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Abstract

The present review acknowledges the tremendous impact of Stephan Perren’s strain theory, considered with 
respect to the earlier contributions of Roux and Pauwels. Then, it provides further insight by examining how 
the concept of reverse dynamisation extended Perren’s theory within a modern context. A key factor of this 
more contemporary theory is that it introduces variable mechanical conditions at different time points during 
bone healing, opening the possibility of manipulating biology through mechanics to achieve the desired clinical 
outcome. The discussion focusses on the current state of the art and the most recent advances made towards 
optimising and accelerating bone regeneration, by actively controlling the mechanical environment as healing 
progresses. Reverse dynamisation utilises a very specific mechanical manipulation regimen, with conditions 
initially flexible to encourage and expedite early callus formation. Once callus has formed, the mechanical 
conditions are intentionally modified to create a rigid environment under which the soft callus is quickly 
converted to hard callus, bridging the fracture site and leading to a more rapid union. The relevant literature, 
principally animal studies, was surveyed to provide ample evidence in support of the effectiveness of reverse 
dynamisation. By providing a modern perspective on Stephan Perren’s strain theory, reverse dynamisation 
perhaps holds the key to tipping the balance in favour of a more rapid and reliable union when treating 
acute fractures, osteotomies, non-unions and other circumstances where it is necessary to regenerate bone.
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Introduction

Across the full breadth of medicine and surgery 
there is a crucially important underlying relationship 
between biology and biomechanics, and nowhere is 
this more apparent than when observing fracture 
healing. Extensive clinical experience and numerous 
experimental studies throughout the past century 
have consistently supported one governing principle 
of fracture healing, that the biology can be suitably 
influenced to accelerate the progression towards union 
by providing the appropriate mechanical conditions 
(Augat et al., 2003; Augat et al., 2005; Carter et al., 1998; 
Cheal et al., 1991; Claes et al., 1998; Goodship et al., 
1998; Kenwright and Gardner, 1998; Perren and Rahn, 
1980). Whether treated by casting, traction, internal 
fixation, intramedullary nailing or external fixation, 
the healing response is predominately influenced by 

the stability of the fracture site. While the biological 
response undoubtedly reflects activities determined 
by local conditions, this response is largely driven by 
the mechanics of the system, thereby optimising the 
rate and probability of fracture healing. Therefore, 
the success of the healing process ultimately relies 
upon an intricate synergy between the biology and 
the mechanical environment (Augat et al., 2005; Carter 
et al., 1998; Hagiwara et al., 2015; Ignatius et al., 2005; 
Pauwels, 1960; Utvag et al., 2001; Utvag and Reikeras, 
1998; Utvag et al., 1999).
	 The mechanical environment itself is determined 
by a combination of the stiffness of the fracture fixation 
device used, the magnitude of the loads applied, the 
properties of the tissue in the fracture site, as well as 
the types of loads allowed by the fixation device such 
as axial, shear or bending moments (Aro and Chao, 
1993; Aro et al., 1990; Augat et al., 1998; Bishop et al., 
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the coagulation pathway plays an important role, 
and with the traumatic rupture of blood vessels a 
haematoma quickly forms between the bone ends, 
and the periosteum often lifts from the adjacent 
cortex. Many important signalling molecules 
are released within this haematoma, including 
inflammatory cytokines such as interleukin-1 (IL-1) 
and interleukin-6 (IL-6), and growth factors such 
as platelet-derived growth factor (PDGF), insulin-
like growth factors (IGFs), and members of the 
transforming growth factor-β (TGF-β) superfamily, 
including BMPs. Then, progenitor cells enter the 
fracture site to initiate repair, while the growth 
factors interact closely to regulate the initiation of 
fracture healing and any associated cellular response. 
These cells are derived from various locations, 
including the inner cambial layer of the periosteum, 
endosteum, bone marrow, surrounding musculature 
and vascular endothelium. As the progenitor cells 
differentiate into chondrocytes and osteoblasts, they 
initiate bone formation via either endochondral or 
intramembranous ossification, respectively.
	 With intramembranous ossification, or primary 
fracture healing, bone forms directly from 
osteoprogenitor cells to create hard callus, without 
an intervening cartilaginous phase. In contrast, 
endochondral ossification, or secondary fracture 
healing, first involves formation of a cartilaginous 
intermediate through the differentiation of progenitor 
cells into chondrocytes, that then becomes calcified 
and is eventually replaced by bone. This type of 
fracture healing provides an early, bridging, soft 
callus that is most often attributed to the adjacent 
periosteum. Mineralisation of this cartilaginous 
intermediate involves a mechanism similar to the 
growth plate associated with the growth of long 
bones and, therefore, requires reestablishment of 
the vascular and nutrient supply. The classical 
descriptions of this process report a sequence where 
chondrocytes hypertrophy and undergo apoptosis, 
the extracellular matrix calcifies and blood vessels 
penetrate the matrix. However, newer evidence 
has suggested that hypertrophic chondrocytes can 
transdifferentiate directly into osteoblasts (De La 
Vega et al., 2018; Hu et al., 2017; Yang et al., 2014). 
Either way, the provisional calcified cartilage is 
gradually resorbed and replaced by immature woven 
bone formed by osteoblasts. In the final healing phase, 
osteonal remodelling of the newly formed bone 
tissue, and of the fracture ends themselves, restores 
the original shape and the mature lamellar structure 
of the bone. This final phase of bone remodelling can 
take anywhere from months to years to complete 
and is profoundly influenced by mechanical loading 
conditions.

