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Summary 
In the 90s, there was a general belief that mechanical overloading was one of the main reasons 
for late implant failure. This triggered research to assess the role of mechanical loading on the 
establishment and the maintenance of oral implant osseointegration. Animal experimental 
studies indeed suggested the potential detrimental effect of excessive mechanical load on peri-
implant bone, although randomised or controlled clinical trials of treatment interventions of 
oral implants designed to study overload are lacking. The lack of quantification of so-called 
overload at the implant level in the intra-oral setting is one of the main shortcomings in the 
literature. The level of evidence of the studies on bone response to implant loading is weak 
and does not indicate that overload can lead to peri-implant bone loss, except in case of 
inflammation. Clinical and animal experimental studies on early and immediate implant 
loading, however, provide information on the impact of mechanical loading on the process of 
osseointegration. It is obvious that micromotion between the implant and host tissues 
compromises osseointegration. However, in case of an efficient force transfer between 
implant and surrounding tissues, mechanical loading might even stimulate peri-implant bone 
formation and therefore osseointegration. 
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Introduction 
In the 90s, the so-called mechanical ‘overloading’ was considered to be one of the main 
reasons for peri-implant bone loss and implant failure [1]. Excessive surgical trauma together 
with an impaired healing ability, premature loading and infection were pointed out to be the 
most common causes of early implant losses (= prior to functional loading). Progressive 
chronic marginal infection (peri-implantitis) and overload in conjunction with the host 
characteristics on the other hand were thought to be the major aetiological factors causing late 
failures [2]. The fact that mechanical overloading was recognised as a risk factor for oral 
implant success generated a lot of research to gain insight into the role of mechanical loading 
on the establishment and the maintenance of oral implant osseointegration. 

Since Wolff's law [3], there is a consensus that mechanical loading affects bone size and 
architecture. Mechanical loading evokes stress and strain in the bone, which can be bone 
stimulating (anabolic) or negative for the net bone tissue (catabolic). The latter has been 
supported by correlations between exerted forces and bone response [4-6]. Frost's 
mechanostat [6] relates four levels of mechanical strain magnitude to bone response: (i) disuse 
atrophy (50–100 με), (ii) steady state (100–1500 με), (iii) mild overload (1500–3000 με) and 
(iv) fatigue failure (>3000 με). If fatigue failure occurs, the load can theoretically be classified 
to what is called overload. Bone fractures at a strain level of about 25 000 με, depending upon 
the type of stress-strain testing (compressive, tensile, shear) as well as the exact type of bone 
that is being tested (anisotropic, cortical, cancellous…). Frost's mechanostat, however, 
overlooks the importance of other load parameters besides load magnitude. Other parameters 
such as frequency [5], duration [7], rest periods between load bouts [8], etc., also play a 
significant role in the bone response to loading. 

It seems only logical that the above-mentioned evidence on the bone response to loading also 
applies to bone surrounding oral implants. Nevertheless, load-bearing oral implants perforate 
into the oral cavity, and it is a rather complex interplay of mechanical, microbial, patient-, 
surgery-, and implant-related factors, which determines the resulting peri-implant bone 
response. In addition, the clinical trend to functionally load implants before osseointegration 
puts the mechanical loading effect on peri-implant bone in a different context. In case of early 
or immediate loading, mechanical loading is superimposed onto the healing processes during 
implant osseointegration. As it is anticipated that the mechanisms and kinetics of the 
mechanobiological events of the peri-implant tissues are largely dependent on the timing of 
loading relative to the osseointegration state, these will be discussed separately in this paper. 

This paper is not a systematic review, but rather joins and interprets the scientific literature on 
the impact of mechanical loading on oral implant prognosis and differentiates between the 
impact of loading prior to and after osseointegration. Clinical as well as animal experimental 
studies reporting on the outcome of dental/oral implants subjected to immediate load and so-
called overload were therefore considered. 

Implant loading prior to osseointegration 
Immediately after oral implant installation, the process of osseointegration is initiated, 
through the classical wound healing cascade, followed by combined bone remodelling and 
bone regeneration [9-11]. As the size of the osteotomy site is generally smaller than the 
implant outer diameter, some parts of the implant are in direct contact with the host bone. In 
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those areas of direct bone contact, bone remodelling occurs. In the areas without direct bone 
contact, tissue – and most preferably bone – regeneration occurs. Bone regeneration in the 
initially bone-free areas can be accomplished by bone apposition from the host bone or by de 
novo bone formation. 

