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Abstract
Aim: Tissue formation at the implant interface is known to be sensitive to mechanical
stimuli. The aim of the study was to compare the bone formation around immediately
loaded versus unloaded implants in two different implant macro-designs.

Material and Methods: A repeated sampling bone chamber with a central implant
was installed in the tibia of 10 rabbits. Highly controlled loading experiments were
designed for a cylindrical (CL) and screw-shaped (SL) implant, while the unloaded
screw-shaped (SU) implant served as a control. An F-statistic model with a5 5%
determined statistical significance.

Results: A significantly higher bone area fraction was observed for SL compared with
SU (po0.0001). The mineralized bone fraction was the highest for SL and
significantly different from SU ( po0.0001). The chance that osteoid- and bone-to-
implant contact occurred was the highest for SL and significantly different from SU
( po0.0001), but not from CL. When bone-to-implant contact was observed, a loading
(SL versus SU: p 5 0.0049) as well as an implant geometry effect (SL versus CL:
p 5 0.01) was found, in favour of the SL condition.

Conclusions: Well-controlled immediate implant loading accelerates tissue
mineralization at the interface. Adequate bone stimulation via mechanical coupling
may account for the larger bone response around the screw-type implant compared
with the cylindrical implant.
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The light microscopical direct bone-to-
implant contact is the final goal of
implant healing and the first requirement
for the long-term success of endosseous

dental implants (Brånemark et al. 1977).
The mechanisms underlying the peri-
implant healing process are very similar
to those occurring during bone fracture
repair and involve the stages of haema-
toma, clot resolution and osteogenic cell
migration, leading to the formation of
new bone at the wound site (Davies &
Hosseini 2000). These tissue responses
depend on several factors among which
implant material and design, implant
surface characteristics, anatomical site
and mechanical conditions are the most
relevant. Bone formation adjacent to
endosseous implants with various
design and surface characteristics and
at different anatomical locations has
extensively been studied in undisturbed
healing conditions, i.e. without loading,

in animal experiments (Akimoto et al.
1999, Berglundh et al. 2003, Botticelli
et al. 2003a, b, 2004, Franchi et al. 2004,
2005, Rimondini et al. 2005). Many
aspects of early wound healing around
endosseous implants have been eluci-
dated (Slaets et al. 2006) and reviewed
by Raghavendra et al. (2005). It is
suggested that treatment outcomes are
critically dependent upon implant
design and surface characteristics that
optimize the biological responses of
early endosseous peri-implant healing
(Davies 2003). Szmukler-Moncler et al.
(1998) summarized data from animal
studies on the histological status of
implants loaded during the healing per-
iod. Conflicting data were obtained and
could in part be assigned to implant
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design and loading protocol. Clinical
and experimental trials investigating
fracture healing provide evidence that
limited and well-controlled movement
of fracture fragments stimulates callus
formation and increases its mechanical
stability (Goodship 1992, Claes et al.
1998). Awareness of the initial mechan-
ical conditions provides a firm basis for
potential mechanical and biological
approaches regarding the enhancement
of fracture healing (Klein et al. 2003).

Despite the fact that loading of
implants immediately after their place-
ment involves certain biological risks,
the use of immediately loaded dental
implants has been introduced in clinical
routine for the last decade. It is no
longer believed that immediate loading
per se leads to fibrous encapsulation of
implants (Szmukler-Moncler et al.
2000). On the contrary, mechanical sig-
nals have a pronounced influence on the
development and differentiation of
mesenchymal cells (Carter 1987). A
certain amount of microstrain can there-
fore even promote early peri-implant
osteogenesis (Piattelli et al. 1993, Sim-
mons et al. 1999, 2001, Meyer et al.
2004). However, only a few well-
controlled experimental studies have
investigated the effect of mechanical
load on tissue differentiation at the
tissue–implant interface in vivo. Control
of micromotion at the bone–implant
interface is probably one of the most
significant biological requirements for a
load-bearing implant. A recently devel-
oped bone chamber model (Duyck et al.
2004) allows the evaluation of the tissue
response around implants under well-
controlled mechanical conditions.

