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O
ne of the critical factors in bone
remodeling and osteogenesis is
the early bone healing at the

bone-implant interface as Davies1

described in 2003. Based on this work,
a thorough characterization of the
effects and processes occurring in
bone healing around implants is
required to influence bone healing
early in the process. The results of this
research focused on the cellular
responses at early time points after
the placement of an implant where
they characterized the processes that
initiate osseointegration. In the report,
the biological cascade of early periim-
plant bone healing was further
explained concluding that by the time
the bone is formed on the implant sur-
face, most of the important healing
events have already occurred.1 Other
investigators1,2 have concluded that
the osseointegration process observed
after implant placement can be

compared to bone fracture healing,
which is modulated through endocri-
nal, autocrinal, and paracrinal mecha-
nisms; however, in implant dentistry,
the implant surface also possesses
excellent biocompatibility because of
spontaneous formation of a dense
4-nm layer of titanium dioxide (TiO2)
when it is exposed to air.2–6 This layer
increases calcium deposition and the
consequent primary adsorption of
adhesive proteins (eg, glycosaminogly-
cans or albumin), one of the most

important events of the initial phase of
osseointegration.2–4

A recent investigation demon-
strated that an acid-etched titanium
surface stimulated the expression of
markers of osteoblastic phenotype more
than a machined titanium surface, as the
roughened surface exerts direct effect on
mesenchymal stem cells by activating
RunX2, a biomarker for osteogenesis
and cell differentiation.7 The implant to-
pography also plays a role in bone heal-
ing, as shown by Bagambisa et al8 who
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Purpose: To compare early bone
healing around different experimental
titanium implant surfaces and to eval-
uate the role of a calcium phosphate–
coated implant surface because it
relates to bone-implant contact (BIC).

Methods: An experimental
hydroxyapatite (HA) grit-blasted and
dual acid-etched titanium surface
(BAE-1) was compared to an exper-
imental HA grit-blasted and dual
acid-etched surface treated with
nanometer-scale crystals of HA
(BAE-2). Both experimental implant
surfaces were implanted onto the
tibias of 4 New Zealand white rab-
bits. The animals were killed at 1,6,
21, and 90 days after the implant
surgery. Descriptive histology was
performed at the healing responses
of both implant surfaces. Quantitative

morphology assessment provided
measurements of BIC, number of
bone multicellular units (BMUs),
average penetration of BMUs, and
maximum penetration of BMUs that
were manually made using imaging
computer software.

Result: The overall BIC for the
BAE-2 implant was higher than that
for the BAE-1 implant at 21 days of
healing. However, there was no signif-
icant difference at 90 days of healing.

Conclusion: It is concluded from
this animal pilot study that the bio-
active BAE-2 implant surface pro-
vided a better BIC with healthy bone
remodeling at 21 days of healing,
(Implant Dent 2012;21:454–460)
Key Words: dental implants, implant
surface, calcium phosphate, rabbit,
osseointegration
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concluded that implant topography may
enhance cell attachment, cell adhesion,
cell spreading, and cell differentiation.

In addition, other investigators
hypothesized that healing of rough
surface implants can be improved by
the use of bioactive additives such as
nanocrystals of calcium phosphate
(CaP),9 which in the presence of a bio-
active implant surface enhance the abil-
ity to adsorb proteins such as serum
proteins, osteopontin and laminin, and
cell surface protein and in a similar
manner, fibronectin increases the osteo-
conductivity capacity of the implant
itself. However, it is not clear whether
it is the microtexture of a microtopo-
graphically complex implant surface
that plays a key role in enhancing the
osteoconductivity of the implant itself,
or if the nanocrystals of calcium phos-
phate (CaP) are the main reason for the
increased osteoconductive capacity.9

In the same context, it has been
demonstrated that the nanocrystals of
CaP have the inner ability to readily
adsorb proteins on their surfaces.1,9

The potentiating protein adsorption on
the calcium phosphate surface may
increase the binding of fibrinogen9 and
other serum proteins that would lead to
increased platelet adhesion and thus
result in an increased platelet activation
accelerating healing.8,9

On this matter, and based on the
in vivo and in vitro studies performed by
Davies and coworkers,1,9 it has been
suggested that calcium phosphate coat-
ing of an implant surface could have
a biphasic effect on both platelet activa-
tion and fibrin binding.

