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Abstract
Both implant surface characteristics and mechanical loading are known to affect
implant osseointegration. Their interaction and the underlying mechanisms by which
they affect peri-implant healing processes are still unknown. The aim of this study is
therefore to investigate the influence of a turned versus a rough (Pluss, Dentsply
Friadent) implant surface on peri-implant bone formation in case of unloaded or loaded
implant healing.

Material and Methods: Bone formation was evaluated around screw-shaped
implants under four experimental conditions using a repeated sampling bone chamber
methodology: (1) unloaded turned implant (CU), (2) unloaded implant with a rough
surface (TU), (3) loaded turned implant (CL), and (4) loaded implant with a rough
surface (TL). Peri-implant tissue samples were paraffin embedded after implant
removal and examined histologically and histomorphometrically. A mixed model was
used for statistical analysis.

Results: The surface of bone tissue relative to the total tissue area (bone area fraction)
was not affected by the experimental conditions. The areas of bone trabeculae relative
to the bone area (bone fraction) were significantly higher for TL compared with CU
and TU. The bone fraction in the vicinity (100 mm zone) of the implant (BFZ) was
significantly the highest around the loaded roughened implants (TL).

Conclusion: Implant loading did not affect bone formation in the absence of surface
roughness, and implant surface roughness had no effect in the absence of loading.
However, a bone-stimulating effect in the implant’s vicinity was assigned to the rough
surface when the implant was loaded.
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Bone surrounding oral implants is sen-
sitive to mechanical loading (Frost
1987, Turner 1998). In line with what

is generally accepted in bone biology,
implant loading can stimulate bone for-
mation around the implant to a certain
extent, whereas overload leads to peri-
implant bone resorption. The same
holds true for immediate implant load-
ing where the mechanical loading is
superposed on the bone-healing pro-
cesses. Despite the promising results
that are reported (Chiapasco et al.
2001, Romeo et al. 2002, Cannizaro &
Leone 2003, Östmann et al. 2005),

immediate implant loading is more cri-
tical compared with the conventional
delayed implant loading (Ericsson
et al. 2000, Engstrand et al. 2003,
Wolfinger et al. 2003). This is because
bone healing can be threatened by
excessive micro-motion between the
interfacial tissues and the implant and/
or inappropriate loading, leading to high
shear forces. A restricted interfacial
micro-motion is mentioned to be crucial
for the prognosis of immediately loaded
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implants (Szmukler-Moncler et al.
1998). Primary stability plays an impor-
tant role in limiting this micro-motion
and is therefore a key factor in the
prognosis of immediately loaded
implants (Gapski et al. 2003). This
primary stability is mainly a mechanical
stability because it is realized by the
mechanical support of the surrounding
tissues. After tissue healing, the implant
stability is substantiated by a biological
integration of the implant in its
surrounding tissues. Resonance fre-
quency analyses show that there is an
initial decrease in implant stability soon
after implant installation (Nedir et al.
2004). This dip in implant stability can
be explained by peri-implant bone
remodelling, also implying bone resorp-
tion and therefore loss of implant-
supporting tissues. It takes a while
before the newly formed bone matures
and exhibits mechanical properties
similar to the pre-existing bone. As
soon as the peri-implant bone has
healed, remodelled, and matured, the
implant is considered to be biologically
stable. Because implant stability is deci-
sive in the prognosis of immediately
loaded implants, we need to pursue an
optimal primary mechanical stability
and an as fast as possible biological
integration.

Implant surface roughness leads after
healing to an increased mechanical sta-
bility through surface enlargement and
mechanical interlocking with the sur-
rounding bone. In addition, some studies
indicate that surface roughness as such
also promotes a biological effect.
Implant surface topography can indeed
influence the cell’s shape, orientation,
motion, and even function (Qu et al.
1996, Brunette & Chehroudi 1999). This
was demonstrated in several studies
(Wennerberg et al. 1995, Novaes et al.
2002, Abrahamsson et al. 2004,
Botticelli et al. 2005). To set an exam-
ple, the study by Abrahamsson et al.
(2004) evaluated the rate and degree of
osseointegration at turned (T) versus
rough (sand blasted and acid etched)
implant surfaces during the early phases
of healing. The healing characteristics
were similar, but the degree as well as
the rate of osseointegration was superior
for the rough compared with the turned
implants.