Stephan Perren’s interfragmentary strain theory

Bone healing is a complex event requiring the 
coordination of a network of biological processes, 

2006; Bottlang et al., 2010; Carter et al., 1988; Cheal et 
al., 1991; Claes et al., 1997; Claes and Heigele, 1999; 
Egger et al., 1993; Goodship and Kenwright, 1985; 
Goodship et al., 2009). Accordingly, whenever fixation 
is too flexible, the magnitude of interfragmentary 
motion (IFM) around the fracture site cannot be 
controlled and it will be subjected to high magnitude 
hybrid loading conditions including combinations of 
axial, shear and bending moments (Augat et al., 2003; 
Augat et al., 1996; Carter and Wong, 1988; Epari et 
al., 2006). Alternatively, if the fracture fixation is too 
rigid, it will prevent any micromotion within the 
fracture gap, resulting in bone resorption (Akeson et 
al., 1976; Chao et al., 1989; Matsushita and Kurokawa, 
1998; Probst et al., 1999; Uhthoff and Dubuc, 1971; 
Utvag and Reikeras, 1998). In both circumstances, 
the activation of the biological processes will be 
suboptimal and, consequently, bone healing might 
fail.
	 The present review discusses the current state of 
the art and the advances made towards optimising 
and accelerating bone regeneration by controlling 
the mechanical environment as healing progresses. 
This includes an overview of Stephan Perren’s strain 
theory and introduces a refined modernisation of his 
theory that uses a mechanical manipulation regimen 
called reverse dynamisation. A key factor of this 
contemporary theory is that it introduces variable 
mechanical conditions at different time points 
during bone healing, which opens the possibility 
of manipulating the biology to achieve a desired 
outcome. To fully comprehend how the mechanical 
environment can be effectively manipulated, it is 
important to first understand the essential biology 
differentiating normal from abnormal fracture 
healing.

Biology of fracture healing
The biology of fracture repair is a genuine wonder 
of nature and rather than healing by the production 
of a surrogate scar material, it is instead typically 
the result of true regeneration of adult tissue. 
Consequently, bone is one of the few organs in the 
body that has the capacity to heal without leaving a 
residual scar. Molecular events governing fracture 
healing reflect the activity of a relatively complex 
network of continuously changing signals in 
response to the initial tissue damage and necrosis, 
growth factor production, macrophage and stem 
cell activation, cell recruitment and migration, cell 
proliferation and differentiation, as well as tissue 
formation. Fracture healing typically involves 
three distinct phases, beginning with haematoma 
formation and inflammation (early phase), followed 
shortly after by an extended reparative phase and 
finally invoking a prolonged remodelling phase.
	 This process demands the coordinated activity 
of different cell populations in harmony with one 
another, each of which proliferates, differentiates 
and finally synthesises the requisite extracellular 
matrix components. During the inflammatory phase, 
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where the local mechanical environment plays a 
crucial role. While the biological processes of bone 
healing have been studied extensively, less is known 
about the mechanical factors that play critical roles in 
determining healing outcomes. Much of the current 
appreciation of the regulative effect of mechanical 
forces on cell differentiation comes from Friedrich 
Pauwels (Pauwels, 1960). He refined concepts from 
the original ideas of early bone biologists such as 
Roux, who proposed that cells compete for functional 
stimulus within the tissue (Roux, 1881a; Roux, 1881b). 
Anticipating specific details that had not yet been 
discovered, Pauwels theory essentially proposed 
that whenever mesenchymal stem cells are subjected 
to high shear the functional stimulus would favour 
fibroblast differentiation, whereas endochondral 
bone formation would occur in low strain/high 
compression environments.
	 Perren subsequently proposed his theory that 
when the fractured bone is loaded, the fracture 
fragments displace with respect to each other and he 
introduced the term “interfragmentary strain” (IFS) 
to quantify the relative motion produced within the 
fracture gap (Perren and Cordey, 1980). The basis of 
his theory is that only the tissues that can withstand 
this IFS without rupturing can continue to exist in 
the fracture gap. IFS is defined as the magnitude 
of interfragmentary motion (axial) divided by the 
fracture gap size. The magnitude of the IFS determines 
the subsequent differentiation of fracture gap tissue, 
where the tissue cannot exist in an environment 
exceeding the strain tolerance of the extracellular 
matrix of these tissues (Fig. 1). Granulation tissue 
within a fracture can tolerate a strain of up to 100 %, 
and once granulation tissue is formed early callus will 
act to reduce the IFS. Then, this reduction in motion 
of the fracture fragments creates an environment 
more favourable for chondrogenesis. Therefore, 
if a strain higher than 10  % (unstable fixation) 
persists, it is more likely to result in a disorganised 
tissue, typically fibrocartilaginous or cartilaginous 
in character, producing a hypertrophic or atrophic 
non-union that is unlikely to lead to bony union (Fig. 

