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Early healing of implants placed
into fresh extraction sockets: an
experimental study in the beagle
dog. De novo bone formation
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Abstract

Objectives: Describe the early phases of tissue integration in implants placed into
fresh extraction sockets and test whether a new implant surface nano-topography
(DCD nano-particles, Nanotite™) promotes early osseointegration when compared
with minimally rough surface implants (DAE, Osseotite™).

Material and Methods: Sixteen beagle dogs received 64 test and control implants
randomly installed into the distal socket of ;P and 4P,. Histomorphometric analysis of
bone to implant contact (BIC) and bone area was performed at 4 h, 1, 2, 4 and 8 weeks.
Results: Wound healing initiated with a coagulum that was substituted by a
provisional matrix at 1 week. Bone formation started concomitant to a marked bone
resorption. At 2 weeks, woven bone formation was evident and gradually remodelled
into lamellar bone at 4 and 8 weeks. BIC increased similarly throughout the study in
both groups with a tendency to higher percentages for the test devices at 2 and 4 weeks.
The influence of the DCD nano-particles was more evident at the fourth premolar site.
Conclusion: Osseointegration occurred similarly at both implant groups, although the
socket dimension appeared to influence bone healing. It is suggested that the enhanced
nano-topography has a limited effect in the immediate implant surgical protocol.
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Introduction as the direct contact between living bone
and a load-carrying implant (Albrektsson
et al. 1981, Schroeder et al. 1981). In
order to reach osseointegration, the
implant must attain, when introduced
in the bone bed, proper primary stability
and other adequate healing conditions
leading to bone formation until reaching
the direct BIC. This biological process
has been studied in different experimen-
tal animal models. Berglundh et al.
(2003) designed an experimental wound
chamber with the aim of allowing the
evaluation of bone healing from 2h to 3
months after implant installation. Using
this model these authors have described
the sequence of biological events that
starts with the formation of a coagulum

Different types of implant systems have
been used to replace missing teeth, includ-
ing subperiosteal implants, endosseous
implants with fibrous encapsulation and
endosseous implants with direct bone-
to-implant contact (BIC). Only the latter
have demonstrated long-term predictable
success due to the bone-to-implant inter-
face termed osseointegration, defined
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between the hard tissue bed and the
implant surface until dense lamellar
bone lays in direct contact with the
implant surface. After 1 week of heal-
ing, the coagulum is replaced with gran-
ulation tissue containing mesenchymal
cells, matrix components and newly
formed vessels. At 2 weeks, a cell-rich
immature bone (woven bone) begins to
surround the blood vessels and starts to
get in contact with the titanium surface.
Between 2 and 4 weeks of healing,
the newly formed mineralized bone
extends from the cut bone ends and
covers most of the implant surface.
During the subsequent weeks, these
trabeculae of woven bone are replaced
with mature bone and after 6-12 weeks
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of healing, most of the area of the
bone-to-implant interface is filled with
mineralized dense lamellar bone (osseo-
integration). This process of bone mod-
elling and remodelling will continue,
although at a slower rate, providing
increased resistance to shear forces, still
1 year or more after implant placement
(Johansson & Albrektsson 1987).

Studies evaluating improvements in
implant surfaces have demonstrated that
changes in the surface microtopography
enhance bone healing after implant pla-
cement and, thus, the use of implants
with so-called moderately rough sur-
faces would achieve fast and predictable
osseointegration (Wennerberg et al.
1995, 1996a,b,c). Recently, studies
from these authors have investigated
how changes at nano-scale level of the
implant surface may further enhance
bone response in vivo in a rabbit model
(Meirelles et al. 2007, 2008a,b). In
these studies, the authors used hydro-
xyapatite and titania nano-particles to
modify smooth titanium implant sur-
faces. These preliminary results have
been corroborated with human studies
(Goene et al. 2007, Orsini et al. 2007) in
which a new implant surface character-
ized by discrete crystalline depositions
(DCDs) of nanometer-scale calcium
phosphate (CaP) particles on a dual
acid-etched implant surface (DCD
nano-particles, Nanotite™ Biomet 3i)
was compared with a standard dual
acid-etched surface (DAE, Osseotite™
Biomet 3i). These human histological
results showed a significant enhance-
ment of bone response during the early
stages of healing around implants placed
in poor-quality bone.

Improvements of the implant surface
microtopography have been paralleled
with the development of surgical
approaches aimed to reduce the healing
time and to provide enough primary
stability to achieve osseointegration
and thus allowing the early functional
loading of the implants. One of these
proposed surgical approaches is the
immediate placement of implants into
fresh extraction sockets, with the aim
to reduce healing time and to improve
the bone-to-implant congruence. Experi-
mental investigations have shown that
osseointegration occurs predictably with
this surgical approach (Anneroth et al.
1985, Todescan et al. 1987, Barzilay
et al. 1991). Moreover, clinical studies
have reported similar survival rates and
similar  histological findings with
implants placed in healed ridges, at least

