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Abstract.

Titanium implants are widely used in dental and orthopedic surgery. However, implant failures still
occur because of a lack of implant stability. The biomechanical properties of bone tissue located
around the implant need to be assessed to better understand the osseointegration phenomena and
anticipate implant failure. The aim of this study was to explore the spatio-temporal variation of the

microscopic elastic properties of newly formed bone tissue close to an implant.

Eight coin-shaped Ti6Al4V implants were inserted into rabbit tibiae for 7 and 13 weeks using an in vivo
model allowing the distinction between mature and newly formed bone in a standardized
configuration. Nanoindentation and micro-Brillouin scattering measurements were carried out in
similar locations to measure the indentation modulus and the wave velocity, from which relative

variations of bone mass density were extracted.

The indentation modulus, the wave velocity and mass density were found to be higher i) in newly
formed bone tissue located close to the implant surface, compared to mature cortical bone tissue, and
ii) after longer healing time, consistently with an increased mineralization. Within the bone chamber,
the spatial distribution of elastic properties was more heterogeneous for shorter healing durations.
After 7 weeks of healing, bone tissue in the bone chamber close to the implant surface was 12.3 %
denser than bone tissue further away. Bone tissue close to the chamber edge was 16.8 % denser than
in its center. These results suggest a bone spreading pathway along tissue maturation, which is

confirmed by histology and consistent with contact osteogenesis phenomena.
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1. Introduction

Titanium implants are widely used in dental, maxillo-facial and orthopedic surgery. However, surgical
failures still occur, inducing pain, additional surgery and important additional costs for the healthcare
system. Implant failures remain difficult to anticipate and are often related to aseptic loosening, which

corresponds to a lack of implant stability [1].

Two kinds of implant stability may be distinguished and are strong determinants of the surgical
success. The primary implant stability is obtained immediately after surgery and depends mostly on
the surgical procedure, the implant design and local bone properties at the implantation site [2]. A few
weeks or months after surgery, primary stability is replaced by secondary implant stability when bone
tissue heals and forms around the implant, which corresponds to the osseointegration phenomena [2].
Newly formed bone tissue is created and grows in direct contact with the implant surface, leading to
the formation of a bone-implant interface (BIl) [2, 3]. The surgical success of an implant is determined
by the bone quantity and quality at the BIl, especially in a region of interest up to 200 um from the

implant surface [2, 4].

During osseointegration, periprosthetic bone properties evolve due to formation, maturation and
remodeling of bone tissue in order to adapt to the mechanical environment [5], which leads to
intertwined changes of bone quantity, composition and structure, ultimately defining the tissue
mechanical properties. While bone quantity and microstructure can be retrieved from histological
analysis [4] and micro-computed tomography [5], bone quality is more difficult to assess since it
depends on bone composition and nanostructure, that can be measured for example by Raman
spectroscopy [6] and diffraction techniques [7]. The resulting bone mechanical properties can be
assessed at different length scales, e.g. microscopically with nanoindentation [8, 9] or globally through

implant pullout [10].

Due to their specific geometry, the use of clinical implants leads to complex and multiaxial stress
distribution at the BIl, which may affect the evolution of the biomechanical properties of the BII.
Moreover, in clinical models, it remains difficult to clearly distinguish between mature and newly
formed bone tissues. To overcome such limitations, a coin-shaped implant model with a planar
interface has been developed [11-15] to be inserted into cortical bone. This animal model allows a
standardized geometry and a controlled stress field around the Bll. More recently, a 200 um-thick gap
(referred to as “bone chamber”) has been considered between the implant surface and bone tissue [4,
16]. During healing, this bone chamber is filled with blood and soft tissue and later with newly formed
bone tissue, thus clearly distinguishable from pre-existent mature tissue. This animal model has proven

its effectiveness to allow the characterization of bone properties using various techniques such as



guantitative ultrasound [17], mechanical cleavage experiments [18] or nanoindentation and micro-

Brillouin analyses as detailed hereafter.

