **'%.
Fractures of the foot and ankle have been a main field of application: Bucholz et
al. #* found no statitistically significant differences in radiographic and functional
results as well as complication rates when comparing medial malleolar fixation

with use of either PLA-screws or stainless-steel screws in 155 patients who had a
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closed, displaced medial malleolar, bimalleolar, or trimalleolar fracture of the an-
kle. Pelto-Vasenius 3 cited a redisplacement rate, foreign-body reaction and infec-
tion rate of 2.5%, 9.0% and 3.6%, respectively, after operative treatment of 1202
fractures of the ankle by means of absorbable implants (implant materials:
PGA/PLA-copolymer, self-reinforced PGA and self-reinforced PLLA) during a 10-
year period. After treatment of intra-articular calcaneal fractures in 21 patients
within a prospective clinical study Kankare et al. ® concluded that outcome was
similar to those treated with other operative methods. Similar results were found
for displaced fractures of the neck or body of the talus ®? and selected tibial condy-
lar fractures ©'. Sinisaari et al. ® demonstrated that there were no significant dif-
ferences between the patient groups in any of the clinical and radiological parame-
ters measured after surgical treatment of ruptured tibio-fibular syndesmosis with
either metallic or bioabsorbable self-reinforced poly-L-lactide screws. Moreover
good clinical results could be achieved after refixation of osteochondral fragments
of the ankle and knee joints using self-reinforced absorbable pins, nails and
screws made of PLA “?. In addition bioabsorbable fixation is a worthwhile option in
large osteochondral fractures of the lateral femoral condyle in the adolescent ''*.
Biodegradable implants were also applied for fixation of femoral head fractures
associated with a traumatic dislocation of the hip >° as well as for the treatment of
femoral fractures involving the physeal plate "°. Excellent results have been re-

4985 and fractures of the

ported after internal fixation of displaced radial fractures
olecranon "® using absorbable pins and/or screws. Moreover bioarbsorbable frac-
ture fixation devices have been adopted for fractures, osteotomies and fusions of
the hand °>'"°. Besides, Fedorowicz et al. * statet no statistically significant differ-
ence in postoperative discomfort, patient satisfaction and infection using either
titanium or biodegradable materials in orthognathic surgery.

In paediatric trauma surgery bioabsorbable fracture fixation is particularly appeal-

ing because it abolishes the need of implant removal. Hope et al *

could verify
identical clinical results in long-term follow-up of children (mean age 8 years) after
stabilisation of elbow fractures (medial or lateral condyle respectively olecranon)
with either metal Kirschner-wires or biodegradable pins (prospective randomised

trial). Furthermore Eppley et al report excellent results after craniofacial surgery of
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one-hundred 4-15 months old children with biodegradable implants (LactoSorb®)
3" and found no long-term implant-related complications in any patient after treat-
ment of 44 pediatric facial fractures using different degradable bone fixation de-
vices *. In experimental studies, the presence of an absorbable implant did not
affect the growth plate any more than an empty drill hole does % In addition, in a
clinical study by Béstman ™ transphyseal self-reinforced polyglycolide pins did not
cause signs of impairment of physeal function with follow-up times up to 10
months. In a prospective study including 71 paediatric patients with physeal or

nonphyseal fractures Bostman et al. ™

compared self-reinforced PGA-pins and
conventional Kirschner wires (mean follow-up interval of 15.8 months, mean age
of the patients: 9.8 years (range 2-15 years)): In 87% of fractures adequate anat-
omic reduction could be maintained until union. Bostman concluded that the re-
sults of fracture fixation using biodegradable polyglycolide pins had been satisfac-
tory except for supracondylar humerus fracture (in 6 of 14 patients displacement of
fracture position ocurred), which may be due to the higher displacement forces in

these fractures. Moreover Makel3 et al. ©8

reported excellent results in the treate-
ment of distal humeral physeal fractures using transphyseal biodegradable fixation
(self-reinforced PGA- pins): All 19 children showed good results and secondary
displacement or signs of growth disturbance were seen in none of them during a
mean follow-up period of 17.2 months. However, there is still a lack of carefully
controlled randomized prospective trials that analyse the efficacy of biodegradable

implants in treating particular fracture patterns.
1.3.3 Biomechanical Testing of the Bone-Implant Interface

A main goal of implant-related research in orthopaedic trauma surgery is to
achieve sufficient fixation and anchoring of the implant in the surrounding bone by
direct apposition or ingrowth of newly formed bone to the implant surface without
an intervening soft tissue layer (=osseointegration) 4% Hence, several bio-
mechanical test methods have been developed for the mechanical evaluation of
bone-implant integration and for the assessment of interfacial bonding strengths:

21-23

Pushout or pullout tests ’, torque tests and tensile tests ”°. Since pushout test-
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ing is most commonly used and was also chosen for this experimental study, it will

be delineated in the following sections:

1.3.3.1 Pushout Test

Pushout tests have been adopted for various purposes in implant-related ortho-
paedic and dental research, but were mainly utilised to evaluate effects of implant
material, implant geometry, implant surface configurations and coatings on os-

seointegration and interfacial bonding 2

In general, the following procedure has to be passed through for pushout testing:
Cylindrical implants, typically used for this purpose, are implanted into cortical or
less frequently in trabecular bone at the favoured anatomical site of several ex-
perimental animals in vivo. After the implants have been left in situ for the desig-
nated implantation period, the animal is sacrificed and the bone implant specimen
is retrieved. Thereafter, the harvested bone-implant sample is tested freshly im-
mediately after sacrifice or it is frozen and tested after thawing at a later date. After
preparation of the sample for biomechanical analysis it has to be properly placed
and accurately aligned to the support jig. Finally, the load is applied until implant
failure at a constant displacement rate via a push rod connected to the crosshead
of the materials testing machine. It is important to note that the load has to be
transferred strictly axially, so that the line of action of the loading force is collinear
with the long axis of the implant **. Load and displacement are recorded during

pushout testing resulting in an load-displacement curve:

1.3.3.1.1 Load-Displacement-Curve

Load-displacement curves resulting from pushout testing typically show the ap-
plied load [N] along the axis of ordinate and the displacement of the implant in the
surrounding tissue along the horizontal axis of abscissae. With regard to this
curves, several well established parameters may be determined to characterise
the biomechanical properties of the bone-implant interface:

” “*

The Maximum Pushout Force (Fnax) [N] (also referred to as “peak force”, “ulti-

mate load” or “interface shear modulus”) represents the recorded peak force pro-
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voking failure of the bone-implant interface, which may be discerned as abrupt

displacement of the implant within the surrounding bone.

The Ultimate Shear Strength of the Interface (oy) [N/mm?] (also referred to as
“‘maximum shear stress” or “ultimate shear stress”) is calculated by dividing the
maximum pushout force (Fmax) by the actual bone-implant contact area (BIC),
since Fmax has to be related to the actual BIC (also referred to as “nominal inter-

face area”) for the sake of comparability of different bone-implant specimens:
Ou = Fmax/ BIC

Dhert et Jansen ® noted that o, is composed of various fixation modes such as

friction, mechanical interlock and chemical bonding.

Interface stiffness [N/mm)] (also referred to as “apparent shear stiffness”, “appar-
ent shear modulus” or “interface shear modulus”) is measured as the slope of the
load-displacement curve in its linear region or may be calculated as F/d or
(F/BIC)/d, where "F" is the applied load [N], 'BIC" is the bone-implant contact area

[mm] and "d" is the displacement [mm].

Energy absorption to failure [Nmm = mJ] represents the energy delivered until
the bone-implant interface fails and is determined as the area under the load-

displacement curve until failure (i.e., maximum pushout force).

1.3.3.1.2 Comparability and Validity of Pushout Tests

It is quite obvious that pushout data indicates the extent of implant anchorage in
the surrounding bone and thus provides essential information for the clinical prac-
tice. However, it has been illustrated that pushout test results widely vary and may
hardly be compared between different investigators due to variations in methods of
pushout testing 3 In consequence of this lack of comparability and since no con-
sensus standard pushout test method has been established yet, Black ® postulated
that the pushout test design and test conditions have to be described and speci-
fied in detail. In addition, Black listet implant-specific (implant dimensions, surface
geometry and composition), host-specific (species, age, implantation site) and

other factors (tissue handling after sacrifice, intraoperative fit, alignment and
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mounting, fit of the support jig, mode of failure, true interfacial surface area) which
may affect the results of pushout tests and thus should be mentioned in future re-
ports. Besides, Dhert 3 stressed the importance of failure mode analysis: It has to
be clarified whether the failure had occurred within the trabecular bone, at the
bone-implant interface or at the coating-substrate interface (if coated implants
were used) in order to prevent comparing the mechanical properties of completely

different structures.
1.3.3.1.3 Crucial Test Conditions of Pushout Tests

As mentioned above, proper alignment among the push rod, the specimen and the
support jig as well as load transfer collinearly to the long axis of the implant are
crucial with regard to valid pushout test results *3. Furthermore, several authors
investigated the potential influence of various test conditions on pushout test data
by means of finite element analyses: Usually, the maximum pushout force is di-
vided by the actual bone-implant contact area resulting in ultimate shear strength
which in turn is supposed to typify the interfacial bonding strength. This simply di-
vision for shear strength/shear stress calculation is based on the assumption that
stress distribution is uniform at the bone-implant interface and yields the bond
strength only in an average sense which may significantly differ from the real value
¥ However, Harrigan et al. * revealed that the stress distribution along the inter-
face is irregular with high stresses particularly in the region between the base of
the specimen and the support jig. Thus, he concluded to rather compare failure
loads than interface shear strength/interface shear stress of tested specimens.
Moreover, these specimens have to be of very similar geometry and should be
tested under identical loading conditions. Furthermore Dhert et al. ** could show
that the clearance of the hole in the support jig (interface stress distribution be-
comes more uniform when the clearance is increased) and Young’'s modulus of
the implant (low Young’s modulus causes less uniform stress distribution) were of
major impact for the occurrence of peak stresses at the interface, whereas cortical
thickness (implant length) and implant diameter can be neglected. Hence, he ad-
vised that the clearance of the hole in the support jig should be at least 0.7 mm

and that tested implants have to be of similar Young's modulus. Shirazi-Adl %%
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demonstrated that interface stress distribution may also be influenced by relative

material properties, boundary conditions and initial interference.

1.3.4 Use and Limitations of Microfocus Computed Tomography

for the Assessment of Bone-Implant Integration

Due to high spatial resolution up to 1 ym and high image contrast histomor-
phometric analysis of thin histologic sections is considered as gold standard for
investigating trabecular bone structure, bone healing and bone remodelling around
implants. However, required sample preparation is exceedingly time-consuming,
may cause artefacts and yields only few two-dimensional sections whereas con-
siderable amount of material is lost *°. Moreover, the destructive nature of this pro-

cedure precludes any subsequent analysis such as biomechanical testing.

Microfocus computed tomography (UCT) is a relative new imaging modality and
may overcome some of these limitations. This technique has the potential to im-
prove the morphologic evaluation of the bone-implant interface as it provides full
three-dimensional data and allows for two-dimensional image reconstruction in an
arbitrary plane. Furthermore, it is non-destructive, less time-consuming and pro-
vides a spatial resolution up to 5 ym *. Therefore, this emerging technique has

attained great interest in the field of orthopaedic and small animal research .

Bone structural parameters were found to be highly correlated between micro-
computed tomography and conventional histomorphometry. Thus, yCT could be

64,74,104

validated as method for the assessment of trabecular as well as cortical

bone °.