New bone formation requires bone cell differentiation. Genetic, biochemical, as well as 
mechanical factors affect the way multipotent mesenchymal cells (MSCs) differentiate into 
multiple lineages such as osteoblasts, adipocytes and chondrocytes [12]. Multipotent 
mesenchymal cells are originally derived from the bone marrow [13], although they have now 
been isolated from many adult stromal tissues [14]. Carter et al. [15] reviewed some of the 
mechanobiological principles that are thought to guide the differentiation of mesenchymal 
tissue into bone, cartilage or fibrous tissue during the initial phase of regeneration. Cyclic 
motion and the associated shear stresses cause cell proliferation and the production of a large 
callus in the early phases of fracture healing. For intermittently imposed loading in the 
regenerating tissue: (i) direct intra-membranous bone formation is permitted in areas of low 
stress and strain; (ii) low to moderate magnitudes of tensile strain and hydrostatic tensile 
stress may stimulate intra-membranous ossification; (iii) poor vascularity can promote 
chondrogenesis in an otherwise osteogenic environment; (iv) hydrostatic compressive stress is 
a stimulus for chondrogenesis; (v) high tensile strain is a stimulus for the net production of 
fibrous tissue; and (vi) tensile strain with a superimposed hydrostatic compressive stress will 
stimulate the development of fibrocartilage. Finite element models confirmed that the patterns 
of tissue differentiation observed in fracture healing and distraction osteogenesis followed 
these fundamental mechanobiological concepts [15], although the precise role of mechanical 
forces in stem cell function and differentiation is still unravelled [16]. 

The mechanobiology of fracture healing illustrates the potential effect of mechanical loading 
on cell differentiation and tissue formation. Although the osteotomy required for implant 
installation can be considered as a fracturelike bone trauma, there is no evidence to accept that 
the same mechanobiology applies to healing peri-implant tissues. 

Clinical research 

The available literature on the impact of immediate loading on prosthesis failure, implant 
failure and marginal bone loss, compared with conventional loading, was evaluated recently 
in a systematic review by Esposito et al. [17]. Furthermore, the review reported on the 
potential differences between immediate occlusal versus non-occlusal loading and direct 
versus progressive loading with regard to the peri-implant bone response. Twenty-six of the 
45 identified studies were included, reporting on 1217 patients with 2120 implants in total. 
Eighteen randomised controlled clinical trials (RCTs) comparing immediate versus delayed 
loading were included. In the studies, mainly implants supporting overdentures (seven 
studies) or solitary crowns (10 studies) were evaluated. There was only one study reporting on 
implants supporting a fixed full prosthesis. Three of the included studies had a too low level 
of evidence. In the remaining 15 RCTs, no difference in neither prosthesis nor implant failure 
was observed between the two loading conditions. Furthermore, the six RCTs considering 
immediate versus early loading did not reveal differences either. Finally, insufficient evidence 
was found for different peri-implant tissue responses between immediate occlusal versus non-
occlusal loading and between direct versus progressive loading. The systematic review paper 
concluded that in general the quality of the clinical evidence concerning the impact of 
different timings of loading on the implant outcome is low. However, the authors recognised 
that the majority of the studies included mainly ‘ideal’ participants (e.g. absence of 
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parafunctional habits, high primary stability, good bone quality), thereby suggesting that the 
implant treatment outcome is not necessarily applicable to the general patient population. 