Nanoindentation has been widely employed to investigate the local bone biomechanical properties at
the microscopic scale, such as the evolution of the elastic modulus with age [19-21], with the risk of
fracture [22] and during bone healing [23, 24]. Nanoindentation has been also used to measure the
elastic properties of engineered bone obtained by transplantation of scaffolds seeded with
mesenchymal stem cells [25, 26], and to evaluate the effect of bone tissue mineral content [27],
nanostructure [28] and anisotropy on the microscopic elastic properties, both experimentally and
numerically [29, 30]. The elastic properties of bone tissue at the Bll have also been characterized
around dental implants to assess the effect of implant material and surface treatment [31-33], of
location around the implant [8, 32], of mechanical loading [34] and of bone maturation and healing
[33, 35]. In another in vivo model where a titanium plate has been subperiosteally implanted into
cortical bone, nanoindentation has been used to characterize the differences of elastic properties
between bone tissue developing at the implant surface and mature bone [36]. Nanoindentation has
been conducted using the aforementioned in vivo standardized implant model to compare the
properties of mature and newly formed bone tissues and evaluate their evolution during healing [37].
However, no spatial analysis of the variation of the bone properties has yet been conducted, which

would be useful in order to clarify how bone tissue forms and spreads at the implant surface.

Micro-Brillouin scattering is another technique that can be used to investigate the elastic properties of
materials, based on photoelastic effects. Micro-Brillouin scattering allows the assessment of the
ultrasonic wave velocity of the tested material in the GHz range, without contact and nondestructively
[38]. Micro-Brillouin scattering has been used to investigate bone wave velocity, in particular within
the femoral head [39] or in a bone defect [40], as well as to assess bone anisotropic properties [41],
bone structure and alighment [42], the effect of decalcification [43] and the effects of glycation [44].
At the BII, only limited data is available. To the best of the authors’ knowledge, micro-Brillouin
scattering has only been applied using the coin-shaped implant in vivo model, in order to compare
wave velocities between peri-implant and mature bone tissue [16, 45], and no evaluation of the spatial

distribution of wave velocity has yet been carried out.

Multimodal analysis has proven its effectiveness to characterize multiple bone properties in site-
matched locations at the BIl [8, 45-47]. The combination of nanoindentation and micro-Brillouin
scattering may be used to investigate complementary elastic properties at the microscale.
Nanoindentation quantifies bone tissue elastic modulus while micro-Brillouin scattering measures the

ultrasonic wave velocity. Considering bone tissue as an isotropic material, bone mass density can be



expressed as the ratio of the Young’s modulus and of the square of the ultrasonic velocity, which
represents a powerful approach to retrieve mass density variations at the scale of several micrometers
[45]. In a previous study [45], both techniques were combined to show that after 7 weeks of healing
time, mature bone was 12.2 % denser than newly formed bone, which was explained by a lower degree
of mineralization of newly formed bone tissue. However, the spatial differences within the bone
chamber were not investigated. Yet, assessing the spatio-temporal variation of the biomechanical
properties of periprosthetic bone tissue is of interest to better understand the osseointegration

process, in a long-term clinical goal to optimize implant stability and surgical success [48].

The aim of this study is to investigate the evolution of the biomechanical properties of periprosthetic
newly formed bone tissue as a function of healing time and of location relatively to the implant surface.
To do so, a standardized bone chamber model enables the characterization of newly formed bone by
isolating it from pre-existing mature cortical bone. Using this implant model, nanoindentation,
histological analysis and micro-Brillouin scattering are combined at site-matched locations in a

multimodal experiment, to retrieve spatio-temporal variation of multiple properties.

2. Methods

2.1. Implants

Eight coin-shaped implants (5 mm diameter, 3 mm length) made of medical grade titanium alloy,
Ti6Al4V, were produced. The surface in contact with bone was mirror polished and then sandblasted
with aluminium oxide (Al,O3) powder of grain size of 250 um (Cobra, Renfert, Hilzingen, Germany) for
30 seconds at 6 bars using the Basic Quattro device (Renfert, Hilzingen, Germany). This protocol led to
a surface roughness S, = 3.46 + 0.25 um as measured by topographical analysis (Alicona Infinite Focus,
Raaba, Austria), chosen to be close to the range of values [3.6 — 3.9 um] leading to an optimal

osseointegration [11].

The implants were surrounded by a polytetrafluoroethylene (PTFE) cap to avoid bone attachment on
the lateral sides and to create a 200 um-thick chamber within the cortical bone region underneath the

implant to be filled by newly formed bone tissue after surgery (see Fig. 1).

