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Abstract 
Low-magnitude high-frequency loading, applied by means of whole body vibration (WBV), 
affects the bone. Deconstructing a WBV loading stimulus into its constituent elements and 
investigating the effects of frequency and acceleration individually on bone tissue kinetics 
around titanium implants were aimed for in this study. A titanium implant was inserted in the 
tibia of 120 rats. The rats were divided into 1 control group (no loading) and 5 test groups 
with low (L), medium (M) or high (H) frequency ranges and accelerations [12–30 Hz at 0.3×g 
(F L A H); 70–90 Hz at 0.075×g (F M A M); 70–90 Hz at 0.3×g (F M A H); 130–150 Hz at 
0.043×g (F H A L); 130–150 Hz at 0.3×g (F H A H)]. WBV was applied for 1 or 4 weeks. 
Implant osseointegration was evaluated by quantitative histology (bone-to-implant contact 
(BIC) and peri-implant bone formation (BV/TV)). A 2-way ANOVA (duration of 
experimental period; loading mode) with α = 0.05 was performed. BIC significantly increased 
over time and under load (p < 0.0001). The highest BICs were found for loading regimes at 
high acceleration with medium or high frequency (F M A H and F H A H), and significantly 
differing from F L A H and F M A M (p < 0.02 and p < 0.005 respectively). BV/TV 
significantly decreased over time (p < 0.0001). Loading led to a site-specific BV/TV increase 
(p < 0.001). The highest BV/TV responses were found for F M A H and F H A H, significantly 
differing from F M A M (p < 0.005). The findings reveal the potential of high-frequency 
vibration loading to accelerate and enhance implant osseointegration, in particular when 
applied at high acceleration. Such mechanical signals hold great, though untapped, potential 
to be used as non-pharmacologic treatment for improving implant osseointegration in 
compromised bone. 
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Introduction 
Low-magnitude high-frequency (LMHF) mechanical loading, applied by means of whole 
body vibration (WBV), affects the skeleton [1, 2]. Ample evidence is provided that LMHF 
WBV loading stimulates bone formation [2] and bone healing [3–8]. WBV loading has 
therefore been introduced in the clinics as a non-pharmacological intervention in the treatment 
of e.g. osteoporosis [9–13]. As titanium implant osseointegration implicates bone healing [14, 
15], it was anticipated that LMHF loading has the potential to positively affect peri-implant 
bone healing and ultimately implant osseointegration. Results of a previous study performed 
by the authors’ group using the rat tibia implant model and applying LMHF WBV loading 
immediately after implant installation confirmed the anabolic capacity of this loading mode in 
the establishment of titanium implant osseointegration [16]. Moreover, in compromised bone 
situations such as in ovariectomized (OVX) rats, it has been observed that the application of 
LMHF WBV loading enhances bone-implant osseointegration [17, 18]. 
The specific parameters of a loading regime, such as duration, session distribution, frequency 
and amplitude of loading, play an important role in the impact of LMHF loading on bone. In 
order to gain a better understanding into the exact contribution of the component(s) that 
control the bone response to LMHF loading, efforts have been made on deconstructing the 
dynamic loading cycle into its constituent elements and investigating their effects individually 
on bone tissue kinetics [19–23]. However, this is poorly explored for the peri-implant setting. 
The impact of the duration of loading and the loading session (bouts) distribution (single-bout 
vs. partitioned application) was assessed in another study of our group [24]. A significant 
effect of the duration of LMHF WBV application on peri-implant bone healing and implant 
osseointegration was found, with longer loading periods being more osteogenic. Moreover, 
the introduction of a rest period between the loading sessions (partitioned load application) 
further enhanced the osteogenic response. LMHF loading that is applied twice for a short 
period (1.25 min) with a 4-h interval rest appeared to have the most pronounced anabolic 
effect [24]. 
Besides loading duration and distribution, also the frequency and amplitude of the WBV 
exposure are determinants of the bone response. The amplitude (magnitude) of a vibration can 
be quantified by its displacement, its velocity or its acceleration. For practical convenience, 
the amplitude of vibration is mostly expressed in terms of an average measure of the 
acceleration of the oscillatory motion, as measured by an accelerometer. The acceleration is 
defined by the frequency and the oscillatory displacement of the object, and is expressed in 
m s−2. The acceleration is often denoted in terms of g, with g being the acceleration due to the 
Earth’s gravity (1×g = 9.81 m s−2). Since most WBV platforms allow for multiple settings of 
frequency and amplitude of displacement, there are many possible combinations and resulting 
accelerations. The study of Judex et al. [20], aiming to investigate the role of the vibration 
frequency (45 vs. 90 Hz) in a low-magnitude WBV regime (0.15×g) in OVX rats, revealed 
that the efficacy of WBV was strongly dependent on the frequency of the applied signal (in 
favour for 90 Hz) but independent of the induced bone strains (significantly higher strains 
were recorded for the 45 Hz regime compared to 90 Hz vibration). The authors of the referred 
paper suggested that the optimization of a WBV intervention should not focus on the induced 
bone strains, but rather on the bone cells’ frequency-specific sensitivity relative to the loading 
duration and acceleration. Oxlund et al. [21]) demonstrated, in a similar experimental set-up 
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with OVX rats, that vibrations applied at 17 Hz (0.5×g), 30 Hz (1.5×g) or 45 Hz (3×g) are all 
sensed in the cortical bone. The stimulation at the highest frequency and with the highest 
acceleration was shown to be most effective in enhancing cellular activity, and was actually 
the only one preventing the loss of cortical bone strength. The selective effects of different 
frequency and acceleration parameters on the bone and muscle response are starting to 
become clear [25–28]. However, their roles in enhancing titanium implant healing and 
osseointegration have not been reported so far, and are the strategy of the presented research. 
Six experimental groups with WBV at low-, medium- or high-frequency ranges and at low, 
medium or high acceleration were designed. It was hypothesized that (i) WBV loading is 
anabolic for titanium implant osseointegration, and that (ii) the most pronounced response of 
the peri-implant bone to WBV would be obtained for the loading regime at highest frequency 
and acceleration. The aim of this study was to indicate the optimal combination of frequency 
and acceleration parameters stimulating titanium implant osseointegration. Therefore, the 
expected findings may be of considerable importance in establishing new loading protocols to 
enhance implant osseointegration, particularly in compromised bone conditions. 