Furthermore, several authors evaluated the capability of microfocus computed to-

mography for the assessment of peri-implant bone and osseointegration:

Van Oosterwyck et al. 199 compared 6 histological sections of one bone-implant
specimen (titanium implant; Skyscan 1072 uCT scanner, resolution of 60 um) with
the corresponding uCT slices. This qualitative evaluation showed that the overall
trabecular structure obtained by both techniques is very similar even very close to

the bone-implant interface. Moreover the titanium implant did not produce any
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substantial artefacts. Kiba et al. ®® could clearly detect bone-implant contact, soft
tissue, trabecular structure of newly formed bone and areas of bone resorption
corresponding to histologic examination when analysing 4 dental bone-implant
samples by means of yCT (SMX-225CT, Shimadzu). No artefacts were seen. Butz
et al. ?° determined the ratio of bone area to total area in defined zones at the
bone-implant interface of 2 specimens with use of micro-computed tomography
and histomorphometry. Correlation between these techniques was significant for
cancellous (r =0.92, p < 0.05) as well as cortical (r = 0.65, p < 0.05) bone at dis-
tances of 24 to 240 ym from the surface of the unthreaded cylindric titanium im-
plant. But in closer proximity (0 to 24 ym from implant surface) no significant corre-
lation could be detected which may be caused by metal artefacts, as presumed by

the author. Rebaudi et al. &

cited similar bone-to-implant apposition in 1 human
sample containing a titanium micro-implant when measured by pCT (microCT20,
Scanco) as well as histomorphometry. In consequence of metal artefacts Stoppie

et al. '

could not detect bone in a region 60 pm or closer to the titanium implant
surface when comparing 150 histologic sections (obtained from 6 bone-implant
specimens) with the corresponding uCT slices (Philips HOMX 161 microfocus x-
ray system, isovoxel size: 24 um). However, overall matching and overall Spear-
man’s correlation between the bone area data of these two techniques were
89.23% and 0.86, respectively. Besides, this group '® examined the value of in-
vivo microfocus computed tomography for the assessment of peri-implant bone
and described considerable lower agreement between histological and pCT

measurements.

Furthermore, it has been emphasised that synchrotron x-ray tomography may be
more suitable for the evaluation of bony tissue at the bone-implant interface than
micro-computed tomography ®°°. However, this imaging modality is very expen-
sive, time-consuming and hardly available. Thus it is not practicable for experi-

mental studies including scores of animals.

In summary, micro-computed tomography seems to be a reliable tool for peri-
implant bone measurement with some potential limitations in close vicinity of the

implant surface.
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1.3.5 Effects of Cryopreservation on the Biomechanical Proper-

ties of Bone and Bone-Implant Specimens

Biomechanical testing of freshly retrieved specimens immediately after sacrifice is
often not feasible for organisational reasons. For example, in the present study it
was all but impossible to perform pCT-imaging and biomechanical testing within
few hours of harvesting. Consequently, frozen storage is frequently used to pre-

serve fresh samples until testing.

Yet, it is of utmost importance to ensure that the biomechanical properties of the
tested cadaveric bone-implant specimens reflect the in vivo properties of the har-
vested fresh specimens in order to increase validity of the biomechanical tests.
Hence, we reviewed literature and chose a storage method which is not supposed
to significantly affect the biomechanical properties of the bone-implant interface of

our specimens:

Many studies have been performed focusing on the influence of various preserva-
tion and sterilization methods on the biomechanical behavior of bone. According

to the literature, storage in 10% formalin **''®, freeze-drying °¢%%"

and storage in
ethanol " significantly alter the mechanical properties of bone; and so do high-
dose irradiation ', chemical sterilization *, chemical sterilization and partial de-
calcification ®°, ethylene oxide sterilization °**°, boiling '° and autoclaving '*'*. In
contrast to these procedures, cryopreservation does not seem to affect the biome-
chanical properties measurably (Table 1-2) if the moisture of the samples is pre-
served and is therefore frequently used to storage fresh bone specimens until

biomechanical testing is performed.

Although many authors investigated the biomechanical effects of freezing on bone
tissue, there seems to be a lack of data on the influence of cryopreservation on the
biomechanical properties of the bone-implant interface: To the best of the author’s
knowledge, only one study dealing with this subject has been published: Huss and
coworkers ** investigated the influence of freezing temperature and storage dura-
tion on the pullout force of transcortically inserted Steinmann pins: 16 femurs of 8
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dogs were harvested immediately after euthanasia and 80 unthreaded Steinmann
pins (5 pins/femur) were inserted into the diaphysis perpendicular to the long axis
of the femurs within 15 minutes of sacrifice. Subsequently each femur was tran-
sected using a band saw resulting in 5 bone-implant specimens per femur. These
specimens were evenly distributed to 5 groups: group 1: tested within 4 hours of
harvesting (= control group); group 2 and 4: cryopreservation at -20°C + 5°C for 14
and 28 days, respectively; group 3 and 5: cryopreservation at -70°C + 2°C for 14
and 28 days, respectively. A pullout test was performed and maximum pullout
force was determined: Comparing the mean maximum pullout forces of the differ-
ent groups no statistically significant difference among any of the groups could be
found. Thus, neither cryopreservation temperature nor storage duration had a sta-
tistically significant effect on pin pullout force. However, specimens preserved at
-20°C showed a tendency towards increased maximum pullout forces compared to
the specimens of the control group. Therefore, Huss suggested to cryopreserve
bone-implant specimens at -70°C if possible. Besides, using headspace gas

chromatography Laitinen et al. ®°

could show that the extent of lipid oxidation in 84
bone samples (obtained from 21 femoral heads) was influenced by storage tem-
perature and storage duration: The speed of lipid oxidation and hence the concen-
tration of volatile oxidation products was significantly higher at -30°C than at -70°C
(the concentration at -70°C was near the detection limit). Due to the potential im-
pairment of bone quality by these byproducts of oxidation (which is not clear yet)
he recommended to preserve bone allografts at -70°C or lower, whereas Pereira

|86

eta reported cortical hairline cracks after cryopreservation of 25 whole canine

femurs at -70°C as well as -150°C resulting in a massive loss of torsion strength.

However, numerous studies could not find a significant alteration of the mechani-
cal properties despite different freezing temperatures and storage periods (see
Table 1-2; 10455871.77.86.90y ang thus it is questionable if this lipid oxidation is of
relevance to the biomechanical properties of bone. Since several freezing tem-
peratures ranging from -20°C to -196°C have been shown to not influence the me-
chanical properties of bone (see Table 1-2: "7), most authors cryopreserve their

specimens at -20°C until mechanical testing due to practical considerations.
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Furthermore, Voggenreiter et al. ''? found no alterations of the surface structure of
cryopreserved cortical bone from rat tibiae (frozen at -70°C for 28 days) using
scanning electron microscopy. Salai et al. %2 noted that there were no qualitative
histological differences between human proximal humeral bone allografts frozen at
-80°C up to 5 years and freshly controls. Moreover, it has been shown that several
freeze-thaw cycles do not significantly affect the mechanical parameters of bone
105986 and Kaab et al. could not find significant changes in pullout strengths of
cancellous screws inserted into 48 thawed human cadaveric vertebral bodies

throughout a 3.5 day testing period.

Several authors pointed out that cryopreserved samples have to be sealed tightly
in order to preserve their moisture and prevent dehydration which may affect their
mechanical behaviour 4¢*77,

In consideration of the literature reviewed, cryopreservation of freshly harvested
and tightly sealed specimens at -20°C does not seem to affect their mechanical
properties, which is of utmost importance with regard to the validity of biomechani-

cal testing.



Table 1-2

: Influence of cryopreservation on the biomechanical properties of bone (References cited in chronological order)

Reference

Bone Samples

Storage Condition

Results

83

90 rat femurs and 324 rat tail verte-
brae

-20°C for 2 weeks (femurs: n= ND; vertebrae:

n=72),

-70°C for 2 weeks (femurs: n= ND; vertebrae:

n=75) and

-196°C for 2 weeks (femurs: n=ND; verte-

brae: n=54);

Freshly tested specimens (femurs: n= ND;

vertebrae: n=55),

Torsion tests of femora: No statistically significant difference in torque to failure and energy

to failure compared with fresh tested controls; specimens stored at -196°C showed a
statistically significant increase of angular deformation at failure and a statistically signifi-

cant decrease of torsional stiffness.

Compression test of vertebrae: specimens storaged at -20°C and -70°C showed a sligthly

(but statistically significant) increase of stress at failure and of elastic modulus compared
with freshly tested controls; Storage at -196°C caused a statistically significant increase of

stress at failure, strain at failure and energy absorption to failure.

7

8 human thoracic functional spine

units

-18°C for 21 days (n=2) and
-18°C for (averaged) 193 days (n=4);
Freshly tested specimens (n=2)

Biomechanical properties of fresh cadaveric functional spine units were not significantly
affected by frozen storage up to 232 days.

90

Femora of adult dogs
(one femur of each dog was tested freshly
and served as the matched control)

-20°C for 1 week (n=5),

-20°C for 16 weeks (n=5) and

-20°C for 32 weeks (n=5);

Freshly tested specimens (n=5/group)

Screw pullout load and screw stripping torque: no statistically significant differences for all

3 storage periods compared with the freshly tested matched controls;

Compressive load to failure of a whole diaphyseal segment: -20°C for 1 week: statistically

significant increase; -20°C for 16 and 32 weeks respectively: no statistically significant

differences compared with the freshly tested matched controls

45

Humeri and femora of 48 adult cats
(left bones were tested freshly and served

as matched controls)

-20°C for 3 days (n=ND) and
-20°C for 21 days (n= ND);

Freshly tested specimens (ND)

Freezing did not alter the mechanical properties evaluated in a torsion test (humeri) and in
a four-point bending test (femora) compared with the untreated, immediately tested contra-

lateral control bones.




66

Cylindrical  trabecular bone speci-
mens from the proximal tibial epiphy-
sis of 2 male amputees
(the fresh specimens were tested nonde-

strucively, storaged and tested again)

-20°C for 1 day (n=19),

-20°C for 10 days (n=18) and

-20°C for 100 days (n=19);

Freshly tested specimens (n=19, n=18 and

n=19, respectively)

Nondestructive compression test: storage by freezing did not alter the stiffness, elastic
energy and hysteresis energy; loss tangent increased statistically significant with storage

duration.

Cylindrical trabecular bone specimens

obtained from 3 bovine humeri

-20°C for 8 days (n=24),

-70°C for 8 days (n=24) and

8 freeze-thaw cycles at -20°C in 8 days (1
cycle per day) (n=24);

Freshly tested specimens (n=24)

Compressive modulus and compressive strength of the cryopreserved specimens did not

differ significantly compared with the untreated, immediately tested control group

46

11 pairs of metacarpal and 10 pairs of
metatarsal bones and 7 pairs of ribs
from 4 adult dogs
(one bone of each pair was randomly
allocated to the first treatment, the contra-
lateral one to the second)

Immersed in physiological saline at -20°C
for 1 year (metacarpal bones: n=11; metatar-
sal bones: n=10; ribs: n=7) VS.

Packaged in plastic at -20°C for 1 year

(metacarpal bones: n=11; metatarsal bones:
n=10; ribs: n=7)

Torsion test: no significant difference

4-point bending test: displacement at failure and energy absorbed at failure were significantly

greater in case of immersion (increase of 25 to 30% and 18 to 24%, respectively); slope,
displacement at yield point, bending moment at yield point and bending moment at failure: no

statistically significant differences

58

Rat femurs and first tail vertebrae

-80°C for 2 weeks (n=10 specimen),

-80°C for 6 weeks (n=10 specimen) and
-80°C for 12 weeks (n=10 specimen)
Freshly tested specimens (n=10 specimen)

3-point bending test (femurs): Cryopreserved femurs showed a mean 7.2% decrease in

bending strength compared with the fresh control group. No statistically significant differ-

ence could be found between the 3 freezing periods.

Compression test (vertebrae): Cryopreserved vertebrae showed a mean 11.0% decrease

in compressive strength compared with the fresh control group. No statistically significant

difference could be found between the 3 freezing periods.