A favourable biomechanical coupling
or load transfer of the occlusal forces
towards the bone improves the implant’s
prognosis (Wiskott & Belser 1999).
The bone-stimulating potential of an

adequate biomechanical coupling, e.g.
provided by surface roughness, is
demonstrated by Piatelli et al. (1998).
Their study was conducted on 12 maca-
ca fascicularis in which they installed 48
titanium screw-shaped, plasma-sprayed
implants. Twenty-four were placed in
the posterior maxilla and the other 24
in the posterior mandible. At each site,
half of the implants were early loaded
(after 3 days) whereas the other half
remained unloaded. The histological
data revealed a higher bone-to-implant
contact (BIC) for the loaded (maxilla:
67.3 � 7.6%, mandibula: 73.2 � 5.9%)
compared with the unloaded (maxilla:
54.5 � 3.3%, mandibula: 55.8 � 6.5%)
implants after 9 months of implant heal-
ing. This study could, however, not
identify the sole effect of immediate
implant loading or surface roughness,
though, as neither unloaded nor loaded
smooth implants were included as con-
trols. The latter was aimed at in a study
of Rocci et al. (2003), who investigated
the effect of surface roughness in case
of immediate implant loading in a ran-
domized clinical trial. They found a
better survival rate for the rough com-
pared with the machined surface,
although the difference was not statisti-
cally significant.

This study aimed to explore the effect
of implant surface roughness on the
pace of peri-implant bone formation
and to evaluate whether well-controlled
loading affects this process. It was
hypothesized that implant surface
roughness accelerates the peri-implant
bone formation.

Material and Methods

Bone chamber methodology (Duyck et al.

2004)

The bone chamber model (Fig. 1)
primarily consists of two hollow cylin-
ders, which fit exactly into each other. In
a first stage, the outer cylinder – called
the outer bone chamber (a) – is installed
in the proximo-medial tibia of five New
Zealand White rabbits under aseptic
conditions and is allowed to osseointe-
grate. The bone chamber has an outer
diameter of 1 cm and on average 9 mm –
of a total height of 12 mm – is inserted
into the bone. During this healing peri-
od, the outer bone chamber is filled with
a solid teflon cylinder (h) to prevent
tissue growth via the three perforations
(c). After 3 months of healing, this
teflon cylinder is removed and replaced

by an inner cylinder, called the inner
bone chamber (b). This inner bone
chamber is in close contact with the
outer bone chamber and has perforations
(c) that match with the latter. This
allows tissue growth into the central
cavity of the bone chamber. The implant
(d), located in the centre of the bone
chamber, is displaced in a well-con-
trolled manner by means of an external
loading device (actuator), which is
attached to the implant at point ‘‘e’’.
During implant loading, the implant
slides in a teflon bearing (f). Several
screws (g) connect all components.
After the experiment, the implant
and its surrounding tissues are harvest-
ed by removing the inner from the
outer bone chamber. A next experi-
ment can start afterwards with a new
inner bone chamber placed in the
outer one. This allows for several
experiments (harvests) within the same
animal.

The loading device or actuator that
mechanically loaded the implants con-
sists of a piezo translator (pre-loaded
closed-loop LVPZT translator, P-841.60;
ALT, Eindhoven, the Netherlands),
which can induce a displacement of up
to 90mm, and a load cell (XFTC 100-
M5M-1000N; GS Sensors SARL, Les
Clayes sous Bois, France) with a capacity
of 1000 N in tension and 100 N in com-
pression. The displacement is controlled
by a strain gauge onto the piezo stack
itself. A closed-loop control assures the
required displacement. The displacement
can be applied with a frequency of up to
50 Hz. The actuator is controlled by soft-
ware written in Test Point (Norton, MA,
USA). The load parameters that were
defined for this study were displacement
of the implant (30mm), load frequency
(1 Hz), and number of load cycles (400).
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Fig. 1. Schematic drawing of the bone
chamber model. (a) outer bone chamber,
(b) inner bone chamber, (c) perforation,
(d/e) experimental implant, (f) Teflon bearing,
(g) set screw and (h) Teflon cylinder.
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Both input (defined load parameters)
and output (applied forces on and displa-
cement of the implant) are registered
and visualized on the computer screen
during load application, and saved to a
file. For the researcher’s convenience, the
animal is immobilized during load appli-
cation. Additional movement of the ani-
mal did not influence the implant loading
once the actuator was connected to the
implant.