Primary implant stability is an important factor in achieving predictable treatment outcomes 
in early/immediate loading protocols [18, 19]. The implant–bone interlocking created by 
primary implant stability inhibits detrimental micromotion and related shear forces at the 
interface on the one hand and allows an efficient transfer of potentially stimulating forces to 
the surrounding tissues on the other hand [20-22]. As primary implant stability directly 
depends on the mechanical connection between the implant and the surrounding bone, it can 
be strongly influenced by the implant design [23], the bone quality and quantity [24] and the 
surgical technique (drill diameter; depth of the preparation; tapping of the implant site) [19, 
25]. In this context, undersized implant site preparation may increase primary implant 
stability [26]. The insertion of the implant after undersized osteotomy surgery requires a 
considerable force, which is referred to as the insertion torque. Considering that primary 
implant stability is influenced by the mechanical interlocking between the implant and the 
receiving host bone bed, it has been suggested that the implant success can be accelerated 
and/or enhanced by a surgical protocol applying high insertion torques [27]. Indeed, in a 
clinical split-mouth study by Ottoni et al. [28], significantly more implant failures were noted 
for immediately loaded implants installed with a low (20 N cm) compared with a high 
(>32 N cm) insertion torque. For the conventionally loaded implants, however, the insertion 
torque displayed no effect on the implant outcome. The impact of the primary implant 
stability on the outcome of immediately loaded implants has been confirmed in a more recent 
study [29], where again a significant decrease in implant failure was observed for implants 
inserted with a high (>80 N cm) compared with a medium (25–35 N cm) insertion torque. On 
the other hand, other studies have suggested that high insertion torques values produce strong 
compressive forces onto the peri-implant bone, an altered mechanical strain environment, and 
the potential induction of deleterious effects on the local microcirculation and bone cellular 
responses, which may lead to bone necrosis and ultimately to a retarded or compromised 
implant osseointegration [30, 31]. Thus, while a high primary implant stability under 
immediate loading is a prerequisite, low levels of compressive stresses and strains 
immediately after implant placement are preferred concomitantly [23]. 

To evaluate the effect of the implant insertion torque on the peri-implant bone healing 
process, an animal study was undertaken by the authors’ research group evaluating peri-
implant bone remodelling and regeneration around unloaded implants installed with a high 
(>50 N cm) compared with a very low (<10 N cm) insertion torque [32]. The different 
insertion torques were achieved by varying the bone cavity dimension relative to the implant 
dimension. It was observed that the low insertion torque implant group healed with 
considerable de novo bone formation, thereby catching up, already in the early 
osseointegration stage, the initial inferior amount of contact of the implant with the bone 
compared with high insertion torque implants. High insertion torque implant installation 
provided not only an initial higher bone-to-implant contact, but was, moreover, anabolic for 
the bone surrounding the implant. A negative impact of the created strain environment 
accompanying high insertion torque implant installation on the biological process of 
osseointegration could not be observed, at least not at tissue level. The study, however, cannot 
give a clear answer of which condition is preferred for clinical application, and factors such as 
the bone quality, quantity and loading scheme, among others, should be taken into account. 
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Animal experimental research 

Different animal models developed by the BIOMAT Research Group (KU Leuven, Belgium) 
have been developed to investigate the impact of immediate and early implant loading on the 
peri-implant tissue response. For the animal studies described below, immediate versus early 
implant loading was defined as well-controlled loading of the implant by a custom-designed 
external loading device starting at the day itself or 1 day after implant installation versus 
1 week post-surgery. 

A first model for investigation of the sensitivity of peri-implant tissue differentiation to well-
controlled immediate implant loading is the bone chamber methodology for the rabbit [33]. 
The bone chamber primarily consists of dual-structure perforated hollow cylinders with a 
centrally positioned implant, to be installed in the rabbit proximal tibia. Through the 
perforations, bone can grow into the bone chamber. The implant, located in the centre of the 
bone chamber, is displaced in a well-controlled manner by means of a loading device. Several 
bone chamber studies (each of them consisting of several experiments) were performed, 
exploring the effect of immediate loading, of the implant design and surface properties in 
immediate loading conditions and of the magnitude of micromotion on the peri-implant tissue 
response [20, 21, 34-37]. The main findings of these studies are as follows: (i) controlled 
immediate implant loading can accelerate the tissue mineralisation in the vicinity and at the 
surface of the implant; (ii) the screw-threaded implant design promoted osseointegration by 
providing a favourable local mechanical environment for bone formation at the implant 
surface compared with the unthreaded implant design; (iii) an adequate force transfer from the 
loaded implant to the surrounding tissues was enhanced for roughened implant surfaces 
favouring a good tissue interlocking and resulting in a stimulation of bone formation (Fig. 1). 

Figure 1.  

