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Abstract Adaptive finite element models have allowed
researchers to test hypothetical relationships between the
local mechanical environment and the healing of bone frac-
tures. However, their predictive power has not yet been
demonstrated by testing hypotheses ahead of experimen-
tal testing. In this study, an established mechano-biological
scheme was used in an iterative finite element simulation
of sheep tibial osteotomy healing under a hypothetical fix-
ation regime, “inverse dynamisation”. Tissue distributions,
interfragmentary movement and stiffness across the fracture
site were compared between stiff and flexible fixation condi-
tions and scenarios in which fixation stiffness was increased
at a discrete time-point. The modelling work was conducted
blind to the experimental study to be published subsequently.
The simulations predicted the fastest and most direct healing
under constant stiff fixation, and the slowest healing under
flexible fixation. Although low fixation stiffness promoted
more callus formation prior to bridging, this conferred little
additional stiffness to the fracture in the first 5weeks. Thus,
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while switching to stiffer fixation facilitated rapid subsequent
bridging of the fracture, no advantage of inverse dynamisa-
tion could be demonstrated. In vivo data remains necessary
to conclusively test this treatment protocol and this will, in
turn, provide an evaluation of the model’s performance. The
publication of both hypotheses and their computational sim-
ulation, prior to experimental testing, offers an appealing
means to test the predictive power of mechano-biological
models.

Keywords Fracture healing · Fracture fixation · Models ·
Biological · Dynamisation

1 Introduction

The healing of diaphyseal bone fractures is strongly influ-
enced by the mechanical environment, which is in turn
dependent on the bone and fracture geometry and applied
loads, displacements and fixation. As reviewed in detail else-
where (Doblaré et al. 2004; Geris et al. 2009; Isaksson 2012;
Khayyeri et al. 2013; Pivonka and Dunstan 2012), a num-
ber of conceptual models have been developed, linking local
mechanical conditions to tissue formation, transformation
and removal processes throughout secondary bone healing
(i.e. healing via formation of a temporary callus). Finite ele-
ment models based on published experimental data have
enabled researchers to quantify these conceptual relation-
ships (Pivonka and Dunstan 2012). Over the past 15years,
the development of iterative, adaptive models has allowed
testing of themodels’ ability to predict the succession of heal-
ing observed experimentally—in particular, the distribution
of tissues in the callus and fracture site and the restoration
of mechanical integrity over time. Computational models of
fracture healingmechanobiologymay be an effective tool for
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hypothesis testing and treatment optimisation (Pivonka and
Dunstan 2012). However, to date, their use in testing spe-
cific hypotheses ahead of experimental testing has not been
reported.

Mechano-biological simulations may be broadly classi-
fied by the parameters used to regulate biological changes—
in this case, the growth and differentiation of callus tissues.
The most common are fluid flow and shear strain, for
poroelastic formulations (Andreykiv et al. 2008; Byrne et al.
2011; Checa et al. 2011; Geris et al. 2010; González-Torres
et al. 2010; Hayward andMorgan 2009; Isaksson et al. 2008,
2009; Kuiper et al. 2000; Lacroix and Prendergast 2002a, b;
Lacroix et al. 2002), many based on the scheme of Pren-
dergast et al. (Huiskes et al. 1997; Prendergast and Huiskes
1996; Prendergast et al. 1997; van Driel et al. 1998), and
deviatoric and dilatational stresses and/or strains, for elastic
formulations (Bailón-Plaza and van der Meulen 2003; Chen
et al. 2009; Shefelbine et al. 2005; Simon et al. 2011; Steiner
et al. 2013, 2014a, b;Wehner et al. 2010, 2012, 2014), based
primarily on the concept of Claes and Heigele (1999). Prin-
cipal strains have also been used (Witt et al. 2011), and
other models have used a single parameter to quantify the
mechanical environment in a general way (Ament and Hofer
2000; García-Aznar et al. 2007; Gómez-Benito et al. 2005,
2006; Vetter et al. 2012). In addition to mechanical regu-
lation, the iterative models have required the addition of
a biological component—cell populations, growth factors,
vascularity and/or a composite “biological potential”—in
order to adequately replicate the temporal and spatial devel-
opment of the callus (Andreykiv et al. 2008; Bailón-Plaza
and van der Meulen 2003; Checa et al. 2011; Chen et al.
2009; Geris et al. 2010; Gómez-Benito et al. 2005; Isaksson
et al. 2008; Lacroix et al. 2002; Repp et al. 2015; Shefel-
bine et al. 2005; Simon et al. 2011; Vetter et al. 2012). The
simulations achieve broad agreement with the generalised
progression of secondary bone healing, as presented by e.g.
Einhorn (1998) and McKibbin (1978). Each scheme pro-
duces broadly similar simulations: this may be attributed in
part tomodels typically being regulated by a volumetric and a
distortional mechanical parameter (Isaksson et al. 2006a, b).
It also likely corresponds to the phenomenological nature
of most of the models (Geris et al. 2009), in which quanti-
tative relationships between tissue changes and mechanical
parameters are based on similar or identical experimental
data.