with short-term follow-ups (Schropp
et al. 2003). Recent animal studies inves-
tigating the healing process of implants
placed into fresh extraction sockets
have, however, demonstrated significant
ridge alterations occurring 1-3 months
after implant placement, with marked
vertical and horizontal resorption of the
buccal alveolar crest (Araujo et al. 2005,
2006a, b, Rimondini et al. 2005, Botti-
celli et al. 2006), being this healing
significantly different when compared
with implants placed in healed ridges
(Botticelli et al. 2006). In spite of these
findings, we are still lacking knowledge
on the early stages of healing and the
long-term clinical outcomes of this sur-
gical protocol. Hence, the purpose of
this experimental investigation is to
study in detail the biological sequence
of healing during the early phases of
tissue integration when implants are
placed into fresh extraction sockets.
Further this study aims to describe how
implants with identical geometry but
with a different surface nano-topogra-
phy (DAE versus DCD nano-particles)
may influence these biological events.

Materials and Methods
Sample

This experimental animal study was
carried out at the Experimental Surgical
Centre of the Hospital ‘‘Gomez-Ulla’’
in Madrid, Spain, once the Regional
Ethics Committee for Animal Research
approved the study protocol.

The sample consisted on 16 female
adult beagle dogs with a weight between
10 and 20 kilograms and a mean age of
1.5 years. Throughout the experimental
study, the animals were kept on a soft diet
and subject to oral hygiene by mechan-
ical cleaning of both teeth and implants
using a toothbrush and toothpaste.

Study device

The implants utilized had the geometry
of commercially available Osseotite-
Certain straight-walled implants with
a diameter of 3.25mm and 8.5, 10
and 11.5mm long. Control implants
had a dual acid-etched surface (DAE,
Osseotite®™, Biomet 3i) while in the test
implants their surface was modified by
the deposition of discrete crystals of
CaP, which superimposes a nano-scale
surface topography upon an already
complex microtopographic titanium sur-
face produced by acid etching (DCD

nano-particles Nanotite™, Biomet 3i).
This proprietary, so-called DCD, is
achieved by immersing the metallic
implants in a suspension of CaP crystals,
ranging in size between 20 and 100 nm
and resulting in approximately 50% of
the metallic surface being covered by
the crystals with the remaining surface
being metal oxide (Mendes et al. 2008).
Test implants were visibly indistin-
guishable from control implants. All
implants had an internal abutment con-
nection into which healing abutments
were adapted.

Surgery

Once the animals were sedated with a
cocktail containing 80 ug/kg of Medeto-
midine (Domtor™, Pfizer, Madrid, Spain),
20 ug/kg of Butorfanol (Torbugesic™,
Fort Dodge, Gerona, Spain) and 100 ug/
kg of Atropine Sulphate (Atropina®™, Insti-
tuto Farmacéutico FAS, Burgos, Spain),
they were placed under general anaesthe-
sia with a mixture of sevofluorane 21/h
(Sevorane™) and oxygen using a mechan-
ical respirator throughout the surgery.

Once anaesthetized, buccal and lin-
gual intra-sulcular incisions were per-
formed from the mesial of the third
premolars ;P; to the mesial of the first
molars 1M1 on both sides of the mand-
ible. Muco-periosteal full thickness
flaps were reflected on both sides just
to disclose the marginal aspect of the
ridge in order to facilitate the tooth
extraction. The third and fourth mandib-
ular premolars (zP; and 4P4) on both
sides were hemisected with the use of a
diamond cylindrical bur under copious
irrigation and then both roots were
removed with the use of forceps and
osteotomes. The extraction was care-
fully executed to preserve the integrity
of the socket walls. The distal socket of
each premolar (3P and 4P) was chosen
as the study site while the mesial sites
were allowed to heal without interven-
tion, thus providing 4 study sites per dog
(Fig. 1a and b).

Based on the amount of available
bone measured with a periodontal probe
(North Carolina probe, Hu-Friedy,
Germany) on the extracted root, the
implant osteotomies were drilled. The
drilling sequence used was the 2.0 and
2.75mm twist drills to the expected
depth of the osteotomy and a final
3.0mm diameter drill through only
the coronal half of the osteotomy. Osteo-
tomies were cut to ensure that the
implant seating platform was levelled
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with the buccal crestal margin. Test and
control implants were randomly assigned
to the distal sockets of ;P; and 4P4 on
each side of the mandible using a com-
puter generated random list. Once the
implants were inserted and primary sta-
bility was attained, the healing abutments
were screwed to the fixtures and the
mucoperisostal flaps were replaced and
secured with resorbable interrupted
sutures (Vicryl® 4.0) (Fig. 2a and b).
Dogs were then fed with a soft diet and
their teeth were regularly cleaned, every
third day, with a 0.12% clorohexidine
solution sprayed on their teeth.

Experimental design

The experimental protocol and timing
between implant installation and biopsy
is depicted in Table 1. Five healing
periods were evaluated: baseline (2h)
and 1, 2, 4, and 8 weeks post-implant
installation. Because each animal pro-
vided four study implant sites and three
animals were included at each of the five
healing periods, 12 implants and abut-
ments (six test and six control) were
studied at each healing period. One
extra animal was available to replace
any animal that had to be excluded from
the study for health or other reasons.