Also, the implant configuration is
considered to have a significant influ-
ence on the development of the bone–
implant interface. The initial mechanical
stability (primary stability) obtained dur-
ing the implant installation is gradually
replaced by a biological fixation of the
implant (secondary stability). This early
peri-implant osteogenesis is not only
dependent on the loading history but
also on the implant macro-design.
Therefore, it is crucial to design an
implant that distributes functional forces
at a desirable level of intraosseous
strains. A screw implant design develops
a greater ability to transfer forces (Ska-
lak 1985, Bidez & Misch 1992) as well
as a higher mechanical retention than
e.g. a cylindrical implant. The screw
design minimizes micromotion of the
implant during function and thereby

upholds the primary stability, which
has been considered to be the principal
requirement for immediate loading suc-
cess (Hall et al. 2005). Additionally, the
thread design increases the surface area,
compared with a cylinder (Misch 1999).
Hence, it is generally recommended in
the clinic to use threaded-type implants
(Batenburg et al. 1998, Karoussis et al.
2004), in particular for immediate load-
ing. It is also important to note that
favourable clinical outcome with cylin-
der-type implants has been documented
when a delayed loading regime was used
(Wheeler 1996, Meijer et al. 2004a, b).
However, the cylinder-type implant
would appear contraindicated for
immediate or early loading regimes due
to lowering of primary stability and less
resistance to vertical movement and
shear stress (Watzak et al. 2005).

The aim of this study was to investi-
gate the bone formation around imme-
diately loaded implants versus the
unloaded control and to study the influ-
ence of the implant macro-design. It was
hypothesized that immediate loading of
implants accelerates tissue mineraliza-
tion at the interface depending on the
implant configuration.

Material and Methods

Bone chamber model, loading device and

implants

Duyck et al. (2004) developed a model
to study the bone formation adjacent to
endosseous implants under very well-
controlled mechanical conditions. This
model has successfully been used to
conduct loading experiments (Duyck
et al. 2006). Dual-structure perforated
hollow TiAl6V4 cylinders were designed
with a centrally positioned c.p. titanium
implant. The hollow cylinders, called
outer and inner bone chamber, fit
exactly into each other and have corre-
sponding perforations, allowing blood
inflow and tissue growth into the central
cavity of the cylinders. The central
implant that is stabilized in a gliding
bearing counting for the primary stabi-
lity can be loaded in a well-defined and
well-controlled manner by means of
an external loading device or actuator
(Fig. 1). This actuator consists of a
piezo translator (pre-loaded closed loop
LVPZT translator, P-841.60, ALT, Best,
the Netherlands), which can induce a
displacement of up to 90mm and a load
cell (XFTC 100-M5M-1000N, FGP
Sensors, Les Clayes sous Bois Cedex,

France) with a capacity of 1000 N in
tension and 100 N in compression. A
closed loop control assures the required
displacement, thereby inducing shear
stresses and strains in the tissue sur-
rounding the implant. The load can be
applied with a frequency of up to 50 Hz.
The actuator is controlled by software
written in ‘‘Test Point’’. Variations in
load parameters such as displacement,
forces, frequency, duration and amount
and distribution of load cycles are pos-
sible. The applied forces and displace-
ments are visualized on the computer
screen during the load application and
saved to a file. The actuator can easily
be mounted onto the outer hollow cylin-
der and be connected to the implant.
Immobilization of the animal during the
loading session is ensured so that addi-
tional movement of the animal does not
interfere with the implant loading.

In the current experiment, a cylindri-
cal turned versus a screw-type turned
implant of c.p. titanium (grade 2)
was designed (Fig. 2) and decontami-
nated by soaking in a 4% HF–20%
HNO3 solution for 60 s, resulting in an
Ra-value of 0.70 mm for both designs.

Surgical procedure

Ten 6-month-old female New Zealand
white rabbits with an average weight of
4.064 kg (range: 3.590–4.250 kg) were
included in the experiments. All rabbits
were specific pathogen free (Pasteurella
bacteria) and kept in quarantaine for 11

2
months before the study was started. To
install the outer bone chamber, the ani-
mals were pre-medicated with an intra-
muscular neuroleptic analgesic (Vexylans

