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Nanomechanical Assessment of Bone
Surrounding Implants Loaded for
3 Years in a Canine Experimental Model
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Purpose: This work evaluated the nanomechanical properties of bone surrounding submerged and
immediately loaded implants after 3 years in vivo. It was hypothesized that the nanomechanical properties
of bone would markedly increase in immediately and functionally loaded implants compared with sub-
merged implants.

Materials and Methods: The second, third, and fourth right premolars and the first molar of 10 adult
Doberman dogs were extracted. After 6 months, 4 implants were placed in 1 side of the mandible. The
mesial implant received a cover screw and remained unloaded. The remaining 3 implants received
fixed dental prostheses within 48 hours after surgery that remained in occlusal function for 3 years.
After sacrifice, the bone was prepared for histologic and nanoindentation analysis. Nanoindentation
was carried out under wet conditions on bone areas within the plateaus. Indentations (n = 30 per his-
tologic section) were performed with a maximum load of 300 uN (loading rate, 60 uN per second)
followed by a holding and unloading time of 10 and 2 seconds, respectively. Elastic modulus (E)
and hardness (H) were computed in giga-pascals. The amount of bone-to-implant contact (BIC) also
was evaluated.

Results: The E and H values for cortical bone regions were higher than those for trabecular
bone regardless of load condition, but this difference was not statistically significant (P > .05).
The E and H values were higher for loaded implants than for submerged implants (P < .05) for
cortical and trabecular bone. For the same load condition, the E and H values for cortical and
trabecular bone were not statistically different (P > .05). The loaded and submerged implants
presented BIC values (mean + standard deviation) of 57.4 £ 12.1% and 62 £+ 7.5%, respectively
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NANOMECHANICAL STUDY OF IMPLANT-BONE INTERFACE

Conclusion: The E and H values of bone surrounding dental implants, measured by nanoindentation,
were higher for immediately loaded than for submerged implants.
© 2017 American Association of Oral and Maxillofacial Surgeons
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The success and predictability of osseointegrated
implants, among other requirements, have been asso-
ciated with a healing period without implant loading
for several months for the mandible and maxilla.’
This recommended latency period after implantation
has been supported by the longitudinal 10-year study
of Branemark et al.”

The improvement of surgical techniques,” micro
and macro implant designs,”® and prosthesis
biomechanics has shown that successful immediate
loading of oral implants can be safe in clinical
practice.”® The immediate loading of an implant has
potential benefits for users, because a shorter time is
required from implant fixation to prosthesis
rehabilitation, which is important for the patient’s
quality of life, esthetics, self-esteem, and function
and decreases treatment cost.”>”

Recent work on the immediate loading technique
has presented adequate results, especially in implant
survival. For example, during 10 years of follow-up,
28 immediately loaded implants resulted in a survival
rate of 84.7%.'" Others investigators have reported
similar results between immediately loaded implants
and the classic protocol of healing time.'"'?
However, despite the encouraging results, the
impact of immediately loaded implants on bone
formation, adaptation, remodeling, and properties
over time is still not completely understood.”

Mechanical loading is a potent regulator of bone re-
modeling and has been considered essential for the
maintenance of skeletal homeostasis and for bone for-
mation.'*'* The level of mineralization within osteons
affects the hardness (H) and elastic modulus (E) of
bone. Thus, higher mechanical properties imply
higher degrees of the development of osteonic
structures presenting with an increased percentage
of mineral content, or bone maturation.'> However,
the effect of load around dental implants and bone
adaptation processes around prematurely loaded im-
plants are insufficiently understood.

Taking this into consideration, nanoindentation
testing allows for the local assessment of bone E and
H values at a smaller scale without the disturbance
of other influential factors,l:’ enabling the quantifica-
tion of bone mechanical properties in close proximity
to the implant surface, a region that is actively
modeled and remodeled during the healing stage and
after loading.

The aim of the present study was to evaluate
bone H and E values of unloaded (non-loaded) and
immediately loaded implants that were under clinical

occlusal function in a canine model for 3 years. It
was hypothesized that the E and H values would differ
between unloaded and immediately loaded implants.