Animal sacrifice

At each allocated healing period, the
animals were sacrificed with an over-
dose of sodium pentothal and perfused
through the carotid arteries with a fixa-
tive solution (Karnovsky 1965). The
mandibles were freed from their attach-
ment tissues, cut in half sections and
placed in the Karnovsky fixative/preser-
vative solution. The solution comprised
20 g of paraformaldehyde, 250 ml of dis-
tilled water, 100 ml of glutaraldehyde and
150 ml of 0.2 M PBS (pH 7.2), for 500 ml
of fixative solution (Karnovsky 1965).

Histological processing

The specimens were dehydrated in
graded series of ethanol and embedded
in LR White resin (London Resin
Company, Berkshire, UK) and were
prepared for ground sectioning accord-
ing to methods described by Donath &
Breuner (1982). The block biopsies
were cut in a bucco-lingual plane using
a cutting—grinding unit (Exakt®™ Appa-
ratebau, Norderstedt, Germany). From
each implant site, one central bucco-
lingual section was prepared and further

© 2009 John Wiley & Sons A/S
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Fig. 1. Implants in the right side of the mandible immediately after installation: (a) occlusal
view, 433 x 288 mm (180 x 180 DPI); (b) buccal view. 433 x 288 mm (180 x 180 DPI).

Fig. 2. Implants after the healing abutments were secured and flaps were sutured: (a) occlusal
view, 433 x 288 mm (180 x 180 DPI); (b) buccal view. 433 x 288 mm (180 x 180 DPI).

Table 1. Study schedule. Each group provided 3 animals (group 5, 8 weeks included 4 animals)

Groups —1 week Baseline 1 week 2 weeks 3 weeks 4 weeks 7 weeks 8 weeks
Group 5 Profylaxis Surgery Biopsy

8 weeks

Group 2 Profylaxis Surgery  Biopsy

1 week

Group 3 Profylaxis Surgery Biopsy

2 weeks

Group 4 Profylaxis Surgery Biopsy

4 weeks

Group 1 Profylaxis Surgery
4h Biopsy

Each animal provided four study sites, 2 tests and 2 controls.
677 x 381 mm (72 x 72DPI).

100um

Fig.3. Wound chamber provided by the device. Figure shows the two areas of interest:
thread area (red) and marginal mirror area (black). 101 x 141 mm (72 x 72 DPI).
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reduced to a final thickness of about
20 um by microgrinding and polishing
using a microgrinding unit (Exakt®
Apparatebau). The sections were stained
in toluidine-blue.

Histological evaluation

The histological evaluation was per-
formed directly in the eyepiece of a
Leitz Aristoplan Light Microscope
equipped with a microvid and coupled
to a PC for direct computer-based mea-
surements. All measurements were
made with a 10 x objective and a
10 x eye piece. Four bucco-lingual
sections per animal were investigated.
All sections were examined in a blind
manner. Digital micrographs were
obtained using a digital camera con-
nected to the microscope.

Two histological evaluations were
carried out. The first was a histometric
study evaluating the main quantitative
outcome measurement that was the lin-
ear BIC. BIC was calculated along the
entire length of the implant in mean
percentages assessed both from (i) the
buccal and (ii) the lingual side of the
implant and expressed as a mean of
buccal and lingual side.

The second histological evaluation
was the morphometric analysis that
allowed for the quantification of two
outcome variables. First, we measured
the bone area as the mineralized tissue
fraction (percentage of mineralized tis-
sue). Secondly, we quantified the newly
formed bone, distinguishing between par-
ent bone, new mineralized tissue, bone
remnants and non-mineralized tissue.

Both outcome variables were evalu-
ated in the wound chamber and the
reproduced specular mirror area. The
significance of the reflected image of
the screw thread area in the adjacent
bone has been reported by Johansson
(1991). Figure 3 depicts the landmarks
delimiting these spaces.

Because the socket dimensions of the
third and the fourth premolar are differ-
ent (Araujo et al. 2005, Blanco et al.
2008), the results from both the histo-
metric and morphometric measurements
were further observed after stratifying
for socket location. We then described
the results at the wider distal socket of
the fourth premolar 4P, and at the
narrower mesial socket of the third
premolar ;P3, thus assessing whether a
wider gap between the implant surface

and the bony walls had any influence on
the histological outcome.

Data analysis

The dog was used as the statistical unit
of analysis; thus for each variable a
mean value for each implant group and
animal has been calculated and used for
the data analysis. Histological results
were expressed in mean percentages
(£ SD). Comparisons between test/
control implants and among the differ-
ent healing periods/groups were ana-
lysed using the two-way anova. The
Bonferroni post hoc analysis was further
performed to evaluate for significance
among the different time intervals. Dif-
ferences were considered statistically
significant when p was <0.05. This
statistical analysis was performed using
the software Prism 5.0 (GraphPad, San
Diego, CA, USA). Because of the lim-
ited number of dogs and implants per
group, when the data were stratified by
socket location, the statistical analysis

was carried out comparing the outcomes
of the third and fourth premolar sites,
without further dividing into test and
control groups according to the differ-
ential implant. These results of test and
control groups at third and fourth pre-
molar sites are just presented in a
descriptive manner.

