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Abstract

Although the field of bone regeneration has experienced great advancements the last decades,
integrating all the relevant, patient-specific information into a personalized diagnosis and optimal
treatment remains a challenging task due to the large number of variables that affect bone
regeneration. Computational models have the potential to cope with this complexity and to improve
the fundamental understanding of the bone regeneration processes as well as to predict and
optimize the patient-specific treatment strategies. However, the current use of computational
models in daily orthopedic practice is very limited or inexistent. We have identified three key hurdles
that limit the translation of computational models of bone regeneration from bench to bed side.
First, there exists a clear mismatch between the scope of the existing and the clinically required
models. Second, most computational models are confronted with limited quantitative information of
insufficient quality thereby hampering the determination of patient-specific parameter values. Third,
current computational models are only corroborated with animal models whereas a thorough (retro-
and prospective) assessment of the computational model will be crucial to convince the health care
providers of the capabilities thereof. These challenges must be addressed so that computational
models of bone regeneration can reach their true potential, resulting in the advancement of
individualized care and reduction of the associated health care costs.

Bone is a truly remarkable and interesting tissue. Not only provides the human adult skeleton
support and protection for various organs in the body, the collection of 206 bones also stores
minerals, produces blood cells and allows movement. Moreover, unlike other adult biological
tissues, bone is the only tissue that can heal without the production of scar tissue. The regeneration
of bone tissue is a complex, well-orchestrated process of cell recruitment, proliferation and
differentiation regulated by several biochemical and mechanical factors. Unfortunately, despite
bone’s remarkable healing capacity and the continuing research efforts, 5 to 10 percent of the over
6 million fractures occurring annually in the USA develop into delayed or non-unions “%. In a more
recent 5-year cross-sectional epidemiological study Mills et al. report a non-union incidence in the
Scottish population of 22.45 in men and 15.65 in women per 100 000 population per annum >. The
complications in fracture healing often result in the need of reoperations or additional treatments,
costing society large amounts of money. In 2005 the cost of the more than 2 million osteoporosis-
related fractures occurring in the USA was estimated at 17 billion dollar and the annual costs are
projected to rise by 50% by 2025 due to the aging population *. Moreover, it is estimated that by
2020, traffic accidents (a major cause of fractures) will rank in the top three causes of disability >°. As
such, more knowledge of the complex physiological process of bone healing is a prerequisite for the
prevention and effective treatment of complex fractures.

This article will focus on the translation of computational models of bone regeneration towards
clinical practice, including both models of the fundamental biological process of bone regeneration
as well as of devices improving the bone healing outcome (e.g. fixation plates). First, the most recent
modelling efforts will be summarized. Although many computational models of the fundamental
biological process of bone regeneration exist, none have already entered the clinical arena to aid in
the clinical decision process (e.g. prevention, diagnosis, treatment and monitoring) whereas patient-
specific finite element (FE) models have been adopted for the evaluation of individualized implant
solutions in orthopedic bone and joint reconstruction surgery. The key challenges associated with
the translation from bench to bed side will be identified and thoroughly discussed. Finally, some
opportunities and conclusive remarks will be formulated.



Computational modelling of bone regeneration

Although the field of bone regeneration has experienced great advancements the last decades ’,
integrating all the relevant, patient-specific information into a personalized diagnosis and optimal
treatment remains a challenging task due to the large number of variables that affect bone
regeneration 0 However, (patient-specific) computational models have the potential to cope with
this complexity and to improve the fundamental understanding of the bone regeneration processes
as well as to predict and optimize the patient outcome. Given the extensive amount of work in this
modelling field, we only highlight some recent advances and focus specifically on the clinical
potential of the computational models. For further information on the bioregulatory and
mechanoregulatory algorithms used in these computational models we refer the reader to some
excellent reviews ™.

