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Summary 

 
Mechanics plays a key role in bone regeneration as it modulates the biological 

events taking place during the process. Extensive research has been done on 

elucidating the mechanical “rules” driving bone regeneration in uneventful 

healing conditions. However, under compromised healing conditions (e.g. 

aging, large bone defects) the mechanical regulation of healing might be 

altered and result in delayed healing or non-unions. The aim of this thesis was 

to investigate to what degree the mechano-regulation rules that have been 

identified for regular, uneventful healing still play a role in more challenging 

conditions. Among these conditions, aging and large bone defects were the 

focus of this study. The influence of mechanics on therapeutic solutions, as 

bone morphogenetic protein 2 (BMP-2), was also investigated to understand 

its role in the treatment of critical healing conditions.  

A multiscale in silico approach that combined finite element analysis and 

agent-based computer models was used to simulate the bone healing process. 

The mechanical signals within the bone healing region were investigated using 

finite element techniques. Agent-based computer models simulated the 

cellular dynamics and BMP-2 concentration patterning within the callus. 

Computer model predictions were then compared to in vivo micro-CT and 

histological data at several time points over the course of healing. Aging effects 

on the mechano-regulation of healing was investigated in silico by using a 

design of experiment approach. The mechanobiological regulation of large 

bone defect healing was investigated in untreated conditions, under BMP-2 

provision, under additional mechanical stimulation and under the 

combination of the two treatments.  

The bone healing response to mechanical stimulation was observed to change 

with age. Reduction of cell mechano-response with aging could explain the 

differences on bone healing outcomes between adult and elderly mice under 
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different mechanical stability. Limited cellular activity could explain 

non-unions within untreated large bone defects. Furthermore, encapsulation 

of the medullary cavity was predicted in large defects due to an adverse 

mechanical environment. BMP-2 stimulated healing could be explained by its 

capacity to attract mesenchymal cells to migrate to the center of the fracture. 

Under BMP-2 treatment, the formation of a rigid callus since the first stages of 

healing was observed to weaken the contribution of additional mechanical 

stimulation on bone defect healing.   

This study shows that mechanics plays a key role also in compromised healing 

conditions. Age-related reduction of cellular mechano-response points out the 

importance of mechanical stimulation as potential rehabilitative therapy for 

elderly patients. Under the mechanical environment that characterizes large 

bone defects, limited migration of mesenchymal cells was observed to lead to 

marrow encapsulation. Dose-Regulated chemotaxis was identified as a strong 

promoter to bridge the defect extremities and guarantee successful healing in 

critical conditions. 
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Zusammenfassung 

 
Die Mechanik spielt eine Schlüsselrolle bei der Knochenregeneration, indem 

sie die biologischen Vorgänge dieses Prozesses beeinflusst. Umfangreiche 

Studien zur Aufklärung der mechanischen „Regeln“, die die 

Knochenregeneration unter komplikationslosen Heilungsbedingungen 

erforschen, wurden bereits durchgeführt. Allerdings kann unter 

beeinträchtigten Heilungsbedingungen (z.B. Alterung, große Knochendefekte) 

die mechanische Regulation der Heilung verändert werden und zu verzögerter 

Heilung oder Pseudoarthrose führen. Das Ziel dieser Doktorarbeit war zu 

untersuchen, inwiefern mechanisch-regulierende Regeln, die bei normaler, 

komplikationsloser Heilung identifiziert wurden, noch eine Rolle unter 

beeinträchtigten Bedingungen spielen. Unter diesen Bedingungen standen das 

Altern und große Knochendefekte im Mittelpunkt dieser Studie. Der Einfluss 

der Mechanik auf therapeutische Lösungen, wie die Anwendung des 

knochenmorphogenetischen Protein 2 (BMP-2), wurde ebenfalls untersucht, 

um deren Rolle in der Behandlung kritischer Heilungsbedingungen zu 

verstehen. 

Ein skalenübergreifender in silico Ansatz, der Finite-Elemente-Analyse mit 

agentenbasierten Computermodellen kombiniert, wurde verwendet, um den 

Knochenheilungsprozess zu simulieren. Die mechanischen Signale in der 

Region der Knochenheilung wurden mit Finite-Elemente-Methoden 

untersucht. Agentenbasierte Computermodelle simulierten die Zelldynamik 

und BMP-2-Konzentrationsmuster innerhalb des Kallus. Die Vorhersagen des 

Computermodells wurden dann mit in vivo Mikro-CT und histologischen Daten 

an mehreren Zeitpunkten im Verlauf der Heilung verglichen. Der Einfluss von 

Alter auf die mechanische Regulierung der Heilung wurde anhand eines 

Design of Experiment Ansatzes in silico untersucht. Die mechanobiologische 

Regulierung der Heilung großer Knochendefekte wurde unter unbehandelten 
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Bedingungen, unter BMP-2-Versorgung, unter zusätzlicher mechanischer 

Stimulierung und unter der Kombination der beiden Behandlungen 

untersucht. 

Es wurde beobachtet, dass sich die Reaktion der Knochenheilung auf 

mechanische Stimulierung mit dem Alter verändert. Eine altersbedingte 

Reduzierung der mechanischen Reaktion der Zellen könnte die Unterschiede 

des Knochenheilungsergebnisses zwischen erwachsenen und älteren Mäusen 

bei unterschiedlicher mechanischer Stabilität erklären. Beschränkte 

Zellaktivität in dieser Population könnte hingegen Pseudoarthrose in großen 

Knochendefekten begründen. Darüber hinaus wurde die Verkapselung der 

Markhöhle in großen Defekten aufgrund einer ungünstigen mechanischen 

Umgebung vorhergesagt. BMP-2-stimulierte Heilung konnte dadurch erklärt 

werden, dass dieser Wachstumsfaktor die Migration mesenchymaler Zellen in 

die   Frakturmitte bewirkt. Unter BMP-2 Behandlung wurde beobachtet, dass 

die Bildung eines rigiden Kallus in der initialen Heilungsphase den Beitrag 

zusätzlicher mechanischer Stimulierung zur Knochendefektheilung schwächt. 

Diese Studie zeigt, dass die Mechanik auch unter beeinträchtigten 

Heilungsbedingungen eine Schlüsselrolle spielt. Die altersbedingte 

Reduzierung der zellulären Mechano-Reaktion weist auf die Bedeutung der 

mechanischen Stimulation als mögliche rehabilitative Therapie für ältere 

Patienten hin. Unter der für große Knochendefekte spezifischen mechanischen 

Umgebung wurde beobachtet, dass eine begrenzte Migration von 

mesenchymalen Zellen zu einer Verkapselung des Knochenmarks führte. Es 

wurde festgestellt, dass eine dosisregulierte Chemotaxis die Überbrückung 

der defekten Extremitäten stark fördert und eine erfolgreiche Heilung unter 

kritischen Bedingungen gewährleistet. 
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1.1. Clinical motivation 

Bones provide to the skeleton the rigidity to protect internal organs and 

support the every-day loadings. However, the fragile nature of bones makes 

them susceptible to incur in fractures when they experience extreme 

mechanical stresses. Bones are capable to resist to the high loadings that the 

body experiences daily. However, their fragility typically increases with age 

that is coupled with a higher incidence of bone fractures [1]. A study reported 

that, in the US, one out of almost two women and five men will experience a 

bone fracture in their life after 50 years [2]. 

When a fracture occurs, the bone has the fascinating capacity to restore its 

original structure and functionality without leaving any scar on its surface [3]. 

The natural bone healing process spontaneously starts right after the fracture 

happens and needs several weeks to be completed [4]. The effective period is 

affected by different factors that could enhance or spoil the healing [5]. In fact, 

some fractures can result in delayed healing or still experience non-union 

several months after the injury [5].  

Recovery of a bone fracture in elderly patients often generates long 

hospitalization periods and high costs [6]. Hip fracture, which is one of the 

most common injuries in elderly patients, requires a patient mean length of 

stay in hospital of around one month [7]. Moreover, 9% of the patients need to 

go under reoperation within 12 months from the hip fracture [7]. Increasing 

morbidity and mortality ratio due to hip fracture in the first year after the 

operation is another known complication. Even if the percentage of one-year 

mortality is reducing in the last decades, there is still a large group of patients 

that dies within the first 12 months after operation [8]. Identification of the 

mechanobiological aspects that most compromise the natural process of 

fracture healing is of primary importance to design new strategies to enhance 

healing in elderly patients. Therefore, the first aim of this study was to 

investigate age-related alterations in the mechanobiological regulation of 

bone healing. 
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Another clinically challenging condition relates to the treatment of large bone 

defects. Large bone defects are characterized by a large bone volume loss due 

to bone diseases, high-energy traumas or infected non-unions [9]. The wide 

fracture opening is a challenging condition for clinicians. If left untreated, in 

fact, bone defects tend to not heal still several weeks after the injury, resulting 

in the closure of the medullary cavity and a non-union. Autologous bone 

grafting is a common treatment for large bone defects, but its execution is 

challenging due to bone tissue availability [10]. Usually, growth factor 

supported treatment is a preferred alternative to autografts. Large bone 

defects are usually treated with recombinant human Bone Morphogenetic 

Protein 2 (rhBMP-2), which has been shown to enhance osteoinduction and 

reduce non-unions causalities [11]. However, Bone Morphogenetic Protein 2 

(BMP-2) treatment can lead to heterotopic ossification, formation of abnormal 

trabecular bone and infections when the dosage is over proportionate 

[12]-[15]. Understanding the mechanobiology of BMP-2 stimulated healing is 

needed in order to optimize current treatment strategies. Therefore, the 

second aim of this study was to evaluate the mechanobiology of rhBMP-2 

stimulated large bone defect healing.  
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1.2. Background 

 

1.2.1. Bone Healing 

Bone healing has caught the interest of the scientific community for many 

years [16]. The ability of bones to repair themselves is a subject that continues 

to fascinate the scientists and the failure of this capacity is a major clinical 

challenge. In fact, bone healing is a complex process that involves mechanics 

and biology on multiple levels of observation. The investigation of all the 

processes that cooperate to a complete bone healing is very challenging, 

especially since multiple tissues and cell types are involved in the progressive 

closing of the bone fracture or defect. In fact, according to the severity of the 

injury, the healing can happen through a direct bone bridging of the cortical 

extremities at the fracture site (primary bone healing) [4] or the natural 

formation of a callus, which is necessary to stabilize the fracture (secondary 

bone healing) [4]. In this latter case, the process requires a period of several 

weeks to be considered complete. Five overlapping phases are identified to 

describe the entire secondary bone healing process, from the fracture opening 

to the full restoration of the bone original functions [17]: hematoma formation 

phase (a), anti-inflammatory phase (b), soft callus formation phase (c), hard 

callus formation phase (d) and remodeling phase (e) (Figure 1.1.).  
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Figure 1.1. – The phases of secondary bone fracture healing process. 

 

The different stages of healing involve multiple processes at different 
length- and time-scales. In the first hours after the fracture opening, a blood 
clot forms around the fracture (a). Then, a cascade of biological signals 
stimulates the attraction of immunological cells, macrophages and 
mesenchymal stem cells (MSC) inside the defect, where fibrocartilage starts to 
form (b). During the next stage of healing, called also reparative stage, the 
MSCs differentiate into chondrocytes and osteoblasts, promoting the 
formation of hyaline cartilage and woven bone and the formation of a soft 
callus starts (c). The subsequent phase of endochondral ossification promotes 
the formation of lamellar bone and the development of the hard callus (d). The 
final stage, which starts when the cortical bone fracture extremities are 
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bridged again, is characterized by a continuous formation and resorption of 

bone tissue to regenerate the original structure of the bone (e).  

Due to the complexity of the entire process, it is not rare that a fracture does 

not completely heal in an acceptable time. During the last decades, numerous 

human and animal models have been used to investigate the factors that alter 

bone fracture healing leading to delays or non-unions [18]-[20].  

 

1.2.2. Influence of mechanics on bone healing 

Mechanics plays a major role in the regulation of bone healing. Many 

pre-clinical studies have demonstrated that bone healing progression is 

influenced by the mechanical environment [21]-[24].  Too rigid or too flexible 

fixations have been shown to result in delays in bone healing [22]-[24]. 

Moreover, bone fracture size has also been shown to influence healing. The 

dimension of the fracture determines interfragmentary tissue movement 

within the fracture and consequently the healing outcome [21]. 

 

1.2.3. Age-related alterations in the bone healing response  

As in many other biological processes, aging has an effect on bone healing 

performance. Many of the healing-related processes are believed to get slower 

with increasing age and aging is associated with a reduction of the bone 

regenerative potential [25] [26], longer hospitalization stays [6] and increased 

risk of morbidities and mortality [27]. Changes in multiple cellular processes 

might contribute to the altered bone healing response with age. Reductions in 

the number of stem cells [28], migration [29] [30], proliferation or 

differentiation capacity [31] [32], altered re-vascularization [33], apoptosis 

[34] as well as altered tissue material properties [35] [36] have all been 

associated with a reduced regenerative capacity with increasing age. Most of 

these studies have investigated alterations in one or two cellular processes 

and have then proposed those processes as potential reasons for age-related 
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alterations in bone tissue formation during healing. However, the relative 

contribution of each of these factors to the overall healing progression remains 

largely unknown. 

Aging has been also observed to influence the mechanical regulation of bone 

healing [37] [38]. Fixation stability plays a higher role in bone healing 

progression in younger animals [37]. At the cellular level, aging influences 

cellular mechanoresponse during bone remodeling [39]-[41]. In aged animals, 

reduced cellular response to mechanical stimuli led to increased bone 

resorption [39]. To date, it remains unknown how age-related alterations on 

cellular mechanoresponse influence tissue patterning over the bone healing 

process. 

 

1.2.4. BMP-2 stimulated bone healing  

Growth factors, as the name can suggest, are biological substances that can 

enhance the healing potential of the bone by promoting certain cellular 

processes, which help to accelerate bone restoration. Delivery of capsuled 

specific proteins and growth factors is clinically used to enhance fast bone 

fracture repair [42].  

BMP-2 is a protein of the superfamily of the Transforming Growth Factor β 

(TGFβ), which is often used to treat critical bone fractures. Different in vivo 

studies have shown that critical size bone fractures treated with rhBMP-2 

result in successful healing [43]-[45].  

The effect of BMP-2 on bone healing is also affected by the mechanical 

conditions. Changes in fixation stability or mechanical stimulation have been 

shown to influence BMP-2 stimulated bone healing [45] [46]. Higher 

mechanical stimuli or low-stiffness fixator conditions favored mineralized 

tissue formation under BMP-2 treatment [45]-[47]. It remains unknown how 

local mechanical signals within the healing region influence BMP-2 stimulated 

bone regeneration. 
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At the cellular level, BMP-2 has been shown to stimulate the recruitment of 

MSCs [48] and bone cells [49], enhance cellular proliferation [50] and favorite 

chondrocyte maturation [51]. Cellular differentiation has also been shown to 

be influenced by BMP-2, where increased BMP-2 concentration has been 

shown to promote osteogenic [52] [53] and chondrogenic differentiation [54]. 

Moreover, the mineralization of the extracellular matrix has also been 

observed to be promoted by this growth factor [55]. However, to date, the 

relative contribution of BMP-2 stimulated cellular activities to bone 

regeneration remains largely unknown.  
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1.3. State of art 

 

1.3.1. In silico models of bone fracture healing 

Bone fracture healing is a complex process that is influenced by the mechanical 

and biological environments within the healing region. In vivo, it is very 

challenging to investigate the relative contribution of all the parameters that 

concur to regulate the healing process. As an example, the physical 

measurement of the mechanical stimuli inside the healing region is a 

challenging task to perform in vivo. However, it is possible to computationally 

model the mechanical environment using finite element (FE) techniques to 

predict the magnitude of the mechanical stimuli inside the region of interest. 

In silico studies on the mechanobiological regulation of bone healing have 

taken more and more a central role during the last thirty years [56]-[64]. 

Several in silico models have been developed with the aim of determining the 

range of mechanical stimuli driving tissue formation during the healing 

process. The effect of repeated application of axial load and bending inside the 

fracture gap was investigated in silico by Carter et al. (1998), who suggested 

that cyclic octahedral shear stress and principal tensile strain drive the tissue 

differentiation process [56] (Figure 1.2A). Prendergast et al. (1997) proposed 

a biphasic model to describe the relationship between biophysical stimuli and 

periprosthetic tissue formation [57]. They proposed a linear combination of 

tissue octahedral shear strain and interstitial fluid flow velocity as the 

mechanical stimuli sensed by the cells to drive their differentiation [57] 

(Figure 1.2B). Another model to describe the effects of mechanics on bone 

healing was proposed by Claes and Heigele (1999) who compared bone 

formation patterns over the course of healing with mechanical signals inside 

the callus, predicted using FE techniques [58]. They proposed that 

intramembranous bone formation occurs for strains smaller than +/- 5% and 

hydrostatic pressures smaller than +/- 0.15 MPa [58]. Endochondral 

ossification was associated with compression larger than -0.15 MPa and 
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strains within the +/- 15% range [58] (Figure 1.2C). More recently, Burke et 
al. (2012) proposed another theory which describes tissue differentiation as a 
function of substrate stiffness and oxygen presence [63]. Cartilage is proposed 
to more likely form in hypoxic regions and, as the oxygen tension increases, 
cartilage is proposed to calcify and to undergo endochondral ossification [63] 
(Figure 1.2D). 

 

Figure 1.2. – Mechano-regulatory rules to describe cellular differentiation in bone 
healing. A: Carter et al. (1998) [56] B: Prendergast et al. (1997) [57] C: Claes and Heigele 
(1999) [58] D: Burke et al. (2012) [59]. CC: Calcified Cartilage. 

 

Thereafter, the ability of these mechanical stimuli to predict bone tissue 
formation during healing has been tested in several in silico studies. Isaksson 
et al. (2006) compared the ability of different mechanical stimuli to predict 
bone healing progression in a sheep animal model and showed that deviatoric 
strain (tissue deformation) alone could accurately explain tissue patterning 
over the course of bone healing [65]. Tissue deformation was shown to play a 
main role in influencing the interfragmentary mechanical environment in 
initial phases of bone healing also by Epari et al. (2006) [66]. In that study, FE 
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methods were used to investigate the biophysical stimuli inside the fracture 

gap under different mechanical conditions. The contribution of volumetric 

stimuli, as hydrostatic pressure in Claes et al. (1999) model [58] and fluid flow 

velocity in Prendergast et al. (1997) model [57] were proposed to be minimal 

in the regulation of tissue formation [66]. Geris et al. (2010) investigated in 

silico the role of mechanical overload on the occurrence of non-unions. In 

detail, the multiscale computer model simulated the overloaded mechanical 

environment and the alteration of biological processes. It showed that 

mechano-alteration of both angiogenesis and osteogenesis led to non-union, 

while alteration of angiogenesis alone was not enough to explain compromised 

healing [67]. Steiner et al. (2010) used finite element analysis (FEA) to 

investigate which mechanical stimuli regulates fracture healing under 

different loading conditions (axial compression, torsion, shear, bending). They 

showed that distortional and dilatational strains better predict the course of 

healing in ovine bone [64].   

To investigate the role of the mechanical environment in the healing process, 

multiple case scenarios of bone fracture healing have been simulated [68]-

[70]. Interfragmentary mechanical environment and, consequently, the 

healing outcome were predicted to be affected by fracture gap size [68], 

external mechanical loading [69] and fixator stiffness [70]. Mechanobiological 

computer models have also been used to investigate inter-species differences 

in the mechanical regulation of bone healing. Several studies have proposed 

interspecies differences in the mechanical regulation of bone healing between 

small and large animal models [61] [71], however it remains unknown if 

differences also exist between different small size animal models (e.g. between 

mouse and rat). 

Although many in silico studies have investigated the influence of mechanical 

and/or biological factors on uneventful healing conditions, very few studies 

have focused on compromised conditions, i.e. situations where the bone would 

not naturally regenerate. For example, critical size defects were only 

approached in the study by Carlier et al. (2014), where they focused on the 
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influence of biological factors (vascularization, growth factors) on healing 

outcomes [72]. The model showed that healing was impaired in large 

interfragmentary gap conditions due to insufficient vascularization of the 

callus [72]. The influence of mechanics on large bone defect healing has never 

been investigated before.  

Mechanobiological computer models have been previously developed to 

investigate bone defect healing under BMP-2 stimulation [73] [74]. Tissue 

formation [50] [75], cellular migration [48] [49] and proliferation [50] [76] 

were simulated to be enhanced by the presence of BMP-2, which was locally 

consumed and produced by the cells [77] [78]. The mechanistic model of 

Moore et al. (2014) investigated the spatiotemporal dynamics of BMP-2 and 

periosteum progenitor cells in the overall process of defect healing [73]. 

Ribeiro et al. (2015) model gave an insight of the BMP-2 contribution on the 

promotion of bone regeneration in a large defect [74]. However, this study 

limited the healing region to the intercortical region, omitting any bone 

formation in the periosteal and endosteal regions. In addition, the bone 

remodeling process and the role of mechanical signals in the regulation of 

BMP-2 stimulated healing were not investigated by this model.   

Early computer models of bone healing were limited to processes at the tissue 

scale. More and more, in the last decades, multiscale computer models have 

been developed to investigate bone healing taking into account biological 

processes at the cellular level and the interactions between multiple 

length- and time-scales [79]. Computer multiscale models permit a complete 

overview of the mechanobiological phenomena, extending the investigation to 

the mechanisms which interact at smaller levels. Processes like cellular 

migration, growth factor diffusion and angiogenesis have been simulated in 

this context [59] [80]-[83].  

In summary, multiscale computer models have been used to understand the 

regulation of bone healing at different length- and time-scales. Numerous in 

silico models were developed to investigate mechanobiological “rules” behind 

the bone healing process and to investigate how mechanical signals regulate 
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biological parameters. Most of the models iteratively interact in a double-way, 

predicting how changes in tissue patterning influence the mechanical 

environment and, vice versa, how mechanical stimuli further influence tissue 

formation. However, these models have rarely been used to investigate the 

mechanisms which compromise bone healing under critical conditions. The 

aim of this project was to exploit computer models to investigate 

compromised situations to parametrically individuate which factors concur in 

altering the bone healing process.  
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1.4. Thesis objectives 

In the last decades, more and more pre-clinical studies have focused on 

understanding the mechanisms behind compromised bone healing conditions. 

