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ABSTRACT

Objective: This study aimed to evaluate the effect of direct high-frequency mechanical stimulation on the peri-implant
tissue healing.

Materials and Methods: A total of 48 custom-made 2-mm diameter titanium implants were inserted in the tibial epiphyses
of 12 rabbits. Half of the implants were stimulated by direct vibration (60 1 10 Hz) immediately after insertion for 1 and
4 weeks, respectively. The other half served as controls. The samples were collected after the animals were sacrificed and
were histologically processed into paraffin sections and stained with haematoxylin and eosin. The bone fraction was
measured in an area of 50 and 400 mm around the implant. To rate significant differences a one-way analysis of variance was
used with a set at 5%.

Results: No significant difference in bone fraction was found between test and control groups. When the bone fractions
of the 50 and 400 mm peri-implant regions were compared, a significantly larger bone fraction was found in the 50 mm
peri-implant region for the 4-week stimulated group.

Conclusion: Histomorphometric analyses could not reveal a pronounced effect of direct immediate high-frequency implant
loading.
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INTRODUCTION

Bone is a metabolically active tissue capable of adapting

its mass, shape, and structure to mechanical stimuli

and repairing structural damage through the process

of remodeling. The adaptation of bone in response

to mechanical loading is considered to be a life-long

process.1 It is clear that dynamic loading induces bone

formation other than static loading.2,3 Different in

vivo studies support the notion that bone is sensitive

to the applied strain rate.4–7 Over the past decade, by

use of different animal models, the high-frequency

low-magnitude stimulation, also referred to as vibra-

tion, has been proven to actively stimulate osteogenesis

and improve the skeleton quality.8 Most of the studies

used an oscillating plate to induce whole body vibration

as a stimulus.

For a long time it was assumed that mechanical

loading during implant healing compromised peri-

implant osteogenesis because of fibrous tissue for-

mation, thereby impairing the osseointegration.9,10

Micromotion at the implant–bone interface in case

of immediate implant loading can lead to inhibition

of bone formation at the interface because it probably

interferes with the development of adequate early

scaffolding of the fibrin clot. This event might disrupt

the reestablishment of a new vasculature to the healing

tissue, which in turn interferes with the arrival of regen-

erative cells. Eventually, the healing process is rerouted

into repair by collagenous scar tissue instead of bone

regeneration.11,12 Ossification of regenerating tissue is

only possible in case of a low hydrostatic strain envi-

ronment and in the absence of shear strain.13 Whereas,

high-peak strains impair bone mineral formation and
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osteogenic cell differentiation, physiologic bone loading

(500–3,000 microstrains) as such does not inhibit bone

formation.14 Premature implant loading can promote

early peri-implant osteogenesis14–18 in case of limited

interfacial micromotion and an optimal biomechanical

coupling between the implant and the surrounding

tissues. Such an optimal biomechanical coupling implies

the transfer of compressive or tensile rather than shear

forces. Indeed, such loads on healing bone might even

shorten the healing period.19,20 As healing bone has

lower mechanical properties compared with mature

bone, equal loading will result in higher strains in

immature bone. The load bearing capacity of healing

bone is therefore less than mature mineralized bone.

Both animal experiments21,22 and clinical studies12,23–25

have shown that immediately loaded oral implants

acting as support for a prosthesis can osseointegrate

provided that the forces and implant micro-motion are

controlled.20,26,27

Nowadays, there is a tendency to load implants

immediately or soon after implantation. This limits the

period of discomfort for the patients compared with the

long healing times in the delayed loading protocol. As

the treatment goes faster, it also offers psychosocial and

economic benefits. The local mechanical loading situa-

tion is believed to be a strong determinant in the pro-

cesses of tissue differentiation and bone formation/

resorption around implants. Early/immediate loading

might offer the potential to stimulate osteogenic effects

during implant healing under specific conditions.