Materials and Methods 

Animals and Surgical Procedure 

The study was carried out on 120 male Wistar rats (3 months old) with an average weight of 
353.1×g (SD: ± 11.7). Custom-made cylindrical screw-type implants (Ø: 2 mm; L: 10 mm) 
were obtained from a titanium rod (99.6 % Ti, Goodfellow Cambridge Ltd., Huntingdon, 
England) (Fig. 1a). Prior to installation, the implants were cleaned in an ultrasonic bath and 
decontaminated with a mixture of HF (4 %) and HNO3 (20 %). 3D topographical analysis of 
the implant surface was performed using a scanning white light interferometer at the vertical 
shifting interferometry mode (Wyko NT 3300; Veeco Metrology Inc., Tucson, USA). 
Analyses (n = 12) were performed at the implant part devoid of screw threads. The etched 
implant surface was characterized by a roughness (Sa) of 224.5 nm (±13.4) and a developed 
interfacial area ratio (Sdr) of 1 %. Implants were sterilized by autoclaving prior to insertion in 
the tibia unilaterally (left and right tibia randomized). 

 
Fig. 1  
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Custom-made titanium implant (a scale bar: 0.5 mm), in situ at the metaphyseal region of the 
proximal side of the tibia (b scale bar: 2 mm) 
The rats were anesthetized with 2.5 % Isoflurane (Isoflurane USP®, Halocarbon, NJ, USA). 
The medial aspect of the metaphyseal region of the proximal (i.e. near the tibial condyle) side 
of the tibia was exposed by dissection. Perpendicular to the tibia’s long axis and at a 
standardized position (i.e. at the junction of the tibia’s upper and middle third at the level of 
the soleal line), a cavity was drilled under constant saline cooling. Both the medial and the 
lateral bone cortices were perforated (Fig. 1b). In order to achieve good primary stability, the 
final surgical drill used was 0.3 mm undersized compared to the implant’s external diameter. 
After manual implant insertion by means of a custom-fit wrench, the wound was closed with 
resorbable sutures (Vicryl® 3-0, Ethicon, USA), fully submerging the implant. Analgesics 
were given post-operatively for 2 days by intramuscular injection of buprenorphine 
(Temgesic® at 0.05 mg/kg, Reckitt Benckiser, Brussels, Belgium). The animals were 
euthanatized by cervical displacement under isoflurane-induced anaesthesia at the end of the 
experiment. 

