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ABSTRACT

When a new material for the realization of an implantable device in the bone is being studied, in addition
to its chemical-physical-mechanical characterization, tests regarding osteointegration are performed.
Usually, researchers evaluate the ability of biomaterials to bind to the bone under load-bearing
conditions, through animal experiments in the phase of a preclinical study, provided the respective
authorization by the ethics committee. In more detail, plugs made of the material under investigation
are prepared and implanted into a weight-bearing portion of the skeleton of animals (typically into the
knee joint of goats, pigs, rabbits or dogs); after a pre-set time, the animal is sacrificed, the bone element
is extracted, it is tested mechanically — generally by means of a pull-out test — and finally it is examined
histologically. Mechanical tests often require demanding specimen preparation, which could bias
results. In the scope of a research regarding the interface behaviour of a ceramic plug (two different
ceramic plugs) compared to a titanium one, the authors have suggested a novel testing technique which
allows to perform ‘push-in’ tests, instead of the more common pull-out tests. This methodology has
been followed here to compare titanium versus ceramic plugs at different times from implant (0, 3
months, 1 year) into goat knees. As a result, the study reports the shear resistance of bone—plug
interfaces. The statistical analysis of the data allowed us to establish that titanium plugs systematically
exhibit a higher resistance (p<0.10); this resistance undergoes a significant increment as time passes
(p<0.07) due to progressive osteointegration.
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1 INTRODUCTION
When a new material for the realization of an implantable device is being investigated, first
of all chemical-physical tests are performed, then biocompatibility is tested, and eventually,
according to its destination (for example in the case of prostheses or bone synthesis devices),
its bioactivity is tested. The osteointegration of an implantable device depends on its
constitutive material and on surface properties. Bone remodelling, i.e. the structural
reorganization of the bone not only at the interface but all around the device, depends above
all on the state of strain and stress that the device induces into the bone when it is implanted.

The knowledge of the mechanical properties of the bone tissue and of the structural
behaviour of the whole native bone both in physiological and pathological conditions is
mandatory in order to identify main specifications for restorative materials, and to assess if
and how the bone can be interfaced with other materials and devices.

The structural analysis of skeletal body elements and of biomechanical systems consisting
of a bone element coupled to a prosthesis, an implant or a fracture synthesis device, can be
performed both numerically and experimentally [1]. There are many examples of clinical
problems which have moved from a qualitative assessment to a quantitative evaluation thanks
to the respective modelling [2]-[9] or to the application of classical experimental methods of
structural analysis to the evaluation of the efficacy of procedures or surgical techniques [10]—
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[18] or to the evaluation of the mechanical characteristics of the materials used at different
scales of investigation [19]-[24].

However, each approach has its own limitations: numerical models can be very complex
and consequently need to be validated; experimental tests cannot faithfully reproduce the real
conditions and they require simplifications, in most cases. On the basis of these assumptions,
both approaches still remain necessary and in most cases complementary.

Preclinical studies can be performed as a validation of both in vitro tests and numerical
models. Here researchers usually focus their attention on the ability of prosthetic materials to
bind to the bone under load-bearing conditions, and resort to animal experiments. Synthetic
plugs are implanted into the weight-bearing portion of the femoral condyles of animals
(typically goats, pigs, rabbits or dogs); and the animals are sacrificed after a pre-set time,
bone portions are tested mechanically and examined histologically.

Mechanical testing often requires demanding specimen preparation which could bias
results: first of all bone cubes must be cut from the whole bone [25] (Fig. 1(a)); secondly, the
plugs must bear an attachment area (like a transversal hole [26] or an axial threaded hole
[27], Fig. 1(b)) that is not easily accessible; third, the mechanical attachment to the plugs for
pull-out tests requires milling adjacent bone (in the transversal hole case), or the removal of
ingrowth bone (in the case depicted in Fig. 1(b)).

A novel technique is here introduced, which allows to perform ‘push-in’ tests after
performing two easy operations which do not affect the condylar area: planar cutting of the
whole bone and end milling of an axial hole.

(a) (b)

Figure 1:  Specimen preparation for pull-out tests. (a) Bone cube cutting [25]; (b) Types of
attachment to the specimen.