Considering the abundant evidence of the posi-

tive effect of high-frequency loading on both bone

adaptation and regeneration in general,28 the idea of

accelerating the osseointegration process and optimiz-

ing oral implant success through a therapeutically

mechanical stimulation is tempting but not scienti-

fically founded. This study therefore aims to evaluate

the effect of high-frequency mechanical stimulation

on the peri-implant tissue healing in the context of the

optimization and acceleration of the osseointegration

process.

MATERIALS AND METHODS

Implants and Animals

Custom-made 2-mm diameter commercially pure

titanium (grade 2, Goodfellow, Huntingdon, United

Kingdom) implants were used (see Figure 1). The screw

design of the upper part allowed a solid connection with

the vibration device (Figure 2).

Prior to surgery, the implants were cleaned ultra-

sonically, decontaminated by soaking in a 4% hydroxyl-

fluoride (HF) buffered with a 20% HNO3 solution for 30

seconds, and sterilized. By doing so, the implant surfaces

were standardized into an average roughness (Sdr, %)

of 1, which was determined by a scanning white-light

interferometer (Wyko NT 3300; Veeco Metrology Inc.,

Tucson, AZ, USA). Twelve 6-month old female New

Zealand white rabbits (body weight, 3.7 kg 1 0.5 kg)

were selected for this experiment. The rabbits were all

Figure 1 Design of the implant.

Figure 2 The vibration device was mounted on the implant.
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pathogen free and were kept in quarantine for 11/2

months before the study was started. The study protocol

was approved by the Regional Ethics Committee for

Laboratory Animal Research of the Catholic University

of Leuven and was performed according to the Belgian

animal welfare regulations and guidelines.

Surgery and Loading Protocol

Under general anesthesia (intravenous, Diprivan 1%,

0.4 mL/kg h.; Astra Zeneca, Brussels, Belgium), a total of

four implants were inserted in the two tibia epiphyses

of each rabbit by two implant surgeries at 1 and 4 weeks

before the sacrifice. During the first surgery, one implant

was placed per leg. One of both implants received vibra-

tion stimulation; whereas, the other implant served as

the unloaded control. After 3 weeks, a second implant

was placed per leg. Again, one implant was loaded

whereas the other one was not. After another week of

healing, the animals were sacrificed with a 0.1 mL/kg

intravenous injection of an embutramide, mebenzoniu-

miodide, and tetracaine hydrochloride solution (T61;

Intervet, Mechelen, Belgium). By following this proto-

col, each rabbit contained a loaded and an unloaded

implant that healed for 1 week and another loaded and

unloaded implant that healed for 4 weeks. Postopera-

tively, the animals were given a dose of an intramuscular

injection of 0.05 mg/kg buprenorphine as analgesics and

300.000E/d antibiotics (penicillin, Kela, Hoogstraten,

Belgium) for 3 days.

A custom-made vibration device was used to

apply the vibration (60 1 10 Hz). Immediately after the

implantation, the implants of the test group received

vibration for 10 min/day, 5 days/week. The control

implants did not receive any vibration stimulation, but

underwent the sham manipulations (mounting of the

vibration device) (Figure 2).

Tissue Processing and Histomorphometry

Immediately after animal sacrifice, the samples were

harvested. The tissues were fixed in 4% paraformalde-

hyde for 3 days. The samples were immersed in 0.5 M

EDTA (pH 7.4) and formic acid (HCOOH – pH 3.7) at

4C until the decalcification was achieved. After demi-

neralization, specimens were dehydrated through an

ascending ethanol series prior to paraffin embedding.

After paraffin embedding and freezing (-30C), the

implants were gently removed, after which the samples

were reembedded. The most coronal part of the sample

was cut into 5-mm thick sections (perpendicular to the

implant axis) and stained with hematoxylin and eosin.

The bone fraction in a region of interest (ROI) of 50 and

400 mm around the implant was evaluated by a semiau-

tomatic system (Axiovision, Carl Zeiss Microimaging

GmbH, Standort Göttingen, Germany) connected to a

Zeiss light microscope (Figure 3). To eliminate the

endochondral ossification which is mostly involved

in long bone growth, the cartilage in the target region

was excluded from the analysis (ie, the mineral bone

fraction = summation of all mineralized tissues in the

ROI/(area of the ROI - area of cartilage in the ROI)).