1 mg/kg body weight, CEVA, Brussels,
Belgium) and with an intramuscular
anaesthetic (Ketamine 1000s 15 mg/
kg, CEVA) and anaesthetized with pro-
pofol intravenously (Diprivans 1%,
0.4 ml/kg body weight/hour, AstraZene-
ca, Brussels, Belgium). A circular inci-
sion was made on the medial side of the
proximal tibia and the skin was released
from the periosteum. A cavity was made
centrally on the metaphysis and further
manually widened by use of consecu-
tively larger burrs. When a diameter of
10 mm was obtained, the outer bone
chamber was installed press-fit, contain-
ing a Teflon cylinder to prevent tissue
growth into the outer bone chamber
during the osseointegration. Skin adher-
ence to the periosteum by suturing
at a distance of the bone chamber
was performed to ensure skin stabiliza-
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tion. To prevent any micro-motion at
the bone–bone chamber interface, the
rabbit’s leg was splinted with an
elastic adhesive bandage (Tensoplast,
BSN Medical, Leuven, Belgium) for 3–
4 weeks. Post-operatively, the animals
were given intramuscular bupreforfin as
an analgenic (Temgesics 0.05 mg/kg
body weight, Schering-Plough NV, Brus-
sels, Belgium) and antibiotics (penicil-
line) were administered intramuscularly
5 days post-operatively at a dose of
300,000 E/d daily (Kela NV, Hoogstra-
ten, Belgium).

Twelve weeks following the outer
bone chamber installation, the inner

bone chamber and the central implant
were installed. During this surgical pro-
cedure, the rabbits were only sedated
with the combination of the agents listed
above (ketamine and xylazine) and no
anaesthesia was needed. The interior of
the outer bone chamber was cleaned
with physiological serum and prophy-
lactic antibiotics (polymixine powder)
were applied. Blood flow through the
perforations into the lumen of the bone
chamber was ensured by curetting the
bone at the perforations. A new experi-
ment was started as soon as the new
inner bone chamber was put in place. At
the end of the study, the animals were

sacrificed with a 0.1 ml/kg bodyweight
intravenous injection of a embutra-
mide-mebenzoniumjodide-tetracaı̈ne HCl
solution (T61s, Intervet, Mechelen,
Belgium).

The study protocol was approved by
the regional ethics committee for
laboratory animal research of the
K.U.Leuven and was performed accord-
ing to the Belgian animal welfare reg-
ulations and guidelines.

Loading protocols

Highly controlled loading experiments
were designed for a cylindrical (CL) and
screw-shaped (SL) c.p. titanium
implant. Four hundred loading cycles
of 30 mm implant displacement at a
frequency of 1 Hz were applied three
times a week during a period of 9 weeks.
The unloaded condition for the screw
design (SU) served as control (Table 1).
Owing to its re-usability, the same bone
chamber was used for all three experi-
ments and test and control could be
evaluated within the same animals.
The different loading conditions were
randomized in time as well as in
sequence.

Specimen preparation and analyses

To evaluate the tissue growth into the
bone chamber lumen and the bone
response around the implant, the speci-
mens were prepared for histological
analysis. After harvesting the inner
bone chamber content, the tissue blocks
with implant were fixed in a CaCO3-
buffered formalin solution and dehy-
drated in an ascending series of ethanol
concentrations over 18 days. Embed-
ding was performed by infiltration of a
benzoylperoxide (0.018%)–methylmeta-
crylate solution over 7 days. Sectioning
transversely perpendicular to the implant
and grinding were performed using a
diamond saw. Five sections at the level
of the perforations for each harvested
bone chamber were reduced to a final
thickness of 20 to 30mm by micro-grind-
ing and polishing using a cutting-grind-
ing device. The sections were stained
with a combination of Stevenel’s blue
and Von Gieson’s picrofuchsin, visualiz-
ing mineralized bone tissue (red) and
non-mineralized tissue (grey–green)
(Fig. 3).

Histological examinations were per-
formed under a light microscope at a
magnification of � 40, � 100 and �
400. The assessments of the histomor-
phometrical proportions were performed

Fig. 1. (A) Schematic drawing of the experimental bone chamber. (a) outer bone chamber,
(b) inner bone chamber, (c) perforations, (d) central implant, (e) Teflon bearing, (f)
connecting screws (See, Duyck et al. 2004). (B) Custom made loading device screw-retained
onto the outer bone chamber in situ. (C) Schematic drawing of the loading device.
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on a computer screen (magnification
� 100) by means of a high-sensitivity

colour video camera (JVC TK-1280E,

JVC Ibaraki-ken, Japan) mounted on
the light microscope (Leitz Laborlux S,
Wetzlar, Germany) and by means of a
semiautomatic procedure (Image Pro
Pluss, Media Cybernetics, Silver Spring,
MD, USA). Data were pooled into a
software program (Microsoft Excels),
and relative values were calculated for
each histological section:

� Tissue area fraction (TAF, %): the
percentage area of the inner bone
chamber occupied by tissue.