•  

Cross-section through a bone chamber harvested from the tibea of a rabbit, illustrating bone 
tissue architecture around an unloaded (a) and a loaded (30 μm vertical displacement) (b) 
implant. Stevenel's blue and Von Gieson's picrofuchsin stain; bar, 500 μm (© permission 
obtained from: Vandamme et al. [36]). 

The second animal model for investigation of the peri-implant tissue response to immediate 
loading is based on the guinea pig model with bi-cortically anchored, tibial implants as 
described by Jansen and de Groot [38] and modified by Slaets et al. [11] for the rabbit. In 
contrast to the bone chamber model, where neo-formation of trabecular bone occurs within 
the chamber, this model can be classified as a cortical bone model investigating the impact of 
the loading on the bone remodelling in the cortical host bone and on peri-implant bone 

http://onlinelibrary.wiley.com/enhanced/doi/10.1111/joor.12195/%23joor12195-bib-0033
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/joor.12195/%23joor12195-bib-0020
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/joor.12195/%23joor12195-fig-0001
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/joor.12195/%23joor12195-bib-0038
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/joor.12195/%23joor12195-bib-0011


formation in the marrow zone. The other major difference with the bone chamber model is the 
non-axial implant loading direction (compared with the axial load application in the bone 
chamber), resulting in bending moments, with one implant side under compressive loading, 
and causing stress gradients along the implant surface. It was observed that well-controlled 
immediate implant loading did not cause large differences in the sequence of biological events 
leading to osseointegration in cortical bone, as there was the formation of a haematoma and 
an altered nuclear morphology of osteocytes surrounding the implantation site, followed by an 
intensive bone remodelling and the formation of new bone leading to the osseointegration of 
the implant. At early time points, an endosteal and periosteal bone neo-formation was found, 
while the cortex itself contained damaged osteocytes. At later time points, bone neo-formation 
was also found at the cortical level itself. Differences between loaded and unloaded implants 
were observed with larger reactions for the endosteal and periosteal bone for the immediately 
loaded implants at intermediate time points. But at the end-point of the experiment, bone 
formation at the cortical level was reduced around the immediately loaded implants compared 
with the unloaded ones. 

The original guinea pig model was used by De Smet et al. [39] for application of early 
implant loading. Implants were installed bi-cortically with primary stability on the medial 
surface of the tibia near the ankle joint. The implants made direct contact with the host bone 
of the upper and lower cortices, while the mid-part of the implant faced the bone marrow 
cavity. The percutaneous part of the implant fitted the mechanical stimulation lever, and 
mechanical stimulation was started 1 week after implant installation. The influence of specific 
mechanical parameters, that is the duration, amplitude, rate and frequency of loading, of the 
early implant loading regime on peri-implant bone remodelling in the cortical host bone and 
on the bone formation in the marrow zone was investigated. The exact strain at the upper 
cortical implant interface in response to loading was experimentally calculated from cadaver 
strain gauge measurements. Findings can be summarised as follows: (i) the guinea pig model 
as a model for cortical bone remodelling and medullar tissue differentiation to early implant 
loading was validated. Application of moderate loads during implant osseointegration 
promoted bone formation in the adjacent bone marrow cavity, at the implant side under 
compression loading, but did not affect the cortical bone; (ii) the positive effect of early 
mechanical stimulation increased with increasing force amplitude and decreasing frequency. 
The most pronounced stimulation of bone formation in the marrow surrounding the implant 
was observed for low frequency stimulation (3 Hz) with low-level peri-implant strains (350–
540 με); (iii) the strain levels exerting an anabolic effect on the peri-implant bone lie far 
beneath the level of minimum effective strain resulting in bone formation, as proposed by 
Frost [40]. This finding confirms that extrapolation of the gathered knowledge on the 
parameters of mechanically mediated bone modelling to the bone biology around 
osseointegrating implants should be performed with caution. 

What have we learned? Detailed information about the quantification of the mechanical 
parameters from the results of clinical studies on immediate and early loading is lacking, 
because none of these studies have actually targeted those factors in a quantitative manner. 
Therefore, the results of the series of controlled and quantified implant loading animal studies 
contribute to the advanced understanding of the mechanobiology of implants subjected to 
immediate or early loading. Evidence was provided for the sensitivity of bone formation and 
resorption to the mechanical conditions at the peri-implant site. Implant loading can be 
performed immediately or early after insertion without disturbing the biological 
osseointegration process and can be beneficial for peri-implant bone formation. An optimal 
bone response to immediately or early loaded implants may thus not only be determined by 
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the primary stability of the implant and by the host bone characteristics, but also by the 
individual loading parameters and by an optimised load transfer through appropriate implant 
design and surface features. These findings should reinforce continued well-designed and 
fundamental research on immediate and early implant loading, as this loading protocol 
benefits many patients to a great extent. 