Animal information

Before the outer bone chamber installa-
tion, the animals were pre-anaesthetized
with Ketamine (Ketamine 1000
CEVAs, 0.12 ml/kg body weight;
Ceva Sante Animale, Brussels, Belgium)
and Xylazine (Vexylans, 0.12 ml/kg
body weight; Sanofi, Machelen, Bel-
gium). During the surgery, they were
given Propofol (Diprivans 1% – 8 ml/h;
Astra Zenica, Brussels, Belgium) as an
intravenous anaesthetic. Post-operatively,
the animals were given Buprenorfin as
analgesics (Temgesics, Reckit & Cole-
man, Richmond, VA, USA; 0.05 mg/kg
body weight I.M.), and antibiotics
(300,000 IU/Injection I.M.-ad perf./
Benzylpenicillum natricum 600 mg/Con-
tinental Pharma, Belgium) were adminis-
tered pre-operatively and 4 consecutive
days post-operatively. For harvesting of
the inner bone chamber and replacement
by a new one, the animals were anaes-
thetized with Ketamine and Xylazine.
The experiments were approved by the
local ethical committee for laboratory
animal science and were performed
according to the Belgian animal welfare
regulations and guidelines.

Study design

Two sets of six mature female New
Zealand white rabbits were used for
this study. A first set of six animals
received a bone chamber. One of these
animals died during the outer bone
chamber healing due to an intestinal
infection. Owing to the re-usability of
the outer bone chamber, the first three
experiments were performed within the
same set of five animals. After each
experiment, the inner bone chamber
with its content was harvested and a
new one was inserted to allow a next
experiment.

Because the interpretation of the
results of these first three experiments
required an additional experiment, a
fourth experiment was conducted in

bone chambers placed in the second
set of six animals.

The four experimental conditions
were as follows:

Experiment 1: rough (test) implant,
no mechanical loading.
Experiment 2: turned (control)
implant, no mechanical loading.
Experiment 3: rough (test) implant,
mechanical loading.
Experiment 4: turned (control)
implant, mechanical loading.

Each of the four experiments lasted
for 6 weeks.

All implants were screw-shaped (M2)
and custom made from c.p. titanium.
The test implants were SLA (Pluss

surface; Dentsply Friadent, Mannheim,
Germany), resulting in an Ra value of
2.75mm. The control implants were
decontaminated by immersing them in
HF (4%) for 30 s, after which they were
neutralized in 20% HNO3, rinsed with
demineralized water, cleaned with
methanol (100%), and sterilized. Scan-
ning electron microscopy (SEM) ana-
lyses failed to detect the remaining
F� -ions on the implant surfaces. The
latter implants had an Ra value of 0.45mm.

Mechanical loading of the implants
was initiated the same day as the
implant installation and was performed
three times a week for a period of
6 weeks. The loading sessions were
organized as such that the time intervals
between the loading sessions were kept
constant.

Histology and histomorphometry

Immediately after sacrificing the ani-
mals, all 21-tissue samples, retrieved
from the inner bone chambers, were
fixed in 2% paraformaldehyde. These
tissue blocks were decalcified in 0.5 M
EDTA (pH 7.4)/PBS at 41C before
dehydration and embedded in paraffin.

The implants were gently removed from
the paraffin-embedded tissue blocks and
the tissue plug was removed from the
inner bone chamber after removing the
inner bone chamber bottom (Fig. 2). The
effect of this implant removal was eval-
uated in a previous study (Slaets et al.
2006) by SEM. Only very few small
sponge-like structures without cells
were observed, probably consisting of
fibrous tissue or cell remnants. The
remaining surface of the implants was
comparable with the surface of a sterile
implant. The samples were re-embedded
immediately after implant removal
to refill the central cavity and cut to
4-mm-thick sections perpendicular to the
implant axis (Fig. 2).