Aim
The purposes of this pilot study were

(a) to evaluate 2 different experimental
surfaces, which have no statistically sig-
nificant differences in their microtexture
parameters, and (b) to determine whether
the additional surface treatment with
nanometer-scale crystals of hydroxyapa-
tite (HA) deposited in a discrete manner
(discrete crystalline depositions; Biomet
3i Implant Innovations, Inc, Palm Beach
Gardens, FL) plays a role in the early
phase of periimplant bone healing.

Many groups have studied the pro-
cess of osseointegration, but research
hasmainly focused on the quantification

of the bone-to-implant contact (BIC),
often comparing the effects of different
surface coatings and topographies.10–15

However, these reports do not provide
information on the origin of the bone-
implant bond because the quantification
is only performed after several months
or years of implant healing, therefore
omitting early time points. It should be
noted that a better understanding of the
bone healing events that occur around
the implants at the early time points is
necessary, “since clinical experience has
shown that implant failure often occurs
at these early time points.”15–18

MATERIALS AND METHODS

This study was conducted at the
Tufts University School of DentalMed-
icine and was performed in accordance
with the US Food and Drug Adminis-
tration Good Laboratory Practice regu-
lations set forth in Title 21 Code of
Federal Regulations Part 58. This study
was approved by the Institutional Ani-
mal Care and Use Committee.

Implant Surfaces
The titanium implants used were

fabricated especially for this study with
2 different surfaces, varying in compo-
sition but not in roughness (3i/Implant
Innovations, PalmBeachGardens, FL).
The implants were cylindrical in shape
and press fit.

The implant surface morphology
was characterized by scanning electron
microscopy (SEM) (JSM-6460LV;
JEOL) and field emission SEM (JSM-
6700F; JEOL,Musashino ChomeAkish-
ima, Tokyo, Japan). A noncontact inter-
ferometer (MicroXAM; KLA Tencor/
ADE Phase Shift, Milpitas, CA) was
used to characterize the surface topogra-
phy and amplitude (Sq, Sa) (Fig. 1,A–C).

The titaniumsurfaceusedasacontrol
group (BAE-1), was an HA grit-blasted
and dual acid-etched cylindrical type
titanium implant (blasted and acid-
etched, BAE) with an absolute mean
height (peak-trough) deviation (Sa) equal
to0.902mm.The titaniumsurfaceusedas
a test group had an additional surface
treatmentwhere nanometer-scale crystals
of HA were deposited in a discrete
manner (discrete crystalline depositions)
covering approximately 50% of the osse-
ous-contacting surface with an absolute

mean height (peak-trough) deviation
(Sa) equal to 0.897 mm.

SURGICAL PROCEDURES

Four New Zealand white rabbits
were selected to be part of the study.
The left and the right tibial epiphyseswere
randomly selected to receive 2 BAE-1
mini-implants and 2 BAE-2 mini-
implants, respectively (Fig. 2). A total of
16 implants were placed in sterile condi-
tions, the animal were preanesthetized by
an intramuscular injection of 5.6 mg/kg
of xylazine and 0.19 mg/kg of acepro-
mazine. The anesthesia was given by
intravenous injection of 4.0 mg/kg
of ketamine and 1.0 mg/kg of xylazine.
Administration of analgesic agents
(0.05 up to 0.1 mg/kg of buprenor-
phine) was provided to all animals,
half dose at the induction of anesthesia
and the other half at the end of
the surgery.

A 10-mm skin incision was made to
provide access to the bone. Implantation
sites were prepared by drilling an osteot-
omy, while profuse irrigation with ster-
ilizedphysiologic salinewasmaintained.
After the implantation, the skin was
sutured, leaving the implants submerged.

The animals were killed after 1, 6,
21, and 90 days after implantations. At
the end of the experiment, the animals
were killed under general anesthesia, by
an injection of sodium pentobarbital
with an 86 mg/kg of sodium pentobar-
bital and 11 mg/kg of phenytoin.

Histologic Preparation
Immediately after killing animals,

epiphyseal specimens were collected.
The samples of the animals were fixed
in 2% paraformaldehyde.

Bone segments with implants were
fixed by immersion in CaCO3-buffered
formalin solution, dehydrated, and
embedded in poly-methyl methacrylate.
Because implants remained in these sam-
ples, ground sections of approximately
100mmweremadeparallel to the implant
axis, using a diamond saw. These sec-
tions were stained with Stevenel blue
and Goldner stain to differentiate among
bone, osteoid, and connective tissue.