Whole Body Vibration Loading Protocols 

The LMHF loading was applied by means of a custom-made WBV device (Department of 
Mechanical Engineering, Division of Biomechanics and Engineering Design, KU Leuven, 
Belgium) [16, 24]. The animals were randomly divided into 2 groups with different 
experimental periods. In one group (n = 60), the experiment lasted for 1 week, while in the 
other group (n = 60) for 4 weeks. Each group was subdivided into 6 groups: one unloaded 
control group (CTR) and 5 WBV loaded groups. Attempting to cover a wide range of peri-
implant bone reactions, specific combinations of frequency ranges (classified as ‘low (F L)’, 
‘medium (F M)’ or ‘high (F H)’) and peak accelerations (classified as ‘low (A L)’, ‘medium (A 
M)’ or ‘high (A H)’) were applied. The following WBV loading regimes were defined: 12–
30 Hz at 0.3×g (F L A H); 70–90 Hz at 0.075×g (F M A M); 70–90 Hz at 0.3×g (F M A H); 130–
150 Hz at 0.043×g (F H A L); and 130–150 Hz at 0.3×g (F H A H) (Table 1). Each test group 
received 5 steps of loading. For example, for the animals of the group F M A H, WBV was 
applied at 70–75–80–85–90 Hz loading in a randomized way for 1 min per frequency (total 
loading duration of 5 min). Likewise, the vibration steps for the F L A H and F H A H groups 
were 12–15–20–25–30, and 130–135–140–145–150 Hz, respectively. Groups F L A H , F M A 
H and F H A H were loaded with the same loading acceleration but with varying loading 
frequencies. Groups F M A M and F M A H as well as groups F H A L and F H A H shared 
common loading frequency ranges but with varying loading accelerations. Vibration loading 
started the day following surgery (‘immediate implant loading’ as defined in the consensus 
report on the classification of loading protocols [29]) and was applied 5 days per week for 
either 1 or 4 weeks. WBV was applied individually, taking into account the animal’s body 
weight. Intervals of 24 h between the loading sessions were respected. 
Table 1  
Frequency and acceleration parameters of the different loading regimes 

Group 
Frequency (Hz) Acceleration (g) 
Range Classification Value Classification 

CTR – – – – 
F L A H  12–30 Low 0.3 High 
F M A M  70–90 Med 0.075 Med 
F M A H  70–90 Med 0.3 High 
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Group 
Frequency (Hz) Acceleration (g) 
Range Classification Value Classification 

F H AL  130–150 High 0.043 Low 
F H A H  130–150 High 0.3 High 

CTR control, F frequency, A acceleration, L low, M medium, H high 

Specimen Preparation and Analysis 

At sacrifice, the bone-implant blocks were dissected, fixated in a CaCO3-buffered formalin 
solution and dehydrated in increasing concentrations of alcohol. After dehydration, the 
samples were embedded in polymethylmethacrylate. The embedded samples were cut by a 
diamond saw (Leica SP 1600, Leica Microsystems Nussloch, Germany) along the axis of the 
tibia and the implant. Three sections per sample could be obtained, out of which the most 
central ones were polished to a final thickness of 20–30 µm (Exakt 400 CS, Exakt 
Technologies Inc., Norderstedt, Germany). Subsequently, the sections were stained with Van 
Gieson’s picrofuchsin red to visualize the mineralized bone tissue and with Stevenel’s blue to 
visualize the fibrous tissue. 
The histological and histomorphometrical analyses were performed using a light microscope 
with a magnification of ×100 (Leica Laborlux, Wetzlar, Germany). The samples were scanned 
with a high-sensitivity video camera (AxioCam Mrc5, Zeiss, Göttingen, Germany) at an 
image resolution of 1.22 µm/pixel. The histomorphometrical analyses were performed via 
digital imaging processing (Axiovision 4.0, Zeiss, Göttingen, Germany). The following 
analyses were performed (Fig. 2): 