Three sets of 10 sections each were
taken per sample. The first set was taken
in the second 0.5 mm starting from the
bottom of the inner bone chamber. This
is the most apical region around the
central implant. The second and third
sets were taken 1.5 and 3 mm higher
than the first set. With the sections taken
in a window of 3 mm at the level of the
bone chamber perforations (4 mm in
height), they well represent the tissues
surrounding the experimental implant.

Several stainings were performed
per set:

� Haematoxylin and eosin (H & E)
staining was performed for general
morphological analysis (Fig. 3).

� Osteoclasts were visualized by tar-
trate-resistant acid phosphatase
(TRAP) activity and counterstained
with Light Green SF Yellowish
(Fig. 4).

� CD31staining was performed for the
visualization of the vascularization
(endothelial cells) (Fig. 5).

� Monoclonal antibody staining for
Runx2/Cbfa1 gene expression was
performed for the detection of early
osteoblastdifferentiation (Bronckers

tissue sample with central cavity
where implant used to be

tissue sample removed  
from inner bone chamber

fixation
screws

removed bottom 
of the inner bone

chamber
removed tissue sample, re-embedded in

paraffin

Implant

(control surface)

inner bone
chamber

teflon
bearing

Fig. 2. The inner bone chamber content was freed from the metal parts and re-embedded in
paraffin before histological sectioning.
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et al. 2003). The immunopositive
cells stain dark brown, whereas the
immunonegative cells stain blue.
(Fig. 6).

� Per set of 10 sections, each of the
four stainings was applied on two
sections. The remaining two sec-
tions were spare ones. The selection
between both sections of one parti-
cular staining was based on the
quality of the sections.

Histological analyses were performed
to generally describe the tissues sur-
rounding the implants. The histomor-
phometrical analyses were performed
by means of a light microscope (Leitz
Laborlux S, Wetzlar, Germany) con-
nected to a PC, equipped with a video
(Pro-Series high-performance CCD
camera, Media Cybernetics, L.P.,
Bethesda, MD, USA) and image analy-

sis system (Image Pro Pluss 3.0.01.00,
Media Cybernetics, L.P.). The image
processing was automated. All measure-
ments were manually checked and
redressed if necessary.

The following parameters were mea-
sured on the H & E-stained histological
sections:

� Bone area fraction (BAF%) 5 sur-
face occupied by bone ( 5 bone tra-
beculae, together with the interstitial
tissues) relative to the tissue area
(Fig. 3).

� Bone fraction (BF%): summation of
all areas occupied by individual
bone trabeculae relative to the total
bone area (bone trabeculae1intersti-
tial tissues) (Fig. 3).

� Bone Fraction in the 100mm zone
around the implant cavity (BFZ%):
summation of all areas occupied by

individual bone trabeculae relative
to the tissue surface in the 100mm
zone around the implant cavity.

The summation of all areas occupied
by osteoclasts was measured on the
TRAP-stained sections and its share
was calculated relative to the areas
occupied by bone trabeculae (OCl%)
(Fig. 4).

The degree of vascularization was
measured on the CD31-stained histolo-
gical sections (Fig. 5):

� Vessel fraction in bone (VFB%):
summation of all areas occupied by
blood vessels relative to the bone
area in a randomly chosen reference
area.

� Vessel fraction in bone marrow
(VFBM%): summation of all areas
occupied by blood vessels relative to
the bone marrow area in a randomly
chosen reference area.

The origin of the sections was blinded
during histological and histomorphome-
trical analyses.

Statistics

The data were statistically analysed by
means of both the linear mixed model
and the logistic mixed model (Verbeke
& Molenberghs 2000, 2005) using SAS
(SAS/STAT software, SAS Institute
Inc., NC, USA). The procedure proc
mixed was used to fit the model.
Because the rabbit-specific effect is ran-
dom, it was modelled accordingly. The
other variables such as experimental
condition, number of histological sec-
tion, or harvest number are fixed effects.
Overall, the level of significance was set
with a5 0.05. However, for some com-
parisons, this was set to a lower level
because a multiple-comparison proce-
dure was used.