Statistics

Statistics were computed using a commercially available

software package (SPSS, Chicago, IL, USA). The data

were analyzed using one-way analysis of variance;

p-values less than 0.05 were considered significant. The

data were presented as the mean 1 standard deviation

(SD).

RESULTS

Means (SD) of the bone fraction in the 50 and 400 mm

peri-implant areas are displayed in Figure 4. Neither

in the 50 nor in the 400 mm peri-implant areas was a

significant difference found between test and control

groups. After a 4-week loading period, however, a

significantly higher bone fraction was observed in the

50-mm compared with the 400-mm peri-implant region

Figure 3 Illustration of the 50- and 400-mm range of interest in
which bone fraction measurements were performed. The white
space in the center represents the cavity where the implant was
removed.
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(Figure 4). This difference in bone fraction depending

on the distance from the implant was not observed

around the unloaded implants.

DISCUSSION

In this study, the changes of the bone fraction in the

peri-implant area in response to high-frequency direct

implant loading were investigated. No significant differ-

ences in bone fraction were found between the loaded

and the control group.

For both loading conditions and both healing

periods, there was a tendency for a higher bone fraction

in the immediate vicinity of the implant (50-mm peri-

implant region) compared with the broader (400-mm)

peri-implant region. The fact that this tendency was seen

around both unloaded as loaded implants, in combina-

tion with the fact that the loading conditions did not

significantly affect the peri-implant bone fraction, sug-

gests that the effect of implant installation on the bone

in the immediate vicinity of the implants might have

overruled a positive effect because of the mechanical

stimulation. Only after 4 weeks of mechanical stimula-

tion, a significantly higher bone fraction was found close

to the implant compared with in a broader zone around

the implant.

This bone densification near the implant was also

described by Balatsouka et al.29 who found a significant

increase in bone density from 2 to 4 weeks. The bone

density of newly formed mineralized bone in the bone

bed sites without implants, however, did not demon-

strate a difference over time.

In this study, the bone fraction – as a representation

of the bone density – was measured as this is the param-

eter that is commonly used for the evaluation of the

effect of bone stimuli. Also, the bone-to-implant

contact is often used as a parameter to quantify the

implant osseointegration. This could not be done in this

study because the implants were removed from the

bone samples. The choice for paraffin sectioning

required this removal of the implants. Previously, the

effect of such implant removal on the surrounding

tissues was investigated by means of scanning electron

microscopy.30 Implants removed only 1 to 3 days after

insertion, showed scattered blood cells in a thin layer of

(fibrin) matrix, which covered up to 30% of the implant

surface. On implants removed after 1, 2, 4, or 6 weeks,

some small sponge-like structures were rarely detected,

which were devoid of cells. These structures were con-

sidered to be fibrous tissue or remnants of cells. The

remaining surface of the implants was comparable with

the surface of a blank implant. This means that, despite

the removal of an implant from 4 weeks healed

bone, the peri-implant tissues can be considered as rela-

tively intact.

Because of both internal mediators and external

mechanical demands, the bone tissue dynamically

responds to a number of metabolic, physical and endo-

crine stimuli, undergoing continual chemical exchange

and structural remodeling. Recent research has sug-

gested that bones display an extraordinary adaptive

behavior toward high-frequency low-magnitude

mechanical stimulation.28

An early mechanical stimulation (implants healed

for 1 week prior to stimulation) via indirect whole body

vibration was applied on ovariectomized rats for 2 weeks

at 50 Hz.31 The peri-implant bone response was quanti-

fied by micro-computed tomography and revealed an

increased amount of relative bone volume in a 48 mm

peri-implant area.