Before being autoclaved (1.5 atm at 121°C for 20 min), all implants were rinsed with ethanol and placed

in an ultrasonic bath with absolute ethanol (20 min) and then with demineralized water (30 min).
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Figure 1 : A) Coin-shaped implant inserted into the proximal-medial part of a rabbit tibia, B) Schematic cross-

section of the coin-shaped implant model

2.2. Surgical procedure

The implants were inserted into the proximal-medial part of the right tibia of eight New Zealand white
male rabbits (average weight 3.9 kg), as shown in Fig. 1A. As in [16], the animals were anesthetized via
intramuscular injection of 0.5 mg/kg Diazepan (Valium®; Roche, Basel, Switzerland), 0.25 mg/kg
metedomidine hydrochloride (Domitor; Virbac, Carros, France) and 100 mg/kg ketamine hydrochloride
(Ketalar500®; Pfizer, New York, NY, USA). The implantation site was exposed and a 5.6 mm-diameter
cavity and four 1.2 mm-diameter irrigation holes were drilled with a surgical system (Zimmer, Palm
Beach Gardens, FL, USA) in order to create a planar cortical bone surface to receive the implant and to
allow fluid flow from the medullary canal towards the interface. Four other 1.2 mm-diameter holes
were drilled around the implant to receive 1.6 mm-diameter osteosynthesis screws (Easy Implant,

Chavanod, France) to maintain the implant, linked by two elastic strings in a cross-pattern (Fig. 1).

After surgery, 25 pg/h fentanyl were transdermally delivered for 3 days and 1 g/100 ml enrofloxacine
was put in water for 5 days. The animals were housed in a metal hutch in an environment (ambient
temperature 19 °C and humidity of 55%) in accordance with the requirements of the European
Guidelines for care and use of laboratory animals and the ethical committee of ENVA (Ecole Nationale
Vétérinaire d’Alfort). Artificial lightening and air conditioning systems were used in the animal housing

facility. The animals were fed with commercial food and water was provided ad libitum.

Four rabbits were euthanized with an overdose of pentobarbital after a healing time of 7 weeks and

four other rabbits were euthanized after a healing time of 13 weeks.
2.3. Sample preparation

After sacrifice, all samples were embedded in polymethyl methacrylate (PMMA) in order to cut the BlI

without damaging it. The embedding protocol consisted in fixing the tissues for one week in 10 %



phosphate-buffered formalin, rinsing with water, dehydrating in ethanol and clearing in xylene before

embedding it into methyl methacrylate (MMA) [49, 50].

The embedded samples could then be cut in the transverse plane (see Fig. 1A) using a low-speed cut-
off machine (Minitom, Struers®, Ballerup, Danemark). Two slices were produced for each sample. The
first slice was 800 um-thick and was cut approximately in the middle of the sample. It was glued on a
Permanox slice (Thermo Scientific Nunc, Waltham, USA) and its surface was polished (PM5, Logitech®,
Glasgow, UK) with abrasive paper, SiC Foil with grain size of 1200 and 2000 grit and polishing cloths
with 0.3-pm aluminium oxide powder until the sample reached a thickness of 500 pm. The slice was
finally rinsed in an ultrasonic bath with 0.9 % NaCl for 20 min. The prepared slice was first analyzed by
nanoindentation (see subsection 2.5), before being stained for histological analysis (see subsection

2.4).

The second slice was 400 um-thick and both sides were manually polished (Minitom, Struers®,
Ballerup, Denmark) using abrasive paper, SiC Foil with grain size of 1200 grit until the thickness was
reduced to approximately 200 um thanks to a sample holder controlling the removal of material
(AccuStop, Struers®, Ballerup, Denmark). This thinnest slice was analyzed by micro-Brillouin scattering

(see subsection 2.6).

2.4. Histological analysis

Mature bone ROI

Figure 2 : Microscopic image obtained after van Gieson picro-fuchsin staining of a 500 um-slice after 13 weeks
of healing time. Bone tissue is colored in red and the implant in black. The yellow regions of interest
correspond to soft non-mineralized tissue. The green rectangular region of interest (ROI) corresponds to the
bone chamber partly colonized with newly formed bone, which is divided into 4 subregions of interest: lateral
(L1, L2) and central (M1, M2). The black rectangular ROI corresponds to the region where measurements were

taken in mature cortical bone.

For the histological analyses, the slices were stained with van Gieson picro-fuchsin for 1 min and then
rinsed in absolute ethanol. After rinsing, the dye fixed on collagen fibers colored bone tissues in red,
as shown in Fig. 2. The regions which were not colored in red correspond to non-mineralized soft

tissues (such as bone marrow). Four regions of interest (ROls) were defined within the bone chamber



partially filled with newly formed bone without any mature bone: two lateral ROls (L1 and L2) and two

central ROIs (M1 and M2).