� Bone area fraction (BAF, %): the
whole spongy bone area (bone tra-
beculae and bone marrow) expres-
sed as a percentage of the tissue
area.

� Non-mineralized bone fraction (nMB,
%): the percentage of the bone area

occupied by non-mineralized bone
trabeculae.

� Mineralized bone fraction (MB, %):
the percentage of the bone area
occupied by mineralized bone trabe-
culae.

� Osteoid-to-implant contact (OIC,
%): the fraction of non-mineralized
bone in direct contact with the
implant surface.

� Bone-to-implant contact (BIC, %):
the fraction of mineralized bone in
direct contact with the implant sur-
face.

� Bone-and-osteoid-to-implant con-
tact (BOIC, %): the fraction of
mineralized and non-mineralized
bone in direct contact with the
implant surface.

The origin of the sections was blinded
during histological and histomorphome-
trical analyses. Illustrations of the his-
tomorphometrical measurements are
shown in Fig. 4.

Statistical analysis

A linear mixed model was used with the
experimental animal as a random effect
and the loading condition (Exp 1 !

Fig. 2. Cylindrical (left) and screw-shaped
(right) c.p. titanium implant (grade 2) (Ra-
value 0.70 mm).

Table 1. Loading parameters for a cylindrical and screw-shaped c.p. titanium implant positioned
in the same bone chamber installed in the tibia of mature New Zealand white rabbits (n 5 10)

Implant
macro-
design

Duration
of the

experiment
(weeks)

Number
of loading
sessions/

week

Displacement
(mm)

Frequency
(Hz)

Number
of cycles/
loading
session

Experiment 1 Cylinder 9 3 30 1 400
Experiment 2 Screw 9 3 30 1 400
Experiment 3 Screw 9 – – – –

Fig. 3. (a) Representative histological section of an inner bone chamber harvested 9 weeks after installation; (b) illustrates bone-and-osteoid-
to-implant contact; (c) mineralized (red) and non-mineralized (green/grey) bone trabeculae can be easily distinguished; (d) (e) trabeculae lined
with osteoblasts; osteocytes found within the newly formed bone tissue; (f) well organized bone marrow lying in between the trabeculae.
Stevenel’s blue and Von Gieson’s picrofuchsin stain.
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Exp 3), number of histological section
(1 ! 5) and harvest number (1 ! 3) as
fixed effects for the histomorphometric
parameters TAF, BAF, nMB and MB.
Owing to the absence of bone contact
with the implant in several samples,
logistic transformation of the data was
performed for the parameters BIC, OIC
and BOIC. A logistic mixed model,
calculating the chance that bone-and/
or-osteoid-to-implant contact occurred
and a proportional odds mixed model,
taking into account the amount of bone-
and/or-osteoid-to-implant contact, were
used. A linear mixed model was also
used on the subset of data where implant
contact was observed.

The data were analysed with SAS/
STAT statistical software (SAS Institute
Inc., Cary, NC, USA). An F-statistic

model with an a-level of 0.05 was
chosen to determine the statistical
significance. Post hoc multiple compar-
isons were performed using the Bonfer-
roni’s method for significant F-tests.

Results

All outer bone chambers healed well
and threefold sampling of the inner
bone chamber was performed success-
fully. Loading of the implant took place
uneventfully at all times and was well
accepted by the animals, without the
need for sedation or anaesthesia.

Gross histological observations

Signs of infection were observed in
9.3% of the histological sections. The

latter were excluded from data analysis
because of interaction risk on the tissue
formation inside the bone chamber.

After 9 weeks, most of the bone
chamber was filled with newly formed
tissue and comprised of a mixture of
bone trabeculae, bone marrow and con-
nective tissue. The bone trabeculae
appeared to originate from the pre-exist-
ing bone outside the bone chamber. The
bone marrow was well organized and
contained large numbers of adipocytes
and blood vessels. The trabeculae were
lined with osteoblasts and osteocytes
were found within the newly formed
bone tissue. Besides mineralized bone,
non-mineralized osteoid tissue was also
observed on most histological sections
(Fig. 3). The tissue inside the bone
chamber after 9 weeks of undisturbed
healing (SU condition) was dominated
by adipocytes and loose connective tis-
sue. Few and mostly thin trabeculae of
mineralized bone were present. Loaded
implants (conditions CL and SL)
showed more numerous newly formed
bone trabeculae crossing interstitial
spaces (Fig. 5). The latter histological
tissue architecture was similar for both
loaded conditions.