Implant loading after osseointegration 
A systematic review on the effect of occlusal overload on bone/implant loss was recently 
published by our group [41]. This paper evaluated studies on the effect of (over)load of 
already osseointegrated implants on peri-implant bone loss and/or implant failure. 

Clinical research 

Clinical observations have fed the idea that occlusal forces on osseointegrated oral implants 
can result in marginal bone loss or even implant failure [2, 42]. Several studies therefore 
evaluated the effect of so-called overload on peri-implant bone behaviour and implant 
prognosis. The term ‘implant overload’ as often used in literature, however, can be misleading 
for several reasons. First of all, although occlusal implant loading can be measured at the level 
of the prosthesis/abutment, it is uncertain what the resultant stresses and strains are at the 
level of the bone–implant interface. Numerical models that simulate occlusal load transfer to 
bone–implant interface indicate that a certain occlusal load can result in varying stresses and 
strains at the interface depending on the chosen boundary conditions (e.g. bone mechanical 
properties, fixation of the simulated bone to the implant). So as long as stresses and strains 
cannot be measured at the interface itself, the impact of a certain occlusal load on the interface 
remains uncertain. Secondly, even if the overload magnitude (>3000 με) as coined by Frost 
[6] is considered, it overlooks the influence of the other load parameters (such as loading 
frequency, duration, etc.) that are known to affect peri-implant bone behaviour and implant 
prognosis. The above-mentioned aspects should be kept in mind when reading literature on 
implant overload. 

In the review on occlusal overload and bone/implant loss [41], the review of Klineberg et al. 
[43], although possessing a high level of evidence owing to its design, was excluded, because 
it only indirectly dealt with the issue of overloading because they specifically searched for the 
choice of a particular occlusal design in tooth and implant supported prostheses and full 
dentures. 

Three clinical trials, characterised by high evidence-ranked study designs, were found; one 
randomised controlled trial [44], one controlled clinical trial [45] and one crossover study 
[46]. Jofré et al. [44] and van Kampen et al. [46] both dealt with the effect of maximum bite 
forces on the marginal bone loss in two-implant mandibular overdentures. A real effort to 
quantify forces was performed in these studies, but this was performed at prosthesis level 
thereby leaving the magnitude of overload at the implant level undefined. Vigolo and 
Zaccaria [45] compared splinted (single tooth replacement) with unsplinted (fixed partial 
prostheses) implants in the posterior maxilla. In none of the above-mentioned review/studies 
was bone loss related either to the magnitude of the bite forces or to the splinting of the 
implants. An additional nine cohort studies (four pro- and five retrospective studies) and four 
case series were discussed in the systematic review, although they were excluded due to high 
risk of bias. Eventually, all these clinical studies could neither evidence nor refute a cause-
and-effect relationship between bone loss and the so-called overload as they were considered 
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to be prone to high risk of bias. Either they lacked any definition for measuring occlusal 
overload, or wear was used as a surrogate for occlusal overload although wear is not the result 
of grinding only (quid; erosion, abrasion, material selection, etc.). Alternatively, the 
anticipation of the overload status was based on the absence of bilateral contact in the 
posterior area in the maximal intercuspal position and the lack of balanced occlusion during 
excursions or on the patients’ reporting of bruxism. 