Each 500 um-thick slice was imaged by light microscopy with Stemi 305 (Zeiss®, Jena, Germany). For
each specimen, the bone chamber was isolated and bone tissue was visually segmented using Image)
(NIH, Bethesda, USA) [51]. For all 4 ROIs (see Fig. 2), the ratio between the bone area (i.e. segmented
bone pixels) and the total area (i.e. all pixels in the ROI) (BA/TA) was calculated using the Bonel plugin
[52].

2.5. Nanoindentation measurements

Nanoindentation analyses were carried out along the bone axis with a nanoindenter (UNHT, CSM
Instrument, Switzerland) equipped with a Berkovich diamond indentation tip under dry conditions.
The indentation depth reached a maximum value of 1 um during a 30 s holding time after a loading

phase (loading rate: 100 mN/min) and before an unloading phase (unloading rate: 400 mN/min).

Prior to all measurements, the device was calibrated by performing measurements in fused silica. In
each lateral (L1 and L2) and central (M1 and M2) ROI, nanoindentation measurements were carried
out in sixteen locations that were manually selected. In mature bone tissue, forty measurements were
carried out below the chamber, to collect relevant control values obtained in mature cortical bone
with corresponding anatomical location, at a distance from the bone chamber comprised between 40
pum and 400 um (black rectangular ROl in Fig. 2). All locations were chosen in order to avoid indenting
PMMA and were separated from each other (respectively from the implant surface) by a minimum

distance of 14 um (respectively 7 um).

For each measurement, the variation of the force as a function of the penetration depth was retrieved
and the contact point identified. The reduced modulus E, was determined [53] from the maximal slope
of the load-penetration curve at the beginning of the unloading phase assuming bone tissue as a
homogeneous, linear elastic, and isotropic material. The indentation modulus E£* was determined
following Eq. (1) considering a Young’s modulus £; = 1141 GPa and a Poisson’s ratio v; = 0.07 for the
diamond indenter tip:

(1)

1 1w
E, E* E; ’
2.6. Micro-Brillouin scattering measurements

Micro-Brillouin scattering measurements were conducted using a six-pass tandem Fabry-Pérot
interferometer (JRS Scientific Instruments, Zurich, Switzerland) using a 532 nm (Ao) solid-state laser

(Spectra Physics, Excelsior, Santa Clara, CA). The samples were fixed on a flat metal reflector and placed



with a controlled angle of ©/2 between the sample’s normal and the incident laser beam (Fig. 3A). The

laser spot had an approximate resolution of 10 um and a power of 12 mW avoiding any heat effect.
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Figure 3 : A) Schematic representation of reflection induced © angle (RIOA) micro-Brillouin scattering
measurement configuration, B) Micro-Brillouin spectrum and bone frequency shifts (denoted by Af). The
spectrum represents the filtered (1D median filter) and smoothed data for one given measuring point

corresponding to a wave velocity equal to 4994 m/s.

The incident laser beam (vector k;) propagated through the studied sample following Snell-Descartes
laws (Fig. 3A) and phonons (vector kg) were created because of Brillouin scattering effects arising from
the interaction between light and bone tissue, leading to a frequency shift of the scattered beam
(vector k;). The scattered beam was detected with a photomultiplier (Hamamatsu, R464s, Shizuoka,
Japan) and averaged from Sandercock Type Tandem Fabry-Pérot interferometer (The table stable,
Mettmenstetten, Switzerland) scans with a photon counter. After a Voigt fitting on the obtained
spectrum (Fig. 3B), the frequency shifts Af between the incident laser beam and the resultant scattered
beam were used to access to the wave velocity in the plane of the sample surface, v, following Eq. (2)
[54]:

 2sin(0/2)’

(2)

where Ap = 532 nm is the laser wavelength and ©/2 = 45° is the angle between the sample’s normal

and the incident laser beam.

An optical microscope (Photon design, Mercure, Tokyo, Japan) allowed the selection of the
measurement location. One measurement point was selected within each of the newly formed bone
ROIs when enough bone tissue was present, and six measurement points were considered within the
mature bone ROIl. For micro-Brillouin measurements, the ultrasonic waves propagate in the plane of
the sample, which corresponds to the plane perpendicular to the bone axis (see Fig. 1A). For each
measuring point, measurement was repeated five times leading to an average value of five velocities.