2a). When the strain is between 2 and 10 % (semi-
rigid/flexible fixation), it will be broadly conducive 
to woven bone formation through endochondral 
ossification, or secondary fracture healing. A strain 
lower than 2  % (rigid fixation) will occur if the 
main fracture fragments are directly opposed and 
compressed against one another (Fig. 2b). These 
conditions are tolerated by lamellar bone and are 
regarded as characteristic of a rigid environment, 
leading to intramembranous ossification, or primary 
bone healing. Similarly, Claes and colleagues (Claes 
and Heigele, 1999; Claes et al., 1998) hypothesised 
that direct bone healing occurs with strains lower 
than approximately 5 % and hydrostatic pressures 
lower than ~  0.15  MPa. Conversely, endochondral 
ossification is associated with compressive pressures 
higher than ~ 0.15 MPa and strains lower than ~ 15 %. 
Considering relative motion across the fracture site, 
the IFS theory (IFST) frames issues regarding the 
stability of fixation with respect to the strain across 
the gap under a given load. In so doing, it defines 
convenient, if somewhat arbitrary, limits with respect 
to interfragmentary motion (IFM) and these limits 
broadly guide surgeons in terms of implant choice, 
implant placement and fracture reduction.
	 Since its introduction, Stephan Perren’s work 
related to IFST has had a profound influence on 
experimental studies and orthopaedic trauma care 
for the past several decades, providing a conceptual 
link between the mechanics of fracture stabilisation 
and the biological response within and adjacent to 
a fracture gap (Perren, 1979; Perren, 2002; Perren, 
2008; Perren et al., 2015; Perren and Rahn, 1980). 
Furthermore, this philosophy has been instrumental 
in the design of orthopaedic trauma implants 
for almost 50 years and has influenced several 
generations of orthopaedic surgeons. However, the 
shortcoming of the IFST is that it is simplistic and 
deterministic by its nature and fundamentally defines 
an “all or nothing” response. The role of mechano-
transduction is implicit, but the theory itself sheds no 
light on the processes that may be responsible. More 
importantly, it does not consider the possibility of a 