Results
Histometric analysis

Primary outcome: bone-to-implant
contact

The degree of osseointegration was
evaluated by measuring the changes in
linear BIC from baseline (4 h after im-
plant placement) to 8 weeks (Table 2).

Results from histometric measure-
ments of BIC showed a very similar
pattern of osseointegration for test and
control implants throughout the entire
study (Fig. 4). Four hours after implant
placement, the BIC was mostly limited

Table 2. Table shows results from histometric measurements (mean (SD)) of bone to implant

contact (BIC)

B.I.C. DAE Statistics DCD nanoparticles Statistics
4h 14.9 (7.5) 11.7 (7.5)

1 week 52 (1.4) 6.4 (1.5) 1

2 weeks 10.5 (9.4) 13.1 (13.0)

4 weeks 26.0 (19.0) 29.0 (14.2)

8 weeks 45.7 (18.8) 42.4 (21.5) 1

677 x 381 mm (72 x 72 DPI).

P <0.05
P<0.01
P <0.001

—
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Fig. 4. Degree of osseointegration (BIC%) from 4h to 8 weeks at the DCD nano-particles
(red) and DAE (blue) devices. BIC%, bone-to-implant contact percentage. 167 x 136 mm

(300 x 300 DPI).
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to the thread tip level and amounted to
14.9% and 11.7% for the control (DAE)
and test implants (DCD nano-particles),
respectively. At 2 weeks the BIC ranged
from 4.5% to 21.4% with a mean value
of 10.5% (SD 9.4%) in the controls,
while in the tests it ranged from 5.5%
to 28.1% with a mean 13.1% (SD
13.0%), thus demonstrating higher
BIC percentages at the test implants,
although these differences were not sta-
tistically significant. At 4 weeks the
results were similar for the two surfaces
with an overall mean percentage of BIC
of 26.0% (SD 19.0) and 29.0% (SD
14.2), respectively. At 8 weeks the
BIC% gradually increased to 45.7%
(SD 18.8) for the control and to 42.4%
(SD 21.5) for the test implants.

When all implants were grouped and
results were compared according to
implant location (3P3 versus 4P4), the
outcomes were similar demonstrating a
linear increase in BIC percentages in
both sockets (Fig. 5). However, when
we assessed the independent behaviour
of test and control implants stratified by
socket location, the differences between
the two implant surfaces were more
pronounced. While the third premolar
site evidenced similar healing dynamics
between both groups throughout the
entire experiment (Fig. 6a), the fourth
premolar site demonstrated higher BIC
percentages at 2 and 4 weeks for the test
implants (Fig. 6b). In this site, BICs at 2
weeks were 11.7% (SD 3.1) and 22.7%
(SD 9.9) for the control and test implant
groups, respectively, and at 4 weeks,
28.7% (SD 18.1) and 43.4% (SD 6.2),
respectively.

Morphometric analysis

Figure 7 illustrates the relative propor-
tions of lamellar bone, new mineralized
tissue, bone remnants and non-minera-
lized tissue for each time point. At 4h
after implant placement, the histological
image at the thread level was similar for
both implant surfaces. The interior of
the wound chamber was occupied by
non-mineralized tissue, mainly com-
posed of erythrocytes and in smaller
proportions, old bone and bone chips
remnants from the drilling (Fig. 8a and b).
Remnants of the periodontal ligament
attached to the bundle bone were occa-
sionally observed (Fig. 9a and b). At this
healing time, the relative proportions of
non-mineralized tissue, parent bone and
bone chips were 63.3% (SD 9.6), 34.8%
(SD 8.3) and 0.9% (SD 1.0) for the

© 2009 John Wiley & Sons A/S
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Fig. 5. Degree of osseointegration (BIC%) from 4h to 8 weeks at the fourth premolar site
(green) and at the third premolar site (purple). BIC%, bone-to-implant contact percentage.
143 x 136 mm (300 x 300 DPI).
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Fig. 6. Degree of osseointegration (BIC%) from 4 h to 8 weeks at the DCD nano-particles
(red) and DAE (blue) devices: (a) third premolar site. BIC%, bone-to-implant contact
percentage; 165 x 148 mm (300 x 300 DPI); (b) fourth premolar site. BIC%, bone-to-
implant contact. 168 x 148 mm (300 x 300 DPI).
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Composition within the wound chamber

100%
80%
60%
40%
20%

0%
4 hours

1 week 2 week 4 week 8 week

a New Bone ® Lamellar Bone ® Non-Mineralized Tissue ® Bone Remnants

Composition within the marginal mirror area

100%
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60%
40%
20%

0%
4 hours

1 week 2 week 4 week 8 week

b New Bone ® Lamellar Bone ® Non-Mineralized Tissue ® Bone Remnants

Fig. 7. Histograms showing the results of the morphometric analysis of the ground sections.
Assessments were performed at 4 h, 1, 2, 4 and 8 weeks after implant placement. Proportions
of woven bone, lamellar bone, non-mineralized tissue and bone remnants in the (a) wound
chamber and (b) marginal mirror area. DAE, control surface; DCD, test surface.
677 x 381 mm (72 x 72 DPI).
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Fig. 8. (a) Implant with surrounding tissues after 4h of healing. Toluidine-blue staining.
Original magnification X 10. (b) Detail of (a). A coagulum is interposed between the implant
surface (I) and the parent bone (B). Thread tips (arrows) in close contact with bone tissue.
Toluidine-blue staining. Original magnification x 16. DAE surface. 677 x 381 mm
(72 x 72DPI).

control and 72.6% (SD 9.9), 26% (SD
8.9) and 1.4% (SD 1.3) for the test
implants, respectively.