The most important computational models of bone regeneration, including their essential
characteristics, are summarized in Table 1. Clearly, most models focus on the tissue scale, using
differential equations to describe the mechanoregulatory or bioregulatory processes. Only Sun et al.
> and Carlier et al. '® use a multiscale approach to capture the bone regeneration dynamics. Note
that the more recent modeling frameworks often include some bioregulatory aspects of the bone
regeneration process. Depending on the application, mechanoregulatory models use a linear elastic
or a poroelastic material description as well as various definitions of the mechanical stimulus. The
majority of the bioregulatory models includes a description of cells, growth factors and angiogenesis.
More recent modeling efforts also focus on the influence of oxygen on the bone regeneration
processes. Tissue growth during callus formation is only accounted for in the models of Chen et al. */,
Simon et al. *® and Gomez-Benito et al. . Interestingly, none of the models listed in Table 1 capture
the inflammation phase and very little frameworks include the remodeling phase. The last column of
Table 1 indicates the level of clinical translation. It appears that most models are only corroborated
in small or large animal models and extrapolate their findings for human predictions. Nevertheless,
various computational models of bone regeneration hold great potential to address particular
clinical questions as detailed in the following paragraphs.

Impaired bone healing has been associated with a variety of factors including the mechanical and
biological micro-environment. In order to ensure a correct anatomic alignment and to provide
enough stability to allow (partial) loading while maintaining a certain interfragmentary movement
for optimal secondary healing, orthopedic fixation is used (in combination with bone grafts or other
bone substitutes if the biological micro-environment is also compromised). A variety of internal and
external fixation devices are available that combine an adequate device stiffness with sufficient
device strength and acceptable surgical technicalities: screws, plates, staples, wires, rods, llizarov
fixator, etc. *°. These fixation designs can be critically evaluated and optimized with
mechanoregulatory and FE models. Nasr et al. performed for example an idealized poroelastic finite
element analysis to evaluate 19 different plate-screw combinations *'. They showed that a 4-screw
symmetrical construct with a sufficient distance between the screws provides an optimal balance
between stability (to allow weight bearing) and flexibility (to promote callus formation) **. Similarly,
Moazen et al. concluded that the bridging length made a more substantial difference to the stiffness
and interfragmentary movement than varying the plate material, plate thickness or screw-plate
fixation %2, Also Nassiri et al. have recently reported similar findings 2. The calculations of Boccaccio
et al. indicated that the presence of percutaneous fixation devices significantly shortened the
healing times of the fractured body of the L4 vertebra 2*. Moreover, they also found that Cobalt-
Chrome would be a better alloy than Ti6Al4V due to its greater stiffness **.

The more challenging orthopedic cases do not only require adequate stabilization of the fracture but
also biological support through e.g. distraction osteogenesis, bone grafting and/or the
administration of growth factors. The influence of the pre-traction stresses, the distraction rate as



well as the fixator stiffness on the bone regeneration process during bone transport was
computationally investigated by Reina-Romo et al. ’. Their mechanoregulatory model showed
that the inclusion of pre-traction stresses, i.e. the stress level in the gap tissue before each
distraction step, affects the evolution of the bone regeneration process and consequently the
reaction forces *. Moreover, in agreement with clinical findings, a distraction rate of 1 mm/day was
found to stimulate osteogenesis optimally *. They also reported that a stiff fixator promotes bone
formation while flexible fixators will give rise to excessive motion and adverse bone healing *’.

Mechanoregulatory and FE models can also be used to evaluate bone grafting methods, a technique
commonly performed in clinical practice for the skeletal reconstruction of large bone defects. In
order to improve the access of surrounding vascularity and increase the graft incorporation, bone
allografts are sometimes longitudinally or transversely perforated. Santoni et al. have used a finite
element analysis to evaluate the structural and mechanical integrity of these constructs and
conclude that longitudinal perforation does not adversely affect the mechanical properties of the
graft %°.

To date very little bioregulatory models of bone regeneration exist that can aid in the evaluation of
bioactive molecules and tissue engineering strategies. Burke et al. have included biological cues such
as oxygen tension in a mechanoregulatory model to study stem cell differentiation during fracture
healing *. A similar approach was taken by Moore et al. who include a mechanical regulation of
BMP-2 production thus establishing a novel mechanobioregulatory framework **. After comparing
the in silico predictions with the observed in vivo outcome, Geris et al. have used a continuum-type
model of fracture healing to simulate the injection of cultured MSCs *. They conclude that eccentric
injection resulted in unicortical bridging of an atrophic non-union. Moreover, a suitable time point
for intervention was found to be three weeks post-osteotomy so that the blood supply to the
fracture gap had already partially recovered *. Similar conclusions were drawn by Carlier et al. who
used a hybrid, multiscale bioregulatory model of fracture healing for an in depth investigation of the
mechanisms of action underlying critical size defects **. More specifically, the formation of a non-
union was attributed to the severe hypoxia in the central callus area **. Motivated by these results,
the timing of administration of osteoprogenitor cells or growth factors was explored further. Carlier
et al. conclude that the timing of administration is only critical for cell therapies since the local
oxygen tension will determine the survival as well as proliferation and differentiation potential of
the administered cells and consequently the extent of the bone formation process. The calculations
suggest a minimal delay of 5 weeks (for a 5 mm segmental defect in mouse bone) in order to allow
for a (partial) restoration of the blood supply that can nurture the administered cells *. Sun et al.
also propose a computational framework to study the effect of different growth factors on the bone
regeneration process and tailor their respective release profiles by controlling the pore size of a
tissue engineered scaffold ™.