The measurement errors obtained in [55] are of the order of 1 %.



2.7. Statistical analysis

Due to the relatively low number of measurements per ROI, values were averaged among larger groups

as defined in Table 1.

Table 1 : Definition of the groups used in the statistical analysis and derived from the bone chamber regions of

interest defined in Fig. 2

Group Regions

Newly formed bone | L1+ L2+ M1+ M2

Close L1+ M1
Far L2 + M2
Lateral L1+1L2
Central M1 + M2

For all groups mentioned in Table 1 and for mature bone, the average and standard deviation values
of E* (nanoindentation), v (micro-Brillouin scattering) and BA/TA (histology) were determined for all
samples corresponding to a healing time of 7 weeks and of 13 weeks. The results were compared using
non-parametric Mann-Whitney U-tests (Matlab R2017b, MathWorks®, Natick, USA) to assess the

statistical significance between the groups.
2.8. Local density estimation

Combining nanoindentation and micro-Brillouin scattering results can provide an estimation of the
relative variations of bone mass density p at the scale of several micrometers, since p is linked to wave

velocity v and Young’s modulus E assuming an isotropic elastic constitutive law following:

v= |- (3)

Please refer to the limitations paragraph at the end of section 4 for a discussion about the isotropic

assumption of bone tissue.

The differentiation of Eq. (3) leads to:

e )

where AE, Av and Ap (respectively, Eo, Vo and po) represent the differences between the values

(respectively, the average values) of E, v and p for two studied groups.



Note that the relationship between the indentation modulus E* and the Young’s modulus E is given

by:
E=E'(1-v?) (5
where the Poisson’s ratio of bone tissue v, = 0.3 was chosen based on [8, 31, 35].

3. Results

3.1. Histological analysis

Figure 4 shows the difference of the distribution of the values of BA/TA corresponding to samples
obtained after 7 and 13 weeks of healing time within the bone chamber. At 13 weeks of healing time,
the bone ratio BA/TA is significantly lower for the far group compared to the close group (Fig. 4A) as
well as for the central group compared to the lateral group (Fig. 4B). However, even if the same trend
is obtained for samples corresponding to 7 weeks of healing time, the differences are not significant.
For all the groups, the value of the BA/TA is non-significantly higher after 13 weeks of healing time
compared to 7 weeks. Moreover, the value of the standard deviations decreases as a function of

healing time for all groups.
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Figure 4 : Distribution (average and standard deviation values) of bone ratios (BA/TA) after 7 weeks (7w) and 13
weeks (13w) of healing time for A: the close and far groups and B: the lateral and central groups. The Mann-

Whitney U-test analysis leads to: * = p-value < 0.05, NS = p-value > 0.05 (non-significant difference).
3.2. Nanoindentation measurements

Figure 5A shows the distribution of the indentation modulus E* in mature and newly formed bone
tissues. At both healing times (7 and 13 weeks), the indentation modulus E* is significantly higher in
mature than in newly formed bone tissue. Moreover, E* is significantly higher after 13 weeks of healing
time compared to 7 weeks of healing time in newly formed bone tissue, whereas it does not vary

significantly in mature bone tissue.



Figure 5B shows that after 7 weeks of healing time, the indentation modulus E* is significantly lower
in the far group than in the close group, while no significant differences are observed after 13 weeks.
Moreover, when considering separately the far and close groups, the values of E* are significantly

higher after 13 weeks of healing time compared to 7 weeks of healing time.

Similar results are obtained when considering the lateral and central groups (Fig. 5C). After 7 weeks of
healing time, the values of E* are significantly lower within the central group than within the lateral
group, while no significant differences are observed after 13 weeks of healing time. Moreover, when
considering the central and lateral groups individually, the values of E* are significantly higher after 13

weeks of healing time compared to 7 weeks of healing time.
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Figure 5 : Distribution (average and standard deviation values) of the indentation modulus E* after 7 weeks
(7w) and 13 weeks (13w) of healing time, based on the groups defined in Table 1. A: mature vs newly formed
bone tissue, B: close vs far within the bone chamber and C: lateral vs central within the bone chamber. The
Mann-Whitney U-test analysis leads to: * = p-value < 0.05, ** = p-value < 0.01, *** = p-value £0.001, NS = p-

value > 0.05 (non-significant difference).