At 1 week, the wound chamber was
mainly filled with granulation tissue,
rich in fibroblast-like cells within a
fibrin-like extracellular matrix. This
soft tissue portion occupied 70.8% (SD
4.9) and 75.2% (SD 9.6) of the thread
for control and test implants, respec-
tively. At this time interval, the bone
modelling process was absent, with
minimal traces of new bone formation,
mainly representing woven bone forma-
tion, in percentages of 0.9% (SD 1.3)
and 0.7% (SD 1.0) of the threaded area
for control and test specimens, respec-
tively. Areas of bone remodelling were
observed in the parent bone (Fig. 10a
and b).

At 2 weeks, bone modelling was
manifest, with woven bone formation
clearly identifiable in both groups. The
histological results observed in both
implant surfaces were similar. In the
test group, the proportion of woven
bone had increased from 0.7% (SD
1.0) at 1 week to 12.2% (SD 9.0) at 2
weeks. New bone formation (Fig. 11a—
¢) was observed both in intimate contact
with the surface (contact osteogenesis or
de novo bone formation), as well as
adjacent to the old parent bone (distance
osteogenesis, Fig. 10) (Davies 1998). A
marked angiogenesis, paralleled to the
osteoblastic activity, was noticeable
(Fig. 12a and b). New bone formation
represented 14.2% (SD 7.7) of the tissue
in the thread area of the chamber in the
control implants.

At 4 weeks, both bone modelling and
remodelling events were observed. The
new bone formation represented a
mixed of woven bone and a parallel-
fibred bone, clearly distinguishable from
the old parent bone by a reverse cement
line (Fig. 13a and b). The amount of
new bone formation increased to 27.0%
(SD 8.1) in the control and 28.7% (SD
5.0) in the test implants.

At 8 weeks, the histological picture of
the thread area was very similar for
control and test implants. 66.3 (SD
9.9)% and 65.5% (SD 3.4) of the thread
area was respectively occupied by bone.
In the new bone portion, areas of woven
bone were mixed with parallel-fibred
bone as well as with mature lamellar
bone, representing 52.3% (SD 3.2) and
49.4% (SD 3.2) of the thread, respec-
tively (Fig. 14a and b).

The results from the morphometric
measurements of bone area (mineralized

© 2009 John Wiley & Sons A/S



Implant healing in extraction sockets

Fig. 9. Ground section representing 4h healing interval. Wound chamber filled with a
coagulum (C) that is interposed between the implant surface (I) and the bone tissue (B). Note
the remnants of the periodontal ligament (yellow arrows) attached to the bundle bone (red
arrows). Cement line separates the bundle bone from the parent bone (black arrows): (a)
polarized light, (b) interference contrast. Toluidine-blue staining. Original magnification
x 40. DAE surface. 677 x 381 mm (72 x 72 DPI).

Fig. 10. (a) Section representing 1 week healing interval. Provisional matrix of connective
tissue cells with first signs of bone formation (dark stained area). Ground section. Toluidine-
blue staining. Original magnification x 16. (b) Detail of (a). Woven bone in intimate contact
with the implant surface (contact osteogenesis) (black arrows). Areas of bone remodelling
observed in the parent bone (red arrows). Toluidine-blue staining. Original magnification
x 40. DCD nano-particles.

Fig. 11. (a) Implant with surrounding tissues after 2 weeks of healing. Dark stained areas
indicate evident woven bone formation in the surrounding tissues. Original magnification
x 10. (b) Detail of (a). Woven bone formation continuous with the parent bone (distance
osteogenesis, BD) and along the surface of the implant (contact osteogenesis, BC). Inset: Fig.
12. Original magnification x 16. (c) Detail of (a). Woven bone present around vascular units.
Inset: Fig. 12. DCD nano-particle surface. Original magnification X 16. 677 x 381 mm
(72 x 72 DPI).

© 2009 John Wiley & Sons A/S
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tissue fraction) in the wound chamber
for test and control groups are shown in
Table 3. Differences between groups
were not statistically significant at any
of the time intervals (Fig. 15). Although
a higher percentage of bone area was
observed at 2 and 4 weeks in the test
implant group, bone area results were
identical for both groups at the end of
the study.

The results from the morphometric
measurements of new bone formation
(new mineralized tissue fraction) in the
wound chamber (thread area) are shown
in Table 4. The increase in new bone
formation was very similar in both
groups (Fig. 16).