Fig. 1. Illustration demonstrating the magnitude of the interfragmentary strain tolerated by specific 
tissue types in the fracture gap.
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temporal evolution as the system responds and does 
not allow for any change in the mechanical conditions 
that inevitably result from the ensuing biological 
response. These limitations do not diminish the 
validity of the message and it remains conceptually 
attractive while appearing to coincide with the easily 
verifiable biological response to specific imposed 
mechanical conditions. Its simplicity is perhaps 
most responsible for its widespread adoption as the 
currently accepted model and for being recognised 
as one of the most fundamental principles of fracture 
fixation.
	 Nevertheless, moving away from the parameters 
of the IFST in its purest form, it is possible to 
explore the implications of the interplay between 
biology, mechanics and how activity influence 
fracture healing. The biology of fracture healing can 
be elegantly summarised conceptually by the two 
musical terms of harmony and melody. Harmony 
reflects the behaviour of two or more biological 
processes, acting simultaneously at any given point in 
time. For example, when two or more notes interact, 
the single sound that is perceived is quite specific 
and its pitch is inevitably very highly constrained, 
with very narrow bounds between what is regarded 
as either pleasing or unpleasant. While harmony is 
representative of the biological response at any given 
point in time, melody is instead representative of the 
biological response over time. However, a melody can 
gradually progress either as a coordinated response 
to defined conditions or can instead become amelodic 
and progress without direction, without form and, 
therefore, remain unlikely to proceed to a satisfying 
outcome.
	 Following this line of thinking, biology is, in 
a sense, fundamentally local in character and is, 
therefore, also exquisitely sensitive to very specific 
properties on the smallest scales. Consequently, 
processes such as stem cell recruitment and 
activation, inflammation, angiogenesis, fibrogenesis, 
chondrogenesis and osteogenesis may, or may not, 
be actively engaged at any given time, depending on 
local conditions, and most often are coordinated by 
their response to the mechanical environment. All of 
the many biological responses contribute together to 
the activity recognised as fracture healing, both at 
the local and at the global levels. As a synchronised 
behaviour, fracture healing will often be a result of 
the coordinated response of these biological processes 
proceeding to solid bone union. Conversely, a chaotic, 
discordant biological response would more likely fail 
to heal spontaneously, resulting in fibrous tissue and 
non-union.
	 It would be very difficult to predict from one 
condition alone whether or not it is possible to achieve 
optimal fracture healing. Within this conceptual 
framework there are, of course, many possibilities, 
but according to the IFST, the initial conditions 
reflecting the strain in the fracture gap either are or 
are not conducive to bone healing. By introducing 
variable conditions at different time points during 

bone healing, it is possible to control the mechanical 
environment to purposefully influence the biology. 
This conceptual freedom essentially opens the 
possibility of actively manipulating a fracture to 
achieve the desired outcome, bony union. Knowing 
this, is it possible to manipulate the fracture site to 
rapidly, predictably and consistently accelerate and 
optimise fracture healing? Yes, if Stephan Perren’s 
strain theory is modernised by means of the novel 
mechanical regimen called reverse dynamisation (Fig. 
3).

Reverse dynamisation

Using the basic IFST, experimental and clinical studies 
have attempted to optimise and accelerate the bone 
healing process using dynamisation. In this process 
the stiffness of the fixation is converted from a rigid 
to a more flexible configuration to encourage healing 
progression to solid bone union. This philosophy is 
based on the belief that by dynamising a fracture in 
this manner, the bone is trained to gradually accept 
more load while still being protected by fracture 
fixation. However, results using conventional 
dynamisation in both animal models (Claes et al., 
2011; Claes et al., 2009; Egger et al., 1993; Goodship et 
al., 1998; Larsson et al., 2001; Utvag et al., 2001; Utvag 
and Reikeras, 1998; Utvag et al., 1999) and clinical 
studies (Basumallick and Bandopadhyay, 2002; Domb 
et al., 2002; Huang et al., 2012; Litrenta et al., 2015; 
Papakostidis et al., 2011; Perumal et al., 2018; Tigani et 
al., 2005; Vicenti et al., 2019) have been inconclusive at 
best and, therefore, it has neither greatly influenced 
nor improved clinical practice. Likewise, a recently 
published systematic review and metanalysis on 
the effects of dynamisation on fracture healing by 

Fig. 2. Radiographic images of distal ulna diaphyseal 
fracture. (a) A hypertrophic non-union formed when 
managed non-operatively as a result of too much 
micromotion at the fracture site. (b) The fracture 
healed spontaneously without bone grafting after 
open reduction internal fixation, and compression 
plating achieved rigid fixation.
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Fig. 3. Schema illustrateing the reverse dynamisation regimen, which is a modernised perspective on 
Stephan Perren’s strain theory on how to achieve more rapid and reliable bone healing. The hypothesis 
is that a fracture initially stabilised using flexible fixation (elastic dynamisation; indicated in green) allows 
for micromotion and encourages abundant cartilaginous callus formation. Once substantial callus has 
formed, which is anywhere from 2 to 4 weeks, the stabilisation is converted to a rigid configuration (red) 
to prevent the disruption of neovascularisation, which then allows bone to rapidly remodel at a faster 
rate. After complete bone healing occurs, the fixator is removed (at around 12 weeks) to allow for natural 
bone remodelling to restore its anatomical shape and physical properties. 

Fig. 4. Two-dimensional (2D) coronal micro-computed tomography images of intact tibia (IT) and 2 mm 
tibial osteotomies in a goat after 8 weeks of healing. Osteotomies were stabilised with static fixation (SF), 
dynamic fixation (DF) and reverse dynamisation (RD; dynamic fixation for 3 weeks and at 3 weeks the 
fixators were converted to static/rigid fixation) protocols (Glatt et al., 2020). Scale bar = 5 mm.