Materials and Methods

SURGICAL PROCEDURES, IMPLANTATION, AND
PROSTHETIC REHABILITATION

After approval by the bioethics committee for ani-
mal experimentation (protocol number 020/99-PA/
CEP), 40 standard titanium screw implants 10 mm in
length and 3.75 mm in diameter (Branemark System;
NobelBiocare, Gothenburg, Sweden) were used. Ten
Doberman dogs (average age, 32 + 3 months) received
4 implants in the right side of the mandible (n = 4) ac-
cording to the manufacturer’s recommendations.

Presurgical procedures were carried under
dissociative anesthesia, intravenous premedication
with acepromazine 2% (0.2 mg/kg), followed by sub-
cutaneous administration of atropine (0.25 mg/mL),
intravenous administration of thiopentone (2% solu-
tion, 20 mg/kg), and intramuscular xylazine 2%
(1 mg/kg).

Impressions of the upper and lower jaws were taken
using alginate (Jeltrate, Dentsply, York, PA) in custom
aluminum impression trays (Farbe, Sao Paulo, Brazil).
After the initial occlusion evaluation, partial impres-
sions were taken from the right posterior quadrants
of the mandible with silicone rubber impression mate-
rial (Express, 3M Oral Care, St Paul, MN). These pro-
cedures were performed to allow the reproduction
of the form and occlusal anatomy of the teeth to be ex-
tracted in a wax model before custom fabrication of
the fixed dental prostheses (FDP).

The first surgical procedure consisted of extraction
of the third and fourth right premolars and the first
right molar of the mandible. For infection prevention,
amoxicillin (25 mg/kg) was subcutaneously injected
before surgery. After a 6-month healing period, the an-
imals were subjected to the same dissociative anes-
thesia technique wused during the first surgical
procedure, and a cuffed endotracheal tube with a
gas mixture of halothane (0.5 to 2.0%) in N,O and
O, (1:1) was supplied. For implant placement, mid-
crestal incisions were made and full-thickness muco-
periosteal flaps were elevated on the lingual and
buccal aspects of the right side of the mandible. The
bone cavities were prepared with specific Branemark
System drills under sterile saline (chloride of sodium
solution, 0.9%) irrigation. The implants were placed
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at the bone crestal level. All implants were placed with
the Osseocare unit (Branemark System; Fig 1A).

Each dog received 4 standard implants (Branemark
System). The mesial implant received a cover screw
and remained unloaded throughout the course of the
study. The remaining 3 implants were placed in a
tripod configuration in an attempt to minimize stress
and were used as fixtures for the 3-unit FDP (experi-
mental group). The experimental implants were desig-
nated distal, central, and mesial. After implant
placement, the soft tissue was aligned and closed
with resorbable sutures (3-0; Davis Geck, Storrs, CT).
For infection prevention, amoxicillin 15% (22 mg/kg)
was administered 3 times every 48 hours after surgery.
Also, anti-inflammatory medication (carprofen 1%,
1 mg/kg) was administered subcutaneously once a
day for 5 days after surgery.

After surgical placement, multiunit abutments and
titanium cylinders were connected to the implants
and fastened by gold Unigrip screws (Branemark Sys-
tem). Subsequently, a wax model based on the partial
impressions was positioned on the titanium cylinders
for determination of appropriate screw hole posi-

73

tioning, and custom commercially pure grade I tita-
nium (Ti c.p., reintitan Til; Dentaurum, Sao Paulo,
Brazil) 3-unit FDPs were cast and checked for fit
(Fig 1B). No surgical procedure was performed in
the left side of the mandible.

For the final prosthetic procedure, dissociative anes-
thesia was administrated as described earlier. The
3-unit FDP was connected 48 hours after implant
placement. Panavia F (Kuraray Co, Tokyo, Japan) was
used for the 3-unit FDP cementation according to the
manufacturer’s recommendations. The screw holes
were closed with composite material (Herculite;
Kerr Dental, Orange, CA; Fig 1C) and the occlusion
was checked and compared with the previously ob-
tained upper and lower arch models and bite registra-
tion. Then, the animals were kept on a modified solid
diet, in which food was placed in a bowl with warm
water and given to the animals after reaching room
temperature and a soft consistency.

Plaque control was carried out with gauze scrub-
bing, toothbrushes, toothpaste (Petrodex; Sergeants’
Pet Care Products, Inc, Omaha, NE), and chlorhexi-
dine gluconate (0.12%) solution twice a week. After

FIGURE 1. A, Surgical placement of experimental implants in a tripod configuration and the control implant (mesial, with the cover screw).
B, The 3-unitfixed dental prosthesis was positioned over titanium cylinders to verify its fit and the previously recorded occlusion. C, Cementation
of the FDP with Panavia F. The 3-unit FDP was loaded within 48 hours after implant placement.