These studies have shown that factors like aging or the bone defect size 

seriously compromised bone healing potential, often leading to delayed or 

non-unions. However, in vivo studies are usually limited to histological 

observations at the tissue level and the measurements of very few biological 

cellular processes, if at all. In this thesis, a combined in vivo/in silico approach 

was used to investigate challenging healing conditions with the aim of 

identifying key factors playing a major role in the alteration of the 

mechanobiological regulation of bone healing at multiple length- and 

time-scales. Specifically, this work focused on compromised conditions due to 

aging and large defects. For this reason, this study focused on the following 

two objectives: 

Objective 1: To investigate the influence of age-related alterations at the 

cellular level in the mechanical regulation of bone healing; 

Objective 2: To investigate the mechanical regulation of large bone defect 

healing and its alteration under BMP-2 stimulation.  

 

Objective 1 was achieved by using a computer model to simulate bone healing 

in adult and elderly mice under two different fixation stiffness (rigid and 

semirigid). To investigate age-related differences in bone healing progression, 

observed in vivo, between adult and elderly mice, cellular activities (migration, 

proliferation capacity, etc.) were downregulated, in silico, in a design of 

experiments (DOE) analysis to determine the most influential parameters. 

Histological data from bone healing progression in adult (26-week old) and 

elderly (78-week old) mice, under both rigid and semirigid fixation, were used 

to validate in silico tissue patterning at 7, 14 and 21 days after the fracture 

opening. 
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Hypothesis 1: Experimental data of bone healing in mice showed that fixator 

stiffness has a greater influence in adult than in elderly mice. I hypothesized 

that the MSC capacity to respond to mechanical stimuli can explain in vivo 

observations. 

 

To achieve objective 2, a bone defect in rat was modeled to reproduce in silico 

the case studies from a previous in vivo study that investigated the potential of 

external mechanical loading to enhance the efficacy of BMP-2 treatment [45]. 

Multiscale modeling allowed to explore the mechanism behind the capacity of 

exogenous BMP-2 to favor bridging of critical fracture gap in acceptable 

healing periods. The model investigated the cellular level parameters that 

enhanced healing under BMP-2 and mechanical stimulation.  

Hypothesis 2: The BMP-2 dose-dependent effect at the cellular level should 

explain the characteristic healing patterning observed in treated conditions 

(periosteal bridging after 2 weeks post-operation). I hypothesized that the 

simulation of BMP-2 dynamics can be a valuable resource to individuate the 

biological features which most contributed to promote the healing.  
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1.5 Thesis outline 

In Chapter 1 a brief introduction to the clinical relevance of this thesis is 

presented. Thereafter, the bone healing process is described followed by a 

brief overview of the studies that motivated this work. Finally, attention is 

addressed to studies that involve the use of multiscale computer models to 

investigate the dynamics of bone healing and the different mechanobiological 

factors involved. At the end of the chapter, the objectives of this thesis are 

reported. 

In Chapter 2 a detailed explanation of all the tools used to achieve the aims is 

presented. The properties of the FE and agent-based computer models 

involved in the simulation of bone healing in mice and rats are reported here. 

In addition, all the set-ups of the case studies investigated with the computer 

models are described. 

In Chapter 3 the results of all the studies forming part of this thesis are stated. 

All the results are reported in tables and plots with additional description of 

the most interesting aspects. An analysis of the results is provided in addition 

with the discussion of the eventual limitations of the models.  

In Chapter 4 the conclusive statements regarding the results of each study and 

their clinical contribution are reported. Moreover, potential improvements 

and aspects which should be addressed in future studies are described. 
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2.1. Finite element models 

The mechanical environment within the fracture region plays the main role in 

the regulation of bone healing. The determination of the mechanical stimuli 

within the callus region during the healing process is challenging in vivo. FEA 

was used in this work to determine the mechanical signals within the healing 

region during healing progression. The three-dimensional geometry of the 

bone osteotomy was developed and material properties were assigned to the 

various parts of the model (fixator, bone cortex, medullary canal and callus). 

Forces and boundary conditions were applied to the meshed geometry to 

simulate the mechanics acting on the bone. The computational analysis of the 

FE model was performed in a machine with 4 GB RAM and Intel Core I5-4590 

CPU @ 3.30 GHz processor. The FE models were created in Abaqus/CAE  

v. 6.12-2 [85] where a design tool allowed to generate the three-dimensional 

geometry of the model. Within the same software, it was possible to assign the 

material properties, the loadings and the boundary conditions. Abaqus/CAE 

recognized the geometry of the model and generated an optimized node 

distribution within the entire volume, which was used to create a mesh of 

elements with user-defined dimensions. All the characteristics of the model 

were saved into an input file (.inp) that was then used in the following steps to 

perform the FE analysis with Abaqus/standard v. 6.12-2. The outputs of the 

analysis were two: a text file (.dat) with a tabular structure, which contained 

the predicted mechanical stimuli within every node of the model, and an 

output database file (.odb) that allowed the visualization of the mechanical 

stimuli distribution within the model geometry in Abaqus/viewer v.6.12-2.   

 

2.1.1. Geometry of the models 

In this work, bone healing was investigated in silico in two different animal 

species: mouse and rat. Mouse osteotomy bone healing models stabilized with 

two different external fixators (rigid and semirigid) were developed to 

investigate the mechano-regulation of bone healing in mice and how aging 
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influences the mechanical regulation of bone healing. Rat large bone defect 
osteotomy models under critical healing conditions were created to 
investigate the mechanical regulation of BMP-2 stimulated bone healing. Both 
in silico models aimed to replicate experimental conditions on in vivo studies 
[45] [86]. 

 

Mouse osteotomy model 

The three-dimensional geometry of the mouse osteotomy model was designed 
by using the dimensions that were measured in vivo. The bone geometry was 
simplified as a hollow cylinder with an internal cavity to reproduce the bone 
marrow. The external and internal radii of the cylinder are 0.75 mm and 0.55 
mm, respectively. Thereby the model is characterized by a 0.2 mm wide bone 
cortex. The cylinder length was set as 15 mm and an osteotomy of 0.5 mm was 
opened in the middle to simulate in vivo conditions. The callus domain was 
designed as a rotational ellipsoid. The optimal callus width in the central 
region was chosen in an additional study of the effect of callus size on the 
healing outcome predictions (Appendix A.1.). The optimal radius was identified 
with a value of 2 mm. The callus domain was limited to a length of 3.5 mm in 
the axial direction. Mouse osteotomized bone and callus domains were merged 
together to create the global model that is represented in Figure 2.1.   

 

Figure 2.1. – FE model geometry of a 0.5 mm mouse osteotomy. Lateral (left) and axial 
(right) views are here reported with all the dimensions (in mm) and references to the 
different parts of the model. 
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Mouse rigid/semirigid external fixator 

To investigate the influence of mechanics on bone healing in mice, two 

different external fixators were used to stabilize the osteotomy: rigid and 

semirigid. To reproduce the same conditions investigated in vivo [86], 

three-dimensional FE models of the rigid and semirigid external fixators were 

created with the same dimensions as the ones used in the experiments. The 

rigid and the semirigid fixators were both composed of a fixator structure (a 

bar) and 4 nails to connect the bar with the bone. The difference between the 

two fixator stiffness lied in the geometries of the bar structure. All the 

dimensions were measured from the external fixators used in vivo and are 

reported in Figure 2.2.  

 

 

Figure 2.2. – FE model geometry of the two external fixators used to stabilize mouse bone 
osteotomies (right: rigid, left: semirigid). Axial (top) and lateral (bottom) views are here 
reported with all the dimensions (in mm) and references to the different parts of the 
model. 

 

The connection of the fixators to the mouse osteotomy models was provided 

by the presence of four nails. The nails geometries were approximated to a 

cylinder and their size was measured from the surgical nails used for the in 

vivo experiment. Each nail had a diameter of 0.6 mm and a length of 10 mm 
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(Figure 2.2.). The distance between the nails was also measured from the in 

vivo setup (Figure 2.2.). Mouse osteotomy model and rigid/semirigid external 

fixator were assembled together as shown in Figure 2.3.  

 

 

Figure 2.3. – FE assembly of the model under rigid (left) and semirigid (right) fixator. 
Mouse osteotomy model (green) and fixator (red) relative distances are reported in mm. 

 

The stability provided by the fixators was validated in silico by simulating an 

axial stiffness test as the one performed by Kruck et al. (2018) [86]. For the 

realistic setup of the test, the callus domain was removed from the bone model. 

A compression force of 0.82 N was homogeneously distributed on one surface 

of the bone cortex, while the other extremity was encastred. The mean 

displacement of the bone surface at the point of force application was 

obtained. The ratio between the applied force and the displacement was 

determined as the axial stiffness of both fixators in silico. The results were 

compared with the analogues measured in vivo [86]. 

 

Rat osteotomy model 

The FE model of the rat osteotomy was obtained from the previous in silico 

work of Checa et al. (2011) [61]. The bone model was approximated as a 

hollow cylinder with internal radius of 1 mm and cortical bone width of 1 mm. 

A total bone length of 30 mm was imposed and the osteotomy was opened in 
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the middle point. The original model was used to investigate 
mechano-regulation in a small osteotomy (1 mm gap), in this study the defect 
was widened to 5 mm to simulate a large bone defect. The callus domain was 
designed as a 6 mm axis ellipsoid. A callus length of 7.2 mm was imposed in 
the longitudinal direction. These dimensions prevented overlap with the 
elements that characterized the external fixator and allowed a wide 
investigation of the mechanics in the surroundings of periosteum. The rat 
osteotomy model and its dimensions are reported in Figure 2.4. 

 

Figure 2.4. – FE model geometry of 5 mm defect model in rat. Lateral (left) and axial 
(right) views are here reported with all the dimensions (in mm) and references to the 
different parts of the model. 

 

Rat external fixator 

The stabilization of the defect in the rat osteotomy model was provided with 
an external fixator characterized by larger dimensions compared to the one 
used for the mouse osteotomy model. The same fixator was used in all the case 
studies of rat osteotomy healing investigated with this model. The structure of 
the fixator was composed of two parts with the shape of a parallelepiped, each 
of which holds two nails over a total of four. An intermediate fixator bridge 
connects the two parts to form a unique fixator structure. The bridge was 
removed under certain conditions, as it also happened during the experiments 
[45]. The dimensions of the fixator are reported in Figure 2.5.  
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Figure 2.5. – FE model geometry of the external fixator used to stabilize the rat 
osteotomy. Axial (top) and lateral (bottom) views are here reported with all the 
dimensions (in mm) and references to the different parts of the model. 

 

Four nail models were created to connect the external fixator to the bone. In 

order to reproduce the dimensions of the surgical nails used in the 

experiments, four cylinders with 1.2 mm radius and 18.4 mm axial length were 

modelled. The distance between the center of the nails was measured in vivo 

and reproduced in the computer model (Figure 2.5). Rat osteotomy model and 

the external fixation were assembled together as shown in Figure 2.6. 

 

Figure 2.6. – FE assembly of the model. Rat osteotomy model (green) and fixator (red) 
relative distances are reported in mm. 
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2.1.2. Material properties 

The geometry of the models alone was not enough to describe the mechanics 

within the healing region, the material properties of the different parts of the 

models had to be defined. Abaqus allowed to assign to each element of the FE 

models specific material mechanical properties to describe their behavior 

under mechanical stimulation. In both mouse and rat models, material 

properties that did not change through the entire bone healing simulation 

were defined for the bone cortex, the medullary cavity, the external fixator and 

the nails. The callus domain was assigned with material properties that 

dynamically changed with time, simulating in this way bone healing 

progression. All the parts of the rat bone defect model were considered to be 

biphasic consisting of a solid and a liquid phase, while the fixator was 

characterized by the only solid phase. All the materials were considered linear 

elastic.  

 

Initial material properties 

As described above, the bone structure was approximated as a hollow cylinder 

in both mouse and rat models. The external structure represents the bone 

cortex, therefore cortical bone mechanical properties were assigned to it. The 

inner structure represents the medullary cavity, therefore bone marrow 

material properties were assigned to this region. It was hypothesized that the 

callus domain is initially filled with granulation tissue [87]. Material properties 

representative of the mechanical behavior of granulation tissue were hence 

selected to describe this part of the model. The mechanical properties of 

Polyether-ether-ketone (PEEK) were assigned to all the external fixator 

structures. The difference in the stiffness of the devices was only provided by 

their geometry, not by the mechanical properties of the material. The nails 

were characterized by the material mechanical properties of titanium. The 

initial distribution of the materials in both the mouse and rat osteotomy 

models is shown in Figure 2.7.  
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Figure 2.7. – Material assignment to the different parts of the mouse (left) and rat (right) 
osteotomy models. The same materials were defined for both the models in this study: 
cortical bone (red), granulation tissue (dark yellow), marrow (green), PEEK (blue) and 
titanium alloy (grey). 

 

Each material was described in Abaqus/CAE and their properties were edited 
as elastic and permeable. Moreover, all the assigned material mechanical 
properties were considered isotropic. The biphasic nature of the model 
required to assign both solid and fluid characteristics to the different 
materials. For the properties describing the solid part, Young’s modulus and 

Poisson’s ratio were specified for each material. In addition, to consider the 

fluid phase contribution to the mechanical properties of the different tissues, 
interstitial fluid was simulated to flow through the tissue pores. The bone, the 
medullary canal and the callus tissues were characterized by different 
permeability and bulk modulus. The permeability describes the pressure 
gradient required by the interstitial fluid to diffuse through the material at a 
certain flow speed. The bulk modulus describes the fluid resistance response 
to compression stress. In this model, the bulk modulus was assigned also to 
the solid part of the material, under the name of grain bulk modulus. 
Mechanical properties of water were chosen to describe the interstitial fluid. 
The specific weight of the interstitial fluid was considered 9.8 x 10³ N m-3 and 
its inertial drag coefficient 0.14. All the values were assigned following Checa 
et al. (2011) [61] and are summarized in Table 2.1. 
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Poisson’s ratio 

- 
0.167 0.3 0.167 

Bulk modulus grain 

MPa 
2300 13920 2300 
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 Permeability 

10-14 m4 N-1 s-1 
1 0.001 1 

Bulk modulus fluid 

MPa 
2300 2300 2300 

Table 2.1. – Material properties used to describe the mouse and rat osteotomy models. 

 

The mechanical properties of the external fixator parts were taken from 

matweb database [88]. Monophasic, isotropic and elastic linear properties 

were assigned to the fixator structure and to the nails. PEEK was modelled 

with Young’s modulus of 3800 MPa and Poisson’s ratio of 0.38. The titanium, 

material assigned to the nails, was assigned Young’s modulus of 170000 MPa 

and Poisson’s ratio of 0.33. 

 

2.1.3. Mesh characterization 

To perform FEA, the models created to simulate the geometry and the 

mechanical properties of the osteotomized bones were meshed. Meshing 

consists in the creation of nodes spread at average user-defined distance 

within the entire volume of the FE model. Each node then characterizes the 

position of one of the vertices of one or multiple elements, which have the role 

to reproduce the volume of all the parts that characterize the models. In order 

to follow the curvature of the bone healing models, the distribution of the 

nodes was adapted to provide smoothness to the meshed model geometry. For 

this study, 3-dimensional 8-node brick poroelastic elements (C3D8P) were 
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chosen. Those elements had a hexahedron shape, characterized by 6 faces, 12 
edges and 8 vertices (Figure 2.8.).  

 

Figure 2.8. – C3D8 element shape. 

 

The 3D shape of the C3D8P elements was observed to smoothly adapt to the 
geometry of the model. The fineness of the mesh was the key to obtain an 
accurate reproduction of the global structure of the bone osteotomy model, 
which was characterized by rounded surfaces. To increase the quality of the 
mesh, small element dimensions were required at the expense of a high 
computational cost. To find a compromise between the mesh refinement and 
the computational complexity, different element average edge sizes were 
investigated (Appendix A.2.). The parametric investigation showed that the 
best compromise was obtained in the mouse model when a 0.10 mm average 
edge length characterized the elements within the callus domain. The same 
mesh as in the previous in silico work of Checa et al. (2011) [61] was kept for 
the rat defect model, with element average size of 0.25 mm inside the callus 
domain. As the rest of the model was meant to provide the structure and was 
not used to investigate the mechanical behavior, larger elements were used 
(average size in mouse model: 0.18 mm, average size in rat model: 0.50 mm) 
to reduce their impact on the computational complexity. The mesh optimized 
for the mouse model with 0.5 mm osteotomy gap stabilized by rigid external 
fixator was characterized by 280,093 nodes and 263,087 elements. The 0.5 
mm gap mouse osteotomy model stabilized with semirigid external fixator was 
characterized by 295,187 nodes and 278,874 elements. The rat large defect 
model was meshed with 74,765 nodes and 68,837 elements. 
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2.1.4. Gait load and boundary conditions 

The simulation of the mechanical stimuli within the osteotomy gap was 

obtained in silico as the result of habitual gait both in mice and in rats. A 

combination of a compression load and a bending moment was used to 

describe this habitual load. In both, the mouse and rat models, the gait loading 

was simulated by the application of the mechanical loads in one extreme of the 

bone and imposing an embedding boundary condition on the other. The 

boundary condition fixed the non-loaded extremity to allow the distribution of 

the compression and bending stresses through the entire bone shaft. The 

loading magnitudes were obtained from the literature [60] and scaled to the 

mass of mouse and rat. Body weight (BW) of mouse was assumed equal to 

0.025 Kg in this model, as the average value measured in experimental 

samples. Rat average BW was measured to be 0.25 kg. Both models were 

loaded with a combination of 6 BW compressive force and 10.7 BW mm 

bending moment at the femoral mid-shaft [60]. Compression force was 

uniformly distributed on the whole cortex surface of the loaded extremity of 

the bone model. The orientation of this force followed the longitudinal axis of 

the bone. Mouse bone cortex cross-sectional area was 0.8 mm² and, in order 

to simulate 6 BW (equal to 1.5 N compressive force), a 1.8 MPa uniformly 

distributed pressure was applied on the surface. Rat bone cortex 

cross-sectional area was 9.4 mm², in order to simulate 6 BW (equal to 14.7 N 

compressive force) a 1.6 MPa uniformly distributed pressure was imposed on 

the surface of the bone. Two bending moments were imposed on the bone 

shaft by applying concentrated shear forces in the center of the loaded bone 

surface. Both bending forces were perpendicular to the longitudinal axis of the 

bone. One bending moment generated tension on the surface of the bone that 

faces the external fixator. For this reason, the concentrated force that 

produced this moment was oriented in the medial direction (fixator on the 

lateral side). The bending load was determined to obtain a bending moment of 

10.7 BW mm on the intact bone when measured at the femoral mid-shaft point. 

In the mouse model, this point is 7.5 mm distant from the moment application 
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point. To achieve this magnitude on the mouse model, a concentrated force of 

0.3 N was applied. In the rat model, the center of the mid-shaft was distant 15 

mm and a concentrated force of 1.8 N was necessary. A second moment was 

created on the model to generate bending in the antero/posterior direction. 

To generate this moment, a force oriented in the anterior direction was created 

with the same magnitude of the concentrated force that generated the medial 

bending previously described. As both concentrated forces were used to 

simulate bending, the application point of each force was constrained with the 

loaded surface. In this way, the effect of the concentrated force was extended 

to the whole loaded surface and not to the single point. The non-loaded 

extremity of the bone was fixed with clamped boundary conditions. The clamp 

is a superficial boundary condition that embedds (fixes) all the nodes that 

belong to the bounded surface. Those nodes were not allowed to move from 

their initial position in any of the 3 axis directions. Moreover, all the element 

edges that lay on the embedded surface were constrained to maintain the same 

length. The clamp allowed the distribution of the stress on the bone shaft as a 

response to the imposed mechanical loadings. An additional boundary 

condition was imposed on the external surface of the callus domain: the 

interstitial fluid was not allowed to flow through the callus domain surface. 

This second boundary condition was created assigning 0 µm s-1 to the fluid 

flow velocity on all the points that belonged to the callus domain surface. The 

schematic distribution of the loads and boundary conditions applied to the 

models is shown in Figure 2.9. 
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Figure 2.9. – Schematic representation of the loads and boundary conditions applied to 
the mouse and rat healthy bone FE models. Free body diagram, compressive force and 
bending moment are reported through the axial direction. 

 

In the rat model, the in vivo case study was reproduced, where external 
mechanical loading was applied through the external fixator to investigate the 
contribution of mechanics to bone healing. To replicate the experimental 
scenario, the model loading scenario was integrated with a weekly addition of 
0.5 mm compressive displacement (10% of the osteotomy gap) [45]. The 
displacement was imposed on the surface of the external fixator and it was 
oriented in axial direction to generate compression. In addition, to reproduce 
the experimental settings, the fixator bridge of the rat external fixator was 
removed during the application of this load (Figure 2.10.). 
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Figure 2.10. – Schematic distribution of loads and boundary conditions during the 
weekly displacement in axial direction under external mechanical loading treatment in 
rat defect healing. The effect of the displacement is shown in the image on the right side 
(grey: initial condition, green: displacement effect). 
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2.2. Cellular distribution agent-based model 

The multiscale platform used in this project couples a FE model and two 

agent-based models to investigate bone healing progression taking into 

account mechanical and biological factors at different scales. An agent-based 

model is a three-dimensional matrix of points (agents) with specific 

coordinates, according to their relative position. To each agent of the matrix, 

three coordinates and one parametric value were associated. Those four 

values together described the distribution in the Cartesian space of a certain 

parameter. In this project, one agent-based model was used to investigate the 

distribution of the cells within the callus domain. Each agent of the 

agent-based was characterized by a parametric value that described the 

phenotype of the cell associated with that agent, in addition to the three 

coordinate values needed to identify its position in the space. The aim of the 

agent-based model was to dynamically simulate the spatial distribution of all 

the cells within the callus and to distinguish between the different phenotypes. 