3.3. Micro-Brillouin scattering measurements

Figure 6A shows the distribution of the wave velocities v in mature and newly formed bone tissues
after 7 and 13 weeks of healing times. After both healing times, the wave velocity v is significantly
higher in mature than in newly formed bone tissue. Moreover, the wave velocities are significantly

higher for both newly formed and mature bone tissues after 13 weeks of healing time compared to 7

weeks of healing time.

As shown in Fig. 6B, within the bone chamber, no significant differences in wave velocities are observed

between the far and the close group after 7 or 13 weeks of healing time. However, when considering



separately the far and close groups, the values of v are significantly higher after 13 weeks of healing

time compared to 7 weeks of healing time.

Similar results are obtained when considering the lateral and central groups (Fig. 6C). No significant
differences are obtained between the lateral and central groups after 7 or 13 weeks of healing time.
However, when considering the lateral group only, the values of v are significantly higher after 13

weeks of healing time compared to 7 weeks of healing time, whereas the increase of v is not significant

for the central group.
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Figure 6 : Distribution (average and standard deviation values) of the wave velocity v after 7 weeks (7w) and 13
weeks (13w) of healing time. A: mature vs newly formed bone tissue, B: close vs far groups and C: lateral vs
central groups. The Mann-Whitney U-test analysis leads to: * = p-value < 0.05, ** = p-value < 0.01, *** = p-

value £0.001, NS = p-value > 0.05 (non-significant difference).

3.4. Local density estimation

Table 2 shows the relative variations of E, v and p obtained when comparing i) mature and newly
formed bone tissues, ii) close and far groups and iii) central and lateral groups. The positive values
indicate that all three parameters have the same general evolution increasing from i) newly formed to
mature bone, ii) the far to close group and iii) the central to lateral group for both healing times (7 and
13 weeks). Only the variation of velocity v after 7 weeks of healing has a negative value. However, for
all compared groups, the variations of v are smaller than those of E and p. Furthermore, the variations

of E and p are larger after 7 weeks than 13 weeks of healing time for all groups.



Table 2 : Relative variations of E, v and p obtained when comparing i) mature and newly formed bone tissues,
i) the far and close groups and iii) the central and lateral groups after 7 and 13 weeks of healing time. The data
corresponding to the relative variation of E are obtained from Fig. 5 using Eq. (5). Positive values indicate an
increase of the parameters from newly formed to mature bone, from far to close groups and from central to

lateral groups.

Compared groups Parameters | 7 weeks of healing | 13 weeks of healing
AE/EO 30,5 % 18,3 %
i) newly formed bone
Av/vo 8,1% 6,1%
vs mature bone
Do/p, 14,3 % 6,1 %
AE/E0 12,3 % 3,2%
i) far vs close Av/v, 0% 0,3%
Do/p, 12,3 % 2,5%
AE/E0 14,4 % 2,8%
iii) central vs lateral Av/v, -1,2% 0,2%
Do/, 16,8 % 2,4 %

4. Discussion

The originality of this multiphysics experimental study is to combine for the first time nanoindentation,
micro-Brillouin scattering and histology, in order to investigate the evolution of the biomechanical
properties of periprosthetic bone tissue during osseointegration. By isolating newly formed bone
tissue within a bone chamber divided into 4 subregions for two healing durations (7 and 13 weeks),
the spatio-temporal variations of 2D bone distribution BA/TA, indentation modulus E*, ultrasonic wave

velocity v and bone mass density p were evaluated.

The average indentation modulus E* obtained herein is equal to 11.2 GPa (respectively 12.84 GPa)
within newly formed bone and to 15.23 GPa (respectively 15.42 GPa) in mature cortical bone after 7

weeks (respectively 13 weeks) of healing time. The averaged Young’s modulus E (derived using Eq. (5))



obtained herein is equal to 10.19 GPa (respectively 11.68 GPa) in newly formed bone and of 13.86 GPa
(respectively 14.03 GPa) in mature cortical bone after 7 weeks (respectively 13 weeks) of healing time.
Here, the bone Poisson’s ratio was chosen based on the literature but different values have also been
considered [56]. A variation of the bone Poisson’s ratio from 0.2 to 0.4 leads to a decrease of the bone
Young’s modulus equal to 13% and does not affect the relative variation of the bone Young’s modulus
obtained between the different groups in Table 2 (see Table 3). These values are consistent with
literature data collected on rabbit femurs, where Young’s moduli ranged from 6 — 12 GPa for newly

formed bone tissue and of 9 — 17 GPa for mature bone tissue [23, 57].