Descriptive Histology
Histological slides were illumi-

nated with a combination of transmitted
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and reflected white light using an
Olympus BX40 microscope. Digital
images were collected at magnifica-
tions of 310, 320, 340, or 380,
depending on the feature of interest, us-
ing Qimaging Micropublisher 3.3 dig-
ital camera with Image Pro Plus
software (Version 7.0; MediaCyber-
netics, Bethesda, MD). To obtain
a composite image of the entire implant
surface, a series of high-resolution
images (2048 3 1536 pixels/field)
were taken along the implant from peri-
osteal to endosteal cortical surface
including the entire implant interface
within the marrow cavity. Image fields
were tiled into a single high-resolution
image encompassing the entire region
of interest.

Quantitative morphology assess-
ment provided measurements of BIC,
number of bone multicellular units
(BMUs), average penetration ofBMUs,
and maximum penetration of BMUs
that were manually made using Image
computer software.

The histomorphometric parameters
(Table 1) measured were the area of
new bone (new bone), the BIC (overall
BIC) relative to the total implant perim-
eter, the BMUs, average penetration,
and the maximum penetration within
native cortical bone adjacent to the
implant surface.

The blood clot area, fibrin network
with entrapped erythrocytes, was mea-
sured in 1 section per implant, and the
average blood clot area was calculated.

The new bone within a 400-mm
distance from the implant was mea-
sured by color differentiation of the
Stevenel blue–stained specimens. Only
new bone was measured, and the native
cortical bone interface was not included
in the area measurement.

To calculate BIC, the surface area of
the implant within the cortical width was
measured and the total surface area of the
implant measured from the periosteal
contact point at one edge of the implant
to the periosteal contact point at the op-
posite edge of the implant. TheBIC of the
overall implantwascalculatedbydividing
the overall bone contact length by the
entire perimeter of the implant (Fig. 2).

BMUmeasurements were made on
the Goldner-stained samples. BMUs
are defined as organized structures of

Fig. 1. A and B, The implant surface morphology was characterized by SEM (JSM-6460LV;
JEOL) and field emission SEM (JSM-6700F; JEOL). A noncontact interferometer (MicroXAM;
KLA Tencor/ADE Phase Shift) was used to characterize surface topography and amplitude
(Sq, Sa). C, With higher magnification, it is possible to appreciate the deposition of the CaP at
the implant surface. Crystals of HA are deposited in a discrete manner (discrete crystalline
depositions) covering approximately 50% of the osseous-contacting surface with an absolute
mean height (peak-trough) deviation (Sa) equal to 0.897 mm.
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groups of osteoclasts and osteoblasts
together with blood vessels, and when
present in cortical bone, they are often
called cutting cones (Fig. 3). The total
number of BMUswas counted. The dis-
tance of the leading edge (edge furthest
from implant surface) of each BMU
was measured, and the average and
maximumBMU penetration was calcu-
lated for each slide.

RESULTS

There were no unscheduled deaths
among the animals. In all animals, the
healingwasuneventful, and infectionwas
not observedafter any implant placement.

Histology
One day after implant placement,

a network of fibrin containing a large
number of erythrocytes was observed at
the implant interface. No differences
were noted between the sizes of blood
clot between implant surfaces at any
time point. The BAE-2 implant surface
induced mesenchymal stem cell (MSC)
migration to the implant surface within
a day of implantation, whereas the
BAE-1 implant surface was slower
to induce cell attachment. The MSC
proliferation and migration increased
with time for both implant surfaces
(Fig. 4, A and B).

After 6 days, red blood cells at the
implant cavity were replaced by osteo-
clasts and osteoblasts. Both the BAE-1
and BAE-2 implant surfaces produced
similar osteoid responses at the cortical
bone-implant interface. A transient
increase in osteoid at the bone-implant
interface was noted at 6 days with little
or no interfacial unmineralized matrix
was seen at all other time points.

The osteocytic bone score was
based on extent of necrotic or osteo-
cytic cortical bone adjacent to the
implant. The data showed that a mini-
mal amount of necrotic osteocytes
were noted at 6 days adjacent to the
implant surface.