The differences in bone area between
implant locations (third versus fourth
premolar site) in the wound chamber
(thread area) are represented in Fig. 17.
The comparison between 3Pz versus 4P,
did not demonstrate statistically signifi-
cant differences. Nevertheless, in the
early healing stage (from O to 2 weeks),
the third premolar site demonstrated
first, bone resorption from 4 h to 1 week
and then, bone formation. In contrast,
during this period, the distal socket of
the fourth premolar demonstrated a slow
and continuous new bone formation.
After this period (2 weeks), the healing
dynamics in both sockets were similar.

The morphometric study of the mar-
ginal mirror area (Fig. 18) demonstrated
a different healing pattern when third
and fourth premolar sites were com-
pared. At the distal socket of the third
premolar, bone area dropped from
79.9% (SD 3.1) to 51.5% (SD 13.0)
in the interval from 4h to 1 week, and
then there was a rebound towards base-
line values from 1-2 weeks of healing.
This change was statistically significant
(»<0.001). In contrast, bone density
at the fourth premolar site did not
experience changes throughout the entire
study.

When the healing dynamics were com-
pared between control and test implants,
after stratifying by socket location (third
and fourth premolar), at the distal socket
of the third premolar (3P3) (Fig. 19a),
there was an initial bone resorption from
4h to 7 days, in both groups, and then, a
continuous and gradual bone apposition
throughout the entire experimental peri-
od. The increase in bone area between 1
and 2 weeks was, however, more pro-
nounced in the test implant group.

At the distal socket of the fourth
premolar (4P,) (Fig. 19b) in the test
implant group, the initial bone resorption
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Fig. 12. (a) Osteoblasts lining the bone trabeculae and osteocytes present within the woven
bone (B). Osteoid (arrows) separates osteoblasts from the new mineralized tissue (B). (b)
Primary osteon forming around vascular units (V). Cement line (arrows) clearly separates the
parent bone (PB) from the newly formed bone (B). Toluidine-blue staining. Original
magnification X 40. DCD nano-particle surface. z677 x 381 mm (72 x 72 DPI).

Fig. 13. (a) Implant with surrounding tissues after 4 weeks of healing. Toluidine-blue
staining. Original magnification X 10. (b) Detail of (a). Woven bone partly replaced by

parallel-fibred bone (B) in contact with the implant surface. Areas of remodelling (arrows)
present in the parent bone and in the new bone. Original magnification x 16. DAE surface.

Fig. 14. (a) Ground section representing 8 weeks healing interval. Toluidine-blue staining.
Original magnification x 10. (b) Detail of (a). Wound chamber is occupied by mature
lamellar bone (B) in intimate contact with the implant surface and also includes areas of bone
marrow (BM) in contact with the implant surface. Secondary osteon (arrow). Toluidine-blue
staining. Original magnification x 16. 677 x 381 mm (72 x 72 DPI).

from 4 h to 7 days was not observed and
bone area demonstrated a continuous and
gradual bone apposition throughout the
entire experimental period. When new
bone formation was calculated for test
and control groups, both the percentage
and the increase of new bone from 2 to
4 weeks were higher in the test group.
At 8 weeks, the amount of new bone
formation was similar in both groups
(Fig. 20).

Discussion

The biological sequence of bone healing
observed in this study is consistent with
other reports describing the early phases
of wound healing in fresh extraction
sockets (Cardaropoli et al. 2003, Araujo
& Lindhe 2005) and the healing after
inserting an implant in a healed ridge
(Berglundh et al. 2003, Abrahamsson
et al. 2004). The cascade of events
observed in this study started with the
formation of a coagulum at 4h that
continued at 1 week with the establish-
ment of a provisional matrix rich in
granulation tissue that gradually trans-
formed into woven bone, both in contact
with the implant surface and with the
parent bone (contact and distance osteo-
genesis) (Davies 1998). The newly
formed woven bone was gradually
remodelled into new lamellar bone
throughout the study period. Berglundh
et al. (2003) designed an experimental
wound chamber model to study the
wound healing dynamics from 2h to
120 days after implant placement in
healed alveolar ridges. In their study,
the first signs of bone resorption were
observed at 2 weeks only in the vicinity
of parent bone. This finding was also
consistent with the results reported by
Abrahamsson et al. (2004), which
observed a marked reduction of lamellar
bone in the same area in the early
(1-2 weeks) phases of healing. In this
study, bone resorption was first observed
at 1 week in both the wound chamber
and the marginal mirror area. We have,
however, observed differences in heal-
ing depending on the socket location,
as only the third premolar sites evi-
denced signs of bone resorption. Mea-
sured bone area dropped from 79.9% to
51.5% at the marginal mirror area of
third premolar sites, while in contrast, a
gradual bone apposition without notice-
able resorption, occurred at the fourth
premolar sites. These differences are

© 2009 John Wiley & Sons A/S
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Table 3. Table shows results from histomorphometric measurements (mean (SD)) of bone area
(mineralized tissue fraction) in the wound chamber (thread area)

Bone Area DAE Statistics DCD nanoparticles Statistics
4h 34.8 (8.3) 26.0 (8.9) 1Mt

1 week 29.2 (10.4) 24.8 (1.4) [

2 weeks 35.8 (13.3) 43.5 (9.7) ‘

4 weeks 50.2 (3.3) 53.3 (7.4)

8 weeks 66.3 (9.9) 65.5 (3.4) |

677 x 381 mm (72 x 72DPI).