The current study, however, failed to demons-

trate such an osteogenic effect of direct high-frequency

loading. Besides, this effect might have been overruled

by the healing response, another reason might be that

because of the high-frequency loading directly applied

onto the implant, a considerably interfacial micro

motion between implant and the surrounding tissues

might have been evoked. It has previously been shown

and hence, this is generally accepted that large micro-

motions on the implant–bone interface lead to soft

Figure 4 Peri-implant bone fraction in the 50-mm and 400-mm
peri-implant areas (*p < .05).
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tissue encapsulation (fibroplasia) and therefore compro-

mise osseointegration.11,12

A third possible reason why the mechanical loading

did not enhance bone formation might be an inefficient

load transfer from the implant toward the surrounding

tissues. It is known that peri-implant osteogenesis

requires a limitation of the interfacial micromotion as

well as an optimal force transfer.19,20 The surface of the

used implants (Sdr: 1%) might have been too smooth

to establish an efficient biomechanical coupling during

the initial healing period. Because of this lack of

biomechanical coupling combined with the interfacial

micromotion at the start of the mechanical stimulation,

the mechanical stimulation failed to enhance bone

formation.32

In silico modeling might contribute to a better

understanding of the biomechanical conditions of this

experimental set-up. However, the roughness of the

implants (Sdr: 1%) was purposely kept low so as to not

interfere with the pure mechanical bone response, which

was the aim of the study. As well established, surface

roughening speeds up the healing process in the first

weeks after implant installation compared with turned

implants.20,33

Further, to enhance osteogenesis around the

implant, the strategy of biologic and/or geometric

surface modification was explored in different animal

studies. Coating with bioactive molecules on the

implant surface (for instance, collagen and chondroitin

sulphate, bone morphogenetic protein-2, calcium phos-

phate, bisphosphonate) might hold the potential to

stimulate bone-to-implant contact34,35 or does increase

removal torque values.36 Nevertheless, in all the pervi-

ous mentioned studies, the relative peri-implant bone

density was not found to be different, which is consistent

with our results. It is likely, that in case of biologic

and/or local mechanical stimulation, the osteogenic

effect is more predominant in the vicinity of the

bone–implant interface rather than at distance. This

osteogenic effect is not necessarily translated into an

increased peri-implant bone fraction, as explained

above, but rather, in an increased bone-to-implant

contact.

As mentioned previously, several oscillation

studies37–41 indicated that very small load magnitudes

(inducing 5 microstrains or less) may already have

osteogenic potential when the stimulation is applied at

high frequency (>30 Hz). Despite a similar loading

regime used in this study, a convincing osteogenic effect

could not be observed when the stimulation was

directly evoked through an implant. A positive outcome

might have been more likely though when the high-

frequency loading was applied on the surrounding

bone rather than directly onto the implant. This would

avoid implant micro-motion, but could still stimulate

the peri-implant tissues, which in turn might have

a positive effect on peri-implant bone healing and

eventually osseointegration. This is subject in ongoing

investigation.

In conclusion, no pronounced effect of imme-

diate high-frequency loading, which was applied at

60 1 10 Hz with the direct vibration set-up in this

study, could be observed on the peri-implant bone

response. The bone healing processes appeared to have

a more important effect compared with the mechanical

loading.

ACKNOWLEDGMENTS

This study was supported by the Research Council

of the Katholieke Universiteit Leuven (OT/07/059).

The authors would like to thank Mrs. Lieve Ophalvens

(Department of Pathology, UZLeuven, Belgium) for her

professional guidance on histology processing.

REFERENCES

1. Frost HM. Perspectives: bone’s mechanical usage windows.

Bone Miner 1992; 19:257–271.

2. Hert J, Lisková M, Landa J. Reaction of bone to mechanical

stimuli. 1. Continuous and intermittent loading of tibia in

rabbit. Folia Morphol (Praha) 1971; 19:290–300.

3. Robling AG, Duijvelaar KM, Geevers JV, Ohashi N, Turner

CH. Modulation of appositional and longitudinal bone

growth in the rat ulna by applied static and dynamic force.

Bone 2001; 29:105–113.

4. Mosley JR, Lanyon LE. Strain rate as a controlling influence

on adaptive modeling in response to dynamic loading of

the ulna in growing male rats. Bone 1998; 23:313–318.

5. Turner CH, Owan I, Takano Y. Mechanotransduction

in bone: role of strain rate. Am J Physiol 1995; 269(3 Pt

1):E438–E442.