Generally, the simulations predict that low mechanical
stimuli—reduced loading, small fracture gaps, increased fix-
ation stiffness, and low interfragmentary strain—produce
the fastest healing (Chen et al. 2009; García-Aznar et al.
2007; Geris et al. 2010; Gómez-Benito et al. 2005, 2006;
Isaksson et al. 2008; Kuiper et al. 2000; Lacroix and Prender-
gast 2002a, b; Simon et al. 2011; Wehner et al. 2010, 2012,
2014). Moderately low mechanical stimuli tend to favour

bone formation, while higher stimuli favour cartilage and
fibrous tissue production, particularly in early stages of heal-
ing (González-Torres et al. 2010; Lacroix and Prendergast
2002a; Simon et al. 2011), or delay endochondral ossifica-
tion in later stages (Isaksson et al. 2008). The assessment of
models’ performance in predicting the spatial and temporal
development of tissues in the callus is made difficult, though,
by the limited experimental data available. Therefore, many
of the models have been evaluated against general trends or
mechanical (e.g., stiffness) or temporal (e.g., time to bridg-
ing) data.

Thorough validation requires simulations to be compared
with data other than those used in tuning the models (Isaks-
son et al. 2006a). This form of validation has been a relatively
recent development in bone healingmodels (Chen et al. 2009;
Hayward and Morgan 2009; Isaksson et al. 2006a; Steiner
et al. 2013, 2014a), but it remains limited with respect to
histological comparisons. These are a critical component in
assessing whether tissue growth and differentiation criteria
are functioning correctly. Only a small number of experi-
mental studies (Claes and Heigele 1999; Epari et al. 2006;
Peters et al. 2010; Vetter et al. 2010) have been published
with both the well defined mechanical conditions and the
histological data at multiple time-points needed for thorough
validation. Due to practical limitations, most studies present
only end-point histology, which allows little insight into the
progression that led to it. Polychrome labelling (Claes and
Heigele 1999; Claes et al. 2000; Stürmer 1984) addresses
this to some extent, by revealing bone deposition over dis-
crete time periods. Vetter et al. (2010) sought to address this
limitation in validation data, by mapping tissue distributions
averaged over multiple histological samples.

An ideal test of models’ predictive capacity is to simulate
specific hypotheses prior to experimental testing of the same.
The trends identified by models thus far tend to reflect only
what is known already from in vivo studies. A small number
of computational studies have predicted improved healing
under specific conditions (Steiner et al. 2014b; Wehner et al.
2010, 2012, 2014), but thesefindings havenot yet been tested
experimentally. While Gómez-Benito et al. (2011) based
the mechanical stimulus in their experiments on optimal
parameters from a computational study (González-Torres
et al. 2010), the theoretical relationship between healing
and different stimulation frequencies was not experimentally
confirmed. The application of models to testing hypotheses
and predicting the effects of injury and treatment parameters
thus remains largely unexplored.