Although these examples illustrate that various clinical questions can be adequately addressed by in
silico techniques, the current use of computational models in daily orthopedic practice is very limited
or inexistent. Indeed, there are several barriers to bring in silico models from the (computer) bench
to the bed side which will be further elaborated in the next section.

Key challenges

While computational models of bone regeneration hold great promise to advance individualized
care and reduce the associated health care costs, several key challenges need to be addressed
including the selection of scope of the computational model, the generation of data for model
construction and validation as well as the creation of user-friendly interfaces tailored to the clinical
purpose (Figure 1). In this section we will highlight some of the most important challenges and apply



them to the field of computational modelling of bone regeneration. We would like to refer the
reader to the “Digital Patient Roadmap” for a broader and more exhaustive overview of the scientific
and technological challenges associated with clinical computational models **.

Selection of the appropriate modelling scope

Recent advances in fracture management, including better protocols, more strict patient follow-up
and improvements in hardware as well as surgical techniques have contributed to a better
prognosis, even in complex fractures **. However, the treatment of for example atrophic non-unions,
characterized by a severely hampered biological support for bone healing 7, or of osteoporotic
fractures, characterized by limited fixation capabilities due to a poor bone quality *°, continues to
represent a therapeutic challenge. Clearly, these two examples of complex orthopedic challenges
are associated with an impaired host environment. Although clinical complications mostly occur in
patients with preexisting risk factors including old age *’, cachexia and malnutrition **, immune
compromise ®, genetic disorders (e.g. type 1 neurofibromatosis *°), osteoporosis *°, anticoagulants *,
smoking ** and anti-inflammatory agents **, computational models of bone regeneration to date
mostly consider an average (i.e. healthy, young) subject. Consequently, there is a mismatch of the
existing computational models of bone regeneration and the clinically required models as the
(diseased) host environment is not adequately captured. The first important challenge in bringing
computational models to the bed side is the development of clinically relevant models of bone
regeneration that consider the compromised, diseased state.

Some promising steps have already been taken in this direction. For example, Sabalic et al. used an
osteoporotic finite element model to compare three fixation configurations for distal humerus
fractures **. They conclude that a Y-shaped plate is a potential alternative for the standard two-plate
osteosynthesis method although further biomechanical studies are required **. Ode et al. used
whole-genome expression analysis to identify the key genes that are influenced by an interaction
between the effects of mechanical fixation stability and age *. The differentially expressed genes
indicated an association with the following biological processes: extracellular space, cell migration
and vascular development *°. By altering the parameter values of the functional forms corresponding
to the biological processes identified by Ode et al. **, the influence of patient age could be
incorporated in existing computational models. In a next step, these improved models allow to
simulate stratified patient populations (e.g. fracture healing in old versus young patients), taking a
first step in the direction of patient-specific models of bone regeneration.

Generation of (patient-specific) data

Computational models massively rely on quantitative and qualitative data to (i) identify the
theoretical backbone of the computational model and determine its parameter values, (ii) validate
the in silico predictions and (iii) update the framework with patient-specific information.
Nevertheless, most computational models are confronted with limited quantitative information of
insufficient quality due to a variety of reasons.