Fifteen review papers on the topic have been published so far. These were excluded from the 
systematic review because they did not meet the inclusion criteria. However, their conclusions 
are briefly summarised here. The review papers did report both on clinical and on animal 
studies. Two review papers did not deal with overload but with adaptive bone modelling and 
remodelling of functionally loaded implants [47, 48]. For the remaining 13 articles, two 
opposite trends could be distinguished. One group of authors reported that although the results 
were conflicting and bias was at high risk, animal experimental studies have shown that 
occlusal loads might result in marginal bone loss around oral implants or complete loss of 
osseointegration. In clinical studies, an association between the loading conditions and 
marginal bone loss around oral implants or complete loss of osseointegration has been 
mentioned, but a causative relationship has not been shown [49]. Cehreli and Akça [50] 
concluded that overloading and stress shielding have often been cited as the primary 
biomechanical factors leading to marginal bone loss around implants, although there is no 
consensus on these factors. Eventually, Lobbezoo et al. [51, 52], Johansson et al. [53] and 
Manfredini et al. [54] all concluded that there is a lack to support or to refute a causal 
relationship between bruxism and implant failure. The other group of authors [1, 55-60] all 
suggested overload to be an etiological factor in peri-implant bone loss. Therefore, although 
this occlusal overload concept does not negate other factors related to marginal bone loss, it 
was anticipated that the restorative dentist is able to impact this condition more extensively 
than most or any other factors. Methods to decrease occlusal stress to the implant prosthesis 
are therefore warranted. 

In general, the level of clinical evidence on the impact of mechanical load on peri-implant 
bone behaviour and implant failure is low and inconclusive. One may wonder if overload as 
such can ever be applied in clinical studies, because the opportunity to test such a hypothesis 
in humans remains inappropriate and unethical. Most of the knowledge in this field, therefore, 
is derived from animal experimental studies. 

Animal experimental research 

The studies of Hoshaw [61] and Isidor [62, 63] were the first to indicate a possible role of 
implant overload in peri-implant bone loss and implant failure. In, for example Isidor's studies 
[62, 63], five implants were placed in each of four monkeys. Two implants per animal were 
‘overloaded’ by means of supra-occlusion, whereas the other three were infected using 
ligatures. Seventy-five per cent of the overloaded implants became mobile, whereas marginal 
bone loss but lack of mobility was observed around the infected implants. Also we found 
marginal bone resorption when loading beyond 4000 με (Fig. 2) [64]. 
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Figure 2.  

•  

Picture of remaining bone around the marginal part of a dynamically loaded implant showing 
resorption lacunae starting lateral to the implant surface due to high strains (≥4000 με) in the 
peri-implant bone (© permission obtained from: Duyck et al. [64]). 

Chambrone et al. [65] published a systematic review in 2010 on animal studies evaluating the 
effect of occlusal load on the peri-implant tissue health of osseointegrated implants. The 
authors reported that, although application of stringent inclusion and exclusion criteria, the 
selected studies still were at high risk of bias. The following conclusions were drawn: (i) it is 
not well established if an excessive occlusal load catabolically affects osseointegration when 
adequate plaque control is performed. Inversely, overload seems to increase bone density 
around dental implants; (ii) overload might play a key role in the development of peri-implant 
tissue breakdown when plaque accumulation is present; (iii) although studies with a well-
designed methodology were selected, few were available for meta-analysis, and no RCTs 
were conducted. The main reason for exclusion of all but two animal studies in the referred 
review was the fact that splinted instead of single implants was used. One may wonder if this 
is a valid exclusion criterion, because overload cannot not be the exclusivity of single 
restorations only. 