113

Rat tibiae

-70°C for 28 days (n=8);

Freshly tested specimens (n=8)

Cryopreservation did not alter any of the biomechanical parameters tested in a 3-point

bending test compared with fresh tested control bones




86

25 femurs of adult dogs

-150°C for 3 months vs.
-70°C for 3 months

No statistically significant differences could be found between these 2 groups in a torsion
test.

92

Human cortical bone specimens in the
form of matchsticks obtained from the
proximal humeral diaphysis (sourced
through a bone bank)

(number of donors and number of tested

specimens: ND)

-80°C for 3 years (n= ND) and
-80°C for 5 years (n= ND);

Freshly tested specimens (n= ND)

Cryopreservation at -80°C for 3 years as well as for 5 years did not alter any of the biome-
chanical parameters tested in a 3-point bending test compared with fresh tested speci-

mens.

Al

155 standardized cancellous cylinders
obtained from porcine humeral heads

(exact number of donor-animals: ND)

-20°C for 6 months (n=20),
-20°C for 12 months (n=23) and
-20°C for 24 months (n=20);
-80°C for 6 months (n=20),
-80°C for 12 months (n=20) and
-80°C for 24 months (n=20);

Freshly tested specimens (n=32)

A cancellous bone screw was inserted in each cancellous cylinder after thawing; thereafter
a (screw-)pullout test was performed: none of the 6 groups showed any statistically signif-
cant difference with regard to the analysed maximum tensile strength compared with fresh
tested controls.

ND = neither described nor discernible
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2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Animals

108 Sprague-Dawley rats five weeks of age, weighing 120 to 140g were pur-
chased from the Institute for Laboratory Animal Science and Genetics in Himberg
(Core Unit for Biomedical Research, Medical University Vienna). During the ex-
perimental period the animals were housed in pairs under a 12:12 hours light-dark
cycle in the animal laboratory of the Institute for Biomedical Research of the Medi-
cal University of Graz. Special forage for rats (Sniff®) and water were provided ad
libitum. The animals were allowed to acclimatise to these conditions for one week
prior to surgery. The animal experiments were approved by the Austrian Federal
Ministry of Science and Research (approval number: BMDWK-66.010/0054-
Brgd/2006) according to BGBI. | Nr. 162/2005.

2.1.2 Implants

In the present study, unthreaded uncoated smooth cylindrical-shaped pins de-
signed by Synthes (Synthes Corporation, Oberdorf, Switzerland) were used. The
first implant investigated was a completely new type of biodegradable implant
made of a magnesium alloy (henceforth referred to as Mg implant). This pin was
supposed to combine excellent strength retention properties of metallic implants
with biodegradability of polymers already used as implant material. The second
implant was a novel bioarbsorbable pin made of poly(lactic-co-glycolic acid)
(PLGA with a lactide-to-glycolide ratio of 80:20) with new polymer orientation
(henceforth referred to as PLGA implant). The third implant tested in the present
study was a pin of commercially pure titanium (henceforth referred to as Tn-

implant) which served as control.

All three implant types were of similar dimension and surface roughness (see Fig-
ure 2-2 and Table 2-1).
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Figure 2-1. Macroscopical aspect of implant types used in the present study

Titanium implant (leff), Mg implant (middle) and PLGA implant (right).

The used pins solely differed in Young’s Modulus (nBM-Implant and titanium im-
plant vs. PLGA implant) (Table 2-1).

Table 2-1. Implant specifications including dimension and Young's Modulus

Implant Type Diameter Length Young’s Modulus
Mg Implant 1,6 mm 7mm 110 GPa

PLGA Implant 1,65 mm 7mm 3 GPa

Titanium Implant 1,6 mm 7mm 45 GPa

Scanning electron micrographs of each implant type were recorded prior to im-
plantation (Figure 2-2). These images served as controls and were compared to

micrographs obtained from mechanically tested bone-implant specimens.
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Figure 2-2. Scanning electron micrographs of implant types investigated in the present
study

(A) Mg implant (original magnification x 40), (B) Mg implant (original magnification x 500), (C) PLGA implant
(original magnification x 40), (D) PLGA implant (original magnification x 500), (E) titanium implant (original
magnification x 40), (F) titanium implant (original magnification x 500).
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2.1.3 Phamaceuticals

All pharmaceuticals used for anesthesia, antagonizing anesthesia, postoperative

pain therapy and euthanasia, respectively, are given in the following tables.

Table 2-2. Pharmaceuticals used for anesthesia

Propriety Name  Generic Name Particulars Manufacturer

Fentanyl® Fentanyl 50ug/mi Janssen-Cilag GmbH, Neuss, Germany
Midazolam Delta® Midazolam 1mg/ml Deltaselect GmbH, Dreieich, Germany
Domitor® Medetomedin 1mg/ml Pfizer Corp. Austria GmbH, Vienna, Austria

Table 2-3. Pharmaceuticals used for antagonizing anesthesia

Propriety Name Generic Name Particulars Manufacturer

Naloxon® Narcanti 400pg/ml Torrex Chiesi Pharma GmbH, Vienna, Austria
Anexate® Flumazenil 100 ug /mi Roche Austria GmbH, Vienna, Austria
Antisedan® Atipamazol 5mg/ml Pfizer Corp. Austria GmbH, Vienna, Austria

Table 2-4. Pharmaceuticals used for euthanasia

Propriety Name Generic Name Particulars Manufacturer
Forane® Isofluran Abbot Laboratories Ltd., Kent, England
Thiopental Sandoz® Thiopental 25mg/ml Sandoz GmbH, Kundl, Austria

Table 2-5. Pharmaceuticals used for postoperative pain therapy

Propriety Name Generic Name Particulars  Manufacturer

Rimadyl® Caprofen 50mg/ml Pfizer Corp. Austria GmbH, Vienna, Austria

Novalgin® Drops Metamizol 500mg/ml Sanofi-Aventis GmbH, Vienna, Austria
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2.1.4 Fluorochromes

Table 2-6: Fluorochromes

Propriety Name Generic Name Manufacturer
Oxitetrazyklin Terramycin 100mg  Pfizer Corp. Austria GmbH, Vienna, Austria

mit PVP®
Calcein blue Calcein blue Sigma-Aldrich Chemie GmbH, Munich, Germany
Xylenolorange Xylenolorange Sigma-Aldrich Chemie GmbH, Munich, Germany
Calcein Calcein Sigma-Aldrich Chemie GmbH, Munich, Germany

Calcein blue, Xylenolorange and Calcein were dissolved in 2.1% sodium bicar-
bonate, whereas Oxitetrazyklin was diluted in sodium chloride. Subsequently the

solutions were filtrated sterilely.
2.1.5 Micro Computed Tomographer

Retrieved bone-implant specimens randomly allocated to the biomechanical test-
ing group were analysed by high-resolution microcomputed tomography (micro-

CT) using a VivaCT 75 system (Scanco Medical, Bassersdorf, Switzerland).
2.1.6 Mechanical Test Machine and Test Fixture

A self-engineered mechanical testing device (designed by Prof. EImar Tschegg,
Institute of Solid State Physics, Vienna University of Technology) was used for
pushout testing of bone-implant specimens of group 1, 4 and 7. Samples of group
2, 3, 5, 6, 8 and 9 were mechanically tested with use of a materials testing ma-

chine with higher performance (RSA100, Carl Schenck AG, Darmstadt, Germany).
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Figure 2-3. Mechanical test machines

(A) RSA100 (Carl Schenck AG), (B) Self-engineered mechanical testing device

Displacement was measured by a video extensometer system (camera: Philips
Video40, Type LDH 0400/11, Philips Corporation, The Netherlands; software:
"Punktvermessung fur Windows", Version 1.1, Messphysik Materials Testing
GmBH, Austria) (see Figure 2-3) in order to avoid a potential systematic error re-
lated to the rigidity of the test set up which does occur in displacement measure-

ment by the crosshead of the materials testing machine (see also 2.2.6).

Furthermore a rigid test fixture (constructed by Gerald Holzlechner, Institute of
Solid State Physics, Vienna University of Technology) was designed to allow for
an accurate alignment of the samples as well as for a load transfer strictly perpen-
dicular to the long axis of the implants (which could be achieved using 2 ball joints)
(Figure 2-4 and Figure 2-10).
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A

Figure 2-4. Test fixture

(A) CAD sketch and (B) photograph of our test fixture specially designed to ensure load transfer strictly per-
pendicular to the long axis of the implants. Femurs were mounted by tighting the four hexagon sockets (see
also Figure 2-10).

This self-engineered test fixture was connected with an electromagnet via 2 ball
joints. In turn, this electromagnet was used to affixed the construction to the level

surface of the metal base (see also Figure 2-10).
2.1.7 Light Microscope

Olympus SZH ILLD binocular light microscope (Olympus Corporation) was used to
examine mechanically tested samples microscopically. Digital images were cap-

tured using a DP20-5E digital microscope camera (Olympus Corporation)
2.1.8 Scanning Electron Microscope

Scanning electron microscopic examination was outsourced to the Department of
Material Sciences and Process Engineering at the University of Natural Resources

and Applied Life Sciences in vienna and performed by Prof. Stefanie Tschegg.
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2.2 METHODS

2.2.1 Experimental Design

108 Sprague-Dawley rats five weeks of age were randomly assigned to 9 experi-

mental groups (see Figure 2-5):

Rats of group 1, 2 and 3 received a new type of biodegradable implant made of a
magnesium alloy (Mg implant) for 4, 12 and 24 weeks, respectively, whereas ro-
dents of group 4, 5 and 6 received new PLGA pins (PLGA implant) for exactly the
same evaluation periods. Rats of group 7, 8 and 9 implanted with standard tita-
nium pins (titanium implant) for 4, 12 and 24 weeks, respectively, served as con-
trols. Group 1, 2, 4, 5, 7 and 8 contained 13 rats each, whereas group 3, 6 and 9

included 10 rodents each.

Unthreaded uncoated smooth cylindrical pins with similar dimension (length: 7mm,
diameter: 1,6 mm) and surface roughness but different modulus of elasticity were

used in the present study.

The animals were allowed to acclimatise to laboratory conditions for one week
prior to surgery. Pins were implanted bilaterally in the middiaphysis of the femoral
bone with the same type of implant placed in both femora of each rat (— 1
pinffemur, 2 pins/experimental animal and 1 implant type/experimental animal)
(see also 2.2.2.2).
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Figure 2-5. Schematic representation of experimental groups

All animals were subjected to the same experimental sequence (see Figure 2-6):
Postoperatively, 4 different fluorochromes (Terramycin, Xylenolorange, Calcein
and Calcein blue) were sequentially administered subcutaneously on day 14, 28,
56 and 84, respectively, in order to assess bone formation and remodeling at the
bone-implant interface in vivo. The rodents were killed 4, 12 or 24 weeks after im-
plantation according to experimental group; one harvested femur of each rat was
allocated to the biomechanical testing group in a randomised manner whereas the

contralateral femoral bone was embedded for further histomorphometric (data not
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shown) and fluorescence microscopic analyses.

The retrieved bone-implant specimens assigned to the biomechanical testing
group were immediately wrapped in saline-soaked gauze, sealed in airtight poly-
ethylene tubes and storaged at -20°C. Subsequently three-dimensional bone-
implant integration of these samples allocated to the biomechanical testing group
was evaluated by means of micro-computed tomography. Thereafter a pushout
test was performed so as to determine maximum pushout force, maximum shear
strength, interface stiffness and energy absorption to failure in order to assess the
biomechanical properties of the bone-implant interface. After mechanical testing,
implant surfaces were qualitatively examined using a light microscope. Besides,
two tested samples were exemplarily examined by means of scanning electron

microscopy to clarify where the failure had occurred.