Table 3 : Sensitivity study on the averaged Young’s modulus E (GPa) within newly formed (NF) and mature (M)
bone and its relative variation AE/Eo between NF and M bone after 7 and 13 weeks of healing, for Poisson’s

ratio equal to 0.2, 0.3 and 0.4.

Poisson’s 7 weeks 13 weeks
ratio NF M AE/E, NF M AE/E,
0.2 10.75 14.62 30.5 12.33 14.80 18.3
0.3 10.19 | 13.86 30.5 11.68 | 14.03 18.3
0.4 9.41 12.79 30.5 10.79 12.95 18.3

The values of wave velocity v are comprised between 4.77x10% and 5.41x10% m/s and are in agreement
with the previous study on the same in vivo model [16] and in the same range as the results obtained

in other studies characterizing wave velocities within bone trabeculae [41, 42].

For most groups, the values of E* (Fig. 5) and v (Fig. 6) are higher after 13 weeks than after 7 weeks of
healing time, which is in agreement with the results obtained with a similar implant model [45].
Furthermore, the values of E* (Fig. 5A) and v (Fig. 6A) increase between newly formed and mature
cortical bone. Consequently, the increase of £* and v with healing time and between newly formed
and mature bone, as well as the constant values obtained in mature bone, lead to larger differences
of E, vand p (see Table 2) after 7 weeks than after 13 weeks of healing time. For example, p increases
by 14.3 % (respectively 6.1 %) between newly formed and mature bone tissues after 7 weeks of healing
time (respectively 13 weeks of healing time), which is comparable to the increase of 12.2 %

(respectively 2.2 %) found in [45].

The gradual increase of E, vand p from 7 to 13 weeks of healing time and from newly formed to mature

cortical bone tissue may be explained by the increase of mineralization occurring during



osseointegration phenomena [5]. Previous nanoindentation studies have shown that the bone elastic
modulus increases as a function of healing time using the same in vivo model [37], a titanium plate
model [36], around dental implant [33] and within bone defects [23]. Furthermore, a recent study
combining nanoindentation with Raman spectroscopy measurements showed that the increase of the
bone elastic modulus is related to the increase of the degree of mineralization during osseointegration
[58]. The aforementioned experimental results are in agreement with a homogenization model
showing a non-linear increase of the Young’s modulus as a function of bone tissue mineralization [59,
60]. Moreover, wave velocity also increases as a function of bone tissue mineralization, in line with

results of previous micro-Brillouin scattering studies [16, 40, 41, 43].

The increase of bone mass density as a function of healing time and between newly formed and mature
bone can be explained by an increased degree of mineralization, since bone mineral is denser than
other bone components (collagen fibers and water) [37], consistently with bone tissue maturation
[61]. Note that since the velocity v can be modeled by a ratio between E and p (Eq. (3)), its relative
variations are lower compared to E. Therefore, only variations of E and p will be considered in what

follows.

Mature bone ROI

Figure 7 : Schematic representation of the spatial variation of E and p in each region of interest (ROI) of the
bone chamber. The black (respectively white) symbols correspond to a comparison between the close and far
(respectively lateral and central) groups. The ‘+’ (respectively ‘-) sign indicates the ROl where E and p are
higher (respectively lower). The large arrows correspond to the direction of bone growth occurring initially and

the small arrows represent later bone spreading.

Analyzing the spatial variations of £ and p is a simple way to understand the course of osseointegration
phenomena in the bone chamber. Since bone mineralization increases with healing time, the increase
of E and p as a function of healing time (Fig. 5 and Table 2) can be considered as a marker of
osseointegration phenomena. The schematic comparison of the values of E and p as a function of the
position in the bone chamber shown in Fig. 7 emphasizes that bone tissue in the close group (black ‘+’
signs) and in the lateral group (white ‘+’ signs) is more mineralized and thus older compared to bone

tissue located in the far group (black ‘-’ signs) and in the central group (white ‘-’ signs). Combining the



close-to-far and the lateral-to-central evolutions of bone properties indicates that the highest bone
properties are obtained in the upper corners of the bone chamber, which suggests that bone creation
initiates in L1. The initial bone formation in L1 may be explained by the fact that L1 corresponds to
locations where the local stress field is likely to be the most important compared to other ROIs since
mechanical loading is known to trigger bone formation [2]. This result is in agreement with a previous
paper [8] showing that the bone elastic properties measured using nanoindentation around a dental
implant are higher around the upper parts of implant threading, where stresses are the most

important.