In the mouse model, the cellular distribution agent-based model was 

characterized by 400 (𝑥), 400 (𝑦) and 350 (𝑧) agents in the three Cartesian 

directions, for a total of 56,000,000 agents. In the rat models, the cellular 

distribution agent-based model was characterized by 600 (𝑥), 600 (𝑦) and 880 

(𝑧) agents for a total of 316,800,000 agents. In both mouse and rat models,  

10 µm diameter size was associated with each agent to represent one single 

cell. To merge it with the FE model, the cellular distribution agent-based model 

was moved to couple its center with the center of the callus domain. Moreover, 

the agent-based model was rotated to orient its z-axis with the longitudinal 

axis of the bone. The agent-based model dimensions were decided in order to 

fit with the dimensions of the FE callus. Only in the rat model, the agent-based 

model exceeded 0.8 mm longitudinally in both proximal and distal osteotomy 

extremities to extend the investigation to a larger section of the medullary 

cavity. In Figure 2.11. the relative position between the agent-based model and 

the mouse and rat bone healing FE models is presented.  
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Figure 2.11. – Dimensions in mm of the cell distribution agent-based model (blue box) 
and its relative position compared to the FE model of mouse osteotomy (top) and rat 
defect (bottom). 

 

The analysis of the dynamics within the agent-based model was performed by 
creating a C++ project in DEV/C++ [89]. The project consisted in the main file 
(main.cpp) that called subordinated .cpp files to perform the analysis. By 
running the main, the 3D agent-based model was generated and initialized in 
first instance. Then an iterative loop simulated the biological activities within 
the agent-based model by updating the distribution of cells at every iteration. 
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The execution of the simulation was run with an .exe file generated from the 

compilation of the project through G++ (GNU Compiler Collection) [90].  

 

2.2.1. Cell phenotypes 

In the cellular distribution agent-based model, five different cell phenotypes 

were taken into consideration both for mouse and rat models. A parametric 

value was associated with each kind of cell: 1–MSC, 2–mature osteoblast,  

3–immature osteoblast, 4–chondrocyte, 5–fibroblast. This value is the 

parameter associated with each agent to identify the phenotype of the cell in a 

specific position. The absence of a cell in a specific agent was tagged with value 

0. The distribution of those parametric values in the three-dimensional space 

gave an overview of the dynamics of the cells involved in the healing 

simulation. Some agents were excluded from the analysis as they were outside 

of the FE model geometry. In addition, the positions that overlapped the bone 

cortex were excluded from the investigation. A buffer value was assigned to 

the parameter value of all the positions that were not included in the 

investigation, in order to consider them unavailable.  

The agent matrix was initialized in a preparation step, to reproduce the cell 

distribution situation immediately after surgery. Only MSCs were seeded in 

the agent matrix during the initial step. According to Fan et al. (2008), the MSCs 

were initialized by filling 30% of the agent matrix available positions within 

the marrow cavity and the periosteum zone [91]. The algorithm counted the 

number of available positions on the agent-based model that overlapped the 

medullary cavity of the bone. This quantity was multiplied by 0.3 to quantify 

the number of cells to seed. The MSCs were seeded randomly within the 

medullary volume by choosing a random combination of position coordinates. 

If the random position was not occupied by a previous seeded cell, the cell 

phenotype parameter relative to that position was changed to 1–MSC. The 

seeding was done iteratively one cell per iteration until 30% of the medullary 

space was occupied. An analogous procedure was followed to seed the 
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periosteum. In this model, the periosteum was considered the volume that 
surrounds the external surface of the bone cortex with the width of a single 
cell (10 µm). After counting the number of available positions in the periosteal 
zone, 30% of these positions were randomly selected and seeded with MSCs. 
Figure 2.12. shows the regions within the medullary cavity and the periosteum 
where MSCs were seeded in mouse and rat models.  

,  

Figure 2.12. – Initial MSC seeding zones (blue) in mouse (top) and rat (bottom) 
osteotomy models. Dimensions in mm. 
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To each position of the cellular distribution agent-based model occupied by a 

cell a supplementary parameter that represented the age of the cell (in days) 

was assigned. Each agent-based position was then characterized by five 

parameters (x, y, z, phenotype, age). The value was initialized to 1 for every 

MSC seeded in the initial stage. This age value was increased by 1 every 24 

hours (after 1 complete iteration in the mouse model or 12 complete iterations 

in the rat model). Cellular age was used to set a maturation threshold, i.e. only 

cells with an age above that threshold were considered ready to differentiate.  

 

2.2.2. Cellular activities 

The biological dynamics at the cellular level was investigated with the 

agent-based model by tracking how the positions of the cells and their 

phenotype iteratively changed through the bone healing process. All the cells 

in the model were subject to different ratio-dependent activities: migration, 

proliferation, differentiation and apoptosis. Multiple algorithms were 

implemented in the C++ code to update the cell positions and simulate their 

change of phenotype. As previously mentioned, every iteration in the mouse 

model simulated the biological events of 1 day, while the rat model was 

characterized by 2 hours iterations. The reduction of iteration time favored the 

precision of simulated BMP-2 dynamics, which only was investigated in the rat 

model, at the expense of computational time.  In the next paragraphs, the 

cellular activity ratios are reported in day-1 (µm day-1 for migration ratio) to fit 

one iteration in the mouse model. To convert the activity ratios to one iteration 

in the rat model, the values were divided by 12.  

 

Cell migration 

Cellular migration is a process that characterizes the ability of the cells to move 

within the extracellular matrix. Some cell phenotypes are capable of moving in 

the space by creating protrusions and generating traction forces. Migration 
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plays an important role in bone healing as cells like MSCs are required to move 

to the osteotomy opening to trigger the events that result in its healing. In the 

model, cellular migration allowed MSCs to move to the osteotomy gap, 

differentiate and then form the different tissues. For this study, cell migration 

was an exclusive capacity of MSCs and fibroblasts [61], since chondrocytes and 

osteoblasts have very limited migration potential [92]. Their migration speeds 

are reported in Table 2.2. 

 MSC Fibroblast Chondrocyte Osteoblast 

Migration speed  

µm day-1 
720 720 0 0 

Table 2.2. – Cellular migration speed. 

 

The movement associated with cellular migration was based on iterative 

changes (“jumps”) on the local position of the cell within the agent-based 

model: each cell changed its position in the cellular distribution agent-based 

model by “jumping” in its adjacent surroundings. The migration was 

characterized by 6 degrees of freedom: 2 possible ways (forward and 

backward) for each of the 3 directions (𝑥, 𝑦, 𝑧) in the space. In this way, the cell 

migrated to one of its 6 surrounding positions at every jump. The jump was 

considered done only if the new position was available. An available position 

was identified in the agent-based model by the phenotype value 0, which 

meant that the position was not already occupied by another cell and it was 

within the callus domain. As a size of 10 µm was associated with each position 

in the agent-based model, it was considered that for each jump the cell 

migrated 10 µm. This meant that MSCs and fibroblasts, which migrated 720 

µm day-1, made 72 jumps in total in one mouse model iteration (24 hours). In 

the rat model, each iteration (2 hours) was characterized by 6 jumps of each 

migrating cell. All MSCs and fibroblasts tried to migrate at every iteration by 

its specific number of jumps. The algorithm randomly chose a cell in the agent-

based model between all the migrating cells. Then all the six surrounding 

positions around the selected cell were checked to find the available positions. 
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If there were no available positions, the cell did not further migrate for that 
iteration. If the cell had available positions in its surroundings, the algorithm 
chose randomly one of them and assigned the cell phenotype value and the age 
of the cell as parameters of the new position. The previous position became 
available by assigning phenotype value 0 and age 0. When all the jumps were 
done, the cell was marked as already migrated, to avoid the cell to be randomly 
chosen again to migrate during the same iteration. When all the cells have 
performed all jumps in one iteration, the mark as migrated cell was removed. 
The cellular migration procedure was considered terminated after this last 
step. A schematic representation of one cellular migration jump is shown in 
Figure 2.13. 

 

Figure 2.13. – Schematic representation of one migration jump of a cell (pink). 

 

Cell proliferation 

The proliferation algorithm was based on the duplication of a cell with the 
creation of a daughter cell that shared the same phenotype. All the cells were 
able to proliferate but, to respect proliferation ratios found in Checa et al. 
(2011) [61], the algorithm duplicated only a defined number of cells for each 
phenotype at every iteration, according to proliferation ratios reported in 
Table 2.3. For example, every daily iteration, 20% of the entire chondrocyte 
population proliferated due to chondrocyte proliferation (Table 2.3.).  
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 MSC Fibroblast Chondrocyte Osteoblast 

Proliferation ratio 

day-1 
0.60 0.55 0.20 0.30 

Table 2.3. – Cellular proliferation ratio. 

 

The proliferation algorithm created a copy of the proliferating cell with the 

same phenotype. The newly formed cell was positioned in the immediate 

surroundings, according to availability. The algorithm steps were analogous to 

the ones of cellular migration but the original cell position was not vacated. At 

the end of the proliferation process, a new cell was seeded in the agent-based 

model, increasing the population of the specific phenotype by +1. This meant 

that for the MSC population, characterized by a proliferation ratio of 0.60 day-1, 

there was an increment up to 60% for every daily iteration (1 complete 

iteration for mouse model, 12 complete iterations for rat model). In this model, 

the proliferation algorithm began right after the migration of all the cells was 

completed. All the cells of the same phenotype were counted and, according to 

their specific proliferation ratio, a certain amount of them proliferated. The 

cells were randomly chosen within the agent-based model and declared as 

ready to proliferate in the current iteration. For each ready to proliferate cell, 

an examination of the surroundings was performed to investigate the available 

positions. The algorithm chose randomly one of the available positions where 

to spawn one daughter cell with the same phenotype and age 1. If no positions 

were available, the cell did not proliferate during the current iteration: the 

mother cell stayed in its original position and neither its phenotype nor age 

was affected. Mother and daughter cells were subject to a blocking condition 

to prevent their involvement in proliferation within the same iteration. When 

all the cells proliferated, the blocking condition was removed. A schematic 

example of proliferation is shown in Figure 2.14. 
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Figure 2.14. – Schematic representation of one cell (pink) proliferation. 

 

Cell differentiation 

Cellular differentiation is the change in cell phenotype. In the models, the 

interfragmentary mechanical environment stimulates mature MSCs to 

differentiate into fibroblasts, chondrocytes or osteoblasts. In these models, 

cellular differentiation involved only MSCs characterized by more than 6 days 

of age, which was imposed as maturation age for MSCs [93].  The algorithm 

was divided into two phases. The first phase happened at the beginning of 

every iteration, when the mechanics within the FE model callus domain was 

investigated. During the second phase, a new phenotype was assigned to 

mature MSCs as a function of the mechanical environment. Differentiation 

followed in this model the Prendergast et al. (1997) differentiation theory, 

which describes cell differentiation as a function of octahedral shear strain and 

fluid flow velocity [57]. The output of the previously described FE model 

quantified the mechanical environment within the callus region. A linear 

relationship between octahedral shear strain and fluid flow velocity was used 

to evaluate the stimuli that regulated cellular differentiation: 

𝑆 =  
𝛾

𝑎
+
𝜐

𝑏
 (1) 
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In Eq. 1, 𝑆 represents the global mechanical stimulus that regulated cell 

differentiation. The magnitude of the octahedral shear strain and fluid flow 

velcoity were identified by 𝛾 and 𝜐, respectively. Moreover, 𝑎 = 0.0375 and 𝑏 = 

3 µm s-1 according to Huiskes et al. (1997) [94]. The FE model did not output 

the value of the octahedral shear strain but it predicted axial strain in the three 

Cartesian directions (𝑒11, 𝑒22, 𝑒33) and the shear strain between each pair (𝑒12, 

𝑒23, 𝑒13). Octahedral shear strain (𝛾) was obtained from those values according 

to the following formula: 

𝛾 =
2

3
 √(𝑒11 − 𝑒22)2 + (𝑒22 − 𝑒33)2 + (𝑒11 − 𝑒33)2 + 6𝑒12 + 6𝑒23 + 6𝑒13 (2) 

Fluid flow velocity (𝜐) was predicted directly from the FE model. In this 

project, the general mechano-regulatory theory, which was shown to correctly 

reproduce bone healing in small mammals [61], was used to investigate the 

mechanical regulation of bone healing in mice and rats. The differentiation 

boundaries for the 𝑆 values were taken from Checa et al. (2011) [61]: 

Mature  

Osteoblast 

Immature 

Osteoblast 
Chondrocyte Fibroblast 

𝑆 ≤ 2.53 2.53 < 𝑆 ≤ 3.00 3.00 < 𝑆 ≤ 5.00 𝑆 > 5.00 

Table 2.4. – Mechanical stimuli (𝑆) differentiation boundaries in rat osteotomy model. 

 

Moreover, in this model also bone resorption was taken into consideration. 

This process plays a main role in the bone healing remodeling phase. In this 

model, resorption of tissue was characterized by mechanical stimuli 𝑆 ≤ 0.50. 

A silent zone of differentiation, characterized by a range of mechanical stimuli 

that did not promote cellular differentiation, was set in the range  

0.50 < 𝑆 ≤ 0.80. These ranges were obtained from Lacroix and Prendergast 

(2002) [95] and adapted to higher mechanical stimuli. A graphic 

representation of the global mechano-regulatory theory is represented in 

Figure 2.15. 
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Figure 2.15. – Graphic representation of how octahedral shear strain and fluid flow 
velocity drove MSC mechano-regulated differentiation [95]. 

 

Within this project, it was shown that bone healing in mice happens under 
higher mechanical stimuli compared to rats (§ 3.1.2.). Therefore, since the 
differentiation theory was derived from the rat in vivo experiments, it was 
necessary to modify the mechano-regulatory theory to describe bone healing 
in the mouse model. To do this, the boundaries of the mechanical stimulus S 
were shifted to higher values. Many different values for the S boundaries were 
tested with the aim to match in silico predictions of tissue patterning during 
bone healing and in vivo observations (Appendix B). The investigation showed 
that higher mechanical stimuli could explain tissue differentiation during the 
bone healing progression in mice (Table 2.5.): 

Resorption Silent zone 
Mature 

Osteoblast

Immature 

Osteoblast 
Chondrocyte Fibroblast 

S ≤ 0.80 0.80 < S ≤ 1.00 1.00 < S ≤ 6.00 6.00 < S ≤ 13.00 13.00 < S ≤ 35.00 S > 35 

Table 2.5. – Proposed mechanical stimuli (𝑆) differentiation boundaries in mouse 
osteotomy model. 
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As previously mentioned, the cellular differentiation algorithm was divided 

into two phases. In the first phase, the distribution of the mechanical stimuli 

obtained from the FE model was discretized in the space domain of the cellular 

distribution agent-based model. As result, the value of stimulus S was assigned 

as an additional parameter to each cell position in the agent-based model, for 

a total of 6 parameters. In the second phase, the cell differentiation algorithm 

counted the mature MSCs within the agent-based model. As the differentiation 

process involves 30% of the mature MSCs every day [61], the total number of 

mature MSCs was multiplied by 0.30 (or 0.30/12 in case of 2h iteration in rat 

model) to quantify the number of cells ready to differentiate. Then, this 

amount of mature MSCs were randomly chosen to differentiate. The 

differentiation of the MSCs was performed by changing their phenotype value 

from 1–MSC to one of the values associated with the other phenotypes 

(2-mature osteoblast, 3–immature osteoblast, 4–chondrocyte, 5-fibroblast), 

taking into account the mechanical environment assigned to the position of the 

agent-based model during the first phase. The phenotype value was the only 

parameter affected by the differentiation in the agent-based model: the cell 

position and its age did not change. A schematic representation of the 

differentiation of MSCs is presented in Figure 2.16. 
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Figure 2.16. – Schematic representation of how mechano-regulation of bone healing was 
simulated. Combination of octaheadral shear strain and fluid flow velocity designed the 
differentiation zones within the callus domain. Randomly chosen mature MSCs (red 
circled) differentiated into new phenotypes, according to the mechanical stimulus S.  
γ: octahedral shear strain, ν: fluid flow velocity.  

 

Cell apoptosis 

Cellular apoptosis is the programmed death of cells and it was simulated, in 
the agent-based model, at the end of every iteration. It was characterized by 
the removal of cells to create available positions for migration and 
proliferation in future iterations. The cells were subject to apoptosis according 
to the following ratios [61]: 

 MSC Fibroblast Chondrocyte Osteoblast 

Apoptosis ratio 
day-1 

0.05 0.05 0.10 0.16 

Table 2.6. – Cellular apoptosis ratio. 
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The apoptosis algorithm counted, as initial step, the number of cells of each 
phenotype. A part of these cells, represented by the correspondent apoptosis 
ratio, was randomly selected within the callus domain and processed to 
apoptosis. The age of the cells did not influence the process of selection, which 
was random. To avoid the apoptosis of recently differentiated cells, 
mechanical stimulation played a role in the selection of the cells to remove. 
Following the distribution of mechanical stimuli within the agent-based 
model, if the cell was characterized by a S parameter that allowed the 
apoptosis of the corresponding cell phenotype (Figure 2.17.), then the selected 
cell was assigned the phenotype value 0 and age 0. Otherwise, if the stimuli did 
not allow apoptosis, the cell kept its phenotype and age and another position 
was randomly selected.  

 

Figure 2.17. – Mechanical stimuli (S) ranges within the different cell phenotypes are 
subject to apoptosis. M. OB: mature osteoblast, IM. OB: immature osteoblast, CH: 
chondrocyte, FB: fibroblast. MSCs are always subject to apoptosis, regardless of the 
mechanical stimuli. Note: the mechanical stimuli axis reports both values for the mouse 
(top) and the rat (bottom) models. 

 

When all the cells subject to apoptosis were removed, the process was 
considered concluded. Cellular apoptosis was the last phase that influenced 
the cell distribution in the agent-based model at each iteration.  
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Tissue matrix production and degradation 

Bone, cartilage and fibrous tissue production and degradation were included 

in the model dynamics. Their presence within the callus was included in the 

same agent-based model used to simulate cellular distribution. To represent 

the tissue level in the agent-based model, additional phenotype values were 

chosen: 12-bone tissue, 14-cartilage, 15-fibrous tissue. Like cells, also tissues 

occupy positions within the cellular distribution agent-based model. When 

tissue formed at a certain position, the corresponding tissue value was 

assigned to that position; when it degraded, the parameter value of the 

position was set back to empty (0). Tissue could form only on available 

positions and only pre-existent tissue degraded. The different tissue matrices 

volumes were produced and degraded according to literature data rates [96]: 

 
Fibrous tissue Cartilage Bone tissue 

Production ratio 

µm3 cell-1 day-1 
5000 5000 3000 

Degradation ratio 

µm3 cell-1 day-1 
5000 5000 5000 

Table 2.7. – Cellular tissue matrix production and degradation. 

 

Tissue formation was simulated in the immediate surroundings of the cell that 

produce that kind of tissue. 12-bone tissue was produced by 2-mature 

osteoblast, 14-cartilage was produced by 4-chondrocyte and 15-fibrous tissue 

was produced by 5-fibroblast. 1-MSC and 3-immature osteoblast did not 

produce tissues in this model. The mechanical environment was additionally 

included in the tissue matrix production algorithm. In fact, only cells belonging 

to elements under their phenotype-specific mechanical stimuli range were 

considered able to produce tissue matrix [57] [96] (§ 2.2.2., Cell 

differentiation). At every iteration, each cell generated an amount of matrix in 

the surrounding positions according to the specific production ratio. In the 

cellular distribution agent-based model, tissue formation was discretized in 

one agent assigned to the new tissue phenotype every 1000 µm³ of newly 
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formed tissue. When tissue was determined to form in a specific position, an 

additional test was performed by counting the number of positions (𝑛𝑡𝑖𝑠𝑠) in 

the agent-based model occupied by the tissue inside a 5 x 5 x 5 cube with the 

center in the position where the tissue was going to form. The probability of 

the tissue to form in that position (𝑃𝑡𝑖𝑠𝑠) linearly decreased with the increase 

of the spaces occupied by the same tissue: 

𝑃𝑡𝑖𝑠𝑠 = 100% ∗ (1 −
𝑛𝑡𝑖𝑠𝑠
125

) (3) 

If the tissue matrix was produced, the specific tissue phenotype value was 

assigned to that position. That position was not available for other cells to 

migrate/proliferate and for tissue to form in the following iterations, until it 

became empty again due to tissue matrix degradation. 

Tissue degradation was simulated by removing tissues from the spaces of the 

agent-based model. The degradation ratio quantified the amount of tissue 

removed at each iteration. The mechanical environment played a role in this 

algorithm as the cells involved in the process were only the ones that belonged 

to finite elements under mechanical stimuli different from the specific cell 

differentiation range [57] [96] (§ 2.2.2., Cell differentiation). The number of 

cells that respected the condition was calculated for each phenotype and 

multiplied by the degradation ratio of the tissue. The resulted volume was 

divided by 1000 µm³ to translate it into the number of agents of the model 

where tissue degradation happened. That amount of agents was randomly 

chosen from the ones occupied by that specific tissue, under specific 

mechanical conditions. Empty value (0) was assigned to the phenotype value 

of the agent-based model space where degradation happened.  
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2.2.3. Interaction with finite element model 

The multiscale platform used to simulate bone healing at different length- and 

time-scales took its strength from the capacity to couple models that 

investigated both mechanical and biological features (Appendix C). While the 

FE model investigated mechanics, the behavior of the cells within the bone 

healing was simulated with the agent-based model. As previously described, 

there was a double-way relationship between the two models: tissue 

distribution determined the mechanical properties within the callus domain 

while the mechanics affected the differentiation of the cells and the 

extracellular matrix production and degradation. The interaction between the 

two models was based on the spatial location of the elements of the bone 

healing FE model and the distribution of cells within the agent-based model. 

Each agent-based model cell was included inside the volume of an element of 

the FE model. The cell was considered to belong to that specific element. As 

every element had an average side length of 0.10 mm and each agent cell was 

characterized by a diameter of 0.01 mm, in each element it was on average 

possible to fit 1000 cells from the agent-based model. To evaluate whether a 

specific cell belonged to an element, the equations of the six surfaces that 

characterized the hexahedron element were determined: 

𝐴𝑥 + 𝐵𝑦 + 𝐶𝑧 + 𝐷 = 0 (4) 

Where 𝐴, 𝐵, 𝐶 and 𝐷 depends on the coordinates of the nodes that characterize 

the vertices of the surface. The agent at position (𝑥0, 𝑦0, 𝑧0) belonged to the 

element if the condition  

𝐴 𝑥0 + 𝐵 𝑦0 + 𝐶 𝑧0 + 𝐷 ≥ 0 (5) 

was respected for all the six surfaces of the element. Each cell was associated 

with only one element and each element was associated with multiple cells. All 

the cells that belonged to an element were characterized by the mechanical 

stimuli associated with it. Differentiation of the cells in those positions was 

driven to the specific phenotype (§ 2.2.2., Cell differentiation). Vice versa, 
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material properties of the element were determined based on the phenotype 

of the tissues that belonged to it, as described in the following section. 