Results

The histological sections revealed
a healthy tissue inside the bone chamber,
consisting mainly of bone tissue (60–
80%). The bone was generally formed
by bone apposition from the host bone
growing into the chamber via the per-
forations into the bone chamber. Osteo-
blasts lining the bone trabeculae were
indicative of processes of active bone
apposition. The tissues were highly vas-
cularized (Fig. 5) and also the bone

Fig. 3. Haematoxylin & eosin-stained section cut perpendicular to the implant axis, showing
the central cavity where the implant used to be. The tissue area represents all available tissue
in the bone chamber, outlined in blue on the left-hand picture (a). The bone area fraction
(BAF) is the area occupied by the bone tissue relative to the tissue area, outlined in blue on
the right-hand picture (b). The bone fraction (BF) is the area occupied by all bone trabeculae
(indicated in green) relative to the area occupied by the bone tissue.

Fig. 4. TRAP-stained section showing bone-resorbing cells or osteoclasts (red). TRAP,
tartrate-resistant acid phosphatase.

Influence of controlled mechanical implant loading and surface roughness 1001

r 2007 The Authors. Journal compilation r 2007 Blackwell Munksgaard



marrow and a fibrous-like tissue were
observed (Fig. 6). This fibrous-like tis-
sue was continuous with the bone and
had a dense appearance. This type of
tissue contained numerous cells expres-

sing the Runx2/Cbfa1 gene, which is
indicative of early osteoblast differen-
tiation (Fig. 6).

In most of the samples, a haemato-
poietic bone marrow was observed con-

taining megakaryocytes, lymphocytes,
polymorphonuclear cells, plasmacells,
and macrophages. No signs of active
inflammation were noticed though.
Besides blood vessels with a central
lumina, and also small clusters of CD31
immunopositive cells were observed
(Fig. 5). These were not included in the
measurements for the vascularization.

Figure 7 illustrates representative sec-
tions for the four experimental condi-
tions. The mean values (� standard
deviations) of the parameters measured
histomorphometrically are summarized
in Table 1. The proportion of bone
relative to all tissues in the bone cham-
ber (BAF) did not differ statistically
between the experimental conditions.
The bone fraction (BF), representing
the bone density, was higher around
the loaded compared with the unloaded
implants. This difference was only sig-
nificant between the loaded test implants
and the unloaded implants. The fraction
of bone in the 100mm zone around the
loaded test implants, however, was sig-
nificantly higher than the other experi-
mental conditions.

The share of osteoclasts in the bone
tissue was similar in all the experimental
conditions.

Significantly more blood vessels were
observed in the bone marrow compared
with the bone. Within each tissue,
however, the vascularization was not
affected by the experimental condition.

Discussion

This study was designed to evaluate the
effect of surface roughness in addition
to implant loading on the peri-implant
bone formation.

The peri-implant tissue response was
not affected by the surface roughening
in the absence of loading. Mechanical
loading, however, stimulated bone for-
mation and therefore led to higher bone
fractions, particularly in the implant’s
vicinity. Despite a clear tendency
towards higher bone formation around
all loaded implants, the increase in bone
fractions was only significant for the
loaded roughened implants. The bone
fraction in the 100mm zone around the
loaded implants was significantly higher
for the roughened compared with the
smooth implants, which supports the
hypothesis that implant surface rough-
ness can accelerate the peri-implant
bone formation.

Fig. 6. Consecutive paraffin sections, stained with hematoxylin & eosin (a) and stained for
Runx2 gene expression (b). (a) Shows bone tissue (B), bone marrow (BM), and dense fibrous-
like tissue (DFT). This cell-rich fibrous-like tissue contains numerous cells that express the
Runx2 gene (R21C), which is a master gene for osteoblast differentiation. Osteoblasts (OB)
lining the bone trabeculae (containing the osteocytes – OC) are indicative of processes of
active bone apposition.