Morphometric assessments

Interaction was found between the fixed
effect loading condition and the other
fixed effects (number of the histological
section and harvest number) for the
parameter TAF. Therefore, the effect
of the loading condition could not be
assessed independently.

The results of the morphometric mea-
surements BAF, nMB and MB for the
fixed effect loading condition are pre-
sented in Figs 6 and 7. Significantly less

Fig. 4. Illustration of histomorphometric measurements. Tissue area fraction (TAF), % area
of the bone chamber occupied by tissue; Bone area fraction (BAF), the whole spongy bone
area expressed as % of the tissue area; Non-mineralized/mineralized bone fraction (nMB/
MB), % of the bone area occupied by non-mineralized/mineralized bone trabeculae.
Stevenel’s blue and Von Gieson’s picrofuchsin stain; Bar 5 500 mm.

Fig. 5. Few and thin bone trabeculae for the unloaded (SU) condition (a) and numerous and
thick trabeculae crossing the marrow spaces for the loaded (CL) condition (b). Stevenel’s
blue and Von Gieson’s picrofuchsin stain; Bar 5 500 mm.

Fig. 6. Mean values � SD/
p

n of the bone
area fraction for the variable Loading Con-
dition. Significant differences (po0.0033)
are indicated with n. (n 5 number of obser-
vations)
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BAF was observed in the screw-
unloaded (SU) condition compared with
the loaded (SL) condition (po0.0001).
The cylinder-loaded (CL) and screw-
loaded (SL) situations resulted in similar
BAF mean values. Neither loading nor
implant geometry effect was found
for nMB. MB was the highest for the
SL condition and was statistically sig-
nificant with the SU condition
(po0.0001).

Bone-and-osteoid-to-implant contact
occurred in 42.65% of the histological
sections. The results for OIC, BIC and
BOIC are shown in Fig. 8. Statistically
significant differences are shown for the
logistic mixed and proportional odds
mixed model analysis (red) and for the
linear mixed model analysis (green).
Owing to the absence of contact in
more than half of the sections, the
percentages of OIC, BIC and BOIC are
higher than those shown in the figure.
The logistic mixed model as well as the
proportional odds statistical analysis,
both using the whole dataset, revealed
that the chance that OIC, BIC and BOIC
occurred was the highest under the SL
condition and significantly different
from the SU condition ( po0.0001).
No implant geometry effect was found.
When the linear mixed model was
applied on the subset of data where
implant contact was observed, no differ-
ences were found between the three
different conditions for OIC. On the
contrary, a loading effect (p 5 0.0049)
as well as an implant geometry effect
( p 5 0.01) was found for BIC, with the
highest mean values obtained for the SL
condition. The influence of the implant
design was no longer significant for the
composed BOIC variable ( p 5 0.0456)

while the loading effect remained
( p 5 0.0006), with the highest mean
values obtained for the SL condition.

The position of the histological sec-
tion relative to the bottom of the bone
chamber had a significant effect on the
histomorphometric measurements BAF,
BIC and BOIC. Values were generally
higher for the sections closest to the
bottom of the bone chamber.

The effect of the harvest number was
significant for all parameters, except for
BIC. BAF, nMB, OIC and BOIC were
the highest in the last performed experi-
ment, while MB was the highest for the
second experiment.

Discussion

The experimental model used in the
present study allowed the study of
bone formation around implants with
various configurations and under well-
controlled mechanical conditions. The
formation of bone is a multi-step pro-
cess that is characterized by interactions
between various cells, components of
the extracellular matrix and inorganic
materials. It is known that mechanical
injury is able to stimulate cells with
bone-forming capacity to multiply and
form bone (Carter et al. 1998). The
findings demonstrated that indeed hard
tissue formation occurred in the bone
chamber, similar to hard tissue forma-
tion in tooth extraction and fracture
sites. New bone was observed to have
formed in the bone chamber, despite the
wide initial gap between the bone and
the implant surface of 2 mm. The com-
position of the new tissue formed inside
the bone chamber was clearly dependent

on the mechanical conditions. More-
over, at the implant surface, a different
tissue response was observed depending
on the implant design.