 

Update of FE material properties 

The FE models developed in this study to investigate the mechano-regulation 

of bone healing dynamically change their mechanical properties within the 

healing region. In order to represent the progressive stiffening of the callus 

due to tissue formation, the material properties within the callus domain 

changed through the entire process as a function of the tissue patterning 

evolution. The material properties that characterized the callus were 

initialized as granulation tissue. As a function of the dynamical variation of 

tissue distribution inside the callus domain, each element iteratively updated 

its material properties. The material properties of each tissue simulated in this 

work are reported in Table 2.8.  

  Fibrous 

tissue 
Cartilage 

Immature 

bone 

Mature 

bone 

So
li

d
 p

h
a

se
 

Young’s modulus 

MPa 
2 10 1000 5000 

Poisson’s ratio 

- 
0.167 0.3 0.3 0.3 

Bulk modulus grain 

MPa 
2300 3700 13940 13940 

F
lu

id
 p

h
a

se
 Permeability 

10-14 m4 N-1 s-1 
1 0.5 10 37 

Bulk modulus fluid 

MPa 
2300 2300 2300 2300 

Table 2.8. – Material properties of the tissues simulated within the callus domain. 

 

The elements weighted their mechanical properties values based on the 

number of agent-based model positions occupied by the tissues that belonged 

to the element.  
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In Eq. 6, the equation that calculated the Young’s modulus in every element 

(𝐸𝑒𝑙𝑒𝑚) is reported.  

𝐸𝑒𝑙𝑒𝑚 = 
∑ 𝑛(𝑖) ∗ 𝐸(𝑖)𝑖

∑ 𝑛(𝑖)𝑖

 (6) 

The value 𝑖 identified the four tissues used in this study: granulation tissue  

(𝑖 = 11), bone (𝑖 = 12), cartilage (𝑖 = 14), fibrous tissue (𝑖 = 15). 𝐸(𝑖) 

represented the Young’s modulus of the specific material. According to this 

definition, it can be observed in Table 2.8. that, for example, 𝐸(14) = 10 MPa is 

Young’s modulus of cartilage. The value 𝑛(𝑖) is the number of agents of the 

specific tissue phenotype 𝑖 inside the considered element. Under condition 𝑖 

=11 (granulation tissue), 𝑛(𝑖) was the number of spaces of the agent-based 

model occupied by MSCs or empty. To take into account the tissue 

consolidation through time, each element’s Young’s modulus was averaged 

with the values predicted by the model in the previous ten iterations. If less 

than ten iterations were performed, all the iterations until day 0 were taken 

into consideration.  

𝐸𝑒𝑙𝑒𝑚(𝑡) =

{
 

 
∑ 𝐸(𝑘) + 𝐸𝑒𝑙𝑒𝑚
𝑡−1
𝑘=𝑡−10

10
    𝑖𝑓 𝑡 > 10

∑ 𝐸(𝑘) + 𝐸𝑒𝑙𝑒𝑚
𝑡−1
𝑘=0

𝑡 − 1
          𝑖𝑓 𝑡 ≤ 10

 (7) 

Analogous algorithms updated also the other material properties (Poisson’s 

ratio, permeability, bulk modulus). The model mechanical behavior was 

updated by creating new materials for each element inside the callus domain. 

Each element was entirely characterized by the mechanical properties of the 

newly assigned material.  
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2.3. BMP-2 agent-based model 

In the rat model, the effect of BMP-2 concentration on cellular behavior was 

investigated. For this reason, a second agent-based model was developed to 

simulate the dynamics of the protein within the callus domain. As the cellular 

distribution agent-based model, also protein dynamics was simulated within 

a 3D matrix. Each element of the matrix was associated with a triplet of 

Cartesian coordinates (𝑥, 𝑦, 𝑧) and a parameter that represented the 

concentration of BMP-2 (ng mL-1) in that position. The main difference with 

the cellular distribution agent-based model concerned the size of each 

element. In the BMP-2 concentration agent-based model, each agent was 

considered to represent 50 µm-size cubic volume. The global dimension of the 

matrix was kept similar to the cell distribution agent-based model: 6 mm (𝑥), 

6 mm (𝑦), 8.8 mm (𝑧). Consequently, the number of agents in the three 

dimensions of the BMP-2 matrix was 120 (𝑥), 120 (𝑦) and 176 (𝑧). The BMP-

2 agent-based model was characterized by 2,534,400 agents.  

 

2.3.1. BMP-2 dynamics 

The agent-based model of BMP-2 simulated the dynamics of the growth factor 

concentration within the callus. The parameter associated with each agent of 

the model quantified BMP-2 concentration in ng mL-1. Iteratively, the values 

varied according to BMP-2 diffusion and degradation. Moreover, with the aim 

of investigating the multiscale relationship with the cellular level, the cellular 

distribution matrix was coupled with the BMP-2 matrix to include the capacity 

of cells to produce and consume BMP-2. To initialize the matrix, all the 

positions were assigned the physiological value of 0.008 ng mL-1 [74]. To 

reduce the investigation to the FE callus domain, the buffer value -1 was 

assigned to all the positions that were excluded from the region of interest. 

For the simulation of the case studies where rat bone healing was enhanced 

with BMP-2, a “release region” was located within the agent-based model. This 

region was identified within the osteotomy gap as a cylinder that separated 
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the bone defect extremities and its dimensions were adapted to the size of the 
bone cortex cross section (Figure 2.18.). 

 

Figure 2.18. – Position of the BMP-2 release region within the defect gap. Dimensions in 
mm. 

 

Two different release models were applied to the dynamics of BMP-2: 
instantaneous and gradual release. When BMP-2 was released 
instantaneously, the entire quantity of BMP-2 within the release region was 
immediately available to regulate the cellular behavior. Under gradual release 
conditions, which will be extensively explained in § 2.3.2., the agent-based 
model was characterized by an initially encapsulated quantity of BMP-2 within 
the release region. The encapsulated BMP-2 was gradually released and made 
available to regulate cellular behavior. This process aimed to simulate the 
encapsulation of BMP-2 within a collagen sponge, like the one used in the in 

vivo experiment [45]. BMP-2 specific release ratio and collagen degradation 
factor were implemented in the model to simulate the presence of the sponge  
(§ 2.3.2.).  
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Cellular distribution and BMP-2 concentration agent-based models interacted 

between them. Cellular presence played a role in the production and 

consumption of BMP-2 and, vice versa, the concentration of BMP-2 influenced 

the cellular behavior by influencing the migration and proliferation capacity 

(Appendix C). The concentration value that characterized each agent of the 

BMP-2 concentration model affected the behavior of all the cells that shared 

the same position or its surroundings. In this model, the BMP-2 concentration 

value associated with a specific region within the BMP-2 agent-based model 

regulated the activities of all the cells of the cellular distribution agent-based 

model inside that region. In fact, as 10 µm diameter was assigned as the size of 

each cell in the specific agent-based model, the same BMP-2 concentration 

region (50 µm size) was shared by 5 cells for each direction, for a total of 125 

cells contained in each BMP-2 concentration region (Figure 2.19.).  

 

Figure 2.19. – Schematic representation and dimensions (in mm) of agents of the cellular 
distribution agent-based model (A) and regions of BMP-2 concentration agent-based 
model (B). They are positioned so that each region of the BMP-2 model contained 125 
agents of the cellular model, as shown in C. 
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BMP-2 cellular production 

BMP-2 production within the healing region was regulated by the presence of 

cells. MSCs and osteoblasts were simulated as the main producers of BMP-2 

[74]. A rule was defined to increase the quantity of BMP-2 within a certain 

region of the agent-based model according to the local concentration of MSCs 

(𝑐𝑠) and osteoblasts (𝑐𝑏). Those two values were obtained from the quantity of 

MSCs and osteoblasts in the cell distribution agent-based model that were 

contained in each region of the BMP-2 matrix. In this model, all the processes 

were discretized in space (prerogative of the agent-based model domain, 

which is discrete) and in time (every update is evaluated after a discrete period 

of time). The equation of BMP-2 production term [74] was adapted to describe 

the increase of BMP-2 concentration ([𝐵𝑀𝑃2] in ng mL-1) in the discrete 

period of time of 1 iteration: ∆𝑡 = 2 h = 1/12 day. 

𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑝𝑟𝑜𝑑 = 𝛼𝑝𝑟𝑜𝑑 ∗
𝑐𝑠(𝑥, 𝑦, 𝑧, 𝑡) + 𝑐𝑏(𝑥, 𝑦, 𝑧, 𝑡)

𝛾 ∗ [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡) + 𝛾0
∗ ∆𝑡 (8) 

Eq. 8 describes the variation of BMP-2 concentration at position (𝑥, 𝑦, 𝑧) and 

iteration 𝑡 due to cellular production of BMP-2. Two variables (the quantity of 

MSCs and osteoblasts in the surroundings) and the previous state of the BMP-2 

concentration influence the total production. The rest of the parameters were 

fixed and adopted from Ribeiro et al. (2015) [74]: 

𝛼𝑝𝑟𝑜𝑑 = 2 ∗ 10
−9 𝑛𝑔 𝑚𝐿−1 𝑐𝑒𝑙𝑙−1 𝑑𝑎𝑦−1 

𝛾 = 15  𝑚𝐿 𝑛𝑔−1 

𝛾0 = 0.01 

 

BMP-2 cellular consumption 

Cellular properties, such as migration speed and proliferative capacity, were 

regulated by the presence of BMP-2 (§ 2.3.3.). The use of the growth factor 

results in its consumption. This depletion was indeed included in the 



58 

 

agent-based model as a reduction of BMP-2 concentration in the zones where 

MSCs and osteoblasts were present [74]. As in the BMP-2 production 

algorithm, the consumption entity depended on the number of cells belonging 

to the region of the BMP-2 agent-based model. The same variables previously 

described for the BMP-2 production algorithm were used to quantify the 

number of cells within the element: 𝑐𝑠 (MSCs) and 𝑐𝑏 (osteoblast). As the name 

suggests, cellular consumption was represented in the agent-based model as a 

reduction of BMP-2 concentration. The equation that quantifies this decrease 

was adapted from Ribeiro et al. (2015) [74] to describe the variation of BMP-

2 concentration ([𝐵𝑀𝑃2] in ng mL-1) in a discrete period of time of 1 iteration: 

∆𝑡 = 2 h = 1/12 day. 

𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑐𝑜𝑛𝑠 =

−
𝑉 ∗ (𝑐𝑠(𝑥, 𝑦, 𝑧, 𝑡) + 𝑐𝑏(𝑥, 𝑦, 𝑧, 𝑡))

𝐾𝑚
𝑎 + [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)

∗ [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡) ∗ ∆𝑡 (9)
 

Eq. 9 describes the reduction of BMP-2 concentration at position (𝑥, 𝑦, 𝑧) and 

iteration 𝑡 due to BMP-2 cellular consumption. Two variables, the quantity of 

MSCs and osteoblasts in the surroundings and the previous state of the BMP-2 

concentration, influenced the amount of BMP-2 consumed, together with the 

fixed parameters obtained from the literature [74]:  

𝑉 = 1.43 ∗  10−7 𝑛𝑔 𝑚𝐿−1 𝑐𝑒𝑙𝑙−1 𝑑𝑎𝑦−1 

𝐾𝑚
𝑎 = 11.01 𝑛𝑔 𝑚𝐿−1 

 

BMP-2 diffusion 

BMP-2 dynamics was not only dependent on the distribution of cells within the 

callus domain. The BMP-2 agent-based model was also regulated by the 

movement of the substance due to diffusion. In this model, Fick’s law of 

diffusion [97] was adapted to simulate the diffusion of the molecules as a 

function of their concentration within the callus domain. The diffusion 

homogenized the distribution of BMP-2 in the space by moving BMP-2 from 

high-concentration to low-concentration regions. BMP-2 diffusion coefficient 
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(𝐷 = 8.64 mm² day-1 [74]) described the speed of the process. The diffusion 
law was adapted to a discrete domain by varying the concentration of each 
element in the agent-based model according to the concentration of BMP-2 in 
the surrounding elements. In the algorithm, 24 surrounding agents were 
checked to describe the diffusion equation. The position of those agents is 
reported in Figure 2.20.  

 

Figure 2.20. – Three-dimensional representation (left) and cross section (right) of all the 
elements involved in the diffusion of BMP-2 within the red element. The effect of BMP-2 
concentration of the yellow spaces on the diffusion gradient was weighted on the 
distance between the centers of the elements (reported in mm). 

 

The contribution to each BMP-2 agent-based region from its surroundings was 
included in the diffusion equation to describe the variation in concentration. 
The contribution of each agent was inversely weighted according to its 
distance to the element under investigation, which Cartesian coordinates were 
(𝑥, 𝑦, 𝑧). The processed used in this model to describe the variation of BMP-2 
concentration due to diffusion can be summarized in this equation: 

𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑖𝑓𝑓 = 𝐷 ∗
𝑑𝑥 + 𝑑𝑦 + 𝑑𝑧 + 𝑑𝑑

6 ∗ 𝑒−1 + 6 ∗ 𝑒−2 + 12 ∗ 𝑒−√2
∗ ∆𝑡 (10) 
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Where: 

𝑑𝑥 =  ∑ ∑ ([𝐵𝑀𝑃2] (𝑥 + 𝑖, 𝑦 + 𝑗, 𝑧, 𝑡) − [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)) ∗ 𝑒−√𝑖
2+𝑗2

1

𝑗=−1 (𝑗≠0)

1

𝑖=−1
 

𝑑𝑦 = ∑ ∑ ([𝐵𝑀𝑃2] (𝑥, 𝑦 + 𝑗, 𝑧 + 𝑘, 𝑡) − [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)) ∗ 𝑒−√𝑗
2+𝑘2

1

𝑘=−1 (𝑘≠0)

1

𝑗=−1
 

𝑑𝑧 =  ∑ ∑ ([𝐵𝑀𝑃2] (𝑥 + 𝑖, 𝑦, 𝑧 + 𝑘, 𝑡) − [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)) ∗ 𝑒−√𝑖
2+𝑘2

1

𝑖=−1 (𝑖≠0)

1

𝑘=−1
 

𝑑𝑑 =  (([𝐵𝑀𝑃2] (𝑥 + 2, 𝑦, 𝑧, 𝑡) + [𝐵𝑀𝑃2] (𝑥 − 2, 𝑦, 𝑧, 𝑡) + [𝐵𝑀𝑃2] (𝑥, 𝑦 + 2, 𝑧, 𝑡)

+ [𝐵𝑀𝑃2] (𝑥, 𝑦 − 2, 𝑧, 𝑡) + [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧 + 2, 𝑡) + [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧 − 2, 𝑡))

− 6 ∗ [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)) ∗ 𝑒−2 

The algorithm pushed BMP-2 from high concentration zones to low 

concentration, without changing the global amount of it. For this reason, the 

value of 𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑖𝑓𝑓  could be either positive or negative. Dirichlet 

boundary conditions were imposed on the algorithm when the positions closer 

to the borders were investigated: the same BMP-2 concentration as the border 

was given to the regions outside the callus to avoid diffusion.  

 

BMP-2 degradation 

Degradation of BMP-2 was also modelled. BMP-2 exponentially decayed with 

a half-life 𝑡1
2

 = 0.42 days [74] and this behavior is synthesized in the following 

equation: 

𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑒𝑔 = [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡) ∗ (1 − 2
−
∆𝑡
𝑡1
2) (11) 

The degradation of BMP-2 in each agent only depended on its previous 

concentration. The BMP-2 degradation dynamics is shown in Figure 2.21. 
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Figure 2.21. – Degradation effect on BMP-2 concentration. 

 

The BMP-2 concentration in each agent was updated at every iteration 
according to the following equation: 

[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡 + ∆𝑡) = [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)

+ 𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑝𝑟𝑜𝑑 −  𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑐𝑜𝑛𝑠
+ 𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑖𝑓𝑓 −  𝑑[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑒𝑔 (12)

 

The new state [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡 + ∆𝑡) was then used as the initial state for the 
following iteration.  

 

2.3.2. Collagen sponge  

Collagen sponges are typically used in vivo to carry growth factors and other 
substances within the bone osteotomy to guarantee a gradual release. To 
reproduce the presence of a collagen sponge within the osteotomy gap, a 
different algorithm was created to simulate BMP-2 dynamics. The sponge was 
not added as an additional element of the model, but a “release zone” was 

designed to include all the positions of the agent model within the volume 
occupied by the sponge. Differently from the immediate release case study, 
where the whole BMP-2 treatment was simulated to be free within the release 
zone since the first iteration, the free BMP-2 agent-based model was initialized 
to 0 ng mL-1 within the collagen sponge. The BMP-2 substance was simulated 
to be entirely encapsulated within the collagen sponge and, at every iteration, 
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a certain amount of BMP-2 was released from the sponge [98]. The released 

BMP-2 was homogeneously distributed within the release region and the 

agent model increased the concentration of each agent within the release zone, 

according to the released BMP-2 quantity. The same mass of BMP-2 was, of 

course, removed from the collagen sponge reservoir amount. Only the released 

BMP-2 was subject to the BMP-2 dynamics described before. Moreover, the 

cells and tissues were only subject to the effect of the released BMP-2. 

In the model, BMP-2 was subject to exponential decay also when encapsulated. 

However, its degradation was simulated to happen slowly, as the half-life time 

of encapsulated BMP-2 (𝑡1
2

 = 3.25 days) [74] is longer than the free BMP-2  

(𝑡1
2

 = 0.42 day) [74]. Over the degradation, encapsulated BMP-2 was not subject 

to cellular production, consumption and diffusion. Those processes affected 

only released BMP-2 as previously described.  

 

BMP-2 release 

The process of BMP-2 release was simulated as a gradual reduction of BMP-2 

concentration within the encapsulated BMP-2 agent model and the equal 

increase of free BMP-2 concentration at the analogous position in the BMP-2 

agent model. The release was gradual and it followed the following two 

equations: 

[𝐵𝑀𝑃2]𝑐𝑎𝑝𝑠 (𝑥, 𝑦, 𝑧, 𝑡) = [𝐵𝑀𝑃2]𝑐𝑎𝑝𝑠 (𝑥, 𝑦, 𝑧)0 ∗ 𝜆𝑟𝑒𝑙(𝑡) (13) 

[𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡 + Δ𝑡) =  [𝐵𝑀𝑃2] (𝑥, 𝑦, 𝑧, 𝑡)

+ [𝐵𝑀𝑃2]𝑐𝑎𝑝𝑠(𝑥, 𝑦, 𝑧, 𝑡) − [𝐵𝑀𝑃2]𝑐𝑎𝑝𝑠(𝑥, 𝑦, 𝑧, 𝑡 + Δ𝑡) (14)
 

Where [𝐵𝑀𝑃2]𝑐𝑎𝑝𝑠 (𝑥, 𝑦, 𝑧, 𝑡) identified the concentration of scaffold 

encapsulated BMP-2 at position (𝑥, 𝑦, 𝑧) at time step 𝑡. [𝐵𝑀𝑃2]𝑐𝑎𝑝𝑠 (𝑥, 𝑦, 𝑧)0 is 

the initial concentration of BMP-2 capsulated within the collagen sponge. Only 

the agents of the BMP-2 model within the release region were subject to 

concentration rise due to capsulated BMP-2 release. The gradual release of 
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BMP-2 was regulated by the collagen scaffold release rate 𝜆𝑟𝑒𝑙(𝑡), which 
dynamically varied through the entire healing process: 

𝜆𝑟𝑒𝑙(𝑡) =  0.68 𝑒
−0.012∗𝑡 + 0.221𝑒−0.00006∗𝑡 (15) 

This time-dependent function was derived from experimental data on collagen 
sponge BMP-2 adsorption [98] (Figure 2.22.). 

 

Figure 2.22. – Collagen sponge BMP-2 adsorption dynamics. Adapted from 
Fujioka-Kobayashi et al. (2017) [98]. 

 

As 𝜆𝑟𝑒𝑙(0) = 0.901, it is possible to observe that 9.9% of the BMP-2 provision 
is retained from the sponge and it was not released during the healing process.   



64 
 

2.3.3. BMP-2 enhancement of biological activities 

BMP-2 driven enhancement of cellular activity was simulated to investigate its 
role in the promotion of bone defect healing. Ribeiro et al. (2015) described 
the relationships between cell activity and the relative BMP-2 concentration in 
the surroundings [74]. In first instance, BMP-2 influenced MSCs and 
osteoblasts migration according to a dose-dependent law, which is 
characterized by maximum effect at BMP-2 concentration of 1 ng mL-1 [74] 
(Figure 2.23.). The proliferation of MSCs was also upregulated by the presence 
of BMP-2, with a peak at 200 ng mL-1 [74] (Figure 2.23.). Moreover, the 
capacity of osteoblasts to produce bone tissue was upregulated by BMP-2. In 
this latter case, BMP-2 efficacy grows with its concentration until reaching a 
steady-state at concentrations over 100 ng mL-1 [74] (Figure 2.23.).   

 

Figure 2.23. – BMP-2 concentration effect on multiple aspects at cellular level. Adapted 
from Ribeiro et al. (2015) [74]. 
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BMP-2 effect on cell migration and proliferation were implemented in the 

cellular distribution agent model. The chemotaxis and proliferation ratio of the 

cells dynamically varied during the simulation, depending on the BMP-2 

concentration model. To implement this, another parameter was assigned to 

each cell of the agent model: the value of BMP-2 concentration at that location, 

calculated in the BMP-2 model ([𝐵𝑀𝑃2]). All the 125 cells that belonged to the 

same BMP-2 agent were characterized by the same [𝐵𝑀𝑃2] value.  