Implantation

Sequential Fluorochrome
Administration

Sacrifice

Mikro-CT

Pushout Test

Light Microscopy
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b
.
b
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~
[
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[ e
b
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Figure 2-6: Flow chart of experimental design (see text for details)
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2.2.2 Animal Experiments

The surgical procedure and euthanasia was performed at the special laboratories

of the Center for Medical Research of the Medical University of Graz.

All animal experiments were approved by the Austrian Federal Ministry of Science

and Research.
2.2.2.1 Anaesthesia

For surgery the animals were moved to the operating room. After weighing the
rodents, general anesthesia was performed by an subcutaneous injection of Fen-
tanyl® (Janssen-Cilag GmbH, Neuss, Germany) 20ug/kg body weight, Midazolam
Delta® (Deltaselect GmbH, Dreieich, Germany) 400ug/kg body weight and Domi-
tor® (Pfizer Corporation Austria GmbH, Vienna, Austria) 200ug/kg body weight.

2.2.2.2 Surgical Procedure

With the rats under general anesthesia, operating sites on both hind legs were
shaved and sterilised using an iodine solution (Betaisodona®, Mundipharma
GmbH, Limburg/Lahn, Germany). A skin incision (about 1,5 cm in length) was
made at the lateral aspect of the posterior thigh with a scalpel (Figure 2-7, image
A). The edges of the skin were retracted and fascia lata was transected longitudi-
nally. The middiaphyseal region of femur was exposed through this lateral ap-

proach using scissors for blunt preparation (Figure 2-7, image B).
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Figure 2-7. Surgical procedure (see text for details)

Thereafter a drill with ascending diameter was used to prepare the transcortical
implantation bed in the middiaphysis of the femur (Figure 2-7, image C). The longi-
tudinal axis of this drill hole was approximately perpendicular to the longitudinal
axis of the femoral diaphysis. During the drilling profuse physiologic saline irriga-
tion was applied via syringe in order to minimize frictional heat and thermal necro-
sis. Moreover drilling was performed at low rotational speed to this end. Now the
cylindrical implant was inserted in the slightly undersized drill hole by gentle tap-
ping resulting in press-fit fixation (Figure 2-7, image D and E). Transcortical
placement was ensured by feeling for the medial pin end. (Figure 2-7, image F).

We placed the implant centrally so that both ends protruded the cortical bone to
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the same extent (Figure 2-7, image G). Subsequently the operating field was irri-
gated thoroughly with physiologic saline and iodine solution. In a final step the
wound was closed in layers using absorbable Vicryle® 5.0 sutures (Ethicon, Nor-

derstedt, Germany) (Figure 2-7, image H and I).

Contralateral implantation was performed in exactly the same way. Hence each rat
received 2 implants (i.e., one pin was placed in the left, the other in the right mid-

diaphyseal femur) made of the same material.

After completion of the surgical procedure the animals were tucked in and seated
on a heating plate to avoid hypothermia. General anaesthesia was antagonized by
an intraperitoneal injection of Narcanti® (Torrex Chiesi Pharma GmbH, Vienna,
Austria) 120pg/kg body weigth, Anexate® (Roche Austria GmbH, Vienna, Austria)
50ug/kg body weigth and Antisedan® (Pfizer Corp. Austria GmbH, Vienna, Aus-
tria) 250ug/kg body weigth. After recovering from anesthesia the rodents were re-
turned to their litters and were allowed immediate, unrestricted weight-bearing ad
libitum. Daily clinical observation was performed throughout the implantation pe-

riod.
2.2.2.3 Postoperative Pain Management

Postoperatively all of the animals were treated with Rimadyl® (Pfizer Corporation
Austria GmbH, Vienna, Austria) 200mg/kg body weight which was daily subcuta-
neously injected for 1 week to ensure analgesia. From the eigth postoperative day
forth Novalgin® drops (Sanofi-Aventis GmbH, Vienna, Austria) were added to the
drinking water for another week (0,5ml Novalgin® per 400 ml drinking water) and

Rimadyl was discontinued.
2.2.2.4 Euthanasia

According to experimental group rodents were killed 4, 12 or 24 weeks after im-
plantation. For euthanasia the rats were carried to the operating room again and
reweighed. Volatile Forane® (Abbot Laboratories Ltd., Kent, England) was admin-
istered for general anesthesia. Thereafter the heart was punctured and blood was
aspirated for further examination (see 2.2.9). Subsequently 25mg Thiopental San-
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doz® (Sandoz GmbH, Kundl, Austria) was injected into the cardiac ventricle in or-
der to sacrifice the animal.

2.2.2.5 Preparation of Specimen

After sacrifice the Femora were harvested and cleaned of all soft tissue:
A vast skin incision was made medially (Figure 2-8, image A), the capsules and
ligaments of the hip and knee joint were dissected. Consequently the femur to-
gether with the surrounding muscle tissue could be carefully isolated by extraar-
ticulation (Figure 2-8, image B-D). In a next step the circumjacent soft tissue was
removed cautiously (Figure 2-8, image E-F). Any load transfer to the implanted
pins was avoided during the whole procedure. After retrieval the cadavers were

disposed according to the national law.

Figure 2-8 Retrieval and preparation of the femora (see text for details)

2.2.3 Fluorescent Labelling

We perfomed in vivo fluorescent labelling of bone using fluorochromes. Fluoro-
chromes are calcium-binding substances which are deposited at the site of active
mineralization. The resulting calcium-binding fluorescent dyes allow to asses bone

formation and bone remodelling in vivo 8'%%
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For this purpose we postoperatively administered 4 fluorochromes sequentially on
day 14, 28, 56 and 84 by subcutaneous injection (Table 2-7).

Table 2-7: Details of applied fluorochromes including day of application and dosage based
on bodyweight

Fluorochrome Day Dosage [mg/kg bodyweight]
Terramycin 14 40
Xylenolorange 28 90
Calcein 56 15
Calcein blue 84 30

After sacrifice 54 bone-implant specimens (6 per group) that were not tested bio-
mechanically (see 2.2.1 Experimental Design) were dehydratet in a graded series
of ethanol and embedded in Technovit 9100 New®:

Samples were fixed in 50% ethanol for 10 days. Thereafter, they were dehydrated
with an ascending alcohol series (24h each) from 70%, 80%, 90%, 96%, 100%
and 100% at 4°C in the fridge. Afterwards, the bones were defatted in xylenol and
treated by Technovit 9100 New® solutions (1-4) as listed in Table 2-8.

Table 2-8. Technovit 9100 New(R) embedding (different solutions)

Name Content Duration

Sol. 1 60ml Xylenol + 60ml stabil. Basis solution 24 hat4°C
Sol. 2 100ml stabil. Basis solution + 0.5g Catalysator 1 48 h at4°C
Sol. 3 150ml destab. Basis solution’ + 0.75g Catalysator 1 48 h at4°C

) 150ml destab. Basis solution + 12g PMMA powder +
Sol. 4 48 h at4°C
0.6g Catalysator 1
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Poly A% 360ml destab. Basis solution + 57.6g PMMA powder + 5-7dat-20C°
o}
y 2.16g Catalysator 1
Polv B 40ml destab. Basis solution + 3.2ml Catalysator 2 + 5-7dat-20C°
oly

1.6ml Regulator

! Destabilisation bg mixing 1g Al(OH)3 per 37.5 ml basis solution; % The solution is cloudy and has to be stirred
over night at 4°C; ~ Polymerisators are mixed as follows: 9 parts poly A per 1 part poly B

After mixing poly A and poly B the bones were moved to special Teflon forms for
embedding. The forms were covered with Technovit, sealed with a special foil and
moved to a vacuum bag. After establishing a complete vacuum the polymerization

took place at -20°C in the freezer (7-10 days).

After embedding the specimens were moved to the Bernhard Gottlieb University
Vienna for further processing. After removing unnecessary embedding material
stepwise grinding was used to generate ultra-thin sections of the specimens (this
technique allows one section per bone; however the properties of the implant ma-

terials do not allow for conventional sectioning with microtomes).

Plastified blocks were processed with the Exakt Cutting and Grinding equipment
(Exakt Apparatebau, Norderstedt, Germany). Ultrathin sections parallel to the long

axis of the implants were prepared and stained with the Levai—Laczko dye.

These sections were subsequently analyzed using a fluorescence microscope in
order to asses bone formation and active mineralization at the bone-implant inter-

face over the implantation period in vivo.

2.2.4 Storage of Specimens

As above mentioned, one femur of each rat was randomly assigned to the biome-
chanical testing group. All these specimens were immediately wrapped in a gauze
compress soaked with sterile 0.9% saline, sealed in airtight polyethylene tubes (as
recommended by Johnson **) to prevent dehydration and storaged at -20°C. For

MCT-scanning bone-implant specimens were wrapped in gauze soaked with sterile
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saline and covered with a paraffin foil. After completion of the yCT-imaging sam-
ples were sealed in their abovementioned tubes again and were cryopreserved in
the -20°C freezer until mechanical testing. For mechanical testing the frozen
specimens were thawed for 3 hours at room temperature (wrapped in gauze
soaked with physiologic saline and covered with plastic foil) and were kept moist
throughout the test period using sterile physiologic saline. All bone-implant speci-
mens were preserved (storage condition, packaging and thawing) in exactly the
same manner. For the validity of the push-out test results it is of utmost impor-
tance that the mechanical properties of the tested cryopreserved bone-implant
specimens correspond with the in vivo properties of freshly harvested specimens.
In consideration of the up-to-date research data (see 1.3.5) we therefore chose
this preservation modality because it does not significantly affect the biomechani-

cal properties of our samples.
2.2.5 Microfocus Computed Tomography

The micro computer tomographic (UCT) measurements were performed with the
VivaCT 75 (Scanco Medical, Bassersdorf, Switzerland). The scan resolution used
was 20um at an energy of 70 kV and a current of 114 pA. The integration time (the
time one projection is measured) was 380ms, ensuring a very good picture quality.
The number of slices varied from animal to animal because of the animal size. The
evaluation was done from corticalis to corticalis resulting in about 90 — 120 slices
per evaluation. For the subsequent analysis, two cylindric volumes of interest
(VOls) were selected as mentioned in Figure 2-9. The following morphological pa-
rameters were determined: bone volume per total tissue volume (BV/TV), mean

trabecular thickness (Tb.Th) and bone-implant contact area (BIC).

A circle with a diameter 0.5mm bigger than the implants was chosen as the region
of interest (ROI) for BV/TV-evaluation (see Figure 2-9, B). To avoid false positive
measurements the circle was cut at the top and the bottom in order to exclude the

cortical bone.

For the assessment of the bone-implant contact area (BIC), the samples were

automatically segmented with different implant thresholds (titanium: 700, Mg: 550,
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PLGA: 1000) due to different material densities and x-ray absorption. The region
of interest (ROI) for bone-implant contact area (BIC) evaluation was defined as a 3

pixel thick ring, 2 pixels away from the implant (see Figure 2-9, A).

MCT Measurement V6.0 was used for scanning. The yCT Evaluation V6.0 and the
image processing language V5.06b were used for sample evaluation. This soft-

ware package is the built-in software delivered with the VivaCT75.