The major portion of the bone cham-
ber was filled after 9 weeks with calci-
fied tissue. Bone formation appeared to
extend from the bone at the perforations
up to the implant positioned in the
centre of the bone chamber. This pattern
of bone formation is consistent with
what has been coined distance osteo-
genesis (Osborn & Newesely 1980).
When comparing the tissue composition
after 9 weeks of unloaded or loaded
healing, it was noted that the tissue in
the bone chamber was dominated by
bone marrow (mainly occupied by adi-
pocytes) for the unloaded implants,
while the tissue around loaded implants
was dominated by many bone trabecu-
lae. Similar observations were reported
in an experiment evaluating the bone
tissue formation in tooth extraction sites
(Cardaropoli et al. 2003). The authors
investigated the bone-healing dynamics
and observed that between 5 and 12
weeks, most of the bone formed within
the extraction socket had been replaced
with bone marrow. They suggested that
the extraction socket was exposed to
minimal load and hence, there was
apparently no obvious demand for
mineralized tissue (trabecular bone) in
the compartment. In some respect, the
observations of the current experimental
model are in agreement with these find-
ings and a similar small mineralized
bone/bone marrow ratio was observed
for the unloaded condition. However,
this ratio was extensively higher for
the loaded condition and a spongy tra-
becular network was observed in the
bone chamber in this case.

The effect of applied loading on bone
tissue formation was evident in this
model, with loaded bone chambers hav-
ing increased BAF and MB relative to
the unloaded controls. The loading para-
meters were selected in an attempt to
correlate the micromovements in the
bone chamber to the mechanosensitivity
of bone cells on the one hand and to the
loading conditions of oral implants on
the other. In former studies with the
bone chamber (Duyck et al. 2006, Van-
damme et al. 2006), a 30 mm implant
displacement was found to influence
significantly the tissue differentiation
and bone formation around cylindrical
implants. A number of loading cycles of
400 at a frequency of 1 Hz was expected
to have a good cellular response (Kaspar

Fig. 7. Mean values � SD/
p

n of the non-mineralized bone fraction (left) and mineralized
bone fraction (right) for the variable Loading Condition. Significant differences (po0.01) are
indicated with n. (n 5 number of observations)
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et al. 2002). The number of cycles
mimics the known daily tooth contact
time during biting and swallowing in
humans (Graf 1969). The loading
frequency corresponds to the chewing
frequency (1–2 Hz) in humans. Experi-
ments lasting for 9 weeks allowed a
higher incidence of hard tissue implant
contact compared with 6-weeks experi-
ments (Duyck et al. 2006, Vandamme et
al. 2006), while tissue regeneration
under the influence of mechanical sti-
mulation was still ongoing. In this way,
it was assumed that the loading protocol
of the current study appropriately stimu-
lated the tissues surrounding the
implant. A significant difference was
found between the SL and SU condi-
tions for BAF and MB, with much
higher mean values obtained for the
SL condition (Figs 6 and 7). These
results indicate that mechanical loading
had a positive effect on the bone forma-
tion in the bone chamber. A well-con-
trolled mechanical stimulus onto the
implant was secured by the protected
environment of the bone chamber and
therefore potentially interfering factors
could be excluded. Similar results were
reported by van der Meulen et al.
(2006), who studied the effects of
mechanical loading applied in vivo to
native cancellous bone in the rabbit on
bone formation and trabecular realign-
ment. They developed a novel device
allowing well-defined in vivo loading
of the native cancellous bone in the
rabbit’s tibia and demonstrated that
mechanical loading increased bone
formation and altered trabecular morph-
ology, with significantly greater trabe-
cular thickness in loaded condyles
compared with the contralateral
unloaded limb.

Similar values for nMB were found
for all three test conditions, suggesting
that the process and rate of bone forma-
tion in the bone chamber is uniform. No
influence of the implant geometry could
be established for all these variables,
suggesting that at a certain distance
of the interface, tissues are formed
and remodelled independently of the
implant design. To confirm this hypoth-
esis, the tissue composition should be
quantified and compared for areas of
interest of different size, circular around
the implant. Finite-element analysis
could additionally describe the stress
distribution pattern not only at the inter-
face but also further away in the bone
chamber. Such studies are underway.