BMP-2 chemotaxis was implemented as an attractive effect on cells to migrate 

to regions where the BMP-2 chemotactic index was higher. The algorithms that 

described the chemotactic effect on MSCs and osteoblasts were both adapted 

from Ribeiro et al. (2015) [74]. BMP-2 was observed to have a maximum effect 

when its concentration is 1 ng mL-3 [48]. At this concentration, BMP-2 

produces 3.5 and 2.2-fold increase in the chemotactic index of MSCs and 

osteoblasts, respectively. The algorithm evaluated the influence of BMP-2 

concentration on cell chemotaxis by assigning a chemotactic factor (𝑐. 𝑓.) to 

each agent of the BMP-2 model. This factor depended exclusively on the 

concentration of BMP-2 associated with that element [74]: 

𝑐. 𝑓.𝑀𝑆𝐶 (𝑥, 𝑦, 𝑧, 𝑡) = 1 + 2.5 ∗ (𝑒
−(
log([𝐵𝑀𝑃2](𝑥,𝑦,𝑧,𝑡))

2.5
)

2

 ) (16) 

𝑐. 𝑓.𝑂𝐵 (𝑥, 𝑦, 𝑧, 𝑡) = 1 + 1.1 ∗ (𝑒
−(
log([𝐵𝑀𝑃2](𝑥,𝑦,𝑧,𝑡))

2.5
)

2

 ) (17) 

Before the cellular migration process (§ 2.2.2., Cellular migration) began, the 

algorithm checked the 𝑐. 𝑓. of the agent the cell belonged to. It was compared 

with the values of the six agents in its immediate surroundings. If one of the 

surrounding agents had a higher 𝑐. 𝑓. value than the agent the cell belonged to, 

the cell migrated in the direction of that agent. Otherwise, if the cell belonged 

to the agent with maximum 𝑐. 𝑓., it did not migrate at all. If more agents shared 

the maximum value of 𝑐. 𝑓., with an allowance range of 10%, the migration 

direction was randomly chosen only between those elements (Figure 2.24.).  
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Figure 2.24. – Schematic representation of how the effect of BMP-2 chemotaxis was 
applied in this model. (a): The migrating cell (pink) checks its surroundings for available 
spaces (white) in the cell distribution agent-based model; (b): BMP-2 concentration was 
obtained from the adjacent agent-based model regions and from the one where the 
migrating cell belongs. The regions in direction of unavailable migration (red cross due 
to chondrocyte CH presence) were excluded; (c): Chemotaxis factor (𝑐. 𝑓.) was 
determined for each region according to specific BMP-2 concentration [74] and 
maximum value was determined (𝑐. 𝑓.𝑚𝑎𝑥); (d): The BMP-2 regions where 𝑐. 𝑓. was 
lower than 90% 𝑐. 𝑓.𝑚𝑎𝑥 were further excluded (red crosses); (e): Migration was 
randomly assigned in the directions of the remaining BMP-2 regions. The cell could also 
not migrate if 𝑐. 𝑓. of the actual BMP-2 region is higher than 90% of the 𝑐. 𝑓.𝑚𝑎𝑥. Note: 
The representation is simplified in two dimensions. 

 

Additionally, the proliferation ratio of MSCs was upregulated for each cell as a 
function of the specific [𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙. To integrate this, the proliferation 
algorithm was modified where the proliferation ratio was transformed into a 
proliferation probability. This change was necessary because the proliferation 
ratio was affecting the global behavior at the cellular level: with a proliferation 
ratio of 0.60, 60% of all the cells were randomly chosen and proliferated. The 
proliferation probability allowed to be specific for each cell and to affect its 
capacity to proliferate as a function of its specific [𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙. In this way, the 
number of proliferated cells depended on the local BMP-2 concentration.  
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The rule that regulated MSC proliferation probability (𝜋𝑝𝑟𝑜𝑙) was derived from 
Ribeiro et al. (2015) [74]:  

𝜋𝑝𝑟𝑜𝑙 =

{
 
 

 
 0.6 +

[𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙 ∗ 0.4

200
𝑛𝑔
𝑐𝑚3

                           𝑖𝑓 [𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙 ≤ 200
𝑛𝑔

𝑐𝑚3

0.6 + 0.4 ∗ 1.0443

−[𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙−200
𝑛𝑔
𝑐𝑚3

100
𝑛𝑔
𝑐𝑚3  𝑖𝑓 [𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙 > 200

𝑛𝑔

𝑐𝑚3
³

 (18) 

The proliferation probability for MSCs spanned between 60% to 100% (Figure 
2.25.).  

 

Figure 2.25. – Schematic representation of how the effect of BMP-2 on cellular 
proliferation enhancement was applied in this model. (a): The BMP-2 concentration 
([𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙) was obtained from the region including the proliferating cell (pink) 
position; (b): According to Ribeiro et al. (2015), [BMP2]cell determined the proliferation 
probability (𝜋𝑝𝑟𝑜𝑙) [74]; (c): Random value ρ was randomly picked between 0 and 1 and 

compared with 𝜋𝑝𝑟𝑜𝑙  to determine if the cell was allowed to proliferate (ρ≤ 𝜋𝑝𝑟𝑜𝑙) or not 
(ρ>𝜋𝑝𝑟𝑜𝑙). Note: The representation is simplified in two dimensions. 

 

The algorithm randomly chose one MSC and evaluated its proliferation 
probability 𝜋𝑝𝑟𝑜𝑙 according to its specific [𝐵𝑀𝑃2]𝑐𝑒𝑙𝑙. To test the cell 
proliferation capacity, a value ρ between 0.00 and 1.00 was randomly chosen. 

A new ρ value was randomly obtained for every test performed. If ρ > 𝜋𝑝𝑟𝑜𝑙, 
the cell did not proliferate. Otherwise, if ρ ≤ 𝜋𝑝𝑟𝑜𝑙, the cell proliferated 
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according to the aforementioned rules (§ 2.2.2., Cellular proliferation). The 

algorithm checked the proliferation capacity of all the MSCs and osteoblasts 

within the agent-based model. The 𝜋𝑝𝑟𝑜𝑙 minimum values were adapted from 

the proliferation daily-ratio used when no BMP-2 effect was investigated  

(§ 2.2.2., Cellular proliferation). The value of 𝜋𝑝𝑟𝑜𝑙 had to be reduced by a 

proper factor if the iteration period was shorter than one day (when 2-hour 

iteration period was investigated, 𝜋𝑝𝑟𝑜𝑙 value was divided by a factor 12). 

To include the effect of BMP-2 on promoted bone tissue production, the 

concentration of BMP-2 regulated the quantity of bone tissue produced by 

osteoblasts. The bone tissue production rate dynamically changed for each 

osteoblast. The following rule, derived by Ribeiro et al. (2015) [74], defines 

how the production quantity increased according to [𝐵𝑀𝑃2]𝑂𝐵: 

𝐵𝑇𝑃𝑂𝐵  (𝑓. 𝑢. ) =  1 +
2 ∗ [𝐵𝑀𝑃2]𝑂𝐵

15
𝑛𝑔
𝑐𝑚3 + [𝐵𝑀𝑃2]𝑂𝐵

 (19) 

The 𝐵𝑇𝑃𝑂𝐵 value was then multiplied by the bone tissue matrix production 

ratio to evaluate the amount of tissue produced by the osteoblast during the 

iteration under the BMP-2 conditions.  
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2.4. Computer models set-up 

The multiscale computer models investigated mechanical and biological 

factors influencing the bone healing process in two different compromised 

conditions: 1) aging approach and 2) critical size defect. In addition, the 

mechano-regulation of large bone defect healing augmented with BMP-2 was 

investigated. 

 

2.4.1. Mechano-regulation of bone healing in mice 

Bone healing is a process driven by the mechanical environment within the 

callus region. Many in vivo studies investigated the differences in healing 

progression under different mechanical conditions such as fixator stiffness, 

gap size or allowed interfragmentary movement. In vivo, it is experimentally 

challenging to measure the distribution of the mechanical stimuli within the 

callus region. In this study, a FE model was developed to study temporal 

changes in the mechanical conditions within the callus in a 0.5 mm mouse 

osteotomy. The aim was to predict the strain and fluid flow distribution within 

the healing region. The Prendergast et al. (1997) biomechanical regulatory 

model [57], observed to correctly predict bone healing in rats [61], was 

implemented in the model to regulate cell differentiation in mice under both 

rigid and semirigid fixation conditions. Predicted tissue distributions at day 7, 

14 and 21 post-operation were compared to histological experimental data 

from adult mice (26-week old) [86].  
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2.4.2. Age-related alterations in the mechanobiological regulation of bone 

healing 

Many biological processes (migration, proliferation, etc.) at the cellular level 

have been reported to be influenced by aging. To investigate the relative role 

of age-related alterations at the cellular level on tissue patterning over the 

course of healing, a DOE method [99] was used. The method combined the 

age-related effects of multiple factors on the global outcome of the bone 

healing model, allowing to identify the ones playing a major role in affecting 

the process. An orthogonal array was used to reduce the number of 

experiments (simulations in this case) needed. Fifteen age-related cellular 

factors (P1 – P15) were selected to investigate their role at the tissue level 

alteration of bone healing with aging (Table 2.9.). Two levels were associated 

with each parameter: adult (+1) and elderly (-1). The values that were 

previously reported to describe the cellular distribution agent-based model (§ 

2.2.2.) were used as input values for the adult level. To simulate the 

compromising effect of aging, the parameter values were either halved 

(migration, proliferation and differentiation rates, and initial cell density) or 

doubled (apoptosis rate) in the elderly level (Table 2.9.). 
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Parameter 

Level 

 Adult (+1) Elderly (-1) 

Initial MSC density 

% 
   

Periosteal P1 30 15 

Marrow P2 30 15 

Migration rate 

µm day-1 
   

MSCs P3 720 360 

Fibroblasts P4 720 360 

Differentiation rate 

day-1 
   

MSCs P5 0.30 0.15 

Proliferation rate 

day-1 
   

MSCs P6 0.60 0.30 

Fibroblasts P7 0.55 0.275 

Chondrocytes P8 0.20 0.10 

Osteoblasts P9 0.30 0.15 

Apoptosis rate 

day-1 
   

MSCs P10 0.05 0.10 

Fibroblasts P11 0.05 0.10 

Chondrocytes P12 0.10 0.20 

Osteoblasts P13 0.16 0.32 

Table 2.9. – Cellular activity parameters investigated on two levels: adult (+1) and 
elderly (-1). 

 

Two parameters were further investigated to include the effect of aging on 

tissue stiffening and on reduced cellular mechanosensitivity. Age-related 

tissue stiffening (P14) was investigated by increasing the baseline Young’s 

modulus of all the biological materials by +20%. Reduced cellular 

mechanosensitivity (P15) was simulated in the elderly level by moving to 

higher mechanical stimuli the boundaries of the MSC differentiation rule 

(Appendix D).  
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Taguchi orthogonal arrays combine the two-levels parameters on each 

experiment [99]. This method minimizes the number of simulations necessary 

to investigate the interactions between all the parameters. Sixteen different 

simulations (S1 to S16) were designed to investigate the contribution of fifteen 

cellular parameters to alterations on tissue patterning over the course of 

healing. Each one of the simulations was characterized by a combination of 

parameters associated with their adult (+1) or elderly level (-1), as reported in 

Table 2.10.  

 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 

S1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 

S2 -1 -1 -1 -1 -1 -1 -1 +1 +1 +1 +1 +1 +1 +1 +1 

S3 -1 -1 -1 +1 +1 +1 +1 -1 -1 -1 -1 +1 +1 +1 +1 

S4 -1 -1 -1 +1 +1 +1 +1 +1 +1 +1 +1 -1 -1 -1 -1 

S5 -1 +1 +1 -1 -1 +1 +1 -1 -1 +1 +1 -1 -1 +1 +1 

S6 -1 +1 +1 -1 -1 +1 +1 +1 +1 -1 -1 +1 +1 -1 -1 

S7 -1 +1 +1 +1 +1 -1 -1 -1 -1 +1 +1 +1 +1 -1 -1 

S8 -1 +1 +1 +1 +1 -1 -1 +1 +1 -1 -1 -1 -1 +1 +1 

S9 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 

S10 +1 -1 +1 -1 +1 -1 +1 +1 -1 +1 -1 +1 -1 +1 -1 

S11 +1 -1 +1 +1 -1 +1 -1 -1 +1 -1 +1 +1 -1 +1 -1 

S12 +1 -1 +1 +1 -1 +1 -1 +1 -1 +1 -1 -1 +1 -1 +1 

S13 +1 +1 -1 -1 +1 +1 -1 -1 +1 +1 -1 -1 +1 +1 -1 

S14 +1 +1 -1 -1 +1 +1 -1 +1 -1 -1 +1 +1 -1 -1 +1 

S15 +1 +1 -1 +1 -1 -1 +1 -1 +1 +1 -1 +1 -1 -1 +1 

S16 +1 +1 -1 +1 -1 -1 +1 +1 -1 -1 +1 -1 +1 +1 -1 

Table 2.10. – Orthogonal matrix with the 16 simulation conditions as combination of the 
parameters on two levels. 

 

The mouse osteotomy model was run for each of the sixteen experiments 

under both rigid and semirigid fixator conditions. The combination of adult 

and elderly values for the parameters involved in the investigation followed 

the orthogonal arrays reported in Table 2.10. [99]. For example, S1 was 

characterized by all the fifteen parameters altered due to aging (level -1) while 



73 

 

S2 was characterized by parameters P1 to P7 set to elderly level values (-1) 

and the parameters P8 to P15 kept unaltered to adult level values (+1).    

Analysis of variance was performed on bone tissue area predicted by the in 

silico model at 7, 14 and 21 days for each of the sixteen simulations under both 

rigid and semirigid conditions. This allowed to quantify each parameter 

contribution to the alteration of bone tissue formation in elderly mice. The sum 

of the squares of deviation about the mean (𝑆𝑆𝑃) was calculated as follows: 

𝑆𝑆𝑃 =  ∑𝑁𝑃,𝑖(�̅�𝑃,𝑖 − �̅�)
2

𝑛

𝑖=1

(20) 

Where n is the number of levels considered for the DOE, in this case 𝑛 = 2 (adult 

and elderly level). 𝑁𝑃,𝑖 is the number of experiments where the specific 

parameter 𝑃 is set to level 𝑖. In this study the value is always set to eight, as 

each one of the parameters is set to the adult level (𝑖 = +1) in eight experiments 

and set to the elderly level (𝑖 = +1) in eight experiments. �̅�𝑃,𝑖 is the average 

value of the investigated factor (bone tissue area in mm², in this case) between 

all the results of the experiments in which the parameter 𝑃 was set to level 𝑖. 

�̅� is the average value of the investigated factor of all the experiments. In 

addition, the percentage of the total sum of squares (𝑇𝑆𝑆) was calculated for 

each parameter: 

𝑇𝑆𝑆 = 100% ∗
𝑆𝑆𝑃

∑ (𝑦𝑖 − �̅�)2
𝑁
𝑖=1

 (21) 

Where N is the number of experiments, in this case 𝑁 = 16. 𝑦𝑖  is the value of 

the investigated factor (bone tissue area in mm²) as result of experiment 𝑖. The 

𝑇𝑆𝑆 weighted the contribution of every single parameter to the variance and 

measured the “importance” of each parameter on the alteration of bone 

healing [100].  

At each time-point and under both fixator conditions, the three parameters 

with the highest 𝑇𝑆𝑆 values were identified as the most influential ones. 

Thereafter, the comparison with in vivo data was performed from a qualitative 
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and quantitative point of view by running extra bone healing models where all 

the parameters were assigned to their adult level value except for 

combinations of two or all the three most influential parameters, which were 

assigned to their specific elderly level value. Bone and cartilage area were 

predicted for each time-point and compared with experimental data from 

elderly mice. Simulation results and experimental histological data at day 7, 14 

and 21 post-operation under both rigid and semirigid external fixation were 

compared.  

 

2.4.3. Investigation of BMP-2 effect on bone defect healing in rats 

To investigate the biological role of BMP-2 to compromised bone defect 

healing in rats, an in silico model reproduced the case scenarios investigated 

in vivo by Schwarz et al. (2013) [45]. The model was characterized by a 5 mm 

critical bone defect to simulate the same challenging healing conditions of the 

in vivo study. Four different case studies were examined, following the 

conditions of the experiment: (a) control case, (b) only load, (c) only BMP-2, (d) 

BMP-2 + load. Case studies (b) and (d) were characterized by additional 

application of 500 µm displacement of the bone in the axial direction 

(compression) every 7 complete day-iterations to simulate external 

mechanical stimulation on weekly basis [45]. The fixator bridge was 

temporarily removed from the model during the external mechanical 

stimulation, as described in the experimental setup [45]. For case studies (c) 

and (d) an initial exogenous BMP-2 concentration of 50 µg was provided 

within the osteotomy gap, simulating the conditions of BMP-2 treatment [45]. 

BMP-2 was gradually dosed according to simulate collagen sponge release. An 

additional model was run for the case study (c) considering free BMP-2 since 

the first iteration to investigate the importance of the collagen sponge on 

defect healing. The interaction between bone healing promoters was 

investigated on multiple length- and time-scales to highlight the role of BMP-2 

and mechanical treatments on the successful regeneration of critical defects. 

Spatial distribution of bone tissue predicted at 2, 4 and 6 weeks post-operation 
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for all the case studies was compared with µCT images obtained 
experimentally [45]. In addition, histomorphometry data at 6 weeks post-
operation was quantitatively confronted with bone tissue area predicted at the 
same time-point. In addition, two further models were developed to 
investigate the behaviors observed in vivo that the current models were not 
able to predict. The alternative models are described in the following sections.  

 

External loading regulation of BMP-2 release and diffusion 

To investigate the mechanical effect of external loading on BMP-2 dynamics, 
increased release and faster diffusion of BMP-2 were simulated within the 
callus when weekly when mechanical loading was provided. In the original 
model, the mechanical stimulation only operated at the cellular level by 
regulating MSC differentiation. In the first alternative model, the collagen 
sponge gradual release of BMP-2 followed a different algorithm. The additional 
compressive stress provided by the extra mechanical stimulation led to a 
higher release of BMP-2. Over the normal release dynamics [98], every weekly 
iteration, the sponge released a higher quantity of BMP-2 to simulate the 
increased compressive stress. The additional release was dependent to the 
fold-increase compressive stress due to additional stimulation. This resulted 
in stepped dynamics as reported in Figure 2.26. 

 

Figure 2.26. – Dynamics of BMP-2 adsorption over time for a normal collagen sponge 
(orange) and a mechanically stimulated sponge release (blue). 
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Additionally, the new model implemented the effect of the compression on the 

BMP-2 motion within the tissues inside the defect opening. In detail, at the 

time-points when additional loading was provided, the diffusion coefficient 𝐷, 

which regulated the spatial diffusion of BMP-2, was doubled. The diffusion 

coefficient was not affected in the iterations when normal gait mechanics were 

simulated. The magnitude of the additional release and the 2-fold increase in 

diffusivity were arbitrarily chosen to test the mechano-driven regulation of 

BMP-2 mobility in the tissues.  

 

Limited cellular migration and proliferation in large bone defect healing 

Based on experimental observations on the lack of cellular activity due to 

impaired vascularization in large bone defects [101] [102], the biological 

activities at the cellular level were downregulated in the large defect model. In 

fact, in the main model, the defect size influenced healing only from a mechanic 

point of view. The second alternative model was characterized by a 

compromised biological environment at the cellular level due to the critical 

healing conditions. To implement it, the cellular activities in the agent-based 

model were limited to happen only in the first stages of healing. A test was 

performed in the model by limiting cellular migration and proliferation to the 

first 10 days post-operation. In detail, all the cellular migration and 

proliferation ratios were set to zero after 10 days of simulation. This meant 

that, after that time-point, all the cells within the defect opening were not able 

to migrate and proliferate anymore. Under BMP-2 treatment, the condition 

was valid only in the regions where BMP-2 was not having any sort of effect on 

migration and proliferation. In the regions where these processes were 

enhanced by BMP-2 presence, the algorithm was adapted to have cellular null 

ratio at BMP-2 physiological concentration.  
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3  

RESULTS 
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3.1. Age-related alterations in the mechanical regulation of bone 

healing 

 

3.1.1. Over two times higher mechanical stimuli within a mouse osteotomy under 

semirigid compared with rigid fixation conditions 

In the mouse FE model, under gait mechanical loading conditions, predicted 

compressive strains and fluid flow velocities were highest within the 

osteotomy gap, while lower magnitudes were predicted at the periosteal side. 

Immediately post-osteotomy, average compressive principal strains within 

the endosteal region were predicted to be 0.179±0.045 in calluses stabilized 

by rigid fixation (Figure 3.1A). Under semirigid external fixation, the average 

compressive principal strains in the endosteal region were more than two 

times higher (0.480±0.155) (Figure 3.1B). Slightly higher strains were 

predicted inter-cortically in the medial side compared with the lateral side 

(fixator side), both under rigid and semi-rigid fixation. Also in the intercortical 

region, average FE-estimated compressive strains were more than two times 

higher under semirigid than under rigid fixation (rigid fixator intercortical 

medial side: 0.260±0.047, rigid fixator intercortical lateral side: 0.225±0.049, 

semi-rigid fixator intercortical medial side: 0.701±0.143, semi-rigid fixator 

intracortical lateral side: 0.613±0.141) (Figure 3.1.). Lower mechanical stimuli 

were predicted in the periosteal region. Compressive principal strains in the 

periosteal region showed three-fold increase under semi-rigid compared with 

rigid fixation (rigid fixator periosteal medial side: 0.135±0.060, rigid fixator 

periosteal lateral side: 0.115±0.052, semi-rigid fixator periosteal medial side: 

0.473±0.167, semi-rigid fixator periosteal lateral side: 0.409±0.162) (Figure 

3.1.). 
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Figure 3.1. – Compressive principal strain distribution predicted within the callus 
immediately after surgery under rigid (A) and semirigid (B) external fixator 
stabilization. 

 

Under rigid conditions, predicted fluid flow velocity was characterized by a 

symmetrical distribution where the position of the external fixator did not 

have an influence on the induced fluid flow velocity (intercortical medial side: 

0.0018±0.0011 µm s-1, intercortical lateral side: 0.0016±0.0010 µm s-1, 

periosteal medial side: 0.0014±0.0011 µm s-1, periosteal lateral side: 

0.0013±0.0009 µm s-1) (Figure 3.2A). Under semirigid conditions, the higher 

compressive stresses favored the movement of interstitial liquid within the 

osteotomy gap. Two-time faster fluid motion was predicted intercortically 

under semirigid conditions (intercortical medial side: 0.0036±0.0032 µm s-1, 

intercortical lateral side: 0.0038±0.0037 µm s-1) (Figure 3.2B). Moreover, 

three-time higher values characterized fluid flow velocity in periosteal 

elements under more flexible conditions (periosteal medial side: 

0.0061±0.0035 µm s-1, periosteal lateral side: 0.0071±0.0046 µm s-1) (Figure 

3.2B). 
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Figure 3.2. – Interstitial fluid flow velocity (µm s-1) predicted within the osteotomy gap 
post-surgery under rigid (A) and semirigid (B) external fixator stabilization. 