A first question arises as to which aspects of the mechano- and bioregulatory models should be
made patient-specific: the geometry, the parameter values, the boundary conditions, the initial
conditions or a combination thereof? Sensitivity analysis methods, including Design of Experiments
(DOE) can be a very valuable tool to determine the importance of the patient-specific aspects to the
predicted model outcome *. DOE (or experimental design) is a statistical tool that generates an
array of combinations of different parameter values within a predefined parameter space. Next, the
computational model is run with these parameter combinations and finally the results are
statistically analyzed. This approach was taken by Isaksson et al. to determine the most important
cellular characteristics of a mechanoregulatory model of bone healing. The parameters related to
cartilage formation and degradation were found to significantly influence the bone healing outcome



as was confirmed by in vivo animal experiments in the literature *’. Another example, which is closer
to clinical application, is given by Valente et al. who investigated the sensitivity of patient-specific
model predictions (i.e joint angles, joint moments, muscle and joint contact forces) during walking to
the uncertainties in the identification of body landmark positions, maximum muscle tension and
musculotendon geometry *. They concluded that the patient-specific models are not markedly
sensitive to the parameter identification, depending on the intended application of the model *.

The second barrier is represented by the limited technologies available to measure the key patient-
specific aspects. A lot of progress has been made concerning patient-specific FE modeling of bones,
as reviewed by Poelert et al. *°. Indeed, with current imaging modalities such as MRI and CT, the
bone geometry can be relatively easily obtained. Moreover, power laws exist to correlate the bone
density, obtained from the CT readout, to Young’s moduli thereby assigning the patient-specific
material properties to every element. Difficulties are however associated with the determination of
the in vivo loading conditions since there exists no simple method to non-invasively measure the
muscle and joint reaction forces *°. Therefore, forces are currently indirectly determined from
musculoskeletal models. In order to provide mechano- and bioregulatory models with more in vivo
guantitative data on cellular properties (e.g. proliferation rate), the patient-specific (biological) host
environment, the spatial and temporal distribution of cells, growth factors and tissues and the
mechanical regulation thereof, novel tools will need to be developed since adequate technologies
are currently inexistent. According to a recent review of Pountos et al., none of the existing
biomarkers can be recommended for routine clinical use to assess the progression of fracture
healing although some of the investigated biomarkers (e.g. ALP, TGF-B1, VEGF, BMP-2) might be
indicative of distinctive processes occurring during fracture healing (e.g. proliferation,
differentiation, matrix production) *°. Calori et al. have combined several risk factors (e.g. smoking,
osteoporosis, gap size) into a Non-Union Scoring System (NUSS) which provides an index of severity
(0-100 points) and classifies patients in four treatment groups >'. As such, appropriate biomarkers
and NUSS-scores can potentially provide an important input for the parameter determination and
validation of computational models. Another promising technique is intravital microscopy (IVM)
which allows a dynamic, non-invasive and high resolution visualization of the region of interest **>.

A third reason for the limited quantitative information can be found in the clinical adoption of the
(novel) measurement technologies. Firstly, there exists a gap between the technologies available to
monitor and quantify the (patho)physiological phenomena in a research setting with respect to daily
clinical practice. In a research context a detailed 3D patient-specific anatomy can for example be
derived from advanced 3D imaging methods like CT and MRI, whereas conventional 2D X-ray images
are still the method of choice in daily orthopedic practice since they can be obtained through a fast
and inexpensive procedure. In order to acquire the 3D geometries existing CT and MRI imaging
modalities should become part of routine diagnosis and therapy planning in orthopedics whereby
the additional imaging costs are predicted to be compensated by the large amount of costs savings
that an improved in silico designed treatment presents (see further). Alternatively, novel tools can
be developed to extract additional information from existing 2D X-ray images. The latter approach
has been followed by Ehlke et al. who maximize the correspondence between a virtual X-ray
projection derived from a 3D deformable tetrahedral mesh and the anatomy depicted in a clinical X-
ray >*. By using a computational efficient projection algorithm, they are able to reconstruct 3D
models of patient-specific bone shapes from a single or few X-ray images >*. Similar approaches can
also be used to determine the bone density distribution, necessary to populate the
(bio)mechanoregulatory models with patient-specific material properties.

Secondly, during clinical imaging or sensing examinations, often only limited information is acquired.
As such, dedicated examination protocols should be established in collaboration with modelling
partners so that the necessary information for modelling purposes is acquired. Bode et al. have for
example designed a clinical study protocol during which structural and functional data at the



vascular level will be collected and the vascular access will be functionally evaluated during follow-
up >°. By implementing a strict imaging protocol, they aim to maximize the amount of demographical
data in the difficult and heterogeneous target population *°. In this way the adopted strategy will
allow for the calibration and validation of the computational models developed within the ARCH
project (patient specific image-based computational modeling for improvement of short-term and
long-term outcome of vascular access in patients on hemodialysis therapy) *.