“Inverse dynamisation” was recently proposed as a new
fixation strategy (Epari et al. 2013). Its bases are that (a) flex-
ible fixation during the early stages of healing will promote
the formation of a larger callus, providing a greater effec-
tive stiffness than would result under more rigid fixation,
and (b) increasing fixation stiffness after this initial callus
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Fig. 1 Geometry, loading, boundary conditions and finite element
mesh of the sheep tibial fracture model in its initial state. Symmetry
is assumed about the bone axis and the mid-plane of the fracture. The

fixator is represented by a spring fixed at one end and rigidly connected
to the bone at the fracture edge. Interfragmentarymovement ismeasured
at this connection point

growth will facilitate rapid endochondral ossification. It is
proposed that this may produce faster or comparable healing
relative to an optimally stiff constant fixation, aswell as offer-
ing an increased safety factor against potentially disruptive
transient loads during the consolidation phase. The inverse
dynamisation hypothesis has not yet been tested either exper-
imentally or computationally. This presents an opportunity
to test mechano-biological models’ predictive capabilities
while blinded to in vivo experimental results. This eliminates
the possibility of tuning model parameters or algorithms to
match specific data and thus, provides an additional level of
validation that has been missing to date.

The chief aim of this study was to computationally test
the hypothesis that bone healing will be faster when fixation
stiffness is initially low, and increased after callus formation,
than under constant fixation stiffness. The effects of the time-
point at which stiffness is increased was also of interest. A
published iterative mechano-biological scheme (Simon et al.
2011) was emulated, to predict the course of fracture healing
under high and low fixation stiffness, and the effect of chang-
ing fromflexible to stiff fixation at distinct time-points. These
stand-alone predictions will be subsequently compared with
the results of animal experiments.

2 Methods

An axisymmetric finite element model of a sheep tibia with
a 3-mm mid-diaphyseal osteotomy was created, using four-
node quadrilateral elements with a uniform 0.25-mm node
spacing (Fig. 1). The bone and callus geometry was based
on those presented by Lacroix et al. (2002) and Claes and
Heigele (1999), with the callus shape scaled to match the
larger dimensions of the tibia, compared to the metatarsal
models of the Ulm group (Claes and Heigele 1999; Simon
et al. 2011). The fractured bone was assumed to be sym-
metrical about the middle of the fracture gap. Linear elastic
material properties were used, as per Simon et al. (2011) and
related models.

An axial load of 700N (Lacroix and Prendergast 2002a)
was applied to the fractured face of the cortical bone, as
shown by Steiner et al. (2014a). A fixator was represented
by a spring between this face and the “ground” (equating
to a defined stiffness between the cortical bone and the fixed
plane of symmetry). Two stiffness levels were used: 6250 and
690N/mm, restraining interfragmentary movement (IFM) to
0.1mm (7%) and 0.5mm (33%) respectively, approximat-
ing the low- and high-IFM limits applied experimentally by
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8 C. J. Wilson et al.

Table 1 Elastic moduli and Poisson’s ratios of component tissues
(Simon et al. 2011)

Elastic modulus (MPa) Poisson’s ratio

Cortical bone 10,000 0.36

Woven bone 4000 0.36

Cartilage 200 0.45

Granulation tissue 3 0.3

Claes et al. (1997). Simulations of healing under eachfixation
stiffness were run for a period representing 12weeks post-
injury. To test the proposed inverse dynamisation protocol,
further simulations were conducted with stiffness increasing
from 690 to 6250N/mm at a time-point between one and
6weeks.

Abaqus/standard (version 6.13-3, Dessault Systèmes
Simulia Corp., Providence, RI, USA) was used for all finite
element analyses. The algorithm governing tissue changes
within the callus was implemented within the UMAT and
URDFIL user subroutines. Solution-dependent state vari-
ables were used to track the volume fractions of each tissue
type and vascularity. The elastic modulus, E , and Poisson’s
ratio, ν, were calculated from the state variables, according
to Wehner et al. (2014):

E = EGran + (ECart − EGran) · cCart3
+ (EBone − EGran) · cBone3

ν = νGran · cGran + νCart · cCart + νBone · cBone

where ci represents the volume fraction of tissue i , and
“Gran”, “Cart” and “Bone” subscripts denote undifferenti-
ated granulation tissue, cartilage and woven bone respec-
tively. Cortical bone was treated as non-changeable (E =
10GPa, ν = 0.36). The elastic moduli and Poisson’s ratios
corresponding to each component tissue were taken from
Simon et al. (2011) and are shown in Table 1.