 
Fig. 2  
Illustration of the 3 defined regions of interest (ROI) for histomorphometrical analysis of the 
peri-implant bone reaction (BV/TV bone volume relative to tissue volume) in cortex and 
medulla: 0–100 µm (BV/TV_ROI1), 100–500 µm (BV/TV_ROI2) and 500–1,000 µm 
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(BV/TV_ROI3) wide zones relative to the implant surface. Scale bar 1 mm. P proximal, D 
distal, M medial, L lateral 
(i) 
Bone-to-implant contact (BIC, %): summation of the lengths of contact between bone and 
implant/implant length extending from the most medial till the most lateral BIC point; 
  
(ii) 
Peri-implant bone volume relative to tissue volume (BV/TV; %): the amount of bone in a 
specific reference area. Three different regions of interest (ROI) were defined: 0–100 µm 
(BV/TV_ROI1), 100–500 µm (BV/TV_ROI2) and 500–1,000 µm (BV/TV_ROI3) zones 
extending from the implant surface. The areas encompassed the peri-implant tissues from 
medial till lateral cortex. 
  
BIC and BV/TV measurements were performed at both proximal and distal implant sides. 
Images were pre-processed via a customized script for tracing BIC and BV/TV [24, 30]. The 
colour images were then binarized using an automatic threshold based on the histogram 
frequency distribution of grey levels, and subsequently computed. The reproducibility of the 
measurements performed by 2 examiners was evaluated. As this inter-examiner variation was 
very limited, one examiner continued the measurements. 

Statistical Analysis 

Two-way ANOVA and post hoc Tukey HSD tests were performed to evaluate differences 
between the 2 experimental periods and between the 6 loading modes (SPSS ver. 13.0, 
Chicago, IL, USA). The significance level was set at p < 0.05. 

Results 
All but 1 implant healed uneventfully. The latter implant (unloaded, 1 week CTR-group) was 
excluded from the study. 

Histological Observations 

A representative example of an unloaded versus WBV loaded implant for 1 and 4 weeks of 
loading is shown in Fig. 3. An osteogenic response at the implant surface and in the implant 
vicinity could be observed histologically already 1 week after implant installation. At the 
cortical level, bone remodelling with necrotic bone remnants as well as newly formed bone 
trabeculae was seen. In the medullar region—a region devoid of bone tissue prior to implant 
installation—newly formed tissue was observed around the implant, consisting of 
fibrovascular stroma with bone trabeculae. The bone formation occurred exclusively via a 
primary repair sequence, without a cartilaginous intermediary. In unloaded conditions, the 
amount of newly formed bone along the implant surface decreased with increasing distance 
from the cortex. This reflects the process of appositional bone growth, originating from the 
endosteal cortical trabeculae. This was observed in particular at the distal side, the side 
without native metaphyseal bone trabeculae. Owing to the osteoconductivity of a titanium 
implant, the peri-implant bone growth extended further towards the middle of the implant. In 
case of WBV loading, however, it was observed that the width of the peri-implant bone collar 
along the entire implant length was more uniform, suggesting that cells other (i.e. progenitor 
cells) than resident bone cells, in response to mechanical stimulation, contributed to the bone 

http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR24
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR30
http://link.springer.com/search?dc.title=ANOVA&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23Fig3


formation. Indirect implant loading through WBV for 1 week resulted in a non-site-dependent 
anabolic bone response at the medullar level. 

 
Fig. 3  
Representative image of unloaded and WBV loaded implants from the 1 and the 4-week 
experimental period. Scale bar 1 mm. Bone formation took place adjacent to the implant in 
the medulla after 1 week of healing for both unloaded (a) and loaded (b) implants. 
Reorganization of the newly formed peri-implant bone, indicative for bone remodelling, led to 
dense bone adjacent to both unloaded (c) and WBV loaded (d) implants 
After 4 weeks of unloaded or loaded healing, irrespective of the applied WBV loading 
regime, the newly formed bone had matured and was reorganized into lamellar, i.e. an orderly 
deposition of the collagen fibres as observed by microscopy, bone tissue. At the same time, 
less cuboidal-shaped osteoblasts were noticed in both the cortical and medullar region, 
indicative for a restricted bone formation activity. Furthermore, the amount of the lamellar 
bone deposited onto the implant surface was found to be dependent on the loading protocol. 
In the absence of loading, a thin bone ‘shell’ of uniform thickness along the entire implant 
was observed. In contrast, in response to WBV loading, a striking increase in the width of the 
peri-implant bone could be discerned: a thick bone ‘collar’ around the implant was formed, 
starting from both the medial and lateral cortex and almost connecting. 