The cellular remodeling of the bone
fragments was similar between the treat-
ment groups and activity peaked at 6
days after implantation.BMUs appeared
in the preexisting bone, which initiated
bone remodeling. Similar amounts of
bone were formed within a 400-mm
perimeter of the implant surface in both

Fig. 2. BIC within the cortical width at the site of implantation was calculated by dividing the
bone contact length by the perimeter of the implant along the entire cortical width. This image
is from a BAE-2 implant placed in the distal position in the tibia after 6 days of healing (Stevenel
blue stain, magnification of original image, 340).
Fig. 3. Cutting Cones for BAE-2 (higher magnification) illustrating a so-called BMU, which is
present in bone tissue undergoing active remodeling. The presence of a resorption front with
osteoclast and a deposition front that contains osteoblasts and osteoid were noted. Vascular
structures occupy the central area of the BMU.
Fig. 4. A and B, MSCs on BAE-2 implant surfaces at day 1. Erythrocytes are the dominant
cell type adjacent to the BAE-1 implant, whereas MSC and fibroblast-like cells have started to
create a network on the BAE-2 implant. Images were acquired of specimens with the Stevenel
blue stain at a magnification of 380.
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surfaces at both 6 and 21 days after
implantation (Fig. 5). Both treatment
groups showed a steady increase in the
overall BIC up to 21 days, with a greater
increase noted for the BAE-2 compared
to the BAE-1 treatment between 6 and
21 days (Fig. 6, A and B).

The BAE-2 implant had notably
greater maximum BMU penetration into
the adjacent cortical bonecompared to the
BAE-1 implant between 6 and 21 days of
healing (Fig. 6, C and D). The maximum
BMU penetration increased between 6,
21, and 90 days for both the treatment

groups. After 90 days of healing, the
average BMU penetration was similar
for both implants, as the overall BIC.

Histomorphometry
To understand the healing mecha-

nisms of bone surrounding implants,
quantitative morphology assessment
provided measurements of BIC, number
of BMUs, average penetration of BMUs,
andmaximum penetration of BMUs that
were manually made using an imaging
computer software.

Measurement of BIC on Ground
Poly-methyl Methacrylate Sections

Both the treatment groups showed
a steady increase in the overall BIC up
to 21 days, with a greater increase noted
for the BAE-2 compared to the BAE-1
treatment between 6 and 21 days. The
overall BIC for the BAE-2 implant was
53.1% higher than that for the BAE-1
implant at 21 days and 20%higher at 90
days of healing.

Measurement of BMU
Approximately twice the number of

BMUs was present in the cortical bone
surrounding the implant for the BAE-2
implant compared to theBAE-1 implant
at both 6 and 21 days. After 90 days of
healing, 34% more BMU were counted
for the BAE-2 implant compared to the
BAE-1 implant. The number of BMUs
increased to almost double between 6
and 21 days for both the treatment
groups and leveled out by 90 days. At
6 days, the BMU penetration was 58%
greater for the BAE-2 compared to the
BAE-1 implant. At 21 days, the BAE-2
implant had an average BMU penetra-
tion 44.5% greater than the BAE-1
implant. After 90 days of healing, the
average BMU penetration was similar
for both implants with the BAE-1
implant having slightly greater penetra-
tion compared to the BAE-2 implant.

The average BMU penetration
increased slightly between 6 and 21
days for both the treatment groups. The
BMU penetration increased more than
double between 21 and 90 days. Similar
to the average BMU penetration, the
maximum penetration of BMUs into
the adjacent cortical bone was notably
greater for the BAE-2 implant com-
pared to the BAE-1 implant at both 6
and 21 days and had similar maximum
penetration at 90 days.

Fig. 5. Area of new bone measured within 400 mm of the implant surface. The top image is
the region of interest providing the boundaries for bone measurement. The bottom image
shows the bone thresholded to “green,” and the area of the thresholded bone was measured.
The original native cortical bone was not included in the “new bone” area measurement. The
image in this example is from a nanotite implant placed in the distal position in the tibia after 21
days of healing (Stevenel blue stain, magnification of original image: 340).

Table 1. Quantitative Morphology Analysis

Quantitative
Parameter Description

Units of
Measurement

New bone Area of new bone formed within 400 mm of the
implant surface. This measurement does not
include native bone within the cortical width

Square
millimeter

Overall BIC BIC relative to the total implant perimeter. The
implant perimeter was measured from the points
at which the implant interfaced with the periosteal
bone surface. Similarly, the BIC was measured
along the entire implant. The percent overall BIC
was calculated by dividing the total BIC by the
total implant perimeter

Percent

BMUs Number of bone remodeling units within native
cortical bone

Count

Ave BMU Average penetration of remodeling cutting cones
into the native cortical bone adjacent to the
implant surface

Micrometer

Max BMU Maximum penetration of remodeling cutting cones
into the native cortical bone adjacent to the
implant surface

Micrometer

New bone indicates the area of new bone; overall BIC, the BIC relative to the total implant perimeter; ave BMU, average penetration;
max BMU, maximum penetration.
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DISCUSSION