For the review by Naert et al. [41], two unburdened exclusion criteria were used: (i) the 
absence of a strict control hygiene programme (minimum 3×/week) and (ii) the absence of a 
genuine control condition in the experimental design. The rationale for claiming meticulous 
plaque control is self-evident: the causal relationship between oral plaque and peri-implant 
bone loss has repeatedly been demonstrated [see for review; [66, 67] and bacterial load as a 
confounding covariant warrants exclusion when addressing the question of mechanical 
overload as a trigger for peri-implant bone loss. The second requirement, a genuine control 
condition, forced the authors to exclude many studies. A control condition was considered 
genuine or sham when the experimental test (e.g. loading) condition was fully replicated, 
except for the parameter under investigation (overload). This implies that the control implants 
must have undergone abutment surgery (submerged implants were excluded), should have 
been exposed to the same microflora, should have received the same plaque-control regime, 
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must have been restored with an identical prosthetic supra-structure and must have been 
subjected to physiological loading, either through occlusal or food bolus contact. Three split-
mouth studies were included in the review [68-72]. All studies were performed in the dog at 
the same anatomical site. Implants were placed 12 weeks after extraction of the teeth, in the 
mandibular premolar region, and a strict hygiene protocol was respected. Similar implant 
types with slightly varying dimensions were used: Hi-Tec screw-type machined 
[10·0 × 3·75 mm; [72]], Brånemark [7·0 × 3·75 mm [68]] and ITI hollow-screw non-
submerged implants [8·0 × 3·3 mm [69]]. All implants received delayed loading (12–
16 weeks of healing). Dynamic ‘overload’ in the study of Kozlovsky et al. [72] was 
performed via a supra-occlusal contact pattern resulting in an increased anterior vertical 
dimension of at least 3 mm. To do so, the same abutments, but with varying lengths, were 
used as prosthesis for both physiologically and supra-occlusal loaded implants, thereby 
offering an acceptable sham-control group. A total of 16 loaded implants for two 
experimental ‘overload’ conditions resulted in eight implants/condition. Follow-up was 
repeated at 3, 6, 9 and 12 months. In the study of Hürzeler et al. [68], dynamic overload was 
created through a splint cemented on the antagonistic front teeth and attached to an 
orthodontic wire construction fixed on the remaining mandibular teeth, resulting in supra-
occlusal contacts. The occlusion of the implants not subjected to trauma was maintained 
normal, thereby offering an adequate sham-control group. A total of 20 implants for two 
experimental load conditions resulted in 10 implants/condition. The experiment lasted 
16 months. Moreover, for both referred studies, the experimental setup was such that the 
influence of overload could also be tested in ligature-induced peri-implantitis conditions. An 
equal number of implants as mentioned above, that is 16 and 20 implants for Kozlovsky et al. 
[72] and for Hürzeler et al. [68], respectively, installed at the contralateral mandibular side, 
received plaque retentive ligatures which remained in place throughout the whole experiment. 
Static ‘overload’ was performed in the study of Gotfredsen et al. [69] via orthodontic 
expansion screws. A total of 24 loaded implants for four experimental conditions resulting in 
six implants per condition were considered. An up to 24-week loading period was set. Control 
implants were provided with the same prosthetic superstructure and the same occlusal design 
as the test ones. 

Although different exclusion/inclusion criteria were set in the systematic review by Naert 
et al. [41], the findings corroborate well with those of Chambrone et al. [65]. Indeed, there is 
a lack of association between overload and peri-implant tissue loss in healthy conditions. 
However, the term ‘overload’ is often used inappropriately, because according to the 
definition by Frost [6], overload should lead to a catabolic reaction of the bone. As shown by 
Kozlovsky et al. [72] and Gotfredsen et al. [69], an anabolic rather than a catabolic effect of 
‘overload’ in bacterial unchallenged peri-implant bone tissues was found. Thus, it is 
anticipated that the strains in the peri-implant bone evoked by the so-called overload, either 
by dynamic or by static loading, were lying within the strain window of mild overload, 
resulting in bone gain. Once again, this emphasises that the use of correct semantics is of 
crucial importance when communicating and interpreting results. 

When the tissues surrounding the bone were exposed to inflammation, the same strain 
magnitude was shown to be catabolic, as observed by Kozlovsky et al. [72] where 
‘overloading’ aggravated the plaque-induced bone resorption. Hürzeler et al. [68] did not 
observe bone gain nor bone loss in uninflamed versus inflamed peri-implant tissues in 
response to ‘overloading’. The reasons may be related to the rather limited orthodontic spring 
forces used onto these implants. Although initially named as ‘mechanical trauma forces’ in 
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their study objectives, the authors appreciated the forces as physiological when discussing 
their findings. 