 

Due to its challenging nature, the mechanical environment within the 
osteotomy gap was not investigated in vivo. However, the experimental 
mechanical testing conditions used to evaluate the stiffness of the external 
fixators were recreated in silico to validate their effect on the mechanical 
stabilization of the osteotomy. In silico, an axial stiffness of 18.22 N mm-1 was 
predicted for the rigid fixator, while for the semirigid fixator an axial stiffness 
of 2.65 N mm-1 was predicted. These results agree with the experimental data 
[86]: rigid: 16.94±0.87 N mm-1; semirigid: 2.82±0.09 N mm-1 (Figure 3.3.). 

 

Figure 3.3. – Quantitative comparison between in silico (red) and in vivo (blue shades 
[86]) measurements of axial stiffness of rigid (left) and semirigid (right) fixators. 
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3.1.2. Bone healing occurs under higher mechanical stimuli in mice than in larger 

animals 

The general mechano-regulatory rule, which correctly predicted bone healing 
in rat [61] was not able to reproduce the tissue dynamics in the mouse model. 
The ranges of mechanical stimuli that were able to explain tissue 
differentiation in rats were higher in mice [61]. This difference resulted in the 
incorrect prediction of a high amount of fibrous tissue within the osteotomy 
gap under rigid external fixation at 14 and 21 weeks post-operation (Figure 
3.4.). The non-union condition shown by the in silico model did not reproduce 
the healing results observed experimentally [103]. Under rigid fixation, mice 
bone osteotomies were observed to heal within weeks without excessive 
fibrous tissue production within the osteotomy gap. Moreover, the in silico 
model showed periosteal cartilage formation at the initial stages (Figure 3.4.), 
which was not observed in histological data. 

 
Figure 3.4. – Top: Tissue patterning predicted in mouse osteotomy healing model under 
standard mechano-regulation rules according to Prendergast et al. (1997) [57]. Bottom: 
Histological images from adult mice. Results are shown at 7, 14 and 21 days post-
osteotomy under rigid fixation conditions. Prediction tissue patterning colors were 
chosen analogously to histology staining: dark yellow: bone; green: cartilage; dark red: 
fibrous tissue. 
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Quantitative results showed increasing fibrous tissue production during the 

first 6 weeks post-operation under rigid conditions (Figure 3.5.). From week 6 

on, the predicted fibrous tissue area remained almost constant and bone tissue 

formation became preponderant (Figure 3.5.).  

 

Figure 3.5. – Quantitative results of tissue ratios within the callus domain predicted 
weekly until week 14 post-operation. 

Mechano-regulation of mouse bone healing under semirigid conditions was 

omitted from the investigation as even higher mechanical stimuli were 

predicted within the callus gap under those conditions. Under higher 

mechanical stimuli, the use of the investigated mechano-regulation rules 

would favor even more the differentiation of MSCs into fibroblasts and the 

consequent production of fibrous tissue within the osteotomy. 

 

3.1.3. Bone healing is predicted in silico when the mechano-regulation rules are 

adapted to higher mechanical stimuli 

Experimentally observed bone healing in mice was successfully predicted in 

silico by varying the mechano-regulatory rules that explained bone healing in 

larger animals [61], where MSC differentiation took place under higher 

mechanical stimuli. Computer model simulations of the bone healing process 

predicted the overall progression of tissue patterning over the course of 
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healing in mice under both rigid and semirigid fixation for the first 21 days 
post-operation.  

Under rigid fixation, the model predicted initial endosteal bone formation and 
the formation of cartilage within the osteotomy gap during the first 14 days 
post-surgery. No substantial differences were observed, in silico, in tissue 
patterning between days 14 and 21 (Figure 3.7A). Qualitative comparison 
between in vivo and in silico tissue patterning showed good correspondence of 
the increasing production of bone within the endosteal cavity in the first 2 
weeks post-operation (Figure 3.7A).  

 

Figure 3.6. – Comparison between simulation and experimental tissue distribution (A) 
and tissue area extension (B) within the osteotomy gap of bone osteotomy healing in 
mice under rigid conditions at 7, 14 and 21 days post-operation. Prediction tissue 
patterning colors were chosen analogously to histology staining: dark yellow: bone; 
green: cartilage. 
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Under semirigid fixation, both in vivo and in silico, bone bridging was not 
achieved, as cartilage was still present inside the osteotomy gap at 21 days 
post-surgery (Figure 3.7A).   

 

Figure 3.7. – Comparison between simulation and experimental tissue distribution (A) 
and tissue area extension (B) within the osteotomy gap of bone osteotomy healing in 
mice under semirigid conditions at 7, 14 and 21 days post-operation. Prediction tissue 
patterning colors were chosen analogously to histology staining: dark yellow: bone; 
green: cartilage. 

 

Both in vivo and in silico, the mechanical conditions played a primary role in 
mouse bone healing, as the incapacity of bridging within 21 days was observed 
in mice only under flexible conditions. Moreover, a quantitative comparison 
between in silico predictions and experimental histomorphometry showed 
similar bone and cartilage tissue area increasing during the first two weeks of 
healing under rigid conditions (Figure 3.6B). Under semirigid conditions, 
quantitative results confirmed the over-estimation of bone tissue within the 
osteotomy gap at day 21 post-operation (in vivo: 0.21 mm², in silico: 0.70 mm²) 
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(Figure 3.7B). Cartilage tissue area under semirigid conditions was similar in 

vivo and in silico at every time-point (Figure 3.7B).  
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3.1.4. Age-related effect on bone healing in mice can be described as a reduction 

of cellular mechanosensation. 

A DOE approach was used to investigate the influence of age-related 

alterations at the cellular level on bone healing progression. Following an 

orthogonal array design (§ 2.4.2.), the most influencing parameters on the 

bone healing progression were identified. Bone tissue area prediction at 7, 14 

and 21 days was used as a comparison between experiments and simulations, 

under rigid and semirigid fixator conditions. The results of all the simulations 

are reported in Table 3.1. 

Simulation 

Rigid Fixator Semirigid Fixator 

 

Day 7 

 

Day 14 

 

Day 21 

 

Day 7 

 

Day 14 

 

Day 21 

S1 0.01 0.07 0.04 0.01 0.15 0.18 

S2 0.01 0.13 0.37 0.01 0.06 0.19 

S3 0.11 0.36 0.30 0.02 0.14 0.50 

S4 0.06 0.07 0.06 0.12 0.23 0.17 

S5 0.01 0.12 0.13 0.01 0.06 0.39 

S6 0.01 0.13 0.20 0.01 0.21 0.42 

S7 0.01 0.06 0.07 0.01 0.10 0.32 

S8 0.02 0.20 0.27 0.01 0.11 0.32 

S9 0.01 0.10 0.35 0.01 0.06 0.24 

S10 0.01 0.06 0.04 0.01 0.10 0.28 

S11 0.01 0.10 0.10 0.01 0.16 0.30 

S12 0.01 0.12 0.21 0.01 0.06 0.49 

S13 0.20 0.16 0.14 0.37 0.37 0.30 

S14 0.29 0.20 0.12 0.06 0.27 0.36 

S15 0.08 0.24 0.15 0.01 0.10 0.45 

S16 0.04 0.08 0.07 0.08 0.28 0.25 

Table 3.1. - Bone tissue area (mm²) predicted from each simulation at 7, 14 and 21 days 
under rigid and semirigid mechanical conditions. 
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Analysis of variance between the fifteen parameters used in this study 

highlighted the most influential parameters. The results provided as the sum 

of squares of the single parameter (𝑆𝑆𝑃) and its percentage over the total sum 

of squares (𝑇𝑆𝑆) are reported in Table 3.2. Higher 𝑇𝑆𝑆 means a higher role of 

the parameter in the age-related alteration of predicted bone healing.  

 

Rigid Fixator Semirigid Fixator 

Day 7 Day 14 Day 21 Day 7 Day 14 Day 21 

SSP 

mm² 

TSS 

% 

SSP 

mm² 

TSS 

% 

SSP 

mm² 

TSS 

% 

SSP 

mm² 

TSS 

% 

SSP 

mm² 

TSS 

% 

SSP 

mm² 

TSS 

% 

P1 0.01 10 0.00 0 0.00 2 0.01 6 0.01 5 0.00 1 

P2 0.01 12 0.00 2 0.01 3 0.01 7 0.02 13 0.02 9 

P3 0.03 32 0.01 12 0.00 1 0.02 18 0.04 26 0.01 5 

P4 0.00 3 0.00 5 0.00 1 0.00 2 0.00 0 0.01 6 

P5 0.02 18 0.00 4 0.00 0 0.01 11 0.01 5 0.00 1 

P6 0.02 16 0.01 6 0.00 0 0.01 10 0.02 13 0.03 18 

P7 0.00 3 0.00 1 0.00 0 0.00 2 0.00 0 0.00 2 

P8 0.00 0 0.00 3 0.00 0 0.00 1 0.00 2 0.00 1 

P9 0.00 0 0.00 0 0.03 15 0.01 6 0.00 1 0.01 6 

P10 0.00 1 0.00 5 0.00 3 0.01 6 0.01 4 0.00 0 

P11 0.00 0 0.01 14 0.00 0 0.00 1 0.00 0 0.03 20 

P12 0.00 2 0.01 8 0.00 0 0.01 11 0.00 2 0.01 8 

P13 0.00 1 0.00 1 0.04 23 0.01 4 0.00 1 0.00 2 

P14 0.00 0 0.00 3 0.00 2 0.01 4 0.00 0 0.00 0 

P15 0.00 3 0.03 36 0.09 49 0.01 10 0.04 27 0.03 19 

Table 3.2. – Analysis of variance performed to quantify the significance of each 
parameter on bone tissue formation at 7, 14 and 21 days under rigid and semirigid 
mechanical conditions. The sum of the squares (SSP) and the percentage of the total sum 
of squares (𝑇𝑆𝑆) is reported for each parameter. Note: the three most influential 
parameters at each time-point for both mechanical conditions are highlighted. 
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Under rigid conditions, at 7 days post-operation, the major role was played by 

age-related alterations in MSC migration (P3, 𝑇𝑆𝑆 = 32%), differentiation (P5, 

𝑇𝑆𝑆 = 18%) and proliferation (P6, 𝑇𝑆𝑆 = 16%) rates. At day 14, reduced cell 

mechanosensitivity played the main role (P15, 𝑇𝑆𝑆 = 36%) followed by 

increased fibroblast apoptosis (P11, 𝑇𝑆𝑆 = 14%) and decreased MSC migration 

(P3, 𝑇𝑆𝑆 = 12%) rates. At day 21, the most influential aging parameter on bone 

tissue area was the reduction of cell mechanosensitivity (P15, 𝑇𝑆𝑆 = 49%) 

followed by the increased osteoblast apoptosis ratio (P13, 𝑇𝑆𝑆 = 23%) and the 

reduction of osteoblast proliferation (P9, 𝑇𝑆𝑆 = 15%). 

Under semirigid conditions, age-related alteration of MSC activities also 

played a primary role in the early stages of healing. At day 7, reduced MSC 

migration speed (P3, 𝑇𝑆𝑆 = 18%) and differentiation rate (P5, 𝑇𝑆𝑆 = 11%) 

were the most influential parameters in addition to increased chondrocyte 

apoptosis (P12, 𝑇𝑆𝑆 = 11%). At day 14, reduced MSC migration speed still 

played a major role (P3, 𝑇𝑆𝑆 = 27%) together with reduced cell 

mechanosensitivity (P15, 𝑇𝑆𝑆 = 27%). The third most influential parameter 

was the reduced number of MSCs in the marrow cavity (P2, 𝑇𝑆𝑆 = 13%). At day 

21, three parameters were predicted to have similar importance in the effect 

on bone tissue area: reduced MSC mechanosensitivity (P15), increased 

fibroblast apoptosis rate (P11) and decreased MSC proliferation ratio (P6) 

were all characterized by 𝑇𝑆𝑆 between 18% and 20%.  

In vivo, aging had a higher effect on mouse bone healing under semirigid 

compared with rigid fixation. In detail, under semirigid conditions, elderly 

mice were characterized by enhanced healing at 21 days compared to adult 

mice [38]. According to this, the parameters that mostly altered bone healing 

under semirigid conditions were chosen as the most influential factors: 

reduced mechanosensitivity (P15), increased fibroblast apoptosis (P11) and 

reduced MSC proliferation (P6) rate. Thereafter, parameters P6, P11 and P15 

were “aged” in couples (P6+P11, P6+P15, P11+P15) or as a whole triplet 

(P6+P11+P15), while the rest of parameters were kept to adult level. 

Computer simulations showed that the combinations P6+P15, P11+P15 and 
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P6+P11+P15 resulted in simular tissue distributions during the bone healing 

process, at the observation time-points. In detail, with rigid fixation, the model 

predicted small amounts of bone tissue (< 0.03 mm²) and no cartilage within 

the callus at 7 days post-operation for all the investigated combinations 

(Figure 3.8.). Endosteal bone formation was observed in all the case studies at 

14 days post-operation but major production characterized P6+P11 (0.31 

mm²) over the others (P6+P15: 0.16 mm², P11+P15: 0.20 mm², P6+P11+P15: 

0.16 mm²) (Figure 3.8.). Moreover, cartilage was observed at 14 days only for 

case P6+P11 (0.05 mm²) (Figure 3.8.). Strong bone tissue formation was 

predicted to continue within the gap only for case P6+P11. In fact, at day 21 an 

increment of bone tissue area was observed for this case (0.40 mm²), whereas 

bone area was subject to minor variations in the others (P6+P15: 0.19 mm², 

P11+P15: 0.21 mm², P6+P11+P15: 0.20 mm²) (Figure 3.8.). At 21 days 

post-operation, the case P6+P11 was the only one that showed cartilage within 

the osteotomy gap (Figure 3.8.).  
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Figure 3.8. – Top: quantitative comparison in bone and cartilage area at 7, 14 and 21 
days between the case studies P6+P11 (a), P6+P15 (b), P11+P15 (c), P6+P11+P15 (d) 
and the histological images of 78-week old mice (e) under rigid external fixation. 
Bottom: predicted tissue patterning at 7, 14 and 21 days under rigid external fixation. 
Dark yellow: bone, green: cartilage. 
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Likewise, under semirigid fixation, the similarity in the tissue patterning and 

tissue area was observed between the combinations P6+P15, P11+P15 and 

P6+P11+P15. In particular, for all those case studies bone formation was 

observed within the osteotomy gap (Figure 3.9.). Incomplete healing was 

predicted still at 21 days for the case study P6+P11 (Figure 3.9.). From a 

quantitative point of view, marked difference in cartilage area was observed 

between P6+P11 and the other case studies at 14 days post-operation 

(P6+P11: 0.19 mm², P6+P15: 0.07 mm², P11+P15: 0.06 mm², P6+P11+P15: 

0.08 mm²) and 21 days post-operation (P6+P11: 0.30 mm², P6+P15: 0.08 

mm², P11+P15: 0.07 mm², P6+P11+P15: 0.05 mm²) (Figure 3.9.). Moreover, a 

minor area was occupied by bone tissue within the osteotomy at 14 days 

post-operation for P6+P11 (0.13 mm²) compared to the other cases (P6+P15: 

0.42 mm², P11+P15: 0.50 mm², P6+P11+P15: 0.41 mm²) (Figure 3.9.). 
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Figure 3.9. – Top: quantitative comparison in bone and cartilage area at 7, 14 and 21 
days between the case studies P6+P11 (a), P6+P15 (b), P11+P15 (c), P6+P11+P15 (d) 
and the histological images of 78-week old mice (e) under semirigid external fixation. 
Bottom: predicted tissue patterning at 7, 14 and 21 days under semirigid external 
fixation. Dark yellow: bone, green: cartilage.
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From a quantitative point of view, the parameter P15 was the one that 

influenced the most bone and cartilage formation when it was set to the 

“elderly” level. In fact, differences in tissue area were observed between the 

case studies that include its alteration (P6+P15, P11+P15, P6+P11+P15) and 

the one that did not (P6+P11) under both rigid (Figure 3.8.) and semirigid 

fixation (Figure 3.9.). This result highlights the age-related reduction of 

cellular mechanoresponse as a key contributor to age-related alterations in 

bone healing. Moreover, the comparison with histological images of 78-week 

old mice showed better agreement with tissue patterning predicted from the 

case studies where age-alteration of P15 was included. For example, a 

preponderant cartilage formation at 21 days within the gap was predicted in 

mouse under semirigid fixation for the case study P6+P11. The alteration of 

mechano-regulation (P15) was more and more highlighted as a possible 

explanation of the compromised healing condition in elderly mice, as its 

inclusion was necessary to correctly reproduce age-altered healing, as 

observed experimentally (Figure 3.9.). In the following paragraph, 

experimental data from elderly mice are compared with computer model 

predictions of healing with reduced cellular mechanoresponse (i.e. the 

parameter P15 is the only one set to the “elderly” level).  

  



95 
 

3.1.5. Comparison with experimental results 

The comparison between the proposed aged mice in silico model and the 
78-week old mice histology under rigid fixator conditions showed that bone 
area predicted by the elderly mouse computer model matched 
histomorphometry data at 7 days (in vivo: 0.01 mm², in silico: 0.02 mm²) and 
was underestimated at 14 (in vivo: 0.29 mm², in silico: 0.19 mm²) and 21 days 
(in vivo: 0.34 mm², in silico: 0.21 mm²) (Figure 3.10.). Predicted cartilage area 
was almost negligible (< 0.03 mm²) at all time-points, in agreement with 
experimental results (Figure 3.10.).  

 

 

Figure 3.10. – Quantitative (top) and qualitative (bottom) comparison of bone and 
cartilage area between predicted (black line) and experimental (bars) results of bone 
healing in elderly mice under rigid fixation. In silico results correspond to a model with 
reduced cellular mechanoresponse (P15). In silico results are daily sampled with 
continuity between day 7 and day 21, in vivo results are reported at 7, 14 and 21 days. 
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Under semirigid conditions, the predicted peak cartilage area occurred at day 
11 (0.12 mm²). The comparison with in vivo data at day 14 (0.18 mm²) 
suggested that the computer model predicted this event in advance (Figure 
3.11.). Moreover, the comparison between the bone tissue area predicted at 
day 11 (0.29 mm²) and at day 14 (0.47 mm²) suggested that anticipated bone 
formation could explain the difference with in vivo measured tissue area at day 
14 (0.14 mm²) (Figure 3.11.). 

 

Figure 3.11. – Quantitative (top) and qualitative (bottom) comparison of bone and 
cartilage area between predicted (black line) and experimental (bars) results of bone 
healing in elderly mice under semirigid fixation. In silico results correspond to a model 
with reduced cellular mechanoresponse (P15). In silico results are daily sampled with 
continuity between day 7 and day 21, in vivo results are reported at 7, 14 and 21 days. 
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3.1.6. Discussion 

Aging is known to alter the bone regeneration potential [25] [26]. In particular, 

different studies have shown alterations in the number and biological 

behavior of donor cells with aging [29]-[32] [34]. At the tissue level, aging 

resulted in a lack of response to changes in fixation stability. In fact, while the 

use of a semirigid external fixator was observed to compromise bone 

regeneration in adult mice [86], the healing outcome was observed to be less 

dependent on the osteotomy stabilization in elderly mice [38]. Here, a 

computer model was developed to investigate the distribution of local 

mechanical stimuli within the healing region, which is challenging to measure 

in vivo, and to investigate how age-alterations at the cellular level contribute 

to the bone healing process.  

The stimulation pattern predicted within the callus in the initial phase of 

healing resembled the mechanical environment already observed in other 

computer osteotomy models, where higher mechanical strains are predicted 

in the intercortical compared with the periosteal region [22] [24] [56]. The 

comparison with a rat osteotomy model [61] showed that tissues within the 

mouse callus region are subject to higher mechanical stimuli.  

A mechanobiological computer model able to explain bone healing in rats [61] 

was adapted to investigate bone healing in mice. It was observed that due to 

the high levels of mechanical strain post-surgery, the model was not able to 

predict regeneration as observed in vivo and, instead, a non-union was 

predicted. Previous studies also investigated inter-species differences in the 

mechanical regulation of healing, showing that different specifies respond to 

different ranges of mechanical stimuli [61] [71]. In Checa et al. (2011), sheep 

were suggested to respond to higher levels of mechanical stimuli than rats 

[61]. In contrast, Wehner et al. (2014) adapted a mechano-regulation 

algorithm validated for sheep [58] to respond to higher strains in rats [71]. In 

the present study, despite anatomical similarities between mouse and rat, a 

strong difference in the mechanical regulation of bone healing was identified.  
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A new mechano-regulatory rule was proposed to investigate tissue 

differentiation in mice, where tissue differentiation occurred under higher 

levels of mechanical stimuli. The new rule correctly predicted complete 

regeneration in a mouse femoral osteotomy under rigid fixation, avoiding 

interfragmentary fibrous tissue formation as predicted when rat 

mechano-regulatory rules were used. The rat mechano-regulatory rule, in fact, 

drove the differentiation into fibroblasts when high mechanical stimuli were 

sensed by MSCs in the mouse osteotomy model. This condition resulted in the 

invasion of fibrous tissue within the healing region. In analogy, the rat 

mechano-regulatory rule generated sharper mismatch between computer 

simulations and experimental images in the mouse model with semirigid 

external fixator, which was characterized by even larger interfragmentary 

mechanical stimuli. Delayed healing due to higher mechanical stimulation was 

already observed in other in silico studies that investigated the mechanical 

environment within the osteotomy opening under different fixator stiffness 

[104] [105]. The new rule, adapted to respond to higher mechanical stimuli, 

was then used to regulate MSC differentiation in the mouse model.  

The mouse bone healing model was thereafter used as a baseline model to 

investigate how aging alters the mechanobiological regulation of healing. 