After being created in L1, bone tissue then grows along the implant surface and towards mature bone
tissue before spreading to the most central region of the bone chamber (arrows in Fig. 7). Such scenario
is consistent with the variation of BA/TA values shown in Fig. 4 indicating a larger amount of bone close

to the implant and in the lateral region than in the far and central regions.

The aforementioned osseointegration scenario may be discussed in the light of the description of
“contact” and “distance” osteogenesis described in the literature [62-65]. Contact osteogenesis
corresponds to bone growth from the implant surface to the pre-existing bone tissue after several
healing stages. Briefly, contact osteogenesis leads to the recruitment of osteogenic cells at the implant
surface by osteoconduction, which will synthetize new bone through a woven collagenous matrix, later
mineralized into bone. This whole process will spatially progress until bridging with the host bone [62,
65]. In parallel to contact osteogenesis, distance osteogenesis is a phenomenon corresponding to bone
ingrowth from the pre-existing bone to the implant surface. In this case, the osteogenic cells are
provided by the host bone which remodels following surgery [62, 65]. Our results showing a bone
formation starting in the upper corners of the bone chamber seem in better agreement with the
contact osteogenesis scenario, since blood is likely to accumulate in L1 after surgery, providing the
osteogenic cells needed for bone formation [62, 65]. A predominant contact osteogenesis is expected
when rougher surfaces are employed [66], as such surfaces offer more space for cells to attach to the
implant surface, thus promoting bone cell migration [67]. Furthermore, bone does not only grow in
contact with titanium, but also along PTFE on the lateral sides of the bone chamber. This second
material may interfere with the spatial evolution of bone tissue and future studies should consider the

effect of changing PTFE into another biomaterial.

This study has several limitations. First, the coin-shaped implant model leads to a relatively low level
of mechanical loading, which limits osseointegration phenomena but is also representative of the
clinical healing phase just after dental implant surgery. Moreover, the aim of this implant model is to

create a bone chamber in order to obtain a clear distinction between mature and newly formed bone



tissues and to work under standardized conditions. Second, the sample size remains relatively low
because of the in vivo model and of time-consuming measurements. However, the present study has
doubled the number of samples previously analyzed [45], which allows the evaluation of spatial
variations. Third, nanoindentation and micro-Brillouin scattering analyses were performed on two
consecutive slices because the thickness of the slices needed to be different. Fourth, the resin
embedding using formalin and dehydrating the sample may alter bone nanostructure [68] and hence
affect bone mechanical properties. In particular, the elastic stiffness is known to increase with bone
dehydration [69]. However, it has been shown that comparative studies can be performed when all
samples are embedded in a similar way because all samples or regions of interest are affected in a
similar way [21]. The analyses carried out herein rely on relative variations among specimens.
Furthermore, such procedure is essential in order to slice specimens containing metal without
damaging the bone-implant interface, and represents a common procedure conducted in the literature
[33, 35-37]. Fifth, although bone tissue is known to have an anisotropic mechanical behavior [29, 30],
the isotropic assumption was made herein for the bone tissue constitutive law. Similar assumption was
made for nanoindentation analyses in the literature [8, 19, 31, 35], which is particularly justified for
newly formed bone because woven bone structure is disordered [70] and its mineral crystals are
distributed isotropically [71, 72]. The isotropic assumption is particularly important in order to derive
the variation of mass density. However, nanoindentation and micro-Brillouin scattering are performed
in two orthogonal directions. Here, we assumed similar relative variations of all components of the

stiffness tensor. Future studies should consider the anisotropic behavior of the bone tissue.

5. Conclusion

This study combining nanoindentation, micro-Brillouin scattering, histology and a dedicated in vivo
model allows the comparison of newly formed and mature cortical bone tissues and the evaluation of
the spatio-temporal evolution of newly formed bone properties by considering different regions of
interest within the bone chamber filled with newly formed bone. Bone properties are found to be
higher close to the implant surface and in the lateral ROI than in the far and central ROIs, as well as
after longer healing times suggesting a higher degree of mineralization consistent with bone tissue
maturation. These results lead to a bone spreading path confirmed by histology and consistent with
contact osteogenesis. ldentifying how bone develops around the Bll provides a better understanding

of osseointegration phenomena, which is likely to improve implant surgical outcomes.
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