Ferreira et al. (2020) concluded that the diversity in 
dynamisation strategies, the variation in the timing 
of dynamisation and the ambivalence of the results 
precludes any definitive conclusions. Therefore, 
further research is necessary to improve fracture 

healing when using dynamisation before specific 
recommendations can be made.
	 Over the past decade, the revolutionary concept of 
reverse dynamisation (Fig. 3), a modern and refined 
perspective on Stephan Perren’s strain theory, has 
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been slowly gathering momentum (Bartnikowski 
et al., 2017; Glatt et al., 2016a; Glatt et al., 2016b; 
Glatt et al., 2012b; Glatt et al., 2020; Glatt et al., 2016c; 
Tetsworth and Glatt, 2019). With this strategy, the 
mechanical environment of the fracture site is actively 
manipulated during the early stage of healing in an 
attempt to optimise and accelerate the progression of 
bone towards union. It is based on the hypothesis that 
a fracture initially stabilised using flexible fixation 
allows for micromotion and encourages abundant 
cartilaginous callus formation. Once substantial 
callus has formed, the stabilisation is converted to 
a rigid configuration to prevent the disruption of 
neovascularisation, which then allows the bone to 
rapidly remodel at a faster rate and to restore its 
anatomical shape and physical properties. A growing 
body of experimental research supports reverse 
dynamisation and demonstrates the potential to 

optimise rapid bone healing (Bartnikowski et al., 2017; 
Glatt et al., 2016a; Glatt et al., 2016b; Glatt et al., 2012b; 
Glatt et al., 2020; Glatt et al., 2016c). For example, 
studies in rat models have demonstrated that early 
modulation (7-14 d) of the mechanical environment, 
by first stabilising the defect under conditions of 
low stiffness and then imposing high stiffness after 
provisional callus formation is observed, significantly 
accelerates bone healing (Bartnikowski et al., 2017). 
By contrast, a study by Claes et al. (2009) in the 
same animal model found that dynamisation at 7 d, 
when initially high stiffness fixation is followed by 
low stiffness fixation, is very detrimental to bone 
healing. Interestingly, using either the conventional 
dynamisation or reverse dynamisation regimen 
during the late phase of bone healing (remodelling) 
had very similar results (Bartnikowski et al., 2017; 
Claes et al., 2011). These outcomes are not surprising 

Fig. 5. Micro-computed tomography and histology images illustrating the healing of 5 mm segmental 
defects in the rat femur treated with 5.5 μg of BMP-2, with flexible external fixation, rigid external fixation 
or reverse dynamisation after 8 weeks of treatment (Glatt et al., 2016a). Micro-computed tomography 
images of cross-sectional central part of the defect (top row) and coronal plane of the defect (middle row). 
Histological sections were stained with safranin orange-fast green (bottom row, scale bar = 1 mm). Flexible 
fixation =  low stiffness fixator (114  N/mm); rigid fixation =  high stiffness fixator (254  N/mm); reverse 
dynamisation = flexible to rigid stiffness fixation at 2 weeks (Glatt et al., 2012a). 
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since two ex vivo experimental studies (Gardner 
et al., 1996; Glatt et al., 2012a) have independently 
concluded that when stiff intra-fracture materials are 
used to simulate the remodelling stage of healing, 
the stiffness of the fixator contributes very little to 
the overall stability of the construct. Instead, most 
of the axial loading is transferred mainly through 
the stiffened intra-fracture material, with the 
fixator only minimally contributing to the stability. 
Furthermore, a recent study in a goat 2 mm osteotomy 
model also confirmed that the reverse dynamisation 
regimen accelerates healing and remodelling of 
tibiae compared to the static/rigid and the dynamic/
flexible fixation groups (Fig. 4) (Glatt et al., 2020). This 
was achieved by initially providing flexible fixation 
for 3  weeks to allow early micromotion, thereby 
encouraging the maximal amount of soft callus 
formation. Once abundant callus formation was 
visible radiographically, the mechanical environment 
was converted to a more rigid configuration, in 
contradistinction to conventional dynamisation that 
has been utilised for the past several decades.
	 The results from these reverse dynamisation 
studies easily explain the inconsistent reports in the 
literature when using the conventional dynamisation 
regimen. It appears mainly to be related to the type 