P<0.05
P<0.01
P<0.001 =

= .

P

=% DCD nancpariicles
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Wound chamber

Fig. 15. Bone area (mineralized tissue fraction) in the wound chamber from 4 h to 8 weeks at
the DCD nano-particles (red) and DAE (blue) devices. 167 x 143 mm (300 x 300 DPI).

Table 4. Table shows results from histomorphometric measurements (mean (SD)) of new bone
formation (new mineralized tissue fraction) in the wound chamber (thread area)

New Bone Formation DAE Statistics DCD nanoparticles Statistics
4h - -

1 week 0.9 (1.3) " 0.7 (1.0) 1

2 weeks 14.2 (7.7) it 12.2 (9.0) I

4 weeks 27.0 (8.4) Lk 28.7 (5.0)

8 weeks 52.3 (3.2) 11l 494 (3.2) ]

677 x 381 mm (72 x 72 DPI).

P<0.05 —_—

P<0.01 —_—

P <0.001

probably due to the narrower mesial
socket, subject to more surgical trauma
by drilling and compression during
implant placement. These different
healing patterns, however, did not
seem to affect the osseointegration pro-
cess, as there were no differences in
BIC percentages between third and
fourth premolar sockets at the end of
the study.

© 2009 John Wiley & Sons A/S

Further the study aimed to investigate
how changes in the implant surface
topography at the nano-scale level may
influence bone healing and the process
of osseointegration. Recent reports have
evaluated the ability of nano-topogra-
phically complex titanium surfaces to
accelerate osseoconduction and to enha-
nce the bone-bonding phenomenon
(Williams 1999). With this purpose,
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different surfaces composed of commer-
cially pure titanium (cpTi) and titanium
alloy (Ti6Al4V or Ti64) with microto-
pographically complex surfaces have
been tested. These surfaces were further
modified by the DCD of CaP nano-
particles that were able to create a
nano-topographic complexity at each
implant surface (Mendes et al. 2007,
2008). Findings from these studies in
rats evidenced an increase in osseocon-
duction and a significant enhancement
in the bone-bonding phenomenon at the
implants with an enhanced surface
nano-topography.

In this study, we have evaluated in
the beagle dog, the healing of implants
with modified surfaces by the DCD of
CaP nano-particles and compared it with
implants with a standard dual acid-
etched surface, when placed immedi-
ately in fresh extraction sockets. The
enhanced implant surface (DCD)
showed higher BIC percentages in the
early healing phases (14 weeks),
although these differences between test
and control implants never reached sta-
tistical significance. When the bone area
was analysed, the test group started with
a lower percentage of mineralized tissue
in the wound chamber compared with
control. However, at 2 and 4 weeks, it
rose to higher percentages than the con-
trol group. These results are not consis-
tent with those obtained by Meirelles et
al. (2007, 2008b) that investigated in the
rabbit model the effect of hydroxyapa-
tite nano-particles used to modify smooth
titanium  implant  surfaces.  Their
results showed statistically significant
higher BIC values in the nano-HA
enhanced implant surfaces. This discre-
pancy may be due to the use of smooth-
surface implants, versus an acid-etched
surface used in this investigation. The
results in bone area, however, were simi-
lar in both studies, as test and control
implant surfaces rendered similar out-
comes.

Recent studies (Goene et al. 2007,
Orsini et al. 2007) have reported human
histological and histomorphometric re-
sults when evaluating implants placed
in the posterior maxilla with an enhanced
surface by nanometer-scale CaP added
to the dual acid-etched implant surface.
In these studies, implants with this
enhanced implant surface showed statis-
tically significant higher values of
BIC and new bone formation in the
early healing stages, when compared
with standard acid-etched minimally
rough implant surfaces. These findings
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Fig. 16. New bone formation (new mineralized tissue fraction) in the wound chamber from
4h to 8 weeks at the DCD nano-particles (red) and DAE (blue) devices. 167 x 140 mm

(300 x 300 DPI).
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Fig. 17. Bone area (mineralized tissue fraction) from 4h to 8 weeks at the fourth premolar
site (green) and at the third premolar site (purple). Wound chamber. 160 x 144 mm
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Fig. 18. Bone area (mineralized tissue fraction) from 4h to 8 weeks at the fourth premolar
site (green) and at the third premolar site (purple). Marginal mirror area. 164 x 146 mm

(300 x 300 DPI).

—— 4P
=== iP3
T T T 1
- o & o
\“‘da & qx"’é& q‘ﬁ
P b &

—%- DCD nanopanides
T

are not in agreement with the results
obtained in the present investigation in
which differences between implants
with a different surface nano-topogra-
phy did not reach statistical significance.
Possible reasons for these discrepancies
may be the higher bone healing
dynamics of the beagle dog that may
have masked these differences or the
low number of dogs recruited in each
group (three in every time interval),
which prevented any meaningful statis-
tical analysis. Moreover, the immediate
implant surgical protocol used may
have jeopardized the potential of the
enhanced surface.