Thirdly, the limited patient-specific information might be obtained from different systems, using
different settings or different technologies *°. As such, protocols are needed that define how the
data should be acquired and represented.

Finally, patient specific data might be missing due to e.g. the invasiveness of the method or local
unavailability. For these cases, machine learning methods can be used to learn from the remaining
data set and predict missing values *’. Alternatively, atlases, built from patient-specific data in large
databases ***°, can provide subject-specific data through mapping procedures.

Translation and clinical utilization of models

The clinical adoption of patient-specific computational models will be highly dependent on the
confidence clinicians feel to use them as a tool for personalized diagnosis and treatment. One of the
key challenges will be to convince the health care providers of the technical capabilities and
limitations through a thorough assessment of the computational models, including validation (i.e.
the model predictions match the experimental reality), verification (i.e. the claimed outputs can be
achieved for specified inputs by someone other than the model developer) as well as a sensitivity
analysis (i.e. identification of the most influential model parameters) and a robustness analysis (i.e.
evaluation of the deviation of the reference state due to external perturbations) **.

In a first step, computational models are generally corroborated with animal models (e.g. rat, sheep)
(Table 1) since animal models allow for an extensive experimental characterization and
guantification. Clearly, a key requirement for this strategy to be successful is that the animal models
correctly capture the key disease mechanisms present in the human patient * 2 If not, an animal-
validated computational model will fail in a human patient although it was able to nicely predict the
bone regeneration process in the respective animal model. Likewise, the underlying mechanisms
captured in the computational models need to match those of the animal model and the human
patient to increase the chances of a successful translation from animal-validated to patient-validated
models. Moreover, if the disease mechanisms are conserved between animal and patient, an
animal-validated mechanistic model can potentially assist in the clinical translation of an in silico
designed therapy by recalibrating a number of parameter values (e.g. the geometry).

In a second step, the most promising computational models should be evaluated in a limited number
of patient-specific study cases. Subsequently, a larger retrospective validation can be performed,
although the existing retrospective data are often insufficient, improper for the modelling purposes
or incomplete. As such, the challenge of thorough statistical (retrospective) validation and sensitivity
analysis is intimately tied to the availability of patient-specific data, a key challenge that was
discussed above. Alternatively or as a second stage, thorough prospective investigations can be
performed using dedicated clinical trial protocols. A few good examples do exist such as the study by
Trabelsi et al. (2011) who validated patient-specific finite element models of human cadaver femurs
based on quantitative computer tomography in a double-blinded manner by biomechanical in vitro
experiments performed in two different research institutes ®. A single leg loading configuration was
used to determine the strains and local displacements on the bone surface as well as the axial
stiffness ®. They demonstrated an excellent agreement between the in silico and in vitro results,
highlighting the advanced stage of the computational model ®.

After a thorough assessment of the technical and clinical capabilities of the computational models,
clear improvements in health outcome measures and economic benefits should be demonstrated.



Many techniques and tools are available within the field of health economics to aid in such an
analysis (e.g. cost-minimization analysis, cost-effectiveness analysis, cost-utility analysis and cost-
benefit analysis) ®. A multilevel generic methodological framework to assess both the clinical and
socio-economic impact of biomedical computational models in specific was developed by Thiel et al.
. When applying this framework to the predictive computational models for osteoporosis
developed during the Osteoporotic Virtual Physiological Human Project (VPHOP), Thiel et al.
conclude that the extra costs needed to implement the VPHOP framework are by far compensated
by the large amount of costs savings that the improved fracture risk prognosis of VPHOP presents .

Finally, following acceptance by the clinicians and other health care professionals, the computational
models can be integrated in the hospital workflow. In order to facilitate this transition, attention
needs to be paid to the usability of the models including a user-friendly interface and clinically
relevant calculation times.