Figure 2-9. Volumes of interest (VOIs) for determination of (A) BIC and (B) BV/TV as well as
Tbh.Th

2.2.6 Pushout Test

2.2.6.1 Biomechanical Test Setup

A self-engineered mechanical testing device (see 2.1.6) was used for pushout
testing of bone-implant specimens retrieved after an implantation period of 4
weeks (group 1, 4 and 7). Samples harvested after an evaluation period of 12 as
well as 24 weeks (group 2, 3, 5, 6, 8 and 9) were mechanically tested with use of a
testing machine with higher performance (RSA100, Carl Schenck AG, Darmstadt,
Germany) because pushout tests of specimens implanted for 4 weeks yielded un-

expected high maximum pushout forces for Mg implants. The same plunger, push
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rod, test fixture and video extensometer system were used in both cases. The
biomechanical test setup was developed with regard to the up-to-date scientific
literature addressing important test conditions of pushout tests (interface stress
distribution, clearance of the hole in the support jig, accurate alignment, displace-
ment measurement, displacement rate etc.). The detailed theoretical background
is mentioned above (see 1.3.3.1). Displacement was measured by means of a
video extensometer in order to avoid a potential systematic error related to the
rigidity of the test set up which does occur in displacement measurement by the
crosshead of the materials testing machine. Since implant loading strictly perpen-
dicular to the long axis of the pin is crucial in pushout testing a specific test fixture
specially designed for this purpose (see also 2.1.6) was utilised to allow for an ac-
curate alignment of the samples as well as for a strictly perpendicular axial load

transfer.

Samples were thawed for 3 hours at room temperature wrapped in gauze soaked
with sterile 0.9% saline and covered with plastic foil to prevent dehydration.
Throughout the testing procedure, the specimens were kept moist by frequent ap-
plication of physiologic saline solution. Then each bone-implant specimen was
mounted on the test fixture and thoroughly orientated so that the line of action of
the loading force was collinear with the long axis of the pin (see Figure 2-10). Fur-
thermore accurate alignment among the push rod, the specimen and the test fix-
ture was ensured. The diameter of the push rod was 1mm, the clearance of the
brackets of the test fixture which supported the bone was 4.5 mm (see Figure
2-10). Each specimen was loaded at a constant displacement rate of 1.8 mm/min
and all samples were tested to failure. Simultaneous recordings were made of dis-
placement, as measured by the video extensometer, and of the load, as recorded
from the load cell transducer. Analysed biomechanical parameters were deter-
mined from recorded load-displacement curves using ORIGIN PRO 7.5 software
package (OriginLab Corporation, Northampton, USA).
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Figure 2-10. Experimental set up

(A) Specimens were mounted on the test fixture by tighting the four hexagon sockets (clearance oft the brack-
ets supporting the bone: 4.5 mm (green double arrow)). 2 ball joints (arrows) allowed for a load transfer strictly
perpendicular to the long axis of the implant. This rigid construction was affixed to a metal base by an elec-
tromagnet (arrowhead).(B) Displacement was recorded with use of a video extensometer (asterisks) measur-
ing the distance between two black dots. (C) It was ensured that the line of action of the loading force was
collinear with the long axis of the pin. (D) Tested sample after pushout test.
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2.2.6.2 Determined Biomechanical Parameters

The following well established biomechanical parameters were determined by
means of a pushout test in order to assess and compare the interfacial biome-

chanical properties of the different implant types tested in the present study:
2.2.6.2.1 Maximum Pushout Force (Fnax)

Maximum pushout force (Fmax) [N] (also referred to as “peak force” or “ultimate
load” or “interface shear modulus”) was determined as maximum load at the be-
ginning of implant displacement (typically followed by a load decline) for titanium
implants and nBM-implants. Load displacement curves of these implant types
showed typical and very similar curve progressions. However, curve progressions
of tested PLGA implants showed considerably differing characteristics (see also
"Discussion’). Hence Fnax was considered as the maximum force recorded during
mechanical testing regardless of implant displacement for the sake of clarity as

well as reproducibility.

2.2.6.2.2 Ultimate Shear Strength (o)

Ultimate shear strength of the interface (o) [N/mm?] (also referred to as “maximum
shear stress” or “ultimate shear stress”) was calculated by dividing the maximum
pushout force by the bone-implant contact area measured with use of a calliper

gauge (BICc¢y):

0u = Fmaxl BICCg [N/mmz]

Fmax: maximum axial pushout force
BICcy = DL (see also 2.2.10)

D: outer diameter of the cylindrical implant

L: mean length of bone in contact with the implant measured by means of a calliper gauge
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2.2.6.2.3 Interface Stiffness

Interface stiffness [N/mm] (also referred to as “apparent shear stiffness”, “apparent
shear modulus” or “interface shear modulus”) was measured as the slope of the

load-displacement curve in its linear region.

2.2.6.2.4 Energy Absorption To Failure

Energy absorption to failure [Nmm=mJ] was calculated as the area under the

load-displacement curve until failure (i.e., maximum pushout force).
2.2.7 Light Microscopy

Mechanically tested bone-implant samples were examined microscopically: Stan-
dardised digital images were taken from anterior and posterior; pin degradation of

bioarbsorbable implants and implant surface was qualitatively analysed.
2.2.8 Scanning Electron Microscopy

Two biodegradable implants (1 PLGA implant and 1 Mg implant) were examined
by means of scanning electron microscopy to clarify where the failure had oc-

curred (within the trabecular bone or at the bone-implant interface).
2.2.9 Blood Examination

In order to discover potential systemic inflammatory reactions as a result of pin
implantation (due to a potential lack of biocompatibility of the investigated biode-

gradable implants) we performed blood smears from each animal:

Blood was aspirated from the cardiac ventricle of each anaesthetised rat prior to
sacrifice by injection of an overdose thiopental. A 2-3 mm drop of blood was
placed on the slide and spread using a second slide (spreader slide). The slides
were air dried and stained with Pappenheim (May-Grinwald-Giemsa). Subse-
quently the smears were examined microscopically: 100 cells were counted and
sorted by cell type. The cellular distribution of lobulated neutrophil granulocytes,

stab neutrophils, eosinophil granulocytes, basophil granulocytes, monocytes and
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lymphocytes was assessed resulting in the percentage of each cell type (relative

differential count).
2.2.10 Determination of Bone-Implant Contact Area

Bone-implant contact area was determined with use of a calliper gauge (BICcy)

and was subsequently used to calculate ultimate shear strength (see 2.2.6.2.2).

BICcy was assessed by calliper gauge as follows: The length of bone in contact
with the implant was measured at 4 well-defined sites (cranial, caudal, anterior and
posterior) for each specimen by two independent observers prior to mechanical

testing in a standardised manner (see Figure 2-11).

Figure 2-11. Determination of bone-implant contact area by calliper gauge

Length of bone in contact with the implant was measured at 4 well-defined sites (A) anteriorly, (B) posteriorly,
(C) proximally and (D) distally to the pin in a standardised manner. In the first instance averaged interface
length and finally BICcg was calculated (see text for details).

The average interface length was calculated from the 4 distances measured by
each observer and used to determine bone-implant contact area (BIC = n*implant
diameter*average interface length). Finally the resulting BIC-values of both ob-
servers were averaged to obtain the mean bone-implant contact area measured

by calliper gauge (BICg).
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2.2.11 Statistical Analysis

Microsoft Excel® (Microsoft Corporation, Redmond, WA, USA) was used for data
administration. All statistical evaluations and data presentation were performed
with SPSS 16.0® (SPSS Inc., Chicago, IL, USA).

Demographic data of the different parameters was displayed as mean and stan-
dard deviation in case of normal distribution or rather as median and first as well

as third quartile if data was non-normally distributed.

Normality of data was checked by Kolmogorov-Smirnov test.

For normally distributed data, one-way ANOVA was applied. If Levene’s test of
homogeneity of variance was not significant, one-way ANOVA and Scheffe post
hoc tests were performed to attain all possible pairwise comparisons. In case of
heterogeneous variances Welch one-way ANOVA was used followed by Tam-

hane’s T2 post hoc tests.

For data lacking normal distribution, first Kruskal-Wallis-Tests were performed to
search for significant global differences. In case of global differences pairwise
analysis was done by Mann-Whitney U tests. Due to multiple testing p-values had

to be adjusted by Bonferroni correction to avoid accumulation of a-mistakes.

P-values of less than 0.05 were considered as statistically significant.
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3 RESULTS

Six of 108 rodents were lost intraoperatively due to anaesthetic complications or
femoral fracture in consequence of drilling. All other animals tolerated the opera-
tion well and regained full weight-bearing. Healing occurred uneventfully and no
signs of inflammation, gross infection or tissue reaction could be observed

throughout the implantation period.

Kolmogorov-Smirnov testing revealed normality of distribution for bone volume
(BV/TV), bone-implant contact area (BIC), trabecular thickness (Tb.Th.), lobulated
neutrophils, monocytes and lymphocytes, whereas data of maximum pushout
force, ultimate shear strength, energy absorption to failure, interface stiffness, stab
neutrophils, eosinophil neutrophils and basophil neutrophils were not normally dis-
tributed.

3.1 PUSHOUT TEST

Technical problems precluded data analysis of 11 bone-implant specimens (3
specimen fractured when mounted on the test fixture, 4 tilted over during testing
and in 4 samples recording load-displacement curve failed) so that 91 samples

were successfully tested ultimately (Table 3-1).

Table 3-1. Number of samples successfully tested in pushout test

Implantation Implant type

period Tn [n=] Mg-alloy [n=] nPLGA [n=]

1 month 13 12 11 36

3 months 7 12 11 30

6 months 9 8 8 25
29 32 30 91

The resulting load-displacement curves were analysed and maximum pushout
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force, ultimate shear strength, energy absorption to failure and interface stiffness
were determined. The obtained data is summarised in Table 3-2, pushout force as
well as ultimate shear strength are additionally represented as box plots in Figure
3-1. Interface stiffness (measured as the slope of the load-displacement curve in
its linear region) could not be assessed for PLGA implants after 1 and 3 months in
consequence of their typical load-displacement curve progression lacking linear

regions (see also "Discussion”).

Table 3-2. Maximum pushout force (F..x), ultimate shear strength (o,), energy absorption to
failure (EA) and interface stiffness (Stiffness) for each implantation period and implant type

(median, first and third quartile (in parentheses))

IP IT Fmax [N] Ou [Nlmm2] EA [mJ] Stiffness [N/mm)]
1m Tn 23.58 112 0.39 1161.76
(11.55-30.99) (0.57 - 1.50) (0.17 -0.79) (698.09 — 1424.96)
Mg 49.35 243 1.07 1423.49
(37.63 — 55.53) (1.80 —2.81) (0.92 — 1.40) (1116.70 — 2761.96)
15.65 0.69 17.18
PLGA NM
G (12.31-35.13) (0.54 - 1.66) (8.68 —44.35)
3m Tn 100.83 4.14 3.24 1466.34
(80.10 — 109.59) (3.25 — 4.55) (2.23-7.41) (1380.49 — 2292.41)
Mg 151.87 6.19 12.45 1965.52
(133.30 - 185.33)  (5.29 —7.23) (9.08 — 18.70) (1712.93 — 3817.18)
45.71 1.83 59.79
A NM
PLG (31.22 -57.71) (1.20 — 2.56) (41.92 — 71.25)
6m Tn 44.78 214 0.70 1849.04
(30.57 —90.10) (1.26 — 3.53) (0.36 — 1.46) (1593.73 — 3641.10)
Mg 185.16 7.65 22.64 2067.43
(157.73 -221.98) (6.61-8.71) (11.05 - 36.86) (1490.42 — 2511.55)
PLGA 42.79 1.67 18.40 274.64
(29.69 — 55.01) (1.11-2.09) (10.89 — 25.22) (208.20 — 397.21)

IP = implantation period; m = month(s); IT = implant type; NM = could not be measured due to irregular load-
displacement curve progression lacking linear regions
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Figure 3-1. Maximum pushout force (A) and ultimate shear strength (B) for each implant
type and implantation period represented by box plots

The lines within the boxes indicate the median (50th percentile), the upper and lower ends of the boxes indi-
cate the first quartile (25th percentile) and the third quartile (75th percentile), respectively.