Bone-to-implant contact was observed
in 35.29% of the tissue samples and OIC
in 32.35%. Implant contact was predo-
minantly found under the loaded condi-
tions while only 2.21% BIC and 1.47%
OIC could be attributed to the SU con-
dition (Fig. 8 – red accolades). These
histomorphometric observations indi-
cate that the mechanical conditions
under the CL and SL conditions
favoured the establishment of osseointe-
gration. The strains at the interface,
induced by the implant micromotion,
exerted a positive effect on osseointe-
gration. In this particular case, the
30 mm displacement of the implant
seemed to fall within the limits of
tolerated micromotion for both the
cylindrical and screw-type implant
design. A similar finding for cylindrical
implants was established in a previous
study with the bone chamber (Van-
damme et al. 2006), where a 30–50mm
micromotion was found to stimulate the
bone formation at the implant surface
compared with an unloaded situation. In

the present study, the effect of a 30 mm
immediate displacement was investi-
gated for both the cylindrical and
screw-type configuration. It was
hypothesized that the implant design
converted this displacement into a dis-
tinct mechanical stimulus, as suggested
by Pilliar et al. (1995), leading to a
different tissue response at the interface.
When analysing the subset of data
where implant contact was present, it
was found that the loaded screw-type
implant exhibited significantly more
BIC than the loaded cylindrical implant
(Fig. 8 – green accolades). This implant
geometry effect was no longer found for
the composed variable BOIC due to a
high mean value for OIC at the CL inter-
face. Similar to the results of nMB, no
loading effect could be established for
OIC. These results confirm that the
implant design indeed has an effect on
the tissue response at the loaded inter-
face most likely due to a distinct
biomechanical coupling. The minerali-
zation of the tissues surrounding the
screw-type implant was enhanced by
loading the implant, while the interface
of a cylindrical implant was character-
ized by more non-mineralized tissue that
is less prone to mechanical loading.

On the histological sections where no
implant contact was present, a different
composition and organization of the
tissue in the vicinity of the implant
surface could be observed, depending
on the loading history. A well-organized
dense connective tissue with cells and
collagen fibres, running parallel to the
implant surface, was observed for
loaded implants while enlarged marrow
spaces (fatty and fibrous) were found
near the surface of the unloaded
implants. The tissue micro-architecture

Fig. 8. Mean values � SD/
p

n of the osteoid-to-implant contact (left), bone-to-implant contact (middle) and bone-and-osteoid-to-implant
contact (right) for the variable Loading Condition. Significant differences for the logistic mixed model and the proportional odds mixed model
(po0.0033) are shown with n in red and for the linear mixed model (po0.01) in green. (n 5 number of observations)
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in the area adjacent to the implant
seemed to reflect the mechanical
micro-environment. These findings are
in line with the results of Neugebauer
et al. (2006), who studied the peri-implant
bone organization after 4 months of
undisturbed healing and under an
immediate loading regimen in minipigs.
They reported a different collagen fibres
orientation for both groups as well as a
different tissue composition adjacent to
the implant. Loaded implants displayed
a higher quantity of secondary osteons,
whereas unloaded implants were sur-
rounded by a higher quantity of marrow
spaces. Similarly, for the histological
sections with absence of implant con-
tact, we were able to attribute a specific
tissue organization to the loading con-
dition but not to the implant design. The
zone of circular collagen fibers around
the loaded implants is indicative of
healing by fibrous encapsulation,
whereas poorly differentiated and less
organized tissue with high amounts of
marrow spaces adjacent to the unloaded
implant might further differentiate
under the influence of loading.

The number of harvests was exam-
ined as a fixed effect in the statistical
analyses to investigate whether a bone
fatigue effect exists for the bone cham-
ber model. The results indicated that
such an effect does not exist. No exhaus-
tion effect for bone growth in a bone
chamber has been reported by other
authors as well (Goodman et al. 1993,
Duyck et al. 2006). On the contrary,
higher mean values for the several para-
meters were recorded for the second and
the last performed experiment compared
with the first one.