of dynamisation regimen used and the timing of its 
introduction. For instance, axial dynamisation allows 
for a degree of collapse or compression of the fracture 
fragments and, when used on 1-3 mm osteotomies 
during early stages of healing, an axially dynamised 
construct essentially becomes more rigid, as the bone 
surfaces make contact. These conditions, in fact, 
inadvertently approximate the reverse dynamisation 
regimen and these studies have, therefore, observed 
beneficial effects on bone healing (Barquet et al., 
1992; Egger et al., 1993; Foxworthy and Pringle, 1995; 
Larsson et al., 2001). Elastic dynamisation allows for 
temporary deformation at the fracture site under 
physiological load and recovery of the original 
fracture dimensions during unloading. Therefore, 
when elastic dynamisation is used during the initial 
stages of healing, the construct is flexible, thus 
providing a certain amount of micromotion at the 
fracture site, initiating callus formation (Bartnikowski 
et al., 2017; Glatt et al., 2016a; Glatt et al., 2012b). Again, 
it is not surprising that elastic dynamisation applied 
during the reparative stage of healing instead resulted 
in fracture non-unions (Claes et al., 2009; Foxworthy 
and Pringle, 1995). Similarly, Kenwright and Gardner 
(1998) have also previously demonstrated that 
excessive motion after a callus has formed may be 

Fig. 6. Micro-computed tomography images of a goat 20 mm distraction osteogenesis model stabilised 
with static fixation (SF; constant rigid fixation group), dynamic fixation (DF; flexible fixation group, 
allowing 2 mm elastic/axial compression during the study period) and reverse dynamisation (RDF; started 
with flexible fixation, allowing 2 mm elastic/axial compression and at 6 weeks was converted to static 
fixation for the remaining study period) protocols. The distraction commenced on the 6th post-operative 
day and continued until 20 mm distraction was achieved, which was 6 weeks after surgery. At 6 weeks, 
the RD group was converted from dynamic fixation to static fixation. All of the groups were allowed an 
8-week consolidation period. 2D sagittal (top row) and cross-sectional images illustrating the central area 
of the regenerate bone (bottom row). Scale bar = 9 mm.
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detrimental and can disrupt the nascent fracture gap 
tissue and delay the remodelling process.
	 The reverse dynamisation regimen has 
demonstrated similar results in large segmental 
defects and distraction osteogenesis/limb lengthening 
of bone. For example, the effects of fixator stiffness 
on the healing of large bone defects treated with 
BMP-2 was investigated in a rat large segmental 
defect model (Fig. 5). The hypothesis was that 
manipulation of the mechanical environment as 
healing progresses could enhance the healing of 
large osseous defects; specifically, that accelerated 
healing would be achieved by first stabilising the 
defect under conditions of low stiffness and, then, 
converting to high stiffness conditions once callus 
formation was evident radiographically. This study 
convincingly confirmed the healing of large bone 
defects is in fact very highly responsive to the 
ambient mechanical environment and that by altering 
fixation stability the rate and quality of healing can be 
predictably manipulated (Glatt et al., 2012c). Based on 
these observations, a subsequent study determined 
whether the dose of BMP-2 could be reduced without 
compromising the healing process when using this 
enhanced mechanical environment (Glatt et al., 2016a). 
Although the initial healing was slightly delayed, 
forming a smaller callus throughout the healing 
period, the study demonstrated the quality of healing 
bone was similar, or slightly superior, to that treated 
with the higher dose of BMP-2. Of further interest, 
when the dose of BMP-2 was insufficient, the same 
study revealed that healing did not occur regardless 
of which stiffness fixation device was used. Although 
preliminary, similar results are being observed in 
an ongoing study using a goat 2  cm distraction 
osteogenesis model (Fig. 6). The basis of this study 
is that providing a small amount of micromotion 
(elastic dynamisation) during the bone lengthening 
period would promote larger and more rapid callus 
formation of the regenerate. Once the distraction to 
the desired length has been completed, the fixator 
frame is altered to a more rigid fixation during the 
consolidation period to accelerate remodelling of the 
regenerated bone. The initial findings of this study 
are striking and suggest that the proposed regimen 
of reverse dynamisation significantly accelerates 
regenerate remodelling (unpublished data).
	 Unfortunately, high quality clinical data regarding 
the role of reverse dynamisation and fracture 
healing remains scarce and most reports are 
unpublished or anecdotal. Although other trials 
are underway, there has been only one published 
study that has investigated the reverse dynamisation 
regimen in humans. Examining adult tibial fractures 
stabilised with external fixation, Howard et al. (2013) 
demonstrated that a standard protocol, allowing 
initial axial micromovement from 2 to 4 weeks 
after surgery followed by more rigid stabilisation, 
indeed accelerated fracture healing. When treating 
isolated closed or grade I open tibial fractures, 
faster healing was associated with a reduction in 

the average time to removal of the fixator in the 
dynamisation group (∼ 11 weeks), compared to the 
standard of care (∼ 22 weeks). In an effort to better 
define the role and the optimal clinical parameters for 
reverse dynamisation, Dr Glatt  is currently actively 
coordinating a series of clinical research projects at 
various sites around the globe.