6. Judex S, Zernicke RF. High-impact exercise and growing

bone: relation between high strain rates and enhanced bone

formation. J Appl Physiol 2000; 88:2183–2191.

7. LaMothe JM, Hamilton NH, Zernicke RF. Strain rate influ-

ences periosteal adaptation in mature bone. Med Eng Phys

2005; 27:277–284.

8. Torcasio A, van Lenthe G, Van Oosterwyck H. The impor-

tance of loading frequency, rate and vibration for enhancing

562 Clinical Implant Dentistry and Related Research, Volume 14, Number 4, 2012



bone adaptation and implant osseointegration. Eur Cell

Mater 2008; 16:56–68.

9. Brånemark PI, Hansson BO, Adell R, et al. Osseointegrated

implants in the treatment of the edentulous jaw. Experience

from a 10-year period. Scand J Plast Reconstr Surg Suppl

1977; 16:1–132.

10. Brånemark PI, Zarb GA. Introduction to osseointegration.

In: Albrektsson T, ed. Tissue-integrated prostheses: osseoin-

tegration in clinical dentistry. Chicago, IL: Quintessence,

1985:11–76.

11. Brunski JB. In vivo bone response to biomechanical loading

at the bone/dental–implant interface. Adv Dent Res 1999;

13:99–119.

12. Degidi M, Piattelli A. 7-year follow-up of 93 immediately

loaded titanium dental implants. J Oral Implantol 2005;

31:25–31.

13. Carter DR, Beaupré GS, Giori NJ, Helms JA. Mechanobiol-

ogy of skeletal regeneration. Clin Orthop Relat Res 1998;

355(Suppl):S41–S55.

14. Meyer U, Joos U, Mythili J, et al. Ultrastructural character-

ization of the implant/bone interface of immediately loaded

dental implants. Biomaterials 2004; 25:1959–1967.

15. Piattelli A, Ruggeri A, Franchi M, Romasco N, Trisi P. An

histologic and histomorphometric study of bone reactions

to unloaded and loaded non-submerged single implants

in monkeys: a pilot study. J Oral Implantol 1993; 19:314–

320.

16. Simmons CA, Valiquette N, Pilliar RM. Osseointegration of

sintered porous-surfaced and plasma spray-coated implants:

an animal model study of early postimplantation healing

response and mechanical stability. J Biomed Mater Res 1999;

47:127–138.

17. Simmons CA, Meguid SA, Pilliar RM. Mechanical regulation

of localized and appositional bone formation around

bone-interfacing implants. J Biomed Mater Res 2001; 55:63–

71.

18. Romanos GE. Present status of immediate loading of oral

implants. J Oral Implantol 2004; 30:189–197.

19. Vandamme K, Naert I, Geris L, Vander Sloten J, Puers R,

Duyck J. The effect of micro-motion on the tissue response

around immediately loaded roughened titanium implants in

the rabbit. Eur J Oral Sci 2007; 115:21–29.

20. Vandamme K, Naert I, Vander Sloten J, Puers R, Duyck J.

Effect of implant surface roughness and loading on

peri-implant bone formation. J Periodontol 2008; 79:150–

157.

21. Duyck J, Vrielinck L, Lambrichts I, et al. Biologic response

of immediately versus delayed loaded implants supporting

ill-fitting prostheses: an animal study. Clin Implant Dent

Relat Res 2005; 7:150–158.

22. Quinlan P, Nummikoski P, Schenk R, et al. Immediate and

early loading of SLA ITI single-tooth implants: an in vivo

study. Int J Oral Maxillofac Implants 2005; 20:360–370.

23. Bischof M, Nedir R, Szmukler-Moncler S, Bernard JP,

Samson J. Implant stability measurement of delayed and

immediately loaded implants during healing. Clin Oral

Implants Res 2004; 15:529–539.

24. Esposito M, Grusovin MG, Achille H, Coulthard P,

Worthington HV. Interventions for replacing missing teeth:

different times for loading dental implants. Cochrane Data-

base Syst Rev 2009; 21:CD003878.