Promising results have been observed
when endosseous wound healing under
load is allowed (Attard & Zarb 2005).
Besides surgery-, host- and load-related
factors, implant-related factors may also
influence the outcome of immediate
implant loading (Gapski et al. 2003).
Adequate force transfer between an
implant and the surrounding tissues is
essential. Bone stimulation via biome-
chanical coupling may account for the
positive effect of micromovements on
the establishment of osseointegration.
However, these micro-movements at
the bone–implant interface are tolerated
up to a certain threshold and is design
and/or surface state dependent (Szmuk-
ler-Moncler et al. 1998). A numerical in
vitro investigation analysing the stress
distribution in the surrounding bone for
different implant designs by means of a

finite element method showed that dif-
ferent implant shapes lead to variations
in stress distribution (Siegele & Soltesz
1989). Tada et al. (2003) reported in a
finite-element analysis a better biome-
chanical environment for implants placed
in high-density trabecular bone. In low-
density bone, screw-type implants exhi-
bit a lower maximum equivalent strain
under axial load than cylinder-type
implants. In a similar bone chamber
study (Duyck et al. 2006), attempting to
define the tolerated micro-motion thresh-
old, even a 30mm micromovement
already impaired osseointegration. The
substantial difference from this study,
however, was that their use of turned
cylindrical implants did not allow an
efficient force transfer to the surrounding
tissues. This underlines the importance of
a good biomechanical coupling in the
establishment of osseointegration.

This experimental set-up differs from
the clinical situation in which implants
are installed in healed extraction sites
where the implant is, at least in some
areas, in direct contact with the host
bone. Likewise, the experiment mimics
more the immediate tooth replacement
clinical situation where, mostly at the
apex, the implant is in direct contact
with the host bone, whereas more cor-
onally only a blood cloth surrounds the
implant. Primary mechanical implant
stability was obtained through the
device itself through the central gliding
bearing and was only interrupted during
the loading sessions. The bone chamber
offers a good methodology to search for
optimization of healing and osseointe-
gration of implants surrounded by an
initial gap under the influence of load-
ing. This model presents a most arduous
endeavour to obtain osseointegration,
and therefore an interesting one to study
tissue differentiation in the implant sur-
roundings and early peri-implant osteo-
genesis under the influence of controlled
loading.

The metaphysis of the rabbit tibia was
chosen to install the bone chamber. This
cancellous site consists of a small
amount of trabecular bone and a con-
siderable amount of bone marrow, rich
in undifferentiated cells and blood vas-
culature, surrounded by compact bone.
The selected anatomical location
allowed blood flow into the bone cham-
ber and colonization with mesenchymal
cells. Differentiation of these cells with
bone-forming capacities resulted in tra-
becular bone formation in the bone
chamber that was found to be dependent

on the mechanical situation. The rab-
bit’s tibia has optimal anatomical
dimensions, is easy to access and
mimics the mandibular situation, both
having thick cortical plates. However,
extrapolation of the findings of this
study to the human situation should be
performed with caution. It is not the
observations as such but rather the
differences between the observations of
the test conditions that need to be
emphasized.

Given the challenges inherent in in
vivo well-controlled immediate loading
experiments of implants, the findings of
the present study are promising and
demonstrate the sensitivity of bone for-
mation to the mechanical conditions at
the peri-implant site. A 30mm implant
displacement enhanced bone formation
in the implant surroundings. Addition-
ally, the screw-shaped implant design
promoted osseointegration by providing
a favourable local mechanical environ-
ment for bone formation compared with
the cylindrical implant. In the clinic,
screw-shaped implants not only favour
primary stability, but might improve the
so-called secondary stability achieved
by physiological loading.
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Clinical Relevance

Scientific rationale for the study:
Bone healing under physiological
loading is becoming a common clin-
ical practice, although conflicting
data from experimental studies
emphasize the importance of the
loading protocol and implant design
when immediate loading is applied.
Principal findings: The positive
effect of controlled immediate load-

ing on bone formation around
implants was demonstrated. In addi-
tion to the primary mechanical stabi-
lity inherent in a screw-shaped
implant, its secondary biological sta-
bility is most likely improved by a
more favourable mechanical cou-
pling for bone formation compared
with the cylindrical implant.
Practical implications: It becomes
evident that well-controlled immedi-

ate loading accelerates peri-implant
tissue mineralization. In the clinic,
osseointegration of implants can be
accelerated by immediate loading
unless careful selection of the load-
ing protocol in relation to the bone
characteristics and the implant
design is carried out.
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