Histomorphometrical Analysis 

BIC was significantly influenced by WBV loading as well as by the duration of the loading 
period, without interaction between the factors (ANOVA; p < 0.0001) (Table 2). BIC 
increased over time (Fig. 4). Post hoc analysis exploring differences in BIC between the 
different loading regimes revealed that BIC in each WBV loaded group was significantly 
higher compared to the unloaded group (Tukey HSD test; p < 0.0001). Furthermore, the 
loading regimes at medium and high frequency combined with a high acceleration protocol (F 
M A H and F H A H) resulted in the highest BIC values, which were significantly different from 
BIC values obtained after WBV stimulation at low frequency with high acceleration (F L A H) 
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and at medium frequency with medium acceleration (F M A M) (Tukey HSD test; p < 0.02 and 
p < 0.005, respectively) (Fig. 4). 
Table 2  
ANOVA results of the effect of the independent variables (i.e. the duration of the 
experimental period, the loading mode and their interaction) on the dependent variables (i.e. 
BIC and BF) 
  Duration Loading_Mode Duration*Loading_Mode 
BIC p < 0.0001 p < 0.0001 p = 0.190 
BV/TV_ROI1  p < 0.0001 p < 0.001 p = 0.962 
BV/TV_ROI2  p < 0.0001 p = 0.519 p = 0.753 
BV/TV_ROI3  p < 0.0001 p = 0.555 p = 0.524 

BIC bone-to-implant contact, BV/TV peri-implant bone volume relative to tissue volume, 
ROI region of interest 
 

 
Fig. 4  
Histomorphometrical results of BIC. Means and standard deviations for the 2 experimental 
terms and for the different loading conditions are shown. *Significant different versus control 
group (CTR); **Significant different versus F L A H and F M A M (Post hoc Tukey HSD test) 
The peri-implant bone formation reaction to WBV loading was significantly influenced by the 
duration of the loading term, with a decrease over time (ANOVA; p < 0.0001). Furthermore, 
BV/TV was significantly influenced by WBV loading, but solely in the region closest to the 
implant surface (BV/TV_ROI1) (ANOVA; p < 0.001) (Table 2). No interaction was found 
between the duration and the loading mode factors. In contrast to BIC where an overall 
significant increase was found between WBV loaded and unloaded implants, post hoc 
analyses revealed selected increases for the peri-implant BV/TV in response to WBV loading 
(Tukey HSD test; p < 0.02 for F L A H and F HA M , and p < 0.001 for F M A H and F H A H) 
(Fig. 5). No significant differences for BV/TV_ROI1 were found between F M A M loaded and 
unloaded control implants. Moreover, likewise the BIC results, the highest BV/TV responses 
were found for the loading regimes at medium and high frequency combined with a high 
acceleration protocol (F M A H and F H A H). These differed significantly from the results of 
the F M A M loading protocol (Tukey HSD test; p < 0.005 and p < 0.001, respectively) 
(Fig. 5). 
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Fig. 5  
Histomorphometrical results of BV/TV for the 3 regions of interest (a–c). Means and standard 
deviations for the 2 experimental terms and for the different loading conditions are shown. An 
asterisk denotes a statistically significant difference relative to the unloaded group (CTR). A 



double asterisk denotes a statistically significant difference relative to the F M A M (Post hoc 
Tukey HSD test) 