Themechano-biological scheme followed that reported by
Simon et al. (2011), wherein tissue changes are determined
by deviatoric and dilatational strains, and the composition of
each element and its neighbours. This was derived from the
regulatory scheme proposed originally by Claes and Heigele
(1999), and reported in an iterative model using fuzzy logic
by Shefelbine et al. (2005). Our implementation was veri-
fied by comparing results, using a similar sheep metatarsal
geometry, to those reported by Simon et al. (2011). To com-
plete the implementation andmatch results to those reported,
details were incorporated from additional descriptions of the
model (Chen et al. 2009; Niemeyer 2013; Shefelbine et al.
2005).

The rules governing tissue changes are outlined in Table 2.
The corresponding fuzzy logic membership functions for

each parameter and output (tissue change) were imple-
mented, to the best of our knowledge, as by Simon et al.
(2011).

To minimise the effect of different mesh densities on
growth rates, changes in bone and perfusion fractions (which
depend on fractions in adjacent elements) were scaled rela-
tive to element size (Simon et al. 2011), using a reference
length of 0.22mm. This corresponds to the estimated bony
callus growth rate of 0.22mm/day (Simon et al. 2011).

It was assumed that even a carefully conducted osteotomy
would cause localised disruption to the blood supply. There-
fore, we assumed that the cortex was initially avascular up to
1mm from the fracture. Vascular boundary conditions were
30% at the periphery of the periosteal callus zone and 100%
in the undamaged cortical bone; medullary perfusion was
assumed to be restored after 10days, also implemented as
a 30% boundary condition on the endosteal callus (Simon
et al. 2011).

The simulations proceeded in steps representing 1day,
which provided adequate numerical stability and sufficient
resolution for the mesh size and the maximum bone/vascular
growth rate. At the end of each simulated week, the reac-
tion force across the mid-plane of the fracture was output,
along with the axial displacement of the fractured edge of
the bone (i.e., half the IFM). The reaction force divided by
the IFM gave an estimate of the axial stiffness of the callus.
By plotting each state variable, the predicted tissue distribu-
tions could be monitored over time.

3 Results

According to the model, healing progressed fastest with the
more rigidfixation (Fig. 2). The lower interfragmentary strain
facilitated immediate chondrogenesis in and near the fracture
gap, which calcified and ossified as soon as the vasculature
grew into the region (see also Figure S1). Bridging of the
gap was complete within 5weeks, progressing from both the
inner and outer surfaces of the cortex.

Under flexible fixation, the high strains within and adja-
cent to the fracture gap prevented chondrogenesis, which
was concentrated adjacent to this zone (periosteally and
endosteally), stimulated by moderate compressive dilata-
tional strains (Fig. 2). The high gap strains also limited the
progress of revascularisation, and directed periosteal bone
growth outward, around the high-strain region. Once the
advancing bone front connected with regions of more dense
cartilage (in the fourth week), the strains in and near the gap
were reduced to levels permitting chondrogenesis and endo-
chondral ossification and, thereby, bridging. Endosteal bone
growth was limited until bridging commenced.

Sustained bone growth, leading to higher densities of
bone, was concentrated towards the periphery of the cal-
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Fig. 2 Progression of healing under flexible fixation, inverse dynami-
sation and stiff fixation, as predicted by the mechano-biological scheme
of Simon et al. (2011). The development of the callus tissues is shown
at fortnightly intervals, by bone (B, top left) and cartilage (C, top right)
volume fractions, along with the corresponding deviatoric (γ0, bottom
left) and dilatational (ε0, bottom right) strains under load. The inverse
dynamisation cases shown were supported by low fixation stiffness for

the first two (F2wS) and four (F4wS) weeks, after which stiff fixation
wasmaintained. Rapid cartilaginous bridging of the inter-cortical gap is
evident after the stiffer fixation is applied, regardless of time-point. Cal-
cification and ossification of the cartilage occur rapidly, allowing bony
bridging to proceed from both periosteal and endosteal surfaces simul-
taneously. Endochondral bridging occurs more slowly, and commences
more peripherally, under flexible fixation

lus under flexible fixation, and closer to the fracture under
stiff fixation. The larger IFM thus corresponded to a larger
volume of mature bony callus, prior to bridging. However,
this did not confer a greater stiffness than the smaller callus
volume produced under stiff fixation (Fig. 3); the stiffness
only began to increase substantially under flexible fixation
once the bone growth front connected with the cartilaginous
region (4weeks). By 12weeks, little difference was apparent
in callus sizes, as bone growth continued after bridging. This
was consistent with similar final stiffness values under all
conditions.