Opportunities

Computational models hold great promise to improve patient-specific treatment and reduce the
associated health care costs. Moreover, as ethical and economic considerations increasingly
challenge in vitro and in vivo methods, computational models will play a critical role in the
replacement, reduction and refinement of animal testing. However, computational models need to
take several steps before they can be adopted in clinical practice. Figure 1 schematically summarizes
the roadmap of this clinical translation process, including the Technology Readiness Levels (TRL)
which are typically used to assess the maturity of novel technologies. From Table 1 it can be noted
that the usage of computational models as a research tool is growing steadily (small and large animal
corroboration, TRL 5) whereas their use in clinical practice is very limited (TRL 9). A nice example of
patient-specific implant solutions for orthopedic bone and joint reconstruction surgery is described
by Delport et al.. This proven technology, marketed by Mobelife (Belgium) comprises three highly
automated steps. First, the bony structures are presented with advanced 3D image processing
techniques. Second, a patient-specific implant is designed, including a pre-operative planning that
will be transferred into surgery using jig guiding technology (Materialise, Belgium). In a last step, the
design is evaluated with a patient-specific finite element model that accounts for patient-specific

bone quality and thickness as well as individualized muscle attachments and muscle and joint forces
67

Besides aiding in the identification of novel treatment strategies or surgical planning, in silico models
have also been accepted by the US Food and Drug Administration (FDA) as substitutes to animal
trials in the preclinical testing phase. Kovatchev et al. present for example a system for in silico
testing of control algorithms linking continuous glucose modeling to insulin delivery in an artificial
pancreas ®. Zhao et al. also review the use of PBPK models in regulatory decision making ®. They
conclude that computational models can facilitate the decision making concerning the need for

specific clinical pharmacological studies, specific study designs and the appropriate labeling language
69

Conclusion

Recent advances in fracture management, including better protocols, more strict patient follow-up
and improvements in hardware as well as surgical techniques have contributed to a better
prognosis, even in complex fractures **. However, the treatment of for example atrophic non-unions,
characterized by a severely hampered biological support for bone healing, or of osteoporotic
fractures, characterized by limited fixation capabilities due to a poor bone quality, continues to
represent a therapeutic challenge. In order to find clinically relevant solutions for these complex
orthopedic cases a combined in vitro, in vivo and in silico research approach is imperative. Indeed,



current computational models of bone regeneration hold great promise to improve our fundamental
understanding of impaired bone healing and design novel treatment strategies. Unfortunately, the
translation of computational models from bench to bed side has been hampered by a number of
barriers such as the mismatch between the open clinical questions and the current modelling
efforts, the scarcity of patient-specific quantitative data and the lack of adequate model validation.
Further research is required to overcome these challenges so that computational models of bone
regeneration can reach their true potential, resulting in the advancement of individualized care and
reduction of the associated health care costs.

Figure captions

Figure 1: Roadmap for the clinical translation of computational models of bone regeneration. On the
left the well-known TRL (technology readiness levels) are indicated .
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modeling mechanics biology clinical
translation
model | scale dimension time material biophysical cells | growth | angio- tissue nutrients | healing
type point description | stimuli factors | genesis growth | oxygen phases
evaluati
on
Carter et PDE tissue | 2D+ single linear principal reparative mouse
al. (axi- elastic tensile and phase corroboration
(1998)™ symmetric) hydrostatic
stress
Claesetal. | PDE tissue | 2D+ single linear principal reparative sheep
(1999)"2 (axi- elastic strain and phase corroboration
symmetric) and hyper- | hydrostatic
elastic pressure
Ament PDE, tissue | 2D+ adaptive | linear SED fuzzy reparative, sheep
(2000)” fuzzy (axi- elastic logic remodelling | corroboration
logic symmetric) phase
Bailon- PDE tissue | 2D+ adaptive | linear deviatoric MSC | CGGF reparative
Plaza et al. (axi- elastic strain and CcC OGGF phase
(2003)™ symmetric) dilatational OB
strain
Gomez- PDE tissue | 2D+ adaptive | linear second MSC volume reparative, sheep
Benito et (axi- elastic invariant of CcC growth remodelling | corroboration
al. (2005)" symmetric) the FB phase human prediction
deviatoric OB
strain tensor
Shefelbine | PDE, tissue | 3D adaptive | linear octahedral fuzzy reparative,
et al. fuzzy elastic shear strain, logic remodelling
(2005)" logic hydrostatic phase
strain
Santoniet | PDE tissue | 3D single linear sheep
al. (2007)* elastic corroboration