Although many variables exist
when examining the healing response
around titanium or titanium-alloy
implants, one could argue that the
addition of certain biocompatible mate-
rials such as calcium phosphate could
enhance the BIC. When looking at the
preliminary studies on bioactive glasses
carried out by Hench and Wilson,19

2 classes of endosseous implants were
identified: bone bonding and nonbond-
ing. In this matter, in the past 2 decades,
we have seen increasing attempts to
change the passive interfacial coexis-
tence associated with bioinert implants
to arrive to the so-called bioactive or bio-
reactive design, which utilizes materials
for the purpose of enhancing interactions
between the implant and the host tissue
as if thefixturewas equivalent to the host
tissue itself.20 In addition, it should be
pointed out that metals such as titanium
are nonbone bonding, whereas calcium
phosphate materials are considered
bone bonding. However, the concept of
a bone-bonding material is quite irrele-
vant ifwe think, asDavies has described,
that by the time that bone is formed
around the implant, themajor events that
regulate the phenomena of bone forma-
tion have already occurred. On the other
hand, the reported role of protein absorp-
tion as described in the literature is prob-
ably one of the most important events
that regulate the osteogenic capacity of
the implant surface.20

In a rabbit model, Sul et al21 com-
pared 3 different implant surfaces: oxi-
dized magnesium (Mg), TiUnite, and
Osseotite. Surface roughness evalua-
tions revealed similar Sa values for Mg
and Osseotite implant, which were min-
imally rough (Sa, 0.69 and 0.72 mm,
respectively) compared to the moder-
ately rough TiUnite implants (Sa, 1.35
mm). Based on these values, it is clear
that TiUnite implants were strongly
favored with respect to their moderately
roughened surface, and yet they did not
achieve the greatest bone integration. As
the results showed the Mg implant
achieved a significant BIC value due to
its chemical/physical surface character-
istics rather than topographic or design
characteristics. Overall, these results
support the hypothesis that bioactive

Fig. 6. A and B, BAE-1 and BAE-2 (left and right side, respectively) showing BIC after 21 days
of healing. The BIC after 21 days was 53.1% more on the BAE-2 when compared to the BAE-
1 group. In the picture, we can appreciate a thin layer of osteoblast depositing new bone over
the implant surface. This phenomenon is better described over the BAE-2 surface. C and D,
The BAE-2 implant had notably greater maximum BMU penetration into the adjacent cortical
bone compared to the BAE-1 implant at 21 days of healing. BMU count was performed
around the total perimeter of each implants. Penetration of BMU (average penetration and
maximum penetration) was scored as well.
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surface chemistry favors fast and strong
integration of implants in bone at heal-
ing periods earlier than 6 weeks.

Moreover, in our study, the BMU
value was scored for both experimental
implant surfaces. BMU penetration
was significantly higher in the BAE-2
group, showing BMU penetration 58%
greater for the BAE-2 compared to the
BAE-1 implant at 6 days. At 21 days,
the BAE-2 implant had an average
BMU penetration 44.5% greater than
the BAE-1 implant; additionally, newly
formed bone was first detected after 6
days of healing. This time frame of new
bone formation is in agreement with the
study byPiattelli et al22 showing osteoid
deposition 1 week after the placement
of screw-shaped implants in the articu-
lar femoral knee joint of the rabbit.
There were differences observed bet-
ween healing of trabecular bone versus
cortical bone. The remodeling of tra-
becular bone by the BMUs started after
6 days of healing, whereas the cortical
bone needed a time span of 3 weeks to
initiate the remodeling of the preexist-
ing bone surrounding the implant. A
faster process was also seen when com-
paring the new bone formation around
the implant. In trabecular bone, osteoid
was observed after 6 days of healing,
whereas in cortical bone, new bone was
first detected only after 3 weeks of heal-
ing. The BIC after 90 days was higher in
cortical bone, which is in accordance
with the findings by Sennerby et al23

who used screw-shaped titanium
implants in the rabbit tibia and femoral
part of theknee joint.However, our study
showed that the increase in BIC initiated
earlier in the trabecular bone when com-
pared to the cortical bone.

CONCLUSIONS

In this rabbit study, the presence of
MSC on the BAE-2 surface at early
time points promoted a faster healing
process of the new bone around the
implant surface when compared to the
BAE-1 surface. The chemical modifi-
cation of a moderately rough implant
surface improved the process involved
in osseointegration.

Further research such as clinical
trials of early loading over the presented
experimental implant surfaces should

be initiated to better demonstrate the
significance of these findings.
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