Increasing the fixation stiffness at a discrete time-point
(i.e. inverse dynamisation) immediately reduced strains in the
fracture gap to a pro-chondrogenic level. This allowed bridg-
ing to occur via the same chiefly endochondral mechanism,
and over a similar timeframe, as in the case of constant stiff
fixation. At no time-point did changing the fixation stiffness
produce a superior result to stiff fixation alone. Increasing

the stiffness after 4 weeks or more had little effect on healing
rates or patterns, as the continuity between bony and carti-
laginous regions provided increased stability, regardless.

4 Discussion

Inverse dynamisation, in which fixation stiffness begins low
and is later increased for the consolidation phase, has been
proposed as a means to produce faster, more reliable healing
of diaphyseal bone fractures (Epari et al. 2013). In this study,
we applied a published mechano-biological algorithm for
predicting the course of fracture healing (Claes and Heigele
1999; Simon et al. 2011) to test this scenario against healing
with constant low- and high-stiffness fixation. Using amodel
based on a sheep tibial osteotomy, the algorithmpredicted the
fastest, most direct healing under high fixation stiffness, and
the slowest healing under constant low-stiffness fixation. The
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(a) (b)

Fig. 3 Interfragmentary movement (a) and callus axial stiffness (b)
over 10weeks of the healing simulation, for stiff (magenta) and flexible
(red) fixation and inverse dynamisation cases, with stiffness increased
at time-points ranging from one (F1wS) to five (F5wS)weeks. The stiff-
ness shown does not include that of the fixator, and both graphs show
results for the half-sectionmodel geometry depicted in Fig. 1 (i.e. actual
IFM is double that shown, and stiffness half). Irrespective of its timing,
stiff fixation allows the callus stiffness to increase rapidly to a moderate

level, corresponding to cartilage formation, followed immediately by
further stiffening by calcification and endochondral ossification (refer
to Fig. 2). The increasing callus size under flexible fixation is slow to
affect stiffness, which increases rapidly only when the interfragmen-
tary movement drops to a level similar to that under rigid fixation. This
corresponds to continuity being established between cartilaginous and
bony regions of the callus

model predicted no advantage in using inverse dynamisation,
relative to maintaining the more rigid fixation throughout the
healing process. The stiffness of the callus produced under
flexible fixation never exceeded that produced under stiff
fixation. The model did, however, predict that fracture con-
solidation could proceed rapidly after increasing the stiffness
of an initially flexible fixation.

The present results are consistent with previous compu-
tational studies that predicted fastest healing under minimal
mechanical stimulation (Chen et al. 2009;García-Aznar et al.
2007; Geris et al. 2010; Gómez-Benito et al. 2005, 2006;
Isaksson et al. 2008; Kuiper et al. 2000; Lacroix and Pren-
dergast 2002a, b; Simonet al. 2011;Wehner et al. 2010, 2012,
2014). In a related study, Kuiper et al. (2000) also found no
advantage in a higher initial IFM, compared to a sustained
low level of IFM, despite its stimulation of callus growth.
Their finding that 25% interfragmentary strain was more
inhibitory than higher or lower magnitudes suggests that
better healing outcomes may be possible for inverse dynami-
sation than presented here, but neither this nor the present
study offer evidence that inverse dynamisation would result
in faster healing than constant stiff fixation.

In all scenarios tested, the fracture gapwas rapidly bridged
by cartilage when IFM was below 0.1mm (approximately
7% interfragmentary strain). This strain limit was applied
immediately by the stiffer fixation, but was not achieved by
the callus until the sixth week of flexible fixation healing.
Because this alone provided both a direct tissue pathway
and the further reduction in strain required for endochondral
ossification to progress, there was no advantage conferred

by a larger callus. Furthermore, because the tissue change
rates were constant and independent of mechanical condi-
tions (within the given ranges), this consolidation proceeded
over a similar timeframe for all cases, limited only slightly
by the rate of gap vascularisation (see Figs. 2 and S1).
Hence, although it is possible that a minimum stimulation
is required to avoid atrophic non-union (Bailón-Plaza and
van der Meulen 2003), the near-direct healing path facili-
tated by the stiff fixation in our simulations suggest that little
further enhancement could be achieved.