2 MATERIALS AND METHODS
The right knees of eighteen adult Roccaverano goats were implanted with two types of
ceramic plugs, Al,O3/ZrO, nanocomposites, produced starting from high purity powders,
with different ratios among the components, respectively alumina toughened zirconia (16
wt% AlOs, 84 wt% ZrO,) surface treated with phosphoric acid in hydrothermal conditions
and zirconia toughened alumina (20 wt% ZrO,, 80% Al,O3) coated on the surface with
bioglass and a titanium plug (TicAl4V, sandblasted with corundum on the surface) on the two
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condyles (Fig. 2(a)). The plugs were rectangular cuboids (8 mm x 4 mm x 8 mm, Fig. 2(b)).
Experiments on animals were authorized by the Ethical Committee of Animal Care and Use
Center (CISRA, Faculty of Veterinary Medicine, University of Torino, Grugliasco, Italy).

@ (b)

Figure 2: “Push-in” test. (a): Initial specimen; (b) Example of titanium plug.

Goats were sacrificed respectively 3 months and 1 year following the implantation and
the contralateral knee has been implanted with the same plugs, to be used as a reference (time
zero). Following excision, bone specimens underwent histological and mechanical tests;
the second ones are considered in this work. The authors set up a novel technique for the
experimental evaluation of osteointegration, through the measurement of the maximum load
withstood by the plug before starting to slide in the housing. This evaluation is revealing the
shear stress which the interface can withstand.

The procedure suggested is the following:

e first of all, the femur bones are excised;
a planar cut is performed, perpendicularly to the axis of the plug;

e ahole is drilled on the distal side: this hole and the plug should be coaxial, the hole
should be larger than the plug, and its depth should be such as to contact the bottom
of the plug (Fig. 3(a));

e the bone specimen is placed inside a grasp designed so as to receive and block the
knees whose shape, might be slightly different from one another (Fig. 3(b));

e a “push-in” test is performed moving the machine crosshead downward (MTS
QTest-10 Testing System), at a speed of 2 mm/min (Fig. 3(c));

e apunctual compression test is performed on intact bone to determine the quality of
the surrounding trabecular and cortical bone;

e the whole curve of force versus displacement is recorded.

In “push-in” tests, force/displacement curves were analysed in order to establish the
maximum load withstood and to evaluate the ultimate interface shear stress as the peak force
divided by the lateral surface of the plug.

In bone compression tests (Fig. 4), the initial linear portion of the force/displacement
curves [1] was used to assess bone quality since it is related to bone’s Young modulus,
according to Timoshenko and Goodier’s equation [28].
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(a) (b) | ©

Figure 3:  Suggested procedure. (a) Drilled specimen; (b) Gripping and loading system; (c)
‘Push-in’ test.

(b)

Figure 4: Compression tests. (a) Trabecular bone; (b) Cortical bone.

3 RESULTS AND DISCUSSION
Bone compression tests results showed a high variance of stiffness both for cortical and
trabecular bone (Fig. 5) and no significant differences between bone quality at 0 months, 3
months and 1 year have resulted.

Fig. 6 shows an example of force/displacement curves obtained during “push-in” tests on
ceramic plugs at time zero. The test performed on the two types of ceramic plugs were put
together because their behaviour was quite the same. In Fig. 7 the mean values of the peak
loads recorded in the push-in test are shown, with the respective standard deviation, both for
ceramic and titanium plugs, at different times from implant.

The statistical analysis of data (two-way ANOVA) allowed to establish that titanium plugs
systematically exhibit a higher resistance (p<0.10); they osteointegrate and therefore the
shear resistance undergoes a significant increment with time (p<0.07). The difference
between titanium and ceramic plugs does not vary significantly at different times from
implant.
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Figure 5: Mean values u and standard deviation +c of cortical bone and trabecular bone
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Figure 6:  Force/displacement curves obtained during “push-in” tests on ceramic plugs at
time zero.

The evaluation of ultimate interface shear stress resulted to range from 0.71+£0.52 MPa
(time zero, ceramic plug) to 3.05+0.54 MPa (1 year, titanium plug); Suzuki et al. [26] found
higher values on goats: 4.43+0.45 MPa, however they used tapered implants; an ultimate
shear stress equal to 0.62 MPa can be derived from Whiteside et al. [25], on cylindrically
shaped implants, at time zero, on pigs.
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Figure 7:  Mean values n and standard deviation +c of peak loads recorded in the push-in,
respectively, at the different times from implant. (a) Ceramic; (b) Titanium plug.

From the histological point of view, the titanium plugs proved to be more stable and at 3
months and 1 year than the ceramic ones, in fact they achieved greater peripheral
osteointegration; ceramic plugs, on the other hand, were surrounded by a fibrous reaction and
only few areas of new bone apposition.

4 CONCLUSIONS
The test has resulted to be sensitive to the plug constitutive material and the time passed since
the implantation. Tests allowed to establish that the end milled hole should overpass the
maximum plug dimension by at least 2 mm in order to avoid secondary impingement of
the bone plug against bone walls.
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