Once again, an important remark has to be made on the ‘overload’ definition used in the 
reported clinical and animal studies. Even when one raises the occlusion with 3–4 mm, 
increases the crown/implant ratio's or isolates bruxers from non-bruxers, as long as the 
stresses and strains are not measured at the bone–implant interface one may only speculate 
about the real effect of the latter. Clinical indices concerning the magnitude, the direction, the 
frequency, etc., are not available as they are for plaque accumulation and peri-implant 
mucositis [73]. This renders it very difficult to correlate occlusal loading and peri-implant 
tissue reaction. Animal experimental research, however, has this potential, and several 
methodologies with external loading devices enabling well-controlled and well-defined load 
application to explore the peri-implant tissue response to mechanical stimuli have been 
proposed [33, 61, 64, 74-76]. In particular, loading devices used in extra-oral setup offer 
excellent control of the mechanical loading history. However, the latter studies were 
considered as non-relevant for the systematic reviews as the extra-oral implant site does not 
harbour the oral microflora. On the other hand, the majority of the searched animal studies 
with an intra-oral implant location were defectively designed owing to the lack of 
randomisation and the lack of genuine control conditions. This opens perspectives and 
motivates incentives for establishing guidelines and quality assessment tools for animal 
experimental research [such as the ARRIVE guidelines [77]]. It needs to be kept in mind, 
however, that no matter how well designed and performed an animal experimental study is, 
the results cannot simply be extrapolated to the clinical situation due to the many differences 
between animals and humans. 

It is further worth mentioning that even when an animal study investigating the effect of 
overload on peri-implant bone tissue would meet all criteria to be classified as low risk bias, it 
is still impossible to measure the exact strains the peri-implant tissues are exposed to. Strain 
gauges experiments have tried to do so [78-80], although these are in se invalid as the 
measured strains are strains at the bone surface level and not at the bone–implant interface 
itself. Hence, for a better understanding of the biomechanical conditions, validated numerical 
modelling data can be of value. 

Finally, besides the peri-implantitis and the overloading hypothesis, Chvartsaid et al. [81] 
proposed the healing/adaptation theory for explaining implant failure and/or bone loss. They 
claim that marginal bone loss and implant failure depend on similar mechanisms, with only 
the magnitude of the trauma deciding whether an implant may fail or/and will result in 
marginal bone loss. The healing/adaptation theory sees adverse loading or peri-implantitis to 
be, at best, part of the problem behind marginal bone loss. Other factors are also involved 
such as, (i) poor surgical techniques, (ii) poor host beds owing to genetical disorders, drug 
abuse, disease or previous irradiation, (iii) too much strain from implant misfit, bone cell 
adjustment or prosthodontic errors or (iv) smoking, allergies or similar conditions that disturb 
bone cells or their vascular supply. According to Wennerberg and Albrektsson [82], if 
ongoing marginal bone loss does occur, implant micromovements may ensue that in turn 
develop what may be termed as secondary peri-implantitis. This secondary problem may, of 
course, need clinical treatment. They hasten to say that this theory is more generally 
applicable to the true clinical situation than are hypotheses of isolated peri-implantitis or 
overloading, the alleged reasons for marginal bone loss in many experimental papers. The 
current review offers ammunition for this phrasing. 
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Concluding remarks 
In this review, studies with various levels of evidence were discussed as – especially on the 
topic of peri-implant bone overload – very few or no studies with a high level of evidence 
such as systematic reviews or randomised clinical trials are available. Therefore, also animal 
experimental research was considered to evaluate this clinically relevant topic. 

The available literature indicates that immediate loading as such does not compromise the 
establishment of osseointegration, although primary stability appears to be an important 
determining factor. Animal experimental studies [20, 21, 34-37] indicate that interfacial 
micromotion compromises the establishment of implant osseointegration. These findings from 
animal studies corroborate with these from clinical studies [18, 19, 28, 29] by underlining the 
importance of sufficient primary stability for the implant prognosis as this secures the healing 
tissue against excessive interfacial micromotion. 

Whereas several animal studies [61-64] report a detrimental effect of excessive load on peri-
implant bone after osseointegration, this could not be observed in clinical studies. This 
indicates that it is unlikely that implant overload is the reason for peri-implant bone loss as it 
presents in many clinical cases. It does not necessarily mean, however, that implant loading 
cannot affect peri-implant bone. It is unlikely that excessive loads as applied in the described 
animal experiments would not lead to peri-implant bone breakdown in clinical situations. 
Scientific obstacles (e.g. in vivo quantification and qualification of the induced peri-implant 
strains) and ethical objections, however, impede performing clinical research that allows us to 
answer the question whether implant ‘overload’ can lead to peri-implant bone loss and 
implant failure. We are therefore unable to scientifically prove a possible detrimental effect of 
excessive implant loads in the same way as we are unable to prove that Frost's mechanostat 
[6] would not apply to peri-implant bone. 
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