Age-related compromised cellular behavior was simulated in silico to 

investigate the effects of aging on bone regeneration. To investigate the 

relative role of the multiple cellular processes on bone regeneration, a DOE 

approach was used [99]. The DOE method allowed a multi-parametric 

investigation of the effect that multiple factors might have on the healing 

outcome. For each fixation condition (rigid and semirigid), sixteen different 

simulations were run to investigate the effect of fifteen parameters on two 

levels (adult and elderly). The elderly level of each parameter was directly 

obtained from the adult one by halving or doubling the ratio of the specific 

cellular activity, for example doubling the rate of cellular apoptosis. The 

two-fold factor was arbitrarily chosen with the aim to identify the relative role 

of each parameter on the regeneration process. Kasper et al. (2009) observed, 
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in vitro, a 40% reduction of migrating MSCs when the cells were collected from 

an old donor instead of a young one [28]. Stenderup et al. (2003) reported a 

42% shorter lifespan and 44% reduced proliferation capacity of old versus 

young donors’ MSCs [106].  

Reduced mechanoresponse, simulated as a need for higher mechanical 

stimulation to regulate the differentiation of MSCs, was identified as the most 

relatable factor to explain differences in the bone healing response to changes 

in fixation stability between adult and elderly mice. In mice, semirigid fixation 

led to delayed healing in adult mice and successful healing in the elderly. The 

in silico model correctly predicted successful bone healing within 21 days 

under semirigid conditions only when mechano-regulation was altered. 

Interestingly, other parameters such as fibroblast apoptosis and MSC 

proliferation also showed a strong effect on bone healing progression; 

however, they were not able to fully explain the experimental data.  Isaksson 

et al. (2008) also used DOE approaches to investigate the influence of model 

parameters on bone healing predictions. They found that the most influencing 

parameters at cellular level are the ones that regulate tissue production and 

degradation [100]; however, they did not do any comparison to experimental 

data.  

To reduce the computational complexity, the comparison between the sixteen 

simulations and the baseline model was only based on the bone tissue area. 

Other outcomes of the in silico model could also have been taken into 

consideration to investigate additional alterations observed in elderly mice 

bone healing, such as callus size [37] [38] and cartilage area [38]. Although the 

computer model under this age-related reduction of mechanoresponse led to 

good agreement with experimental data in elderly mice, other mechanisms 

might also play a role. The role of cellular mechanoresponse alteration on 

additional biological parameters (e.g. callus size and tissue distribution) needs 

to be further investigated in the future. 

Under rigid fixation, a good agreement in bone and cartilage tissue areas was 

found between simulation and histology images in elderly mice. Under 
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semirigid fixation, bone healing was predicted to happen faster in silico than 

in elderly mice, when mechanoresponse was reduced to simulate aging. The 

excessive formation of bone tissue predicted under semirigid conditions, 

which was also observed in adult mice, resulted in larger bone area predicted 

at day 14 post-operation, compared with in vivo. This phenomenon could be 

explained by anticipated endochondral ossification in silico, which resulted in 

reduced cartilage at 14 days post-operation. The early bone formation could 

be explained by the reduced capacity of the current mouse osteotomy model 

to fully replicate bone and cartilage remodeling under higher mechanical 

stimulation as it results in anticipated remodeling phase when semirigid 

stabilization is provided. Several computer models have previously 

investigated bone remodeling during the bone healing process using in silico 

approaches [107] [108]. They have shown a strong influence of the type and 

magnitude of external mechanical stimuli on the regulation of the remodeling 

response.  

Under semirigid conditions, the bone area predicted in silico matched with 

experiments at 21 day post-operation. A deeper analysis of the phenomenon 

was performed by plotting bone area daily to observe bone and cartilage tissue 

area dynamics through the healing process. The maximal bone tissue area, 

observed only after 21 days in vivo in elderly mice, was already predicted in 

silico at 13 days (Figure 3.11.). From that time-point on, the area followed a 

steady-state dynamics until the end of the simulation. Anticipated cartilage 

area dynamics under semirigid fixation was also experienced in silico: it was 

predicted to peak around 11 days in the age-related reduced 

mechanoresponse model and maintain a steady-state dynamic from day 14 

onwards, after a slight reduction (Figure 3.11.). In vivo histomorphometry 

showed maximal cartilage area at 14 days under semirigid conditions.  The 

predicted anticipated cartilage formation could be due to the absence of 

oxygen tension parameter in the current model, which considered the whole 

callus fully oxygenated. As adult mice cartilage area predictions correctly 

matched experimental results under semirigid conditions, age-related 
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reduced callus vascularization under higher interfragmentary strains could 

explain why in vivo results showed cartilage where the computer model 

predicted bone formation under high mechanical stimulation. Aging was 

already observed to reduce vascularization of the fracture gap during healing 

[33]. The potential compromising effect of impaired angiogenesis should be 

further investigated in future models. In analogy with the outcomes of the 

presented model, other computer models also predicted faster bone healing 

than observed from experiments [109] [110]. Moreover, the strong variability 

in the mechano-regulation of bone healing between animals within the same 

experiment is a limitation that should also be considered in the future in silico 

studies [111].   

In the mice osteotomy model, the amount of predicted bone tissue formed 

within the gap was considerably higher than the one observed experimentally. 

Although bone remodeling was incorporated in the model according to Lacroix 

and Prendergast (2002) [95], the model did not accurately capture the 

remodeling phase of bone healing. This limitation led to excessive formation 

of bone between days 14 and 21 under semirigid conditions. The mechanical 

regulation of the remodeling stage of bone healing in mice should be further 

investigated in the future. In fact, the proposed mechano-regulatory rule was 

based on the distribution of the mechanical stimuli predicted in the initial 

stages of healing, when granulation tissue characterized the callus domain. 

Isaksson et al. (2008) have previously investigated the bone remodeling phase 

during bone healing using computer models but the mechano-regulated 

remodeling theory was not able to replicate some aspects of the healing in the 

late stages [112]. It has to be taken into consideration that the remodeling 

phase occurs when the hard callus is formed in the later stages, when the 

mechanical environment within the callus region is characterized by lower 

magnitude stimuli [62]. For this reason, in future models the rule should be 

adapted to consider the variability of the tissue patterning within the healing 

region. 
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In summary, the in silico model of bone healing in mouse was used to 

investigate the effect of aging on bone healing at the cellular and tissue levels. 

In this study, age-related alterations were simulated at the cellular level to 

investigate the age-related alterations of the mechanical regulation of bone 

healing observed at tissue level. In vivo, as fixation stability was observed to 

play a lower role in the regulation of healing in elderly than adult mice, it was 

hypothesized that alteration of the mechanical regulation of cellular behavior 

might explain the outcomes of the experiments. To our knowledge, this is the 

first study that investigates age-related alterations in cellular 

mechanoresponse during bone healing. The role of aging on the 

mechano-regulation of bone formation and resorption have been extensively 

investigated in the context of bone adaptation [39] [41] [113]. Razi et al. 

(2015) showed a dysregulation in the bone remodeling response to 

mechanical loading with age, although it did not identify any changes in the 

mechanical thresholds required to initiate formation or resorption [41]. 

However, the effect of aging is not limited to the remodeling phase but involves 

the mechano-regulation of all the tissue patterning dynamics. The presented 

model investigated the bone healing process since the initial stages. The 

extensive investigation of all the mechanisms that alter mechano-regulation at 

different scales makes this work the only one that investigated aging effect on 

bone healing at cellular level. The capacity of bone to heal in elderly mice also 

under compromised mechanical conditions (semirigid fixation) highlighted 

the role of mechanics on the healing outcome. Despite the altered biological 

activities at cellular level in elderly mice, the age-related altered 

mechano-regulation contrasted the effect of semirigid fixation conditions. The 

selection of a correct mechanical stimulation is then more important in adult 

patients, whose cells are more sensitive to the mechanical environment than 

in the elderly.  
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3.2. Mechanobiological regulation of BMP-2 stimulated bone healing 

 

3.2.1. Reduced intracortical strains in critical size defects compared with small 

osteotomies 

Predicted mechanical strains within the critical size defect (5 mm) in rat were 

considerably lower than in the small osteotomy gap (1 mm). Predicted 

compressive strains were up to 40% lower in the large defect compared with 

the small gap size (Figure 3.12.). The maximal difference was observed within 

the intercortical region. In detail, the large gap was characterized by an 

average compressive strain reduction of 38.2% in the lateral intercortical 

region (side of the external fixator) (large gap: 0.042±0.002; small gap: 

0.068±0.010). In the medial intercortical region, the difference was of 32.0% 

(large gap: 0.053±0.002; small gap: 0.078±0.009). The large defect was also 

characterized by averagely 23.7% lower compressive strains in the lateral 

periosteal side of the callus (large gap: 0.029±0.003; small gap: 0.038±0.005). 

Minor alterations in mechanical strains were observed in the endosteal region 

(large gap: 0.045±0.003; small gap: 0.049±0.009) and in the medial periosteal 

side of the callus (large gap: 0.044±0.004; small gap: 0.048±0.009). 
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Figure 3.12. – Top: distribution of principal compressive strain within the osteotomy gap 
in a small (1 mm, A) and a large defect (5 mm, B). Bottom: quantitative interfragmentry 
strain magnitude average and standard deviation predicted within the osteotomy 
region along the z axis for small gap (blue line) and large defect (orange line). 
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3.2.2. Mechanical environment within the large defect led to bone marrow 

encapsulation 

The mechano-regulated simulation of untreated bone defect healing resulted 
in incomplete defect healing still after 6 weeks post-operation. The model 
predicted endosteal and periosteal bone formation in the first weeks of healing 
(Figure 3.13.). The newly formed bone shaped a bony cap that encapsulated 
the medullary cavity, as observed at 4 weeks post-operation (Figure 3.13.). 
Bone formation continued, as observed from the predicted progression, but 
still no connection between the two defect extremities was experienced at 
week 6 (Figure 3.13.). Also in vivo, critical defect showed non-union when 
healing happened without BMP-2 treatment [45] (Figure 3.13.). The computer 
model correctly predicted the bone encapsulation of the medullary cavity, but 
bone tissue formation prediction was overestimated when compared with 
experiments [45] (Figure 3.13.). 

 

Figure 3.13. – µCT images (top) and predicted bone spatial distribution (bottom) at 2, 4 
and 6 weeks post-operation under control case conditions. 
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3.2.3. Delayed healing occurs in large bone defect also under additional 

mechanical stimulation 

In silico, weekly external mechanical stimulation showed no enhancement of 
bone healing under critical defect conditions. The weekly provision of external 
mechanical loading did not considerably alter tissue patterning when 
compared with the control case and incomplete healing was still predicted at 
6 weeks post-operation. The dynamics of bone tissue evolution within the 
defect did not differ from the control case one: endosteal bone formation was 
predicted and incomplete healing due to marrow encapsulation was observed 
at 6 weeks post-operation (Figure 3.14.). Incomplete healing was observed 
also from µCT images when only mechanical stimulation was provided to 
stimulate healing in critical defect [45] (Figure 3.14.). Incomplete healing due 
to medullary closure was predicted also in silico with overestimation of bone 
tissue formation in comparison with experimental data [45] (Figure 3.14.).  

 

Figure 3.14. – µCT images (top) and predicted bone spatial distribution (bottom) at 2, 4 
and 6 weeks post-operation under only load case conditions. 
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Differences between predicted bone tissue volume in control and only load 
cases were negligible at 2 weeks (control: 18.85 mm³, only load: 18.77 mm³), 
4 weeks (control: 63.40 mm³, only load: 63.39 mm³) and 6 weeks (control: 
98.27 mm³, only load: 98.47 mm³) post-operation (Figure 3.15.). Quantitative 
comparison of predicted bone tissue volume and µCT data [45] highlighted the 
model tendency to overestimate bone tissue formation within the defect 
through the healing process (Figure 3.15.).  

 

Figure 3.15. – Quantitative comparison of bone tissue volume between computer model 
and experimental data (average±SD) [45] at 2, 4 and 6 weeks post-operation for control 
and only load case studies. Note: ex- prefix in legend identifies experimental data set. 
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3.2.4. The concentration levels of BMP-2 within the healing region highly depend 

on the release kinematics  

The simulation of collagen-sponge driven gradual release of BMP-2 showed 

the importance of a gradual release to avoid fast reduction of BMP-2 to 

physiological levels. The analysis of BMP-2 dynamics through the time, in fact, 

showed a substantial difference between gradual and immediate release 

models. With gradual release, the BMP-2 concentration dynamics was mostly 

regulated by its diffusion from the release zone (Figure 3.16.). Under gradual 

release, BMP-2 enhanced MSC proliferation and bone tissue formation 

capacities within the defect until week 2 post-operation. At this time-point, the 

maximal concentration within the defect reached 380 ng mL-1 (Figure 3.16.). 

At week 4 post-operation, the effect of the residual BMP-2 within the callus 

(maximum concentration = 13 ng mL-1) was negligible for the enhancement of 

MSC proliferation and had a reduced effect on promoting bone tissue 

production (Figure 3.16.). BMP-2 effect on cellular chemotaxis followed a 

different trend. Its attractive effect on MSCs and osteoblasts was maximum in 

the periosteal side of the callus, where the BMP-2 concentration was 

approximately 1 ng mL-1 (§ 2.3.3.). The maximum effect was localized in the 

periosteal area until week 4 and it extended to the center of the defect at week 

6 (Figure 3.16.). Cellular chemotaxis was the only BMP-2 effect that still played 

a role at the cellular level after 6 weeks post-operation, when a maximal 

concentration of 0.45 ng mL-1 was still predicted within the defect gap (Figure 

3.16.). BMP-2 did not play a role in MSC proliferation and bone tissue 

production enhancement anymore within the callus at this time-point (Figure 

3.16.).   
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Figure 3.16. – BMP-2 concentration dynamics and its effect on the enhancement of 
cellular processes to promote bone healing under BMP-2 gradual release. Data were 
sampled at 1, 2, 4 and 6 weeks post-operation. 
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A different scenario was predicted when the instantaneous release was 

implemented in the model. Fast BMP-2 degradation was predicted from the 

initial iterations and BMP-2 reached a physiological concentration in 10 days 

(Figure 3.17.). This quick drop of BMP-2 concentration led to a cessation of the 

influence of BMP-2 on cellular activity already after 7 days (Figure 3.17.). 

Periosteal chemotaxis effect on MSCs was still observed when immediate 

release of BMP-2 was simulated, but its effect was limited to the first week 

post-operation (Figure 3.17.). MSC proliferation enhancement was favored in 

the periosteum at day 3 and moved to the defect gap at day 5 (Figure 3.17.). 

From that time-point on, the effect was negligible. Likewise, BMP-2 driven 

bone tissue production enhancement was maximum within the callus until day 

5 and no effect was anymore predicted from day 7 on. 
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Figure 3.17. – BMP-2 concentration dynamics and its effect on the enhancement of 
cellular processes to promote bone healing when BMP-2 was instantaneously released. 
Data were sampled at 3, 5, 7 and 10  days post-operation. 

  



112 

 

3.2.5. BMP-2 chemotaxis can explain large bone defect bridging 2 weeks 

post-surgery 

BMP-2 treatment had a central role in guaranteeing successful healing of large 

bone defects in rats, in silico. When BMP-2 effect was implemented in the 

model, bone bridging was predicted already after 2 weeks (Figure 3.18.). Bone 

tissue formed mostly in the periosteal region of the callus domain and 

connected the two cortex extremities of the defect. Scarce bone formation was 

instead observed endosteally at 2 weeks (Figure 3.18.). Tissue distribution 

was characterized by bone in the periosteal side of the callus. Preferential bone 

formation through periosteal bridging was observed also from µCT images 

collected at 2 week post-operation [45] (Figure 3.18.). The bony bridging 

which connected the defect extremities thickened week after week through 

the entire simulation. This resulted in a rigid callus shell at week 4, which 

further stabilized the defect. At the same time-point, bone deposition within 

the defect cavity was also observed (Figure 3.18.). A small preference of bone 

deposition within the medial intracortical region was predicted and a second 

cortex was almost completed at week 4, as observed also in vivo (Figure 3.18.). 

At week 6, almost the whole callus domain was filled with bone (Figure 3.18.). 

An overestimation of bone tissue formation was predicted after 6 weeks. In 

vivo, bone tissue did not completely invade the osteotomy gap, but 

preferentially formed bone intercortically and cancellous bone in the newly 

reunited medullary cavity 172 (Figure 3.18.).  In silico, considerably high 

amounts of bone tissue were also predicted endosteally.   
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Figure 3.18. – µCT images (top) and predicted bone spatial distribution (bottom) at 2, 4 
and 6 weeks post-operation under only BMP-2 case conditions. 

 

3.2.6. Mechanical stimulation of BMP-2 release can explain enhanced bone 

formation in mechanically loaded BMP-2 bone defect healing 

In silico, external mechanical stimulation did not support additional bone 
tissue formation in BMP-2 treated defect healing. From a qualitative point of 
view, bone tissue distribution through the healing process followed analogous 
patterns to the one predicted with BMP-2 treatment alone. Bone bridging 
through the periosteal region of the callus was observed to form during the 
first 2 weeks of healing also in this case (Figure 3.19.). Thickening of the bone 
bridging at 4 and 6 weeks followed analogous patterning to that observed for 
the only BMP-2 case study (Figure 3.19.). Also experimentally, the contribution 
of additional mechanical stimulation showed minor differences in defect 
healing dynamics under BMP-2 treatment [45]. Bone healing happened 
through initial periosteal bridging followed by intracortical bone 
consolidation, which led to complete defect healing within 6 weeks (Figure 
3.19.).  
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Figure 3.19. – µCT images (top) and predicted bone spatial distribution (bottom) at 2, 4 
and 6 weeks post-operation under BMP-2 + load case conditions. 

 

Minimal differences in newly formed bone tissue volume under additional 
mechanical stimulation were predicted within the defect. From a quantitative 
point of view, bone tissue formation under BMP-2 treatment was predicted to 
increase week after week independently of whether additional mechanical 
stimulation was provided or not (Figure 3.20.). This resulted in a negligible 
difference in bone volume predicted when BMP-2 treatment was supported by 
additional external loading at 2 weeks (-0.16 mm³), 4 weeks (-0.24 mm³) and 
6 weeks (-0.24 mm³) post-operation. In vivo data from BMP-2 treated rat large 
defects [45] showed that the computer model underestimated bone tissue 
volume at 2 weeks post-operation (in silico: only BMP-2: 26.79 mm³, BMP-2 + 

load: 26.63 mm³; in vivo: only BMP-2: 60±12 mm³, BMP-2 + load: 105±28 mm³) 
and slightly overestimated it at 6 weeks post-operation (in silico: only BMP-2: 
141.32 mm³, BMP-2 + load: 141.08 mm³; in vivo: only BMP-2: 98±18 mm³, BMP-

2 + load: 115±27 mm³). Good agreement was observed at 4 weeks 
post-operation (in silico: only BMP-2: 102.00 mm³, BMP-2 + load: 101.76 mm³; 
in vivo: only BMP-2: 110±20 mm³, BMP-2 + load: 118±30 mm³). 
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Figure 3.20. – Quantitative comparison of bone tissue volume between computer model 
and experimental data (average±SD) [45] at 2, 4 and 6 weeks post-operation for only 
BMP-2 and BMP-2 + load case studies. Note: ex- prefix in legend identifies experimental 
data set. 

When the influence of additional mechanical loading on BMP-2 release was 
taken into account in the model, the additional release of BMP-2 favored bone 
formation during the first days post-surgery. From a qualitative point of view, 
no considerable differences were observed in tissue patterning over the 
course of healing: also in this case healing of the defect happened through 
periosteal bridging already at 2 weeks post-operation (Figure 3.21.).  
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Figure 3.21. – Predicted bone spatial distribution within the callus domain at 2, 4 and 6 
weeks post-operation under BMP-2 + load case conditions. Note: BMP-2 dynamics were 
regulated by mechanics. 

 

From a quantitative point of view, the mechano-regulation of BMP-2 dynamics 
had a larger effect on the overall bone tissue formation process in the initial 
phases of healing. The inclusion of BMP-2 mechano-regulation showed that 
additional external loading promoted bone formation within the defect during 
the first weeks post-operation. In fact, at 2 weeks post-operation higher bone 
tissue volume was predicted when BMP-2 was mechano-regulated compared 
with the only BMP-2 case (+1.51 mm³) (Figure 3.22.). However, the effect 
diminished through time (Week 4: +0.61 mm³, Week 6: -0.19 mm³) (Figure 
3.22.).  
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Figure 3.22. – Predicted difference in bone tissue volume between BMP-2 + load and 
only BMP-2 case studies when mechanical regulation of BMP-2 was included (light blue) 
or not (dark blue). 

 

These results trend fitted with experimental data [45], where the significant 
contribution of additional mechanical loading on BMP-2 treated rat defect 
healing was only observed at 2 weeks post-operation. However, from an 
absolute point of view, the values did not fit with the µCT data and the 
mechanical contribution was predicted to be drastically smaller than the one 
observed in the experiments [45].  

 

3.2.7. Untreated large bone defect healing led to non-union if cellular processes 

are limited to the first stages of healing 

When limited cellular activity was imposed after 10 days post-operation, the 
predicted amount of cells involved in the healing process strongly decreased. 
Under this condition, the model correctly predicted non-union when BMP-2 
treatment was not provided in both control and only load case studies. The 
limited cellular activity stopped the deposition of newly formed bone in the 
advanced stages of healing. No difference in bone patterning was observed 
between 4 and 6 weeks post-operation for both cases (Figure 3.23.). Bone 
tended to form both endosteally and periosteally from the first iterations. At 2 
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weeks post-operation, bone tissue was present within the endosteal region in 
the proximity of the medullary cavity and in the periosteum of the bone cortex 
(Figure 3.23.). From that time-point on, bone was observed to further form to 
consolidate the already formed structures but not to expand through the 
defect opening. At week 4, a consolidation of the medullary cavity 
encapsulation and of the periosteal bone could be observed (Figure 3.23.). 
Negligible changes in tissue patterning were observed at the following 
time-point (Figure 3.23.).  