Anchieta et al. Nanomechanical Study of Implant-Bone Interface. | Oral Maxillofac Surg 2018.
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3 years, all dogs were sacrificed with an overdose of
anesthesia and the samples were prepared
as described.

Hemimandible bone samples were dissected, and
then implant blocks were obtained. Implant blocks
were stored in 70% ethanol for 24 hours and subse-
quently washed under running water for an additional
24 hours. Then, the samples underwent progressive
dehydration through a series of alcohol solutions
ranging from 70 to 100% ethanol and embedded in a
methacrylate-based resin according to the manufac-
turer’s instructions (Technovit 9100; Heraeus Kulzer
GmbH, Wehrheim, Germany). The resin blocks were
sectioned along the long axis of the implant with a pre-
cision diamond saw (Isomet 2000; Buehler, Lake Bluff,
IL) into sections of approximately 300 um thickness
and then glued to an acrylic plate with acrylate-
based cement. One histologic section was selected
from each implant and bone block (the exact middle
of implant). Therefore, 4 histologic sections were ob-
tained from each dog (3 of the loaded implants and 1
of the unloaded implant) and subjected to evaluation.
After allowing the samples to set for 24 hours, they
were prepared for nanoindentation testing by grinding
(400 to 2,400 grit SiC abrasive papers) and polishing
with diamond suspension solutions of 1- to 9-pm parti-
cle size (Metadi; Buehler) and cloth paper (Micro-
Colth; Buehler) using a grinding and polishing
machine (Metaserv 3000; Buehler) under water irriga-
tion to a final thickness of approximately 50 pm. Two
sets of implant sections were created for nanoindenta-
tion mechanical testing.'® Then, histologic sections
were stained with toluidine blue stain.'”'’ The
stained sections were scanned to digital format using
a histology slide scanning system (Aperio
Technologies, Vista, CA). Histomorphometric
measurements were obtained by image analysis
software (ImageJ; National Institutes of Health,
Bethesda, MD) to quantitatively evaluate bone-to-
implant contact (BIC; Fig 2).

NANOINDENTATION

In total, an average of 30 indentations was per-
formed per histologic section (specimen) under wet
conditions using a Berkovich fluid cell diamond
3-sided pyramid probe in a nanoindentation machine
(Hysitron 950TT; Hysitron, Minneapolis, MN).

Before the start of indentations, the equipment was
calibrated with a fused silica calibration sample. Inden-
tations in the same specimen were performed in
newly formed bone at a distance of 10 um apart to
avoid interactions that could affect the mechanical re-
sults.”’ A wax chamber was created above the acrylic
plate around the implant-in-bone perimeter, which
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kept the sample fully immersed during the test
(thrice-distilled water; neutral pH, 7.1).”"**

A loading profile was developed with a peak load of
300 pN at a rate of 60 uN per second, followed by a
holding time of 10 seconds and an unloading time of
2 seconds. The extended holding period allowed the
bone to relax to a more linear response, so that no
tissue creep effect occurred in the unloading portion
of the profile.”” Therefore, from each indentation, a
load-displacement curve was obtained (mean depth
of indentations =+ SD).24

Bone tissue was detected by imaging under the light
microscope (Hysitron TI950), and indentations were
performed for load and unloaded implants in cortical
and trabecular bone.

From each analyzed load-displacement curve, the
reduced E (E,; giga-pascals) was computed from Hysi-
tron TriboScan software with the following formulas:

Pmax
E= Y s H=
2,/A(h,) A(hc

~

where S is the stiffness, h. is the contact depth, P, is
the maximum applied force (300 uN), and A (hy) is the
contact area computed from Hysitron TriboScan soft-
ware taking into account the area function in relation
to contact depth.z“i By knowing the E,, the correspon-
dent E (giga-pascals) was calculated as follows:

1-—v2

1

1 1-v;

E; E E;

where vy, is the Poisson ratio for cortical and trabecular
bone (0.3), and E; (1,140 GPa) and v; (0.07) are the E
and Poisson ratio for the indenter.