Kruskal-Wallis-Tests were performed for each implantation period to search for

significant global differences among different implant types (Table 3-3).
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Table 3-3. Global differences in biomechanical parameters among different implant types
within each implantation period using Kruskal-Wallis-Tests

Implantation Frmax [N] G [N/mm?] EA [mJ] Stiffness [N/mm]
period

1 month 0.001** 0.001** <0.001** 0.057*

3 months <0.001* <0.001* <0.001* 0.128*

6 months <0.001* <0.001* 0.001** <0.001*

*p <0.05 **p<0.01; * Interface stiffness could not be measured for PLGA implants after 1 and 3 months,
thus only Tn and Mg were compared after these implantation periods; Fmnax = maximum pushout force, o, =
ultimate shear strength, EA = energy absorption to failure, Stiffness = interface stiffness.

In case of significant global differences pairwise comparisons between different
implant types were performed using Mann-Whitney U tests with Bonferroni correc-
tions (Table 3-4):

These pairwise analyses yielded highly significantly greater maximum push out
forces as well as ultimate shear strengths in Mg implants than in Tn and PLGA
pins after each implantation period, whereas median maximum pushout force val-
ues of Mg implants were up to 4 fold higher compared to the other pins. Tn and

PLGA did not differ significantly except for an implantation period of 3 months.

Energy absorption to failure (EA) was found to be significantly greater in PLGA
than in Mg pins except for an implantation period of 6 months, in turn EA values of

Mg implants were higher than those of Tn pins.

Interface stiffness was similar in Tn and Mg implants, but considerable lower in
PLGA pins after 6 months.
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Table 3-4. Pair-wise analysis of global differences in biomechanical parameters among dif-
ferent implant types within each implantation period by Mann-Whitney-U-Tests with Bon-
ferroni corrections

Implantation Analysed Fnax [N] ouN /mmz] EA [mJ] Stiffness
Period pairs [N/mm]
1 month Tn vs. Mg <0.001* 0.003** 0.009** NSGD
Tnvs. PLGA 1 1 < 0.001** NA
Mg vs. PLGA 0.003** < 0.001* < 0.001** NA
3 months Tn vs. Mg 0.006** 0.003** 0.003** NSGD
Tnvs. PLGA <0.001* < 0.001* < 0.001* NA
Mg vs. PLGA <0.001** <0.001* <0.001* NA
6 months Tn vs. Mg <0.001** < 0.001* 0.006** 1
Tnvs. PLGA 1 1 < 0.001** <0.001*
Mg vs. PLGA <0.001* < 0.001** 1 <0.001*

*p <0.05 * p <0.01; NSGD = No significant global differences in the previous Kruskal-Wallis test; NA =
could not be analysed because interface stiffness was not measured for PLGA after 1 as well as 3 months;
Fmax = maximum pushout force, o, = ultimate shear strength, EA = energy absorption to failure, Stiffness =
interface stiffness.

Moreover, we analysed if there are any statistically significant differences in bio-
mechanical parameters between the three implantation periods within each type of
implant. In other words, we searched for time-dependant changes of maximum
pushout force, ultimate shear strength, energy absorption to failure and interface
stiffness within each implant type. As before, Kruskal-Wallis tests (Table 3-5) and
subsequent Mann-Whitney-U-Tests with Bonferroni corrections (Table 3-6) were

applied:

Table 3-5. Global differences in biomechanical parameters among different implantation
periods within each implant type using Kruskal-Wallis-Tests

Implant

type

Fmax [N] o [N/mm?] EA [mJ] Stiffness [N/mm]

Tn <0.001** <0.001** 0.014* 0.002**

Mg < 0.001** <0.001* <0.001* 0.192
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PLGA 0.005** 0.020* 0.003** NM

*p <0.05, ** p <0.01; NA = could not be analysed because interface stiffness was not measured for PLGA
after 1 as well as 3 months; Fax = maximum pushout force, o, = ultimate shear strength, EA = energy absorp-
tion to failure, Stiffness = interface stiffness.

Maximum pushout force, ultimate shear strength as well as energy absorption to
failure were found to be significantly greater in all three implant types after an im-
plantation duration of 3 months compared to 1 month (Figure 3-2). For example,
median maximum pushout force values of Tn, Mg and PLGA pins were about 4.3,
3.1 and 2.9-fold higher, respectively. Between 3 and 6 months of implantation, no
significant differences in biomechanical parameters were detected in any of the

investigated implants except for EA of PLGA pins which significantly decreased.

Table 3-6. Pair-wise analysis of global differences in biomechanical parameters among dif-
ferent implantation periods within each implant type by Mann-Whitney-U-Tests with Bon-
ferroni corrections

Implant Analysed Fnax [N] o N /mmz] EA [mJ] Stiffness
type pairs [N/mm]
Tn 1 mo vs. 3 mo < 0.001** <0.001** 0.024* 0.072

1 mo vs. 6 mo 0.018* 0.051 0.432 < 0.001**

3 mo vs. 6 mo 0.165 0.165 0.126 0.897
Mg 1 mo vs. 3 mo <0.001** <0.001* < 0.001** NSGD

1 mo vs. 6 mo <0.001** <0.001* 0.009** NSGD

3 mo vs. 6 mo 0.141 0.171 0.405 NSGD
PLGA 1 mo vs. 3 mo 0.006** 0.024* 0.015* NA

1 mo vs. 6 mo 0.036* 0.153 1 NA

3 mo vs. 6 mo 1 1 0.003** NA

*p <0.05 * p <0.01; NSGD = No significant global differences in the previous Kruskal-Wallis test; NA =
could not be analysed because interface stiffness was not measured for PLGA after 1 as well as 3 months;
Fmax = maximum pushout force, o, = ultimate shear strength, EA = energy absorption to failure, Stiffness =
interface stiffness.
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Figure 3-2. Median (A) maximum pushout force, (B) ultimate shear strength and (C) energy
absorption to failure after 1, 3 and 6 months of implantation
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3.2 MICROFOCUS COMPUTED TOMOGRAPHY

All harvested bone-implant specimens of each group (n = 102) were examined by
means of microfocus computed tomography. Three-dimensional images were re-

constructed for a few samples (Figure 3-3).

Figure 3-3. Three-dimensional reconstruction of a bone-implant specimen retrieved 4 weeks
after implantation (titanium pin)

Furthermore, bone volume per tissue volume (BV/TV), mean trabecular thickness
(Tb.Th) and bone-implant contact area (BIC) were quantitatively assessed for
each specimen. The obtained data is summarised in Figure 3-7 and also repre-

sented as error bars in Figure 3-4.

Table 3-7. MicroCT data for each implantation period and implant type (mean * standard
deviation (SD))

Implantation Implant n BVITV? Tb.Th BIC*

period type [Voxel]

1 month Tn 14 0.16 + 0.06 0.11+0.02 0.27 £ 0.01
Mg 12 0.24 £ 0.10 0.13 +0.02 0.42+0.13
PLGA 12 0.18 £+ 0.07 0.14 + 0.01 0.18 £0.08

3 months Tn 9 0.22 +0.07 0.13 +0.01 0.37 £0.09
Mg 13 0.33+0.10 0.15+0.02 0.53+0.13

PLGA 12 0.35+0.12 0.14 £ 0.02 0.50 £ 0.19
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6 months Tn 10 0.21 +0.09 0.13+0.01 0.33+0.11
Mg 10 0.37£0.16 0.14 £ 0.03 0.66 +0.19
PLGA 10 0.33+0.10 0.13+0.01 0.54+0.14

n = number of scanned samples; BV/TV = bone volume/tissue volume; Tb.Th. = mean trabecular thickness;
BIC = bone-implant contact area; *BV/TV and BIC are given as percentages converted to decimal fractions.
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im 3m 6m I El%r;e-implant contact
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Figure 3-4. Error bars representing means and confidence intervals for means of microCT
data for each implant type and implantation period

One-way ANOVA was conducted to test for differences among the different im-
plant types within each implantation period (Table 3-8).
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Table 3-8. Differences in microCT parameters among different implant types within each
implantation period using one-way ANOVA

Implantation BV/TV Tb.Th BIC
period

1 month 0.027* 0.004** <0.001*
3 months 0.012* 0.017* 0.048*

6 months 0.020* 0.862 <0.001*

*p <0.05, ** p <0.01; BV/TV = bone volume/tissue volume; Tb.Th. = mean trabecular thickness; BIC = bone-
implant contact area;

Significant differences were then further analysed by pairwise comparisons be-

tween different implant types using Scheffe and Tamhane’s T2 Post hoc tests (
Table 3-9):

Bone-implant contact area was significantly higher in Mg implants than in titanium
implants after 1 and 6 months of implantation and than in PLGA implants after 1
month. Moreover, Mg implants showed significantly higher BV/TV after 1 and 3
months and higher trabecular thickness (Tb.Th) after 3 months compared to tita-

nium implants.

Furthermore, it was found that BIC after 6 months, BV/TV after 3 months and
mean trabecular thickness after 1 month were significantly higher in PLGA im-

plants than in titanium pins.

Table 3-9. Pairwise analysis of differences in microCT parameters among different implant
types within each implantation period by one-way ANOVA Post Hoc Tests

Implantation- Analysed BVITV To.Th BIC

Period pairs

1 month Tn vs. Mg 0.030* 0.064 0.004**
Tnvs. PLGA 0.665 0.005** 0.103
Mg vs. PLGA 0.195 0.559 <0.001**

3 months Tnvs. Mg 0.043* 0.030* 0.055

Tnvs. PLGA 0.018* 0.825 0.175
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Mg vs. PLGA 0.897 0.079 0.823

6 months Tnvs. Mg 0.055 NSGD <0.001*
Tnvs. PLGA 0.051 NSGD 0.032*
Mg vs. PLGA 0.883 NSGD 0.219

' Scheffe post hoc tests were performed in case of homogeneous variances, Tamhane’s T2 post hoc tests
were used if variances were heterogeneous; NSGD = No significant differences in the previous one-way
ANOVA; * p < 0.05, ** p < 0.01; BV/TV = bone volume/tissue volume; Tb.Th. = mean trabecular thickness; BIC
= bone-implant contact area.

Furthermore, one-way ANOVA (Table 3-10) and subsequent Post hoc tests (Table
3-11) were utilised to assess time-dependent changes (i.e., differences among the

3 implantation periods) in these parameters within each implant type:

Table 3-10. Differences in microCT parameters among different implantation periods within
each implant type using one-way ANOVA

Implant BV/TV Tb.Th BIC

type

n 0.099 0.002** 0.073

Mg 0.050 0.060 0.003**
PLGA <0.001** 0.906 <0.001*

*p <0.05, ** p <0.01; BV/TV = bone volume/tissue volume; Tb.Th. = mean trabecular thickness; BIC = bone-
implant contact area.

Between 1 and 3 months of implantation, BVITV as well as bone-implant contact
area significantly increased in PLGA implants (Figure 3-5). In addition, trabecular
thickness was significantly greater in titanium implants after an implantation pe-
riod of 3 months compared to 1 month. In Mg implants, a significant increase of
bone-implant contact area between 1 and 6 months was found (Figure 3-5). Fur-
thermore, no significant differences in microCT parameters were detected in any
of the investigated implants between 3 and 6 months of implantation (see Table
3-11).
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Table 3-11. Pairwise analysis of differences in microCT parameters among different implan-
tation periods within each implant type by one-way ANOVA Post Hoc Tests'

Implant Analysed BV/TV Tb.Th BIC
type pairs
Tn 1 movs. 3mo NSGD 0.025* NSGD
1 mo vs. 6 mo NSGD 0.005** NSGD
3 mo vs. 6 mo NSGD 0.748 NSGD
Mg 1 mo vs. 3 mo NSGD NSGD 0.194
1 mo vs. 6 mo NSGD NSGD 0.003**
3 mo vs. 6 mo NSGD NSGD 0.133
PLGA 1 movs.3mo 0.001** NSGD < 0.001**
1 mo vs. 6 mo 0.007** NSGD < 0.001**
3 mo vs. 6 mo 0.881 NSGD 0.930

' Scheffe post hoc tests were performed in case of homogeneous variances, Tamhane’s T2 post hoc tests
were used if variances were heterogeneous; NSGD = No significant differences in the previous one-way
ANOVA; * p < 0.05, ** p < 0.01; BV/TV = bone volume/tissue volume; Tb.Th. = mean trabecular thickness; BIC
= bone-implant contact area.
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3.3 LIGHT MICROSCOPY AND SCANNING ELECTRON
MICROSCOPY

After pushout testing, implant surfaces of all specimens were qualitatively exam-
ined by means of light microscopy. In addition, one Mg implant as well as one
PLGA pin (both implanted for 1 month) were analysed using scanning electron

microscopy.