Discussion 
The present study aimed to analyse the role of particular vibration parameters on the bone 
response around integrating titanium implants. The provided evidence showed that the extent 
of the bone reaction to WBV that depends on the characteristics of the composing parameters 
[4, 20–22] was anticipated for the implant osseointegration setting in the present study. More 
in particular, the constituting parameters frequency and acceleration on the bone tissue kinetic 
response around titanium implants were under investigation. Frequencies of 12–30, 70–90 and 
130–150 Hz, and accelerations of 0.043×g, 0.075×g and 0.3×g were applied. It was 
hypothesized that (i) WBV has an anabolic effect on implant osseointegration and that (ii) the 
loading regime with the highest frequency and acceleration results in the most pronounced 
constructive peri-implant bone reaction. 
Mechanical loading plays a pivotal role in bone homeostasis. Bone’s sensitivity to mechanical 
demands in the negative and positive direction is illustrated by disuse and exercise studies, 
respectively [31, 32]. At the same time, it is well known that bone has a constant level of 
activity, aiming to keep bone tissue strains at an optimal level by altering bone structure 
designated as remodelling [33]. In response to injury or biomaterial installation, bone healing 
(renewed modelling) precedes the bone remodelling. The response to the trauma of inserting a 
screw in the tibial bone was on the one hand cortical bone remodelling, and on the other hand 
medullar trauma-induced membranous bone formation with subsequent remodelling. The new 
bone formation is important for the strength of screw fixation, and increased bone formation 
at early stages in the incorporation process may provide a better long-term prognosis [34]. 
The findings revealed that the least marked bone apposition onto the implant (quantified by 
‘BIC’) was recorded when the rats were normal weight bearing (unloaded group), resulting in 
a retarded and a depreciated implant osseointegration compared to all tested loading regimes. 
Furthermore, an anabolic medullar bone response to WBV loading in the implants’ vicinity 
(measured as ‘peri-implant bone volume over tissue volume’) was observed, reflecting that 
this peri-implant modelling- and remodelling-based bone formation is noticeable influenced 
by vibration loading. These findings confirm the amply provided evidence for an enhanced 
implant osseointegration through mechanical loading [35–38], and the corroborating evidence 
for the positive effect of LMHF loading on titanium implant osseointegration [16–18, 24]. 
The 1st hypothesis—i.e. WBV loading is anabolic for titanium implant osseointegration—was 
herewith sustained. 
Analogous to the findings of the pilot experiments of the authors’ group [16, 24], a significant 
decrease in peri-implant bone volume with increased time lapse was noted. Furthermore, the 
amount of medullar callus tissue declined with extending distance from the implant surface. 
These findings illustrate the progressive stages of ossification of the repair tissue which was 
formed by the osteoprogenitor cells in the marrow, the endosteal surface and the adjacent 
trabeculae [39], in interplay with the osteoconductive property of titanium [40]. Finally, 
differences between loaded and unloaded samples in this medullar bone formation were 
observed. Absence of stimulation resulted in the removal of the newly formed bone in this 
area and maximal reestablishment of the medullary canal, whereas loading preserved the 
bone. As these loading-related differences were significant for the reference area closest to the 
implant surface (ROI1), and not for the distant areas ROI2 and ROI3, it is suggested that the 
loading, although applied indirectly through WBV—and not directly through direct implant 
loading—exerted its effect via the titanium implant and created site-specific mechanical 

http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR4
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR20
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR22
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR31
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR32
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR33
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR34
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR35
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR38
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR16
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR18
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR24
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR16
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR24
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR39
http://link.springer.com/article/10.1007/s00223-014-9896-x/fulltext.html%23CR40