We have also assessed whether the
socket dimension may influence the
healing between implants with different
surface nano-topography. Although we
did not carry out statistical analysis of
the possible differences due to the low
number of dogs in each time interval,
we could, however, realize that these
possible differences were more evident.
At the distal socket of the fourth pre-
molar the test implants showed better
results in the early healing phases for all
the histological outcome variables
tested (percentages of BIC, bone area
and new bone formation), thus eviden-
cing a faster bone healing dynamic
when the space between the implant
and the bone was wider. These results
are however different from those
reported by Meirelles et al. (2008a),
in which the effect of hydroxyapatite
nano-particles was investigated in a
gap-healing model in rabbits and they
were not able to demonstrate better
results in BIC and bone area at the
implants with a surface with nano-par-
ticle deposition. This discrepancy may
be due to the different experimental
model used (artificial defect versus
implant placement in fresh extraction
sockets), or to differences in the implant
surface on which the nano-particles
were deposited. Furthermore, Meirelles
et al. (2008a) modified the implant sur-
face with nano-particles of hydroxyapa-
tite through the sol-gel dip coating
process. In this investigation, however,
the test implants were modified through
the DCD of CAP. Little is known on
which is the potential bioactivity of the
nano-particles and which is the optimal
nano-topography that may influence the
healing response. A recent study com-
pared the influence of bio-active and bio-
inert nano-structures on bone formation
in vivo. Hydroxyapatite (bio-active) and
titanium (bio-inert) nano-structures were
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Fig. 19. Bone area (mineralized tissue fraction) from 4h to 8 weeks at the DCD nano-
particles (red) and DAE (blue) devices: (a) third premolar site; (b) fourth premolar site.
168 x 138 mm (300 x 300 DPI).
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Socket analysis: Fourth premolar (sP4) site

Fig. 20. Fourth premolar site. New bone formation (new mineralized tissue fraction) from 4 h
to 8 weeks at the DCD nano-particles (red) and DAE (blue) devices. 167 x 140 mm
(300 x 300 DPI).

© 2009 John Wiley & Sons A/S

utilized to modify an electro-polished
implant surface. Implants were placed in
the rabbit tibia and animals were sacri-
ficed after 4 weeks of healing. BIC
measured at titanium implants was high-
er compared with the HA devices.
Authors concluded that these findings
did not corroborate the enhanced bone
formation to bio-active HA structures
and that the higher bone contact was
dependent on the nano-feature size and
distribution at the surface level (Meir-
elles et al. 2008c).

In conclusion, bone healing at
implants placed into fresh extraction
sockets follows a biological cascade of
events similar with the wound healing
events reported in healed ridges. The
process of bone modelling and remodel-
ling appears to be more influenced by
the dimension of the socket than the
implant surface modification, as bone
remodelling was significantly more pro-
nounced at narrower sockets, when
implants adapted more intimately to
the sockets walls. The DCD demon-
strated a discrete influence on the bone
healing around implants placed into
fresh extraction sockets. At the early
healing phases (1-4 weeks), the DCD
nano-particles implants (Nanotite™,
Biomet 3i) showed higher values of
BIC and bone area when compared
with DAE surface (Osseotite®, Biomet
3i); however, these differences were not
statistically significant and the results
were similar in both implant groups at
8 weeks. The effect of the nano-surface
implants was more evident when
implants were placed in wider sockets,
emphasizing the importance of provid-
ing a space between the implant and the
socket walls for allowing the nano-trea-
ted surface to demonstrate a possible
positive  effect.  Future  studies
should further test this hypothesis and
address whether the potential beneficial
effect in bone healing may be due to the
chemistry of the CaP nano-particles or
the nano-topography of the implant
surface.
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Clinical Relevance

Scientific rationale for the study:
Immediate implant installation at
fresh extraction sockets is a surgical
protocol commonly used in clinical
practice. Limited information is
available on: (i) the early process of
tissue integration, (ii) its predictabil-
ity and (iii) whether implants with
improved surface nano-topography
may influence this process. It is,
therefore, relevant to identify the
biological sequence of healing dur-
ing the early phases of osseointegra-
tion using this surgical protocol.

Principal  findings: Immediate
implant installation into an extraction
socket elicits a cascade of biological
events including necrosis due to sur-
gical trauma, bone resorption and a
concomitant process of new bone
formation. This process of bone
modelling and remodelling is influ-
enced by the dimension of the socket,
being significantly more pronounced
when implants adapt more inti-
mately to the sockets walls. Improved
implant surfaces by nano-sized crys-
talline deposition had a limited added
effect of on bone healing, however,

this was more evident at the wider
forth-premolar sites.

Practical implications: When there is
a close adaptation between the
implant surface and the socket wall
we may expect more bone resorption
probably due to trauma from drilling
and implant compression. Enhanced
implant surfaces may improve bone
dynamics when a wider void occurs
between the implant surface and the
socket walls.
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