Fig. 5. CD31-stained histological section visualizing the tissue vascularization. The endothe-
lial cells of the blood vessels are stained dark brown.

rough implant - unloaded rough implant - loadedturned implant - unloaded turned implant - loaded
P

P

P

P

P

P

P

P

P

P

P

P
IC

IC
IC IC
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1000 µm

Fig. 7. Representative sections of the four experimental conditions. The left three sections
are retrieved from the same animal. IC, implant cavity; BT, bone tissue; P, position of a
perforation.
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The hypothesis is, however, in part
rejected as implant surface roughening
had no effect in the absence of loading.
A similar bone chamber study by
Vandamme et al. (2007c) also revealed
no difference between smooth and rough
implants in an unloaded situation when
considering the percentage of BIC. The
incidence of BIC, though, was signifi-
cantly higher for the rough implants.
Also, other studies (Wennerberg et al.
1995, Novaes et al. 2002, Abrahamsson
et al. 2004, Botticelli et al. 2005) indi-
cate that implant surface roughness
can have a bone-stimulating effect.
Although no direct occlusal load was
applied on the implants in the latter
studies, the implants were not isolated
from indirect loads (bending of the
whole bone during physiological func-
tion, muscle tension, etc.) as was the
case in this study. The complete lack of
mechanical stimulation of the tissues
within the isolated bone chamber envir-
onment might explain the lower bone
formation under the unloaded test con-
ditions in this study.

It is generally accepted that mechan-
ical loading stimulates bone formation if
it does not exceed certain values (Frost
1987, Turner 1998). This also holds true
for bone surrounding implants. On the
other hand, it is known that micro-
motion at the bone–implant interface
has a detrimental effect on peri-implant
bone (Szmukler-Moncler et al. 1998). It
seems that the combination of an appro-
priate implant macro-design (screw
shape), micro-design (surface roughen-
ing), and mechanical loading leads to
stimulation of peri-implant bone forma-
tion. The screw-shaped implant design
and the surface roughness both provide
the implant with a solid interlocking
with its surrounding tissues. This inter-
locking prevents interfacial micro-
motion and promotes an efficient force
transfer in case of implant loading. This
phenomenon points to the biomechani-
cal coupling as mentioned by Wiskott &
Belser (1999). They underline the detri-

mental effects of lack of function e.g.
around smooth implant collars due to
stress shielding.

A lack of biomechanical coupling
was illustrated by a similar bone cham-
ber study with turned cylindrical
implants (Duyck et al. 2006). No bone-
stimulating effect was seen as a result of
implant loading after 6 weeks. In the
latter, the implant’s macro- and micro-
design did not provide a good interlock-
ing with the surrounding tissues, leading
to an inefficient force transfer and inter-
facial micro-motion. Continuing the
same experiment for another 6 weeks,
on the other hand, did reveal a bone-
stimulating effect from the same
implant configuration (Vandamme
et al. 2007b). It seems that implant
loading can only have a stimulating
effect in case of a good biomechanical
coupling. This coupling can be realized
by interlocking through macro- and
micro-design as well as by the BIC
itself. The latter is thought to be the
case in the 12-week experiment
(Vandamme et al. 2007b). As soon as
minor BIC has been established, bone–
implant micro-motion decreases at the
interface and implant loading is trans-
ferred towards the surrounding tissues,
thereby stimulating bone formation.

Clinical (Schincaglia et al. 2007) and
experimental (Piatelli et al. 1998,
De Smet et al. 2005, Vandamme et al.
2007a–c) data support the idea that peri-
implant bone benefits from an efficient
load transfer from the load-bearing
implant towards the tissues, which is
confirmed in this study. Also, a recent
study by Leucht et al. (2007) underlines
the bone-stimulating effect of mechan-
ical implant loading. In that study,
0.5-mm-wide polymer pin-shaped
implants were placed in 0.8-mm-wide
bone cavities in mouse tibiae. The
implant’s pin shape allowed a good
biomechanical coupling, resulting in an
enhanced peri-implant bone formation
in response to the mechanical implant
loading. The distance between the

implant surface and bone matrix deposi-
tion varied on average between 10
and 90mm and depended on the local
effective strains. The areas of high
effective strains revealed the greatest
distance.