In Mg implants, white areas were observed on the corroding pin surfaces which
were supposed to represent newly formed bone growing into lacunae which re-
sulted from surface degradation. The diameter and number of these regions
seemed to augment with increasing implantation duration (Figure 3-6, B-H). In

contrast, no such areas were found on the surface of Tn and PLGA implants.

Furthermore, the progressing degradation process was more obvious in Mg im-
plants than in PLGA pins (Figure 3-6, B-H vs. C-I).
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Figure 3-6. Light microscopic images of mechanically tested pins

Titanium (A, D, G), Mg (B, E, H) and PLGA (C, F, I) implants after 1 (A-C), 3 (D-F) and 6 (G-lI) months of im-
plantation

Scanning electron microscopy revealed that failure and debonding due to me-
chanical testing had occurred at the bone-implant interface (Figure 3-7, A and C).
In addition, fissures and cracks were observed at the surface of the Mg implant,

whereas the PLGA pin exhibited a smooth surface (Figure 3-7, B and D).
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Figure 3-7. Scanning electron micrographs of mechanically tested pins after an implanta-
tion period of 1 month

(A) PLGA pin (original magnification x30), (B) PLGA pin (original magnification x500), (C) Mg pin (original
magnification x40) and (D) Mg pin (original magnification x500)
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3.4 FLUORESCENT LABELLING

Four different fluorochromes (Terramycin, Xylenolorange, Calcein and Calcein
blue) were sequentially administered on day 14, 28, 56 and 84 postoperatively. 54
bone-implant specimens (6 per group) were examined and photographed in the

fluorescence microscope at different wave lengths (Figure 3-8).

All fluorescent dyes were visible and could easily be discriminated. Each applied
fluorochrome gave rise to a fluorescent band or rather areas at the bone-implant
interface indicating new bone formation and active mineralization in vivo at differ-

ent time intervals

However, the quantification of the amount of newly formed bone at the bone-
implant interface per time period turned out to be very challenging and could not

be achieved yet, but will be accomplished in the near future.

e

e
b

B

P

Figure 3-8. Fluorescence microscopic images of the bone-implant interface

(A) Histologic section and fluorescence images of the identical area showing fluorescent bands (arrows) of (B)
calcein blue, (C) xylenolorange and (D) calcein; (Mg pin (asterisks)).
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3.5 BLOOD PARAMETERS

Blood smears were performed from each animal at euthanasia after blood aspira-
tion from the cardiac ventricle in order to detect potential systemic inflammatory
reactions as a result of pin implantation. Table 3-12 summarises the collected

data:

Table 3-12. Cellular distribution of different types of leucocytes for each implantation pe-
riod and implant type (median, first and third quartile (in parentheses))

IP IT I-nGr s-nGr Mono Lympho eGr bGr

[%] [%] [%] [%] [%] [%]

1m ™ 14.50 0.50 10.00 72.00 1.00 0.00
(13.00-18.25)  (0.00-1.25) (8.50-11.00) (69.75-77.00)  (1.00-2.00) (0.00-0.00)

M 15.50 1.00 7.50 76.50 1.50 0.00
9 (12.25-18.75)  (0.00-1.75) (3.25-10.00) (71.25-79.00)  (0.25-2.00) (0.00-0.00)

PLGA 16.00 1.00 11.00 72.00 1.00 0.00
(13.00-20.00)  (0.25-1.75) (5.25-12.00) (66.75-76.00)  (0.25-2.00) (0.00-0.75)

im n 18.00 0.00 4.00 74.00 1.00 0.00
(15.50-20.50)  (0.00-0.05) (3.00-7.00) (72.50-78.50)  (0.00-1.50) (0.00-0.50)

M 16.00 0.00 3.00 80.00 1.00 0.00
9 (13.50-18.00) (0.00-0.00) (2.50-6.00) (75.00-83.00) (0.00-1.00) (0.00-0.00)

PLGA 12.50 0.50 10.50 74.00 1.00 0.00
(9.00-16.25) (0.00-1.75) (7.50-12.75) (70.50-77.75)  (0.25-2.00) (0.00-0.75)

6m n 15.00 0.00 14.00 71.00 0.00 0.00
(14.00-18.00)  (0.00-1.00) (12.00-15.00)  (68.00-72.00)  (0.00-2.00) (0.00-0.00)

M 17.00 0.00 5.50 73.00 1.00 0.00
9 (15.00-22.25) (0.00-1.00) (3.75-8.00) (71.00-80.00) (0.00-1.25) (0.00-0.25)

PLGA 17.00 0.00 6.00 75.00 1.00 0.00
(14.50-19.00)  (0.00-1.00) (4.50-6.50) (74.50-78.00)  (0.00-2.00) (0.00-0.00)

IP = implantation period; m = month(s); IT = implant type; I-nGr = lobulated neutrophil granulocytes, s-nGr =
stab neutrophils, Mono= monocytes, Lympho = lymphocytes, eGr = eosinophil granulocytes, bGr = basophil
granulocytes.
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Differences among different implant types were detected after an implantation pe-
riod of 3 and 6 months (Table 3-13).

Table 3-13. Differences in blood parameters among different implant types within each im-
plantation period

IP I-nGr' s-nGr? Mono' Lympho1 eGr bGr?
1m 0.904 0.579 0.308 0.404 0.770 0.533
3m 0.004** 0.092 <0.001** 0.074 0.546 0.834
6 m 0.204 0.820 <0.001** 0.005* 0.812 0.189

! one-way ANOVA was conducted for normally distributed data: Welch one-way ANOVA in case of heteroge-
neous variances and one-way ANOVA if variances were homogenous; 2 non-normally distributed data were
analysed using Kruskal-Wallis tests; * p < 0.05, ** p < 0.01; IP = implantation period; m = month(s); I-nGr =
lobulated neutrophil granulocytes, s-nGr = stab neutrophils, Mono= monocytes, Lympho = lymphocytes, eGr =
eosinophil granulocytes, bGr = basophil granulocytes.

Post hoc comparisons revealed that the mean percentage of lobulated neutrophil
granulocytes was significantly lower in PLGA implants than in titanium implants (p
= 0.006), whereas the percentage of monocytes was significantly higher in the
former implants than in Mg (p < 0.001) as well as titanium (p < 0.001) pins after an

implantation period of 3 months (Table 3-14).

Among pins implanted for 6 months, monocyte fraction was significantly greater in
titanium implants than in Mg (p < 0.001) as well as in PLGA (p < 0.001) pins,
whereas lymphocyte fraction was lower in titanium implants compared to PLGA (p
= 0.006) and Mg (p = 0.048) pins.

Table 3-14. Pairwise comparisons of blood parameters between different implant types
within each implantation period

Implantati Analysed
mplantation nalyse I-nGr’ s-nGr Mono' Lympho1 eGr? bGr?

Period pairs

1 month Tn vs. Mg NSGD NSGD NSGD NSGD NSGD NSGD

Tnvs. PLGA NSGD NSGD NSGD NSGD NSGD NSGD
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Mg vs. PLGA NSGD NSGD NSGD NSGD NSGD NSGD
3 months Tn vs. Mg 0.504 NSGD 0.748 NSGD NSGD NSGD
Tnvs. PLGA 0.006** NSGD <0.001** NSGD NSGD NSGD
Mg vs. PLGA 0.054 NSGD <0.001** NSGD NSGD NSGD
6 months Tn vs. Mg NSGD NSGD <0.001*  0.048* NSGD NSGD
Tnvs. PLGA NSGD NSGD <0.001**  0.006** NSGD NSGD
Mg vs. PLGA NSGD NSGD 0.985 0.565 NSGD NSGD

' Post hoc ANOVA was conducted for normally distributed data: Tamhane’s T2 post hoc tests in case of het-
erogeneous variances and Scheffe post hoc tests if variances were homogenous; 2 non-normally distributed
data was analysed using Mann-Whitney U test; * p < 0.05, ** p < 0.01; NSGD = No significant differences in
the previous one-way ANOVA; IP = implantation period; m = month(s); I-nGr = lobulated neutrophil granulo-
cytes, s-nGr = stab neutrophils, Mono= monocytes, Lympho = lymphocytes, eGr = eosinophil granulocytes,

bGr = basophil granulocytes.
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4 DISCUSSION

Implants made of titanium or stainless steel as well as currently available bioab-
sorbable implants have specific drawbacks in clinical practice. The former have to
be removed in a second operation (especially in paediatric trauma surgery) and

67,108

are associated with stress shielding phenomenons , Whereas the latter cause

adverse tissue reactions'"1%17-19.41,50

and exhibit limited mechanical properties
28108 Thys, new implant materials combining excellent strength retention proper-
ties, biodegradability and improved biocompatibility are desired. A new type of
biodegradable implant made of a magnesium alloy has recently been developed

and may be a potential candidate.

We therefore evaluated the biomechanical properties of the bone-implant interface
as well as osseointegration of this novel implant by means of pushout testing, mi-
crofocus computed tomography, fluorescent labelling, lightmicroscopic and exem-
plary scanning electron microscopic examination of the tested implants after an
implantation period of 1, 3 as well as 6 months. These findings were compared to

those obtained for conventional titanium as well as new PLGA pins.

In this study in 102 male Sprague-Dawley rats, we have shown that these novel
Mg implants exhibit highly significantly greater maximum pushout forces as well as
ultimate shear strengths than titanium and PLGA pins after 1, 3 and 6 months of
implantation, whereas Tn and PLGA demonstrated similar values. Furthermore,
bone-implant contact area and bone volume were significantly higher in Mg im-
plants than in titanium implants. Above all, no local or systemic inflammatory reac-

tions were observed.

Pushout tests are widely used in implant-related orthopaedic research ”. Although
comparisons of pushout data obtained in different studies may be problematic,
comparisons within one single experiment carried out under identical test condi-
tions are valuable tools to assess mechanical fixation of orthopaedic devices in the
surrounding bone *. Thus, we controlled potential confounding variables (e.g.,

implant dimension, surface roughness, implant composition, animal age, implanta-
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tion site, alignment and mounting, fit of the support jig, displacement rate) thor-
oughly and great care was taken to standardise our experiments with regard to the
recommendations published by Black®. We assessed four well established biome-
chanical parameters in order to characterise the mechanical properties of the
bone-implant interface of the three different implants. However, interface stiffness
could not be determined for PLGA implants after 1 and 3 months due to their ir-
regular load-displacement curve progression (see Figure 4-1, E). The slope of the
load-displacement curve could not be specified since there hardly existed any lin-

ear regions.