Conclusions

New studies are rapidly expanding our knowledge 
about the influence of modulating the mechanical 
environment on bone healing. Although instability 
is often clinically associated with non-unions, 
increasing evidence suggests that providing a small 
amount of flexibility or micromotion at the fracture 
gap during the initial stage of healing has beneficial 
effects on bone healing and is challenging the clinical 
consensus that fracture stability/rigidity is critical. 
Furthermore, what has also become evident is that 
micromotion or flexible fixation at the fracture 
site is only required during the initial phase of the 
healing process, anywhere from 2 to 4 weeks, before 
converting to more rigid fixation. Importantly, this 
was demonstrated not only in the studies of small 
animal models (Bartnikowski et al., 2017; Glatt et al., 
2016a; Glatt et al., 2012b) but has also been observed 
in a large animal model (Glatt et al., 2020) as well as 
in one supportive clinical study (Howard et al., 2013).
	 These findings support the concept that bone 
healing inevitably reflects a very complex relationship 
previously characterised as the concert between 
biology and biomechanics, and when these two 
elements are in harmony bone healing most often 
proceeds melodically to a satisfying union (Glatt et 
al., 2016b). In the diamond concept of fracture healing, 
the mechanical environment is considered an equal 
contributor, together with osteogenic cells, growth 
factors and osteoconductive scaffolds (Giannoudis 
et al., 2007). However, in the authors’ opinion, 
the biomechanics should be considered the most 
important factor because the mechanical environment 
almost certainly orchestrates the nature of the 
biological response (Glatt et al., 2016b). Consequently, 
the biological response can never overcome a 
mechanical environment that does not support 
adequate bone growth, even when augmented with 
exogenous factors. Therefore, whenever the biology 
and biomechanics act in symphony, bone is able to 
heal rapidly and predictably, as has already been 
demonstrated by several studies using the reverse 
dynamisation regimen.

Future perspectives

As Perren recognised, biomechanical stability 
probably plays the most critical role in fracture 
healing and surgical decisions such as implant 
choice should be guided by an understanding 
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of this fundamental principle. His strain theory 
qualitatively describes the bone healing response 
with respect to the mechanical environment and the 
strain tolerance of the various tissue types involved 
is the prime determinant. However, the optimal 
amount of strain required for different healing 
phases is still unknown and further studies defining 
these parameters more explicitly remain vitally 
important. More recent studies have also confirmed 
that successful regeneration and healing of bone 
relies on a synergy between the various biological 
factors and mechanical forces, governed by the timing 
and spatial relationship of their introduction. The 
reverse dynamisation regimen provides a modern 
perspective on Stephan Perren’s strain theory and 
perhaps holds the key to tipping the balance in 
favour of a more rapid and reliable union in settings 
including acute fractures, osteotomies, non-unions 
and other circumstances where it is necessary to 
regenerate bone. Evolving technologies may soon be 
able to measure the progression of callus formation 
and stiffness as the healing progresses, and these 
should enhance our ability to optimally modulate 
the biomechanics and willfully influence the biology. 
Promising technologies currently in development 
include electromagnetic antennas, implantable 
microelectromechanical sensors and smart internal 
plates containing strain sensors able to measure tissue 
stiffness within the fracture gap in real-time. This will 
require further development of plates and nails that 
provide a mechanism to carefully manipulate their 
mechanical properties without the need for further 
surgery, perhaps employing nitinol alloy to actively 
change the local mechanical environment in favour 
of a more rapid and robust fracture healing. While 
future challenges still remain in understanding and 
optimising the nature of these mechanical cues and 
the biological responses to them at various stages 
of bone healing, the initial results from ongoing 
investigations have been very encouraging and it 
will be interesting to observe what these continuing 
studies will reveal.
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Discussion with Reviewers