In all 21 samples from this study, the
initial blood clot evolved into highly
vascularized tissue consisting of bone
tissue, bone marrow, fibrous tissue, and
tissue containing cells that were likely to
be differentiating into the osteoblastic
cell lineage. Whereas bone, bone mar-
row, vessels, etc. can be identified with
reasonable certainty, the bone chambers
also contained tissues that were harder
to identify. All samples exhibited a
dense fibrous-like tissue that at certain
places seemed to be continuous with the
bone tissue. This tissue presented along
with bone trabeculae lined with active
osteoblasts, suggesting that the condi-
tions for bone formation were favour-
able. To check the osteogenic potential
of this tissue, a staining for the expres-
sion of Runx2/Cbfa1 was performed.
Runx2/Cbfa1 is a transcription factor,
essential for differentiation of osteo-
blasts from undifferentiated progenitor
cells (Karsenty et al. 1999, Ducy et al.
2001). The osteoblasts lining the bone
trabeculae-stained immunopositive as
well as most of the embedded osteo-
cytes. Also, in the dense fibrous-like
tissue, many cells were immunopositive.
Because similar observations were made
during the intra-membranous jaw bone
and calvaria formation (Bronckers et al.
2003), this dense fibrous-like tissue
might be indicative of de novo bone
formation. This is an indication but no
proof for intramembranous bone forma-
tion, because a recent publication
reports on the expression of Runx2/
Cbfa1 in a multipotential mesenchymal
cell population giving rise to both oss-
eous and non-osseous cell lineages
(Bronckers et al. 2005). Although the
amount of connective tissue containing
the Runx2/Cbfa1 immunopositive cells
was quantified, it was not reported or

Table 1. Mean values (� standard deviations) of the bone area fraction (BAF), the bone fraction (BF), the bone fraction in the 100mm zone around
the implant cavity (BFZ), the proportion of osteoclasts (Ocl), the vascularization in the bone (VFB) and the vascularization in the bone marrow
(VFBM)

Experiment BAF (%) BF (%) BFZ (%) Ocl (%) VFB (%) VFBM (%)

Test unloaded 78.7 (� 33) 20.3 (� 7.3)n 14,8 (� 14.1)n 0.52 (� 0.52) 24.1 (� 10.1) 33.9 (� 8.8)
Control unloaded 66.2 (� 34.5) 20.6 (� 15.9) � 17.7 (� 18.1) � 0.67 (� 0.69) 17.4 (� 11.5) 33.7 (� 8.3)
Test loaded 65.2 (� 16) 40.9 (� 8)n , � 70.7 (� 28.6)n , � ,~ 0.33 (� 0.28) 13.1 (� 12.9) 24.8 (� 2.3)
Control loaded 61 (� 22.7) 31.6 (� 6. 6) 24 (� 24.97)~ 0.29 (� 0.1) 11.9 (� 8.4) 12.8 (� 7.5)

For each parameter (within each column), the values that differ significantly are marked with equal symbols (*, � , or ~).
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used for comparison of the different
experimental conditions because of its
ambiguous interpretation.

The interpretation of bone tissue, on
the other hand, was clear. Because a
tight connection between implant and
surrounding bone is a prerequisite of
osseointegration, the amount of bone
in the implant vicinity was taken as a
measure of osseointegration. The percen-
tage of BIC, which is usually taken as a
measure for osseointegration, could not
be quantified due to the implant removal.
Whereas tissue loss at the interface due
to implant removal can affect the percen-
tage of bone-to-implant cavity contact, it
will have a minor effect on the propor-
tion of the tissues in a broader zone
around the implant. The bone fraction
in the 100mm zone around the implant
was therefore used as a measure of peri-
implant bone formation.

The surface occupied by osteoclasts
relative to the bone tissue surface, which
is indicative for the bone resorption rate,
was about double under the unloaded
conditions compared with the loaded
conditions. Also, the share of blood
vessels was consistently higher under
the unloaded conditions. This indicates
a higher bone-remodelling rate for the
unloaded test conditions. This seems to
be contradictory but might be explained
as the possibly faster maturation of the
tissues surrounding the loaded implants.
Despite the large differences in the
percentage of osteoclasts and blood
vessels between the experimental con-
ditions, these were, however, not statis-
tically significant.