conditions. The local mechanical environment resulted in loading stimulus perception by 
differentiating interfacial tissues rather than by the established distant tissue. 
In order to gain a better understanding into the contribution of the component(s) that control 
the bone response to LMHF WBV loading, efforts were made on deconstructing the dynamic 
loading cycle into its frequency and acceleration constituent elements. Frequencies and 
accelerations classified as low, medium or high were assigned and combined. It was observed 
that the loading mode with the highest acceleration (0.3×g), combined with medium (70–
90 Hz) or high (130–150 Hz) frequency (groups F M A H and F H A H, respectively), resulted 
in significantly more bone apposition onto the implant (BIC) compared to the corresponding 
loading mode at low frequency (F L A H; 12–30 Hz at 0.3×g) and to the medium frequency 
and acceleration protocol (F M A M; 70–90 Hz; 0.075×g). These data establish bone’s ability 
to discriminate between vibration frequencies when loading at high acceleration, and indicate 
that focusing on the loading bouts frequency and on the duration for a specific frequency is an 
attractive strategy for the optimization of WBV intervention in biomaterial integration. The F 
M A H and F H A H loading regimes were also the best performing in terms of formation of 
bone adjacent to the implant surface (bone volume in ROI1), but solely significantly differing 
from F M A M. Our 2nd hypothesis—i.e. the loading regime with the highest frequency and 
acceleration will result in the most pronounced constructive peri-implant bone reaction—
could only partly be confirmed: the loading regime at medium frequency with high 
acceleration is as potent as the F H A H protocol for enhancing titanium implant 
osseointegration. 
The degree by which variations in the parameters defining a WBV intervention alter the 
efficacy of the low-level mechanical signals for the implant setting is now starting to become 
unravelled. However, the importance of the host bone characteristics, i.e. the quality and the 
related vascularisation, has not been profoundly recognized in this context. It has been 
repeatedly shown that WBV can serve as an anabolic signal to a skeleton, even upon the 
withdrawal of oestrogen [6, 8, 12, 17, 20, 41]. While interference of osteoporosis with the 
implant-tissue integration process has been evidenced [42, 43], only 2 studies were published 
on the effect of LMHF mechanical vibration on peri-implant bone volume in osteoporotic rats 
[17, 18]. Future studies probing the interdependence of WBV mechanical parameters and 
covering the host bone properties will provide important clues towards identification of the 
physical mechanisms by which WBV perturbs bone’s cellular activity. 
Several limitations of this study need to be addressed. We did not do any measurements to 
shed light on the mechanical fixation of screws, nor of the induced strain environment. This 
information, particularly at the initial phases of implant osseointegration, would be valuable 
for the interpretation and further optimization of LMHF loading protocols. Also, identification 
of the sites of active mineralization of the peri-implant bone relative to the applied loading 
regime, by use calcium-binding fluorochromes, was not performed for practical reasons, but 
would provide relevant information regarding accretion and direction of bone formation at the 
implant site in response to LMHF mechanical loading. Furthermore, not all possible 
combinations of ‘frequency’ and ‘acceleration’ (L–M–H) for the 2 experimental periods (1–
4 weeks) were investigated, thereby rendering the full exploration of their interaction effects 
in a 3-way ANOVA and consequently of their selective individual effects on the peri-implant 
bone incomplete. Finally, the evidence provided in the present and in previous studies on the 
positive effect of high-frequency loading on implant osseointegration is mainly derived from 
tissue level findings. Statistically significant differences for the BIC and BV/TV parameters 
evaluating implant osseointegration in response to WBV were recorded, though rather 
modest. Therefore, bone generation in peri-implant bone regeneration in response to WBV 
loading needs to be further explored in terms of the implicated molecular regulatory 
mechanisms. Advanced gene and protein expression approaches may contribute towards an 
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understanding of the mechanisms involved in bone mechanotransduction at the in vivo 
titanium bone-implant interface. The revelation that AMP-activated protein kinase (AMPK) 
signalling—a key sensing mechanism in the regulation of cellular energy homeostasis—
which is implicated in bone metabolism renders AMPK signalling as an attractive pathway to 
explore in skeletal physiology in response to loading, and in particular in bone disease states 
(such as osteoporosis and diabetes) [44]. 
In summary, vibration loading is not only part of athletes training, but can also be a non-
pharmaceutical tool in bone regeneration and biomaterial integration. One of the factors 
ensuring effective vibration stimulation is a set of optimal vibration parameters. The observed 
findings suggest that titanium implant osseointegration is accelerated and enhanced with 
increasing frequency and acceleration. Therefore, high frequencies and acceleration protocols 
might be recommended. Translation into the clinical titanium implant setting could be 
realized through the development of miniature vibration devices and assessment of its effect 
on the peri-implant bone for different application modes such as incorporated into a jaw brace 
or in direct connection with the prosthesis. However, in order to avoid the use of high 
frequencies which are sometimes unpleasant for certain individuals, the vibration 
characteristics could be modulated by combining moderate frequencies with higher 
amplitudes and, based on our finding, may still expect the same outcome of the applied 
protocol. 
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