STATISTICAL ANALYSIS

SPSS (IBM Corp, Armonk, NY) was used and linear
mixed models were performed to determine the influ-
ence of different implant conditions (loaded vs un-
loaded) and type of bone (cortical vs trabecular) on
ranked E and ranked H values. Statistical analyses
was carried out using the animal as the statistical
unit and significance was set at an « value equal to
0.05. For all specimens, the maximum and minimum
values acquired were considered outliers and
excluded from statistical analysis.

Results
NANOINDENTATION

Because of the data inhomogeneity typically
encountered when indenting heterogeneous micro-
structures such as bone, data ranking was used for sta-
tistical analysis. For H, the values ranged from 0.09 to
0.65 GPa. For E, the values ranged from 1 to as high as
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FIGURE 2. Histologic sample of left, unloaded implant and right, loaded implant subjected to nanoindentation testing.

Anchieta et al. Nanomechanical Study of Implant-Bone Interface. | Oral Maxillofac Surg 2018.

14 GPa. The bone rank E and rank H values according
to loading condition and bone region of interest are
presented in Figures 3 and 4, respectively.

A similar trend was observed when ranked E and H
were evaluated as a function of unloaded and loaded
implants (Fig 3). In general, when the bone regions
of interest were collapsed (cortical plus trabecular),
the loaded implants presented significantly higher E
and H values than unloaded implants (P < .05).
Furthermore, cortical and trabecular bone regions of
interest of loaded implants presented significantly
higher E and H values than cortical and trabecular
bone regions of interest observed for unloaded im-
plants (P < .05; Fig 4). However, for the same load con-
dition (loaded or unloaded), there was no statistical

difference between cortical and trabecular bone
regions of interest (P > .05; Fig 5).

HISTOLOGIC EVALUATION

General histologic evaluation at various magnifica-
tions depicted cortical and trabecular bone in close
proximity to all implants included in the present study
irrespective of its loading condition (Fig 2). Higher
magnification evaluation (Fig 6) of the bone-to-
implant interface depicted a more uniform BIC and a
bone morphologic characteristic of lower remodeling
activity (well-defined osteons and no apparent osteo-
clastic activity) for the unloaded versus loaded
implants. For instance, the loaded implants presented
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FIGURE 3. A, Ranked elastic modulus comparing bone for unloaded implants and loaded implants. B, Ranked hardness comparing bone for
unloaded implants and loaded implants. The ranked hardness and elastic modulus were statistically higher for loaded implants than for the
unloaded implant for cortical and trabecular bone. The same number of asterisks represents statistically homogenous groups.
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substantially greater perimetric discontinuity at the
bone-to-implant interface because of multiple bone re-
modeling sites that were commonly observed, in addi-
tion to other bone remodeling regions close to the
implant. Despite such differences, no relevant differ-
ences in BIC were observed between the loaded and
unloaded implants (mean =+ standard deviation,
57.4 + 12.1% and 62 + 7.5%, respectively).

Discussion

For a long time, premature or immediate loading was
considered deleterious to peri-implant osteogenesis by
increasing the risk of peri-implant fibrous tissue forma-
tion eventually leading to biologic implant failure.”’

Recently, the immediate loading protocol has been
widely discussed, because increasing evidence has
shown the benefits of load for bone growth and
implant osseointegration and benefits for p::ltif:nts.Z(*29
This study used nanoindentation to investigate the E
and H values of bone surrounding dental implants
that were immediately loaded or remained unloaded
for a 3-year clinical service and evaluated how bone E
and H were affected by these 2 treatment protocols.
The mechanical properties of bone surrounding
dental implants, such as E and H, are influenced by
some variables, and knowledge of their values is
important for understanding how bone responds
and adapts to mechanical stimuli’® E and H of
bone are affected by the mineral content and crystal
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FIGURE 4. A, Ranked elastic modulus for unloaded implants and loaded implants in trabecular and cortical bone. B, Ranked hardness for un-
loaded implants and loaded implants in trabecular and cortical bone. The ranked hardness and elastic modulus values were statistically higher
for loaded implants than for the unloaded implant for cortical and trabecular bone. Trabecular and cortical bone were not statistically different
compared within the same implant group (unloaded or loaded). The same number of asterisks represents statistically homogenous groups.
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structure, and their values could be associated with The nanoindentation test showed that the mean H

the primary stability of a dental implant and matura- and E values for cortical bone were higher than for

tion of bone.'” Higher H and E values of bone sur- trabecular bone, irrespective of whether the implants