In contrast, the characteristic load-displacement curve progressions of titanium
and Mg implants were similar (Figure 4-1, A-D): The initial linear segment of the
curve reflected elastic deformation and was abruptly terminated after maximum
pushout strength was reached. Thereafter pushout load gradually decreased. In
Mg implants, the linear segment was followed by a short non-linear portion before
Fmax Was attained, which was much less pronounced in titanium implants. This
typical curve progression has been already described by several authors investi-
gating metallic implants 2*2'. However, load-displacement curves of PLGA pins
were less uniform and non-linear except for those after an implantation period of 6

months which showed nearly linear initial segments (Figure 4-1, F).
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Figure 4-1. Load-displacement curves of titanium (A and B), Mg (C and D) and PLGA im-
plants (E and F) after 3 (A, C and E) and 6 (B, D, F) months of implantation

Furthermore, in PLGA implants maximum pushout force was attained not until ex-
tensive pin displacement had occurred. For example, after 3 months of implanta-

tion in PLGA pins Fnax was reached after median displacement of 1.86 mm com-
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pared to 0.09 mm and 0.15 mm in Tn and Mg implants, respectively (see Appen-
dix). In consequence, energy absorption to failure was much higher in PLGA pins.
Thus, we are of the opinion that energy absorption to failure is no reliable tool to
characterise mechanical attachment when comparing metal implants and poly-

mers.

In addition, Dhert et al. * could show by means of finite element analyses that low
Young’s modulus of implant causes less uniform stress distribution and hence
tested implants should be of similar Young’s modulus. Nevertheless, we had to
relate the biomechanical parameters obtained for PLGA pins to those of conven-
tional titanium implants in order to receive an impression of implant fixation valu-

able for clinical practice.

Furthermore, loading of implants of low Young’s modulus may cause transverse
elongation resulting in greater friction %°, in consequence maximum pushout force
and ultimate shear strength may be overestimated. But even when referring to
these potentially overestimated values, Mg implants yielded much greater implant
fixation in the surrounding bone than PLGA pins, as we could demonstrate in this

study. Several authors >*11

evaluated implants made of bioabsorbable polymers
by pushout tests, but to our knowledge none of them addressed the issue of trans-

verse elongation of loaded polymers.

Mg implants yielded greatly higher maximum pushout force and ultimate shear
strength values than titanium as well as PLGA implants after all three implantation
periods. Ultimate shear strength was 2.2, 1.5 and 3.6-fold higher than in titanium
and 3.5, 3.4 and 4.6-fold higher than in PLGA implants after an implantation period
of 1, 3 and 6 months, respectively. Macroscopic and histologic observations may
elucidate these findings: After pushout testing white areas were observed on the
surface of Mg implants which were not present in titanium and PLGA pins. Hence,
light microscopic examination of the pin surface of all implants was performed.
Light microscopy further showed that the diameter and number of these white re-

gions augmented with increasing implantation duration. We supposed these areas
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to represent newly formed bone growing into lacunae which resulted from surface
degradation or rather a newly formed mineral phase resulting from magnesium
corrosion process as previously described by Witte et al. "9 This assumption was
supported by histomorphometric observations: As above mentioned, one femur of
each rat was subjected to micro computed tomography, the other one was em-
bedded for further histomorphometric (data not shown) and fluorescence micro-
scopic analyses. Figure 4-2 shows a histologic section of a bone-implant specimen
containing a Mg pin. The implant surface features irregular lacunae resulting from
surface degradation. On the contrary, implant surface of PLGA pins seemed to

remain quite smooth even after 6 months (Figure 3-6).

Figure 4-2. Histologic section of a Mg pin in the surrounding bone

The longitudinally sectioned Mg pin (black area marked by white asterisks) features a partially degraded sur-
face. Thus, its outline is not anymore smooth but irregular shaped (green arrows).

|. % investigated the influence

In a systematic review of animal studies, Shalabi et a
of implant surface roughness on bone-implant integration. They provided evidence
that increasing surface roughness enhances bone-implant contact. Furthermore,
they addressed the question of whether surface roughness has an effect on bio-
mechanical parameters in pushout testing. They stated that that all 5 studies deal-
ing with this issue reported increased pushout strength in implants with higher sur-

face roughness.
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For instance, Wong et al. '? placed cylindrical implants of 3 different surface tex-
tures in trabecular bone of mature minipigs. 12 weeks after implantation, pushout
testing and histomorphometry were performed. Wong cited a rather high correla-
tion (r2 = 0.90) between implant surface roughness and pushout failure load.
Reviewing various data obtained from different biomechanical tests, Cooper 2°
noted that the majority of these studies indicates that increasing implant surface
roughness improves the mechanical attachment of the implant to the surrounding
bone.

In addition, Thomas et al. ' analysed 12 different implant types after 32 weeks of
implantation in adult mongrel dogs and evaluated whether Young’s modulus (3 -
385 GPa), surface texture (polished vs. grit-blasted) or surface composition (un-
coated vs. coated with ultra-low-temperature isotropic pyrolytic carbon) of these
cylindrical implants significantly affect ultimate shear strength and bone apposition.
Pushout testing revealed that neither Young’s modulus nor surface composition
had an impact on ultimate shear strength or interface stiffness. Yet, they could
demonstrate that pins with rougher surfaces showed higher shear strengths than

the corresponding smooth surfaced implants of the same Young’'s modulus.

With regard to these reports, superior maximum pushout force and ultimate shear
strength of Mg pins may be at least partly attributed to higher surface roughness in

consequence of their characteristic surface degradation.

It has to be noted that titanium implants unexpectedly exhibited lower median
maximum pushout force and ultimate shear strength values after 6 months than
after 3 months of implantation, even though this difference was not statistically
significant. In contrast to our findings, Dalton et al. *° found that interface attach-
ment strength increased with time after implantation. Moreover, Branemark et al. '
reported increasing pullout loads up to 16 weeks, albeit the observed increase was
only moderate between 4 and 16 weeks of implantation. But contrary to our study,
Branemark used threaded fixtures and tested in vivo, whereas Dalton evaluated
an intramedullary placed porous bead coated titanium rod. Yet, studies performed

under conditions similar to those of our experiments (uncoated, smooth cylindrical
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titanium implants; implantation period up to 6 months; transcortical placement in
the middiaphysis of the femur of rats; similar pushout test setup) are lacking in lit-
erature. Besides, as already mentioned above comparisons of pushout data ob-
tained from different studies which were not conducted under identical conditions
should be avoided, since there are numerous parameters which may affect results
of pushout testing &%

However, we do not so far have a satisfactory explanation for this decrease of

pushout force and shear strength between 3 and 6 months of implantation.

In addition to mechanical testing microfocus computed tomography was utilised to
evaluate osseointegration. This emerging imaging modality is non-destructive, less
time-consuming, provides full three-dimensional data with a spatial resolution up to
5 um and allows for two-dimensional image reconstruction in an arbitrary plane °.
Moreover, it has already been validated as method for the assessment of trabecu-

64.74.194 35 well as cortical bone ° and is increasingly used to study bone-implant

lar
integration.

We did not observe any substantial artefacts at the bone-implant interface in both
the polymeric and the metallic implants, and were able to determine bone-implant
contact area accurately using a 3 pixel thick ring as our region of interest. In con-
trast to our findings other groups reported considerable metal artefacts of titanium

implants in microCT images:

Stoppie et al. "' could not detect bone in a region 60 um or closer to the titanium
implant surface (Philips HOMX 161 microfocus x-ray system, isovoxel size: 24 ym)
because of noise around the implant and stated that microfocus computed tomo-
graphy is no reliable tool for bone-implant contact measurement around metal im-
plants. Butz et al. ?° cited no significant correlation in the ratio of bone area to total
area in close proximity to the implant (0 to 24 ym from implant surface) when
comparing micro-computed tomography and histomorphometry, whereas the cor-
relation between these techniques was significant for cancellous (r =0.92, p <
0.05) as well as cortical (r = 0.65, p < 0.05) bone at distances of 24 to 240 ym from

the surface of the pins. The author presumed that this lack of correlation may be
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attributed to metal artefacts. In addition, Bernhardt et al. ® concluded that microCT
imaging roughly overestimates the amount of bone at distances of 200 ym and
closer to the implant surface due to artefacts and beam hardening effects.

However, in accordance with our observations several investigators *3:°6:63:88.109

found no substantial artefacts at the bone-implant interface and could precisely

assess bone-implant contact area. For instance, Gabet et al. *®

investigated the
effects of intermittently administered human parathyroid hormone 1-34 on os-
seointegration of smooth, threaded titanium implants (length: 5 mm, largest diame-
ter: 0.9 mm) placed in the proximal tibial metaphysis of 37 Sprague-Dawley rats.
They used a pCT40 imaging system (Scanco Medical, Bassersdorf, Switzerland)
at a spatial nominal resolution of 15 ym and reported to be able to clearly depict

and quantify bone-implant contact area.

The observed greater bone-implant contact area and BV/TV values in Mg implants

may be explained by a potential osteoconductive effect of magnesium '00:120.123.124

For instance, Witte et al. "°

implanted four rods of different magnesium alloys and
a self-reinforced PLA pin into the medullary cavity of guinea pigs. They reported
significantly enhanced mineralized bone area and mineral apposition rate in mag-
nesium alloy implants compared to the PLA control. Thus, they hypothesised that
a high concentration of magnesium ions at the bone-implant interface of magne-

sium alloy implants may result in activation of osteoblasts.

Furthermore, these authors described subcutaneous gas bubbles in consequence
of the degradation process of the investigated magnesium alloy implants. The ac-
cumulated gas emerged within 1 week after implantation and vanished after 2 to 3
weeks. However, we did not observe such bubbles neither clinically nor in micro-

computed tomography images.

Moreover, the performed blood examination at sacrifice did not indicate any sys-

temic inflammatory reactions due to Mg pin implantation. This observation is in
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accordance with Zhang et al. '?’, who reported that white blood cell counts did not
differ significantly before and after femoral implantation of a magnesium rod in
rats. In addition, we did not find any inflammatory reactions adjacent to the im-
plant. These findings are in agreement with good biocompatibility of magnesium

implants reported by other investigators'%%120:121127,

However, the main limitation of our study is that bone-implant integration, implant
degradation and interfacial biomechanics were studied only up to 6 months al-
though Mg and PLGA pins were just partly degraded. Thus, further research in
adequate animal models (e.g., in sheep) is needed to clarify the long term (12 - 24

months) efficacy of these implants.

Nevertheless, this experimental study in rats clearly demonstrated that the investi-
gated novel magnesium alloy implant exhibited superior bone-implant integration
as well as significantly greater median maximum pushout force and ultimate shear
strength than new PLGA and even than titanium pins. Furthermore, there was no
evidence neither for local nor for systemic inflammatory reactions due to pin im-
plantation. Finally, the results of this study leads us to the conclusion that the in-
vestigated magnesium alloy may be a very promising candidate for the design of

new biodegradable fracture fixation devices in orthopaedic trauma surgery.
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Table 4-1. Pin displacement [mm] when reaching maximum pushout force for each implan-
tation period and implant type (median, first and third quartile (in parentheses))

Implantation Implant Displacement at Fmax

period type [mm]

1 month Tn 0.06 (0.04-0.06)
Mg 0.06 (0.06-0.07)
PLGA 1.66 (1.22-2.02)

3 months Tn 0.09 (0.06-0.11)
Mg 0.15 (0.10-0.17)
PLGA 1.86 (1.51-2.20)

6 months Tn 0.03 (0.02-0.06)
Mg 0.19 (0.13-0.27)
PLGA 0.65 (0.43-0.75)

Table 4-2. Global differences in displacement at F,., using Kruskal-Wallis-Tests (* p < 0.05,

**p <0.01)

Impl i

mplantation Displacement at Fmax
period

1 month <0.001™

3 months < 0.001**

6 months < 0.001**
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Table 4-3. Pair-wise analysis of global differences in displacement at F,., by Mann-
Whitney-U-Tests with Bonferroni corrections (* p < 0.05, ** p < 0.01)

Implantation Analysed Displacement at Fumax
Period pairs
1 month Tn vs. Mg 0.231
Tnvs. PLGA <0.001*
Mg vs. PLGA <0.001*
3 months Tn vs. Mg 0.168
Tnvs. PLGA <0.001*
Mg vs. PLGA <0.001*
6 months Tn vs. Mg 0.003**
Tnvs. PLGA <0.001*

Mg vs. PLGA 0.003**
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