25. Attard NJ, Zarb GA. Immediate and early implant loading

protocols: a literature review of clinical studies. J Prosthet

Dent 2005; 94:242–258.

26. Büchter A, Wiechmann D, Koerdt S, Wiesmann HP, Piffko J,

Meyer U. Load-related implant reaction of mini-implants

used for orthodontic anchorage. Clin Oral Implants Res

2005; 16:473–479.

27. Duyck J, Vandamme K, Geris L, et al. The influence of

micro-motion on the tissue differentiation around immedi-

ately loaded cylindrical turned titanium implants. Arch Oral

Biol 2006; 51:1–9.

28. Judex S, Gupta S, Rubin C. Regulation of mechanical

signals in bone. Orthod Craniofac Res 2009; 12:94–

104.

29. Balatsouka D, Gotfredsen K, Lindh CH, Berglundh T. The

impact of nicotine on bone healing and osseointegration.

Clin Oral Implants Res 2005; 16:268–276.

30. Slaets E, Carmeliet G, Naert I, Duyck J. Early cellular

responses in cortical bone healing around unloaded

titanium implants: an animal study. J Periodontol 2006;

77:1015–1024.

31. Akca K, Sarac E, Baysal U, Fanuscu M, Chang TL,

Cehreli M. Micro-morphologic changes around

biophysically-stimulated titanium implants in ovariecto-

mized rats. Head Face Med 2007; 16:28–34.

32. Wiskott HW, Belser UC. Lack of integration of smooth tita-

nium surfaces: a working hypothesis based on strains gener-

ated in the surrounding bone. Clin Oral Implants Res 1999;

10:429–444.

33. Gahlert M, Gudehus T, Eichhorn S, Steinhauser E,

Kniha H, Erhardt W. Biomechanical and histomor-

phometric comparison between zirconia implants with

varying surface textures and a titanium implant in the

maxilla of miniature pigs. Clin Oral Implants Res 2007;

18:662–668.

34. Stadlinger B, Bierbaum S, Grimmer S, et al. Increased bone

formation around coated implants. J Clin Periodontol 2009;

36:698–704.

35. Wikesjö UM, Huang YH, Xiropaidis AV, et al. Bone forma-

tion at recombinant human bone morphogenetic protein-2-

coated titanium implants in the posterior maxilla (Type IV

bone) in non-human primates. J Clin Periodontol 2008;

35:992–1000.

36. Ferguson SJ, Langhoff JD, Voelter K, et al. Biomechanical

comparison of different surface modifications for dental

Effect of High-Frequency Loading on Peri-Implant Bone 563



implants. Int J Oral Maxillofac Implants 2008; 23:1037–

1046.

37. Rubin C, Turner AS, Bain S, Mallinckrodt C, McLeod K.

Anabolism. Low mechanical signals strengthen long bones.

Nature 2001; 412:603–604.

38. Judex S, Lei X, Han D, Rubin C. Low-magnitude mechanical

signals that stimulate bone formation in the ovariec-

tomized rat are dependent on the applied frequency but

not on the strain magnitude. J Biomech 2007; 40:1333–

1339.

39. Xie L, Rubin C, Judex S. Enhancement of the adolescent

murine musculoskeletal system using low-level mechanical

vibrations. J Appl Physiol 2008; 104:1056–1062.

40. Rubin C, Xu G, Judex S. The anabolic activity of bone tissue,

suppressed by disuse, is normalized by brief exposure to

extremely low-magnitude mechanical stimuli. FASEB J 2001;

15:2225–2229.

41. Sehmisch S, Galal R, Kolios L, et al. Effects of low-

magnitude, high-frequency mechanical stimulation in the

rat osteopenia model. Osteoporos Int 2009; 20:1999–2008.

564 Clinical Implant Dentistry and Related Research, Volume 14, Number 4, 2012



Copyright of Clinical Implant Dentistry & Related Research is the property of Wiley-Blackwell and its content

may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express

written permission. However, users may print, download, or email articles for individual use.