Reviewer: Is Stephan Perren’s strain theory (SPST) 
applicable to all types of fractures, more precise 
diaphyseal and metaphyseal fractures? How is it 
affected by the inter fragmentary gap size?
Authors: SPST was originally proposed with respect 
to diaphyseal fracture healing. Unfortunately, there 
is a gap in our knowledge and differences in fracture 
healing responses between either metaphyseal or 
diaphyseal bone have not yet been explored in detail. 
Similarly, the mechanical conditions also differ 
dramatically between diaphyseal and metaphyseal 
locations and have not yet been examined. However, 
we would speculate that SPST is also applicable to 
metaphyseal fractures, because theoretically as long 
as a certain amount of micromotion is provided, not 
too much and not too little, metaphyseal fractures 
might heal even more rapidly. As always, this 
depends upon a delicate balance between the gap 
size and the fracture fixation stiffness.
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	 The size of the fracture gap is of critical importance 
with respect to both the biology and biomechanic, 
although it was not defined explicitly in SPST. 
Consider first an anatomically reduced fracture 
with a very small gap rigidly fixed with a well-
positioned plate, where the strain is low and therefore 
conducive to primary bone healing. If one were to 
take the same fracture stabilised in the identical 
fashion but with some distraction, the strain would 
be potentially reduced, suggesting that primary 
healing will continue. However, a larger distraction 
often leads to instability and greater IFM, resulting 
in secondary bone formation. This is consistent with 
what is observed clinically, where distraction and 
malreduction result in instability, and the strain 
conditions are then more conducive to secondary 
fracture healing. Finally, consider the situation 
where the fracture is grossly malreduced but rigidly 
fixed, and there may be a gap of 10 mm or more. 
Although the low strain favours primary healing, 
the gap is now far too large to bridge, leading to a 
fibrous non-union. This is ultimately the result of a 
complete discord between the mechanical conditions 
and the ensuing biological response. Then again, in 
metaphyseal bone stabilised as a bridging construct, 
this gap could still potentially heal spontaneously in a 
healthy patient with a good soft-tissue envelope and 
intact periosteum.
	 In contrast, reverse dynamisation encompasses 
both the biology and the biomechanics, this is 
conceptually more attractive than SPST alone. By 
providing a flexible initial stabilisation, the greater 
strain encourages secondary bone healing and 
abundant callus formation. Monitoring the biological 
response radiographically provides a feedback to 
determine the point when conversion to more rigid 
fixation is indicated, and this can be optimised. 
This remains true in all situations, regardless of the 
gap size, the location in the bone (diaphyseal or 
metaphyseal) or even whether the fixation is through 
a plate, an intramedullary nail or an external fixator. 
Of course, the biological response is still limited in 
its ability to bridge larger gaps, but RD allows the 
clinician to prospectively determine when, and in 
what matter, to intervene with the goal of rapid, 
consistent bone healing.

Farshid Guilak: Can the authors speculate on how 
this method could be advanced to the next stage to 
optimise the tissue responses? For example, would 
it be possible to have real-time measurements of 
repair tissue mechanics/quality that then informs the 

decision to change the level of dynamisation? How 
would this method be used in combination with 
biological approaches (e.g. gene therapy, stem cells, 
growth factor delivery) to enhance repair?
Authors: The only way to determine the quality of the 
tissue within the fracture site currently is by X-ray, 
which has been shown to be quite reliable but of 
course not optimal. However, studies are under way 
to determine the optimal amount of micromotion 
that is required during the early stages of healing 
to induce rapid and robust callus formation, while 
at the same time avoiding excessive micromotion 
within the fracture gap, which has the potential to 
generate a delayed union or non-union. Furthermore, 
new technologies are in development that will be 
able to measure the progression of callus formation 
and stiffness as the healing progresses. This includes 
technologies employing electromagnetic antennas, 
implantable microelectromechanical sensors and 
smart internal plates that have strain sensors able to 
measure tissue stiffness within the fracture gap in 
real-time and provide this information via Bluetooth 
to a mobile app. Then, this will let the treating 
surgeon know when it is time to change the fixator 
stiffness to more rigid fixation. Likewise, smart 
implants using internal plates and nails that are made 
out of a memory metal such nitinol, which remembers 
its high temperature shape from when heated, can be 
adjusted by slight changes in alloy composition and 
through heat treatment.
	 When it comes to using biologics there should not 
be any difference concerning the effects of reverse 
dynamisation and how it would influence the healing 
outcomes. The only difference will be in the amount 
of micromotion that would be applied during the 
initial stage of healing (percentage of strain will 
be the same, less than 10 %), which has nothing to 
do with the biologics but rather the gap size. The 
callus formation  would still follow a similar pattern 
as normally healing fractures, because the healing 
progression, the rate of healing and the phases of the 
healing process are very similar with and without 
the use of biologics. However, there is the possibility 
that certain biologics would accelerate or amplify the 
regenerative effects of reverse dynamisation, and vice 
versa. For critical sized defects, a biological stimulus, 
such as BMP-2, is necessary to initiate healing; reverse 
dynamisation alone cannot do this.

Editor’s note: The Guest Editor responsible for this 
paper was Anita Ignatius.