As apparent in the results of the original model (Simon
et al. 2011), the broad set of permissive mechanical con-
ditions resulted in widespread early chondrogenesis, with
subsequent cartilage deposition closer to the fracture. The
cartilage in the peripheral callus confers little stiffness until
it is mechanically continuous with the bony callus. This
appears critical in the failure of the greater callus size stim-
ulated by early high IFM to increase callus stiffness, as
required by reverse dynamisation. Conversely, in low-IFM
cases, cartilage in the gap provides this mechanical con-
tinuity, reducing strain to permit ossification. Because the
regulatory schemedoes not include resorption under very low
levels of mechanical stimulus (see Shefelbine et al. 2005),
and allows cartilage calcification under minimal strain, the
widespread deposition of cartilage also facilitates the con-
tinued growth of bony callus after bridging of the fracture.
This in turn contributes to the similar final (12-week) callus
stiffness values across all models.

This study examined axial loading only, with the implicit
assumption of high shear fixation stiffness. With adequate
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12 C. J. Wilson et al.

material properties, a larger callus may confer a greater
advantage in terms of bending stiffness. Based on this crite-
rion, a computational study determined that a moderate axial
and high shear stiffness are optimal (Steiner et al. 2014b).
A three-dimensional model, incorporating shear and bend-
ing, may thus be more sensitive to the effects of inverse
dynamisation on protecting the healing fracture from dis-
ruptive loading events.

In this study, we chose to implement a model based on
an established regulatory scheme. We focused on the exper-
imentally derived mechano-biological framework of Claes
and Heigele (1999), emulating the iterative model of Simon
et al. (2011). Although typically insufficient information is
available to exactly replicate the fracture healing simula-
tions published to date, combining additional information
(Chen et al. 2009; Niemeyer 2013; Shefelbine et al. 2005;
Wehner et al. 2010) with a series of trials provided simi-
lar results for a sheep metatarsal model to those published
(Simon et al. 2011). Thewidespread early cartilage formation
predicted by the present model (Simon et al. 2011), and the
timing of chondrogenesis in the fracture gap, are not consis-
tent with characterisations of typical histology (Vetter et al.
2010). Subsequent optimisation of the model (Steiner et al.
2013) appeared to predict more localised cartilage forma-
tion. Although possibly corresponding to a requirement for
only medium (and not low) negative dilatational strains, the
exact chondrogenesis rules were not specified, and insuffi-
cient detail precluded the use of this more recent model in
the present study. Regardless, our aim was not to test the effi-
cacy of any one model, but rather to predict the efficacy of a
hypothetical treatment regime prior to experimental testing.
A further aim is to encourage others to apply their specific
models to this and other hypotheses, and to publish both the
predicted results and subsequent comparison to experimental
data.

The simulations presented are a first step in testing the
principle of inverse dynamisation; nonetheless, the results of
in vivo experimental testing are essential to complete the
assessment of the methodology. Upon publication of this
data, comparing them to separately published computational
results provides a test of the models’ predictive power with
full transparency. By testing similar scenarios in computa-
tional and experimental models, the scope and relevance of
histological and mechanical comparisons can be maximised.
If the in vivo results agree that early flexible fixation and
subsequently increasing stiffness confers no advantage, then
the observations discussed above may help us to understand
the reasons for the failure of the method. Conversely, should
the experimental data contradict the present results, the com-
parisons will help in identifying improvements needed in
the computational models, the mechano-regulation scheme
and/or its implementation.

To our knowledge, this is the first time iterative computa-
tionalmodels of fracture healingmechano-biology have been
applied to predict the outcomes of a hypothetical treatment
regime, ahead of experimental testing. We propose that the
publication of hypotheses and their subsequent testing using
computational models, prior to in vivo experimentation, can
foster the ongoing refinement and validation of mechano-
biological models, with increased transparency. We believe
this to be a necessary step towards applying models with
confidence in a clinically relevant context.

5 Disclosure

A key component of this study was that simulations were
conducted blinded to experimental data. While Dr. Epari
supervised both experimental and modelling projects, the
model was coded and executed by Dr. Wilson, who was
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