rounding the dental implant are related to greater were loaded or remained unloaded, but this result was

resistance to deformation of the implant in bone not statistically different. The present results are in

bulk, which is desirable to withstand greater load in agreement with those of otI}er studies of canine
30 22,30 16,31

the clinical scenario. models and human bone. It is likely that the

FIGURE 6. Optical micrographs of the A, unloaded implant and B, loaded implants. A, The unloaded bone-to-implant interface depicted a
more uniform linear relation of bone-to-implant contact (yellow arrows, an artificial gap from histologic processing) with a bone morphologic
characteristic of lower remodeling activity (well-defined osteons and no apparent osteoclastic activity). B, The loaded implants presented sub-
stantially greater perimetric discontinuity (red arrows) at the bone-to-implant interface because of multiple bone remodeling sites that were
commonly observed in addition to other bone remodeling regions close to the implant (black arrows).

Anchieta et al. Nanomechanical Study of Implant-Bone Interface. J Oral Maxillofac Surg 2018.
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results obtained for cortical and trabecular bone were
not statistically different, because the latter can be
subject to changes to near-cortical-like bone from
immediate loading.”’

Bone surrounding immediately loaded implants
exhibited higher E and H values than bone surround-
ing unloaded implants after 3 years of clinical service.
Therefore, the hypothesis was accepted, because the E
and H of bone differed between immediately loaded
and unloaded implants. The present results showed
that immediate loading led to an increase in E and H
of bone surrounding dental implants. It has been
acknowledged that the level of mineralization within
the osteons affects the E and H of bone.”* Thus, higher
mechanical properties imply higher degrees of the
development of osteonic structures presenting with
an increased percentage of mineral content.””

Only 1 similar study evaluated bone mechanical
properties surrounding dental implants (orthodontic
mini-implant) subjected to immediate loading
compared with unloaded implants.’’ The investiga-
tors evaluated bone mechanical properties around
mini-implants placed in dogs and found an increase
in mechanical properties when the mini-implants
were loaded compared with the unloaded ones after
8 weeks. Thus, mechanical loading seems to be a
potent regulator of bone remodeling and apposition. i
However, characterization of the cellular and molecu-
lar events linking loading with bone matrix production
has yet to be completed.’ * For instance, the mecha-
nism by which mechanical transduction acts to
convert a physical stimulus into a cellular response is
still under investigation.'>*’

Some theories postulate that forces are transmitted
through the bone-to-implant interface and cause
stresses and strains according to the mechanical prop-
erties of the microenvironment.’® These mechanical
disturbances in the microenvironment are perceived
by cells and lead to specific reactions,”” according to
magnitude,*®*? frequency,*’ and direction,”" resulting
in upregulation (anabolic response) of osteogenic
genes, eventually leading to bone matrix
deposition.****

Barros et al'® evaluated the osteocyte density of
retrieved implants that were subjected to immediate
loading or that stayed unloaded for 8 weeks. The re-
sults showed statistically greater osteocyte density
for immediately loaded implants and greater BIC
compared with unloaded implants. The positive corre-
lation of BIC and osteocyte density in immediate
loading could be translated to a favorable environment
for mineralized tissue formation at the implant inter-
face, aiding in the osseointegration processes, even
in areas of poor bone quality, suggesting an important
function of these cells in the remodeling of bone sur-
rounding dental implants."® Tan et al*® reported that

NANOMECHANICAL STUDY OF IMPLANT-BONE INTERFACE

when bone is loaded, the resulting strain acts as a
driving force that causes a flow of interstitial fluid
through the lacuna canalicular network. The fluid
flow activates the osteocytes, which produce signaling
molecules that stimulate osteoblasts and inhibit osteo-
clast recruitment and activity, resulting in a gain of
bone mass.***

As a recommended protocol for immediately
loading implants, in the present study, all placed im-
plants reached an insertion torque of at least 45
N-cm, and prostheses were placed 48 hours after
implant fixation.’® Furthermore, the loaded implants
were placed in a tripod configuration in an attempt
to minimize stress and to avoid micromovement. The
ferrule effect of the rigid metal connection among
the 3 implants also has been suggested to improve
implant osseointegration.””

The E and H values of bone surrounding dental im-
plants were higher for immediately loaded than for un-
loaded implants, suggesting that loading over time
results in improvements in bone biomechanical
competence.
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