modeling mechanics biology clinical
translation
model | scale dimension time material biophysical cells | growth | angio- tissue nutrients | healing
type point description | stimuli factors | genesis growth | oxygen phases
evaluati
on
Andreykiv | PDE tissue | 2D+ adaptive | poro- shear strain MSC reparative sheep
et al. (axi- elastic and fluid flow | FB phase corroboration
(2008)"® symmetric) cC
OB
Isaksson et | PDE tissue | 2D+ adaptive | poro- shear strain MSC reparative non-union
al. (2008)”’ (axi- elastic and fluid flow | FB phase prediction
symmetric) CcC
OB
Gerisetal. | PDE tissue | 2D+ adaptive | poro- fluid flow MSC | CGGF vascular reparative rat corroboration
axi- elastic matrix phase non-union
(2008)® (axi lasti FB OGGF i h [
symmetric) CcC VEGF prediction
OB
Chenetal. | PDE, tissue | 2D+ adaptive | linear dilational, vascular volume | nutrient reparative sheep
uzzy axi- elastic istortiona matrix growt phase corroboration
(2009)" f (axi lasti distortional [ h h borati
Simon et logic symmetric) strain non-union
al. (2011)™ prediction
Wehner et | PDE, tissue | 3D adaptive | linear volumetric, vascular reparative human
al. (2010)° | fuzzy elastic distortional matrix, phase corroboration
logic strain perfusion human prediction
Reina- PDE tissue | 2D+ adaptive | poro- principal MSC vasculariz reparative sheep
Romo et al. (axi- elastic strain and ation phase corroboration
(2009- symmetric) hydrostatic distraction
2011)>7% pressure osteogenesis
Byrne et al. | PDE organ | 3D adaptive | biphasic shear strain MSC reparative human
(2011)% poroelastic | and fluid flow | FB and corroboration
cC remodelling | human prediction
OB phase




modeling mechanics biology clinical
translation
model | scale dimension time material biophysical cells | growth | angio- tissue nutrients | healing
type point description | stimuli factors | genesis growth | oxygen phases
evaluati
on
Boccaccio PDE, tissue | 3D adaptive | biphasic octahedral reparative human prediction
et al. fuzzy cell poroelastic | shear strain, phase,
(2012)* logic hydrostatic remodeling
strain phase
Vetter et PDE tissue | 2D+ adaptive | linear principal, ‘biol | ‘biologic | ‘biological reparative sheep
al. (2012)* (axi- elastic shear, ogic | al potential’ phase corroboration
symmetric) volumetric, al potentia
octahedral pote | I
shear strain ntial’
Burke et al. | PDE tissue | 2D+ adaptive | biphasic deviatoric vascular oxygen reparative, sheep
(2012)*° (axi- strain matrix remodelling | corroboration
symmetric) phase
Peiffer et PDE, tissue | 2D adaptive MSC | GF EC oxygen reparative rat corroboration
al. ABM cell FB VEGF phase non-union
(2011)0168 intra- CcC prediction
2,82,82,83 Ce“u_ OB
lar
Moazen et | PDE tissue | 3D single isotropic human
al. (2012)* corroboration
human prediction
Nasretal. | PDE tissue | 3D adaptive | isotropic, octahedral reparative human
(2013)* poroelastic | shear strain, phase predictions
interstitial large defect
fluid velocity




modeling mechanics biology clinical
translation
model | scale dimension time material biophysical cells | growth | angio- tissue nutrients | healing
type point description | stimuli factors | genesis growth | oxygen phases
evaluati
on
Nassiri et PDE tissue | 3D linear human prediction
al. (2012)% elastic, large defect
isotropic
Sun et al. PDE tissue | 3D adaptive MSC | BMP EC oxygen reparative in vitro
(2013)" cell OB | VEGF phase corroboration
intra- pre- | Wnt
cellu- 0B ligands
lar
Moore et PDE tissue | 3D adaptive | linear mean axial MSC | BMP reparative sheep
al. (2014)* elastic normal strain | CC phase corroboration
OB

Table 1 : Summary of computational models of bone tissue regeneration, indicating their major constituents. (PDE, partial differential equation; SED,

strain energy density; GF, growth factor; MSC, mesenchymal stem cell; FB, fibroblast; CC, chondrocyte; OB, osteoblast; EC, endothelial cell; CGGF,

chondrogenic growth factor; OGGF, osteogenic growth factor; VEGF, vascular endothelial growth factor; EC, endothelial cell; BMP, bone morphogenetic

protein.)
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