The vascularization in all samples
was abundant. Besides the blood ves-
sels, which could be clearly identified as
lumina surrounded by CD31 immuno-
positive endothelial cells, there were
also small clusters of immunopositive
cells without the central lumina. These
could be tiny or sprouting microvessels.
As CD31 can also be expressed diffu-
sely on the surfaces of megakaryocytes,
myeloid cells, natural killer cells, and
some subsets of T-cells and B-cell pre-
cursors (Muller 1997), these were, how-
ever, not taken into account as part of
the vascularization.

The bone chamber methodology was
used to control the mechanical condi-
tions in the implant surroundings. The
bone chamber fully protects the tissues
in its lumen from external influencing
factors, which allows investigation of
the effect of specific parameters on the
tissue response around the implanted

material. In addition, the possibility of
repeated sampling diminishes the effect
of site, subject, and species dependency
of the tissue response because several
experiments can be conducted at the
same site in the same animal.

The endeavour to control the mechan-
ical peri-implant conditions, however,
makes the bone chamber set-up differ
from the clinical situation. Indeed, the
bone chamber conditions are definitely
different in case the implants are
installed in healed bone sites, but mimic
the situation where implants are
installed in fresh extraction sites, leav-
ing a gap between the implant and the
host bone as there is an initial gap of
2.5 mm in the bone chamber to be
bridged between the implant and the
bony implant bed. This implies that the
implants are initially surrounded by only
a blood clot, without any direct host
bone contact. This results in more time
needed to arrive at implant osseointe-
gration, on the one hand, but it allows a
good evaluation of the tissue-healing
processes and bone formation on the
other. The signs of active bone forma-
tion indicate that the processes of cell
differentiation and tissue formation did
not reach an equilibrium yet. This
implies that the results of this study
deal more with the process of osseointe-
gration rather than with the final implant
osseointegration status. However, the
duration of the experiments was kept
short on purpose to be able to intercept
the influence of the implant loading and
surface roughness on the process of cell
differentiation and tissue formation. If
the experiments had lasted until all
experimental conditions would have
reached an equilibrium, there was a
chance that eventually all four experi-
mental conditions reached the same end
situation, thereby blurring the effect of
implant loading and surface roughness.
As a consequence of the limited healing
time, the absolute values of the histo-
morphometrical parameters should not
be compared with those from other
studies. They only serve to compare
the four experimental conditions of this
particular study.

At the time of the start of the study,
the number of experiments within the
same bone chambers was limited to
three for reasons of prudence concern-
ing possible problems of infection and
exhaustion. No signs of infection were
observed, though, and the results of
previous bone chamber studies revealed
no exhaustion effect after repeated bone

chamber sampling (Duyck et al. 2006,
Vandamme et al. 2007a). In these three
experiments, the effect of implant sur-
face roughness was evaluated in the
absence of loading and compared with
the situation of implant roughening in
combination with immediate implant
loading. The fact that bone formation
was stimulated in case of implant rough-
ening and loading made it impossible to
distinguish the sole effect of implant
roughening and immediate implant
loading. For this reason, an additional
experiment (loaded turned implant) was
added on a new set of animals. Although
the latter animals came from the same
nest as the first set of animals, the fact
that different animals were used for
experiment 4 was taken strictly into
account in the statistical analyses.

This study revealed that there is
indeed an effect of implant loading and
surface roughening on the peri-implant
bone formation. More fundamental
research, however, is needed to further
unravel the mechanisms through which
mechanical loading and surface rough-
ness affect peri-implant bone healing.
Also, the influence of the very nature of
the mechanical loading (load magnitude,
frequency, etc.) and the phase of the
healing process that it is interacting
with are important issues to be addressed.
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Clinical Relevance

Scientific rationale for the study:
Mechanical loading as well as
implant surface roughness are known
to affect peri-implant bone beha-
viour. This study was designed to
investigate their interactive impact
on the bone healing processes.

Principal findings: Implant roughen-
ing had no significant effect in the
absence of loading. Mechanical load-
ing stimulated peri-implant bone,
although this was only significant in
case of surface roughening.
Practical implications: Mechanical
loading might indeed stimulate peri-

implant bone formation, provided
restricted interfacial micromotion
and an optimal force transfer from
the implant towards the surrounding
tissues which can be facilitated by
surface roughening.

1006 Duyck et al.

r 2007 The Authors. Journal compilation r 2007 Blackwell Munksgaard