 

Figure 3.23. – Predicted bone spatial distribution within the callus domain at 2, 4 and 6 
weeks post-operation of control (top) and only load (bottom) defect healing case 
studies. Note: cellular activities were limited to the first 10 days of healing. 
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Complete healing was also predicted under BMP-2 treatment under limited 
cellular activity. Under BMP-2 treatment, bone formed in the periosteal region 
of the callus following the chemotactic attraction of BMP-2. This resulted in the 
formation of a bone bridge around the collagen sponge region, at 2 weeks 
post-operation (Figure 3.24.). The callus was predicted to thicken over time 
and a consolidated bridge between the two extremities was predicted at 4 
weeks post-operation (Figure 3.24.). Differently than the control cases, bone 
deposition was observed to continue after 4 weeks. At week 6, despite the 
limited cellular activity, further thickening of the bone bridging was predicted, 
with the creation of a rigid hollow callus (Figure 3.24.).  

 

Figure 3.24. – Predicted bone spatial distribution within the callus domain at 2, 4 and 6 
weeks post-operation under only BMP-2 case condition. Note: cellular activities were 
limited to the first 10 days of healing. 
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Additional mechanical loading was predicted to play a role in defect healing 
treated with BMP-2 under limited cellular activity after 10 days. In fact, despite 
the fact that bone tissue patterning followed analogous dynamics as the only 

BMP-2 case, more bone was predicted to form when additional mechanical 
loading was provided. Bone bridging was still observed to form at week 2 and 
it consolidated at week 4 and week 6 (Figure 3.25.). Thicker bone bridging due 
to a higher bone deposition was predicted when additional mechanics was 
weekly provided (Figure 3.25.).  

Figure 3.25. – Predicted bone spatial distribution within the callus domain at 2, 4 and 6 
weeks post-operation under BMP-2 + load case condition. Note: cellular activities were 
limited to the first 10 days of healing and BMP-2 dynamics were not mechano-regulated. 
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Under additional mechanical stimulation, the bony connections between the 
defect extremities were characterized by more bone tissue than under BMP-2 
treatment alone. A difference in volume quantity was predicted after 3 weeks 
post-operation. No difference was predicted at 1 (only BMP-2: 1.83 mm³, 
BMP-2 + load: 1.83 mm³) or 2 weeks (only BMP-2: 26.65 mm³, BMP-2 + load: 
26.55 mm³) post-operation (Figure 3.26.). Instead, from the following 
time-points on, the mechanical stimulation was predicted to have an 
enhancing effect on bone tissue area. Noticeable differences were predicted at 
3 weeks (only BMP-2: 45.51 mm³, BMP-2 + load: 51.46 mm³), 4 weeks (only 

BMP-2: 61.27 mm³, BMP-2 + load: 69.21 mm³), 5 weeks (only BMP-2: 76.16 
mm³, BMP-2 + load: 84.53 mm³) and 6 weeks (only BMP-2: 85.62 mm³, BMP-2 

+ load: 94.21 mm³) post-operation (Figure 3.26.). 

 

Figure 3.26. – Predicted bone tissue volume under only BMP-2 (blue) and BMP-2 + load 
(orange) case studies when cellular activity was limited to the first 10 days post-surgery. 
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The predicted mechanical environment within the defect showed that external 

mechanical stimulation resulted in mechanical conditions within the healing 

region favorable to bone tissue formation also in the latter stages of healing. 

Under BMP-2 treatment alone, the progressive stiffening of the callus due to 

bone bridging resulted in mechanical strains within the callus that favored 

bone resorption over formation. In fact, the hard callus formed at 6 weeks led 

to a drastic reduction of the compressive strains. At 6 weeks post-operation, 

under no additional mechanical stimulation, the strains within the callus were 

below 0.01, favoring bone resorption over formation in the endosteal region 

(0.002±0.001), intracortically on the lateral side (0.002±0.002) and 

intracortically on the medial side (0.003±0.002) (Figure 3.27B). The additional 

external mechanical load induced mechanical strains within the callus that 

further stimulated the formation of bone tissue (strains over 0.01) also when 

the hard callus was already consolidated. When additional mechanical loading 

was provided, the mechanical environment increased of one order of 

magnitude within the endosteal region (0.019±0.009), intracortically on the 

lateral side (0.028±0.014) and intracortically on the medial side 

(0.024±0.015) when compared with results under no additional mechanical 

stimulation (Figure 3.27C). 
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Figure 3.27. – Top: predicted bone tissue patterning (A) and minimal principal strain 
distributions at 6 weeks post-operation for only BMP-2 (B) and BMP-2 + load (C) case 
studies. Bottom: average minimal principal strains distribution within the defect 
opening in the transversal axis (x) for only BMP-2 (blue) and BMP-2 + load (orange) 
case studies. Note: 0.01 strain limit for bone formation was reported in the plot (red 
dotted). 
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3.2.8. Simulated spontaneous release of BMP-2 leads to predicted incomplete 

healing at 6 weeks 

Immediate release of BMP-2 (no collagen sponge) led to the same predicted 
bone tissue patterning as observed in the control case (Figure 3.28.). The effect 
of BMP-2 on the promotion of bone healing at the cellular level was limited to 
the very first days after surgery and the process followed the non-treated 
conditions after the first week of simulation. Incomplete healing was observed 
under BMP-2 treatment without gradual BMP-2 release at 6 weeks (Figure 
3.28.).     

 

Figure 3.28. – Predicted bone spatial distribution within the callus domain at 2, 4 and 6 
weeks post-operation under only BMP-2 case study conditions when BMP-2 was 
instantaneously released at the first iteration. 
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3.2.9. Discussion 

Large bone defect healing is a compromised condition which if left untreated 

leads to a non-union [45] [114]. Mechanical as well as biological alterations 

within the healing region have been reported [115]-[117], however it remains 

largely unknown how those alterations contribute to impaired healing.  This 

study investigated how mechanical and biological interactions at the cellular 

and tissue levels contribute to the bone healing outcome. A multiscale 

computer model was developed to simulate healing within a large femoral 

defect in rats and to investigate the mechanobiology of large bone defect 

healing at both cellular and tissue levels. 

Large bone defect treatment with BMP-2 results in complete healing often 

characterized by periosteal bone bridging [11] [45]. Although several 

biological processes have been reported to be influenced by BMP-2 [48] [49] 

[75] [76], their relative contribution to bone tissue patterning remains 

unknown. In this study, the therapeutic effect of BMP-2 on large bone defect 

healing was additionally investigated at the cellular and tissue levels to 

unravel which cellular mechanisms might lead to periosteal bridging. The 

computer multiscale computer model was further developed to simulate the 

dynamics of BMP-2 concentration within the callus domain and its influence 

on cellular behavior, following BMP-2 dosage-related rules [74].  

The computer model results showed that large bone defects result in an 

unsuitable mechanical environment for bone healing. The defect mechanical 

environment favored the encapsulation of the marrow cavity, compromising 

the bridging between the defect extremities. In several in vivo studies, 

non-unions due to medullary cavity encapsulation were observed in 

challenging conditions [44] [45] [115] [118]. The proposed in silico model 

showed that altered mechanics alone were not able to explain the non-union 

fate that characterized large bone defects. In non-treated large bone defects, 

non-union after 6 weeks was only predicted by the model when cellular 

activities within the healing region were limited. The cellular activities were 

limited to the first 10 days post-operation to reproduce potential 
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compromising effects on cells due to the large defect situation. The simulated 

lack of cellular motility and proliferative capacity after 10 days led to the arrest 

of bone formation over time. Impaired vascularization within the defect could 

trigger the simulated compromising condition at the cellular level. The 

compromising role of low blood supply was investigated in an in silico large 

bone defect model which included angiogenesis [72] [119], where they 

showed that limited vascularization could explain non-unions in large bone 

defects. However, these models were not able to explain the closure of the 

medullary cavity as observed experimentally and did not include alterations 

in the mechanical environment within the defect and its effect on cellular 

behavior.   

To investigate the influence of BMP-2 on cellular activity and its consequences 

at the tissue level, the effect of BMP-2 on the cell dynamics was implemented 

in the model. The presented model correctly simulated bone bridging from the 

periosteal side of the callus under BMP-2 treatment. An analysis at cellular 

level showed that cellular chemotaxis induced by the growth factor favored 

the controlled migration of MSCs, allowing the formation of a connection 

between the defect extremities, which was not observed under untreated 

conditions. The presented model identified a potential mechanism behind 

tissue formation patterns observed under BMP-2 stimulated conditions. The 

predicted BMP-2 concentration pattern showed that chemotactic attraction 

was stronger in the periosteal side of callus in the first weeks post-operation 

The cells were mainly attracted to migrate towards the periosteal side of the 

callus domain, in the proximity of the collagen sponge. As bone healing was 

observed to happen through bridging within this region, it was concluded that 

BMP-2 chemotaxis played a primary role in successful healing and it could 

explain periosteal bridging observed at 2 weeks post-operation. Although 

other models have investigated BMP-2 stimulated healing [74], this is the first 

study to explain periosteal bone bridging. Differently than in previously 

published in silico studies on the role of BMP-2 in large bone defects, where 

BMP-2 was affecting the cellular density dynamics through time [73] [74], in 
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this model single cell behavior was simulated according to the surrounding 

BMP-2 density. Including the cellular level highlighted the role of BMP-2 

dose-regulated migration of the cellular population on the overall 

enhancement of the critical sized defect healing treated with BMP-2.  

Mechanical signals have been shown to influence the effect of BMP-2 on bone 

regeneration [120]. Experimentally, it was shown that external mechanical 

loading further promotes bone defect healing treated with BMP-2 at the early 

healing stages [45]. To investigate the role of additional mechanical loading on 

the bone healing process, the weekly in vivo mechanical loading described by 

Schwarz et al. (2013) [45] was implemented in the model. The in silico model 

also predicted a slight increase in bone tissue volume during the first weeks 

post-operation under additional mechanical stimulation. Enhanced bone 

tissue formation was due to the major release of the growth factor on weekly 

basis provided by the external loading. However, when additional mechanical 

loading was limited to regulate cellular activity (MSC differentiation pathway, 

cellular proliferation and apoptosis), the model was not able to reproduce the 

effect of additional mechanics on BMP-2 treated defect healing. Therefore, 

mechanical stimulation of BMP-2 release seems to play a higher role than 

mechanical enhancement of cellular activity during BMP-2 treated bone defect 

healing. Further studies on the optimization of growth factor release kinetics 

could provide a means to promote bone regeneration. 

Implementation of BMP-2 release from the collagen sponge was fundamental 

to predict complete healing under BMP-2 treatment. If the initial dose of 

BMP-2 was entirely released within the defect since the first iteration, 

computer model predictions resulted in non-union, as in the untreated control 

case. Delayed healing and marrow encapsulation were predicted due to the 

fast degradation of the growth factor, which led the treatment to be completely 

consumed in less than a week. The gradual release allowed a continuous 

provision of BMP-2 through the whole healing period. The immediate release, 

in fact, showed short treatment time-span and no effect was experienced 

anymore after one week of treatment (Figure 3.17.). The shorter half-life of 
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BMP-2 (0.42 days [121]) compared to that in its encapsulated form (3.25 days) 

led to a fast reduction of the substance to physiological values already in the 

first days of treatment. The gradual release led to reduced consumption of the 

BMP-2 and physiological concentration levels were not predicted to occur in 

days but in weeks. Extended BMP-2 provision has been shown to enhance 

bone defect healing also experimentally [122]-[124]. The computational 

model proposed here could help to investigate the best release dynamics to 

promote healing under specific conditions and use adequate support 

structures for the provision of BMP-2 or alternative growth factors. In 

agreement with the results, slow release of growth factor showed better 

treatment response also in the bone healing computer models of Peiffer et al. 

(2011) [125], which showed faster angiogenesis when an injectable slow 

release Vascular Endothelial Growth Factor (VEGF) carrier was simulated.   

The in silico model was subject to several limitations. For example, the 

computer model predicted higher bone formation and the encapsulation of the 

marrow cavity was characterized by more bone tissue than in the experiments. 

Computer model predictions showed continuous bone tissue formation 

endosteally over time, which resulted in an overall overestimation of bone 

tissue volume at every time-point. Defect non-union, which happened 

experimentally in critical size untreated conditions, was not predicted in silico. 

The bone defect model correctly predicted incomplete healing in 6 weeks 

when the defect was left untreated. However, computer model predictions of 

bone tissue patterning over 6 weeks showed delayed healing. Different 

reasons could be proposed to explain the prolonged process of bone 

formation, even under challenging healing conditions. For example, the 

computer model did not take into consideration different signaling processes 

at cellular level that could be affected by the challenging conditions. Moreover, 

angiogenesis was not taken into consideration and oxygen supply to the cells 

was always simulated to be 100%. Critical healing conditions generate a 

challenging environment for proper angiogenesis within the defect opening 

[44]. In the model, instead, the critical defect created challenging conditions 
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only from the mechanical point of view. Even if mechanics were observed to 

be characterized by reduced strains in large bone defects [115], the 

mechanical alteration alone was not enough to explain the observed non-

unions. Only when cellular activities were limited to the first stages of healing, 

to extend compromised condition to the biology of defect healing, the model 

correctly simulated non-union. This compulsory requirement of the model 

underlined the importance of the compromised aspects at cellular level 

associated with the large defect condition, over the already mentioned effects 

due to the altered mechanical environment within the healing region [115].  

Furthermore, the extension of mechanical regulation to BMP-2 release and 

diffusion resulted in additional bone tissue production at 2 weeks 

post-surgery. However, the improvement proposed by the model was still 

minor, if compared with in vivo results [45]. In the proposed model, a two-fold 

increase of BMP-2 release and diffusion was arbitrarily provided to test if 

additional release could explain the major bone production. The model 

demonstrated that the mechano-regulation of BMP-2 dynamics should not be 

underestimated to fully describe the mechanical contribution to BMP-2 

treated large defects. However, further regulation algorithms should be 

investigated for their potential to describe the patterning of the growth factor 

when subject to additional external mechanical loading. In future models, the 

growth factor should follow the dynamics of the extracellular matrix within 

the callus. The predicted interstitial fluid flow velocity distribution could be 

used to describe the motion of BMP-2 within the extracellular matrix. In this 

study, the effect of BMP-2 on cellular activity was limited to cell migration, 

proliferation and tissue formation. Other cellular processes might also be 

enhanced by BMP-2. The proposed model was based on state-of-the-art 

literature reviews on the effect of BMP-2 on cellular activity [74]; however, 

further studies are needed to investigate other potential mechanisms. 

In summary, the multiscale rat large bone defect healing model correctly 

predicted experimentally observed non-unions only when cellular activities 

were limited to the initial stages of healing. The mechanical patterns observed 
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within the critical sized defect, characterized by smaller mechanical stimuli 

than in a normal size defect or fracture, could not explain alone incomplete 

healing as observed experimentally [45]. Moreover, mechanical stimulation 

was predicted to play a minor role in the healing outcome in an untreated large 

bone defect. In addition, BMP-2 within the defect opening was revealed to play 

a strong role in the regulation of cellular dynamics. In particular, the BMP-2 

chemotactic effect on cellular behavior was predicted to be central in the 

formation of periosteal bone bridging, as observed experimentally [45]. The 

presented model highlighted BMP-2 dose-dependent chemotaxis to play the 

main role in the promotion of healing. New treatment strategies of large bone 

defects based on growth factors should consider the release kinetics of the 

stimulating factors and optimize it to achieve successful healing outcomes.  

  



131 

 

 

4  

CONCLUSIONS 
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The project developed within this doctoral thesis aimed to investigate how 

mechanics influences bone regeneration in compromised bone healing 

conditions. Although bone is able to self-regenerate, in multiple conditions its 

regeneration capacity can be hindered leading to delayed or non-unions. This 

work investigated how the local mechanical environment within the healing 

region influences the biological processes that are altered in compromised 

healing conditions. Specifically, the role of mechanics on the compromising 

effects of aging and large size bone defects was investigated. Fracture 

stabilization has been experimentally shown to lose its importance with aging. 

Computer models were developed to investigate which age-related alteration 

at the cellular level better explained this compromised condition. Reduced 

cellular mechanosensitivity alone was able to reproduce the minor response 

to changes in fixator stiffness associated with aging (Figure 4.1.). The critical 

sized bone defect was experimentally shown to result in a non-union. 

Computer simulations showed that altered mechanics within the healing 

region combined with limited cellular activity due to the large defect could 

explain experimental observations (Figure 4.1.). A therapeutic treatment was 

investigated by integrating into the model the effect of BMP-2 on cellular 

activity within the large defect. Computer model simulations showed that 

BMP-2 driven chemotaxis was able to explain experimentally observed 

periosteal bone bridging (Figure 4.1.). The acquired knowledge will be 

valuable to identify future treatments of bone fracture under critical healing 

conditions. 
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Figure 4.1. – Graphical abstract: overview of the project main questions and results. 
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In the first part of the project, finite element (FE) modelling was used to 

determine the mechanical environment within the healing region in a mouse 

osteotomy model under two different fixation stabilities: a rigid and a 

semirigid external fixator. The rigid fixator was characterized by circa 10-fold 

higher axial stiffness compared with the semirigid fixator. This difference in 

the mechanical stability showed in vivo an influence on bone healing 

progression in adult mice. Under semirigid conditions, bone healing was 

delayed and showed higher amounts of cartilage formation within the 

osteotomy gap. The FE results showed up to three times higher compressive 

principal strain and interstitial fluid flow velocity under semirigid compared 

with rigid external fixation. These results were thereafter used to identify 

mechano-regulatory rules with the potential to explain differences in in vivo 

tissue patterning under the two proposed fixation strategies.  

A mechanobiological model was thereafter developed to investigate how the 

mechanical conditions within the healing region regulate the bone healing 

process. It was found that in mice, bone healing happens under higher 

mechanical stimulation than in larger animals. Inter-species differences in the 

mechanical regulation of bone healing have been already reported between rat 

and sheep [61]. Here, it has been shown that also between species of similar 

anatomy (mouse and rat), differences in the mechanical regulation of bone 

healing exist. These results are relevant for the design of fixation devices for 

veterinary fractures, where devices should be designed individually for the 

specific species. 

Based on mouse bone osteotomy healing histological images, it was proposed 

an alternative mechano-regulatory rule to predict bone healing in mice under 

different stabilization conditions. A new mechano-regulatory rule was 

proposed to correctly interpret the dynamical evolution of the tissue 

patterning observed during the mouse bone healing process under different 

mechanical environment conditions. When the new mechano-regulatory rule 

was implemented, the model predicted the same healing outcome observed 

experimentally in mouse osteotomy healing under both rigid and semirigid 
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fixation conditions. Following the same methodology, the proposed computer 

model could be extended to the investigation of the mechano-regulation of 

healing in other animal models and, furthermore, in human patients.  

In vivo experiments showed that with aging there was a reduced bone healing 

response to changes in fixation stability. While adult mice showed a clear effect 

of mechanical osteotomy stabilization, elderly mice showed no effect of 

fixation on the healing progression. Experimentally, many factors have been 

associated with age-related alterations in bone healing: reduced cell number, 

slower cell migration, decreased cellular proliferation and differentiation. The 

aim of this study was to investigate the contribution of age-related alterations 

at the cellular level to the overall bone healing process. In the proposed model, 

selected biological factors were altered at the cellular level to investigate the 

differences observed in bone healing between adult and elderly mice. The 

study simulated the mechanical environment under rigid and semirigid 

fixations to investigate the minor effect of fixation stability in vivo in elderly, 

compared with adult mice. A multi-parametric study was performed to 

identify how selected age-related changes at the cellular level could influence 

bone healing outcome. Multiple cellular parameters were selected and altered 

to evaluate their contribution to the age-related alteration of bone healing. The 

results of the analysis of variance showed that reduced mechanosensitivity has 

the highest influence on predicted bone and cartilage tissue formation during 

healing in mice. Moreover, while other age-related alterations at the cellular 

level were not able to explain bone healing in elderly mice, the inclusion of 

altered MSC mechanosensitivity correctly simulated tissue patterning 

observed in vivo. This result can have clinical resonance in the evaluation of 

optimal fixation strategy in patients, as it seems that mechanical stimulation 

has less impact on elderly patients due to reduced mechanoresponse of the 

cells. Altered mechanosensitivity will result in reduced response to physical 

rehabilitation in elderly patients, which is known to play a central role in 

enhancing healing performance in patients. Alternatively, from this outcome, 

it was derived that in adult patients the choice of the osteotomy stabilization 
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device plays a higher role than in elderly. Additional studies on human patients 

should be conducted to confirm these observations in mice. 

Healing of large bone defects remains a clinical challenge [44] [45] [115] [118]. 

In this study, the bone healing process within a large defect was investigated 

using computer models. In accordance with previous studies [115], FEA 

predicted lower mechanical strains within a large bone defect, compared with 

a small gap. Reduced mechanical stimulation could explain marrow 

encapsulation, however the model predicted delayed defect healing instead of 

a non-union. Only if cellular activities within the healing region were limited 

to the first days post-operation, bone defect computer models predicted a 

non-union, as experimentally shown in critical sized defects in rats [45]. These 

results showed that mechanical alterations due to critical size defect alone 

were not able to explain experimental observations. The inclusion of 

alterations in the biological environment due to the large gap (reduced 

vascularization, impaired signaling) was necessary to correctly predict 

incomplete healing.  

Experimentally, the treatment of large bone defects with BMP-2 promoted 

healing and avoided non-unions [11] [45]. The computer model simulated the 

dynamics of cellular patterning and BMP-2 concentration to investigate the 

primary mechanisms leading to enhanced healing in critical conditions. The 

effect of BMP-2 treatment was investigated in silico by regulating specific 

cellular activities (migration, proliferation, tissue production) according to the 

BMP-2 concentration within the callus. In silico, the computer model showed 

that the role of BMP-2 on the regulation of cellular migration, promotion of 

cellular proliferation and enhancement of bone tissue formation can explain 

the experimentally observed periosteal bridging of a large defect treated with 

BMP-2. In particular, the simulation of the spatial and temporal distribution of 

tissues, cells and BMP-2 within the healing region led to the identification of 

BMP-2 driven cell chemotaxis as a main driver of the experimentally observed 

tissue patterns. This outcome highlighted enhanced chemotaxis as a potential 

target in the future treatment of critical size bone defects.  
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To investigate the influence of mechanics on BMP-2 treatment, the effect of 

weekly external mechanical stimulation was additionally simulated for its 

potential to further promote healing. In vivo, the external loading was 

observed to enhance the healing of BMP-2 treated bone defects in the early 

stages [45]. The computer model predicted enhanced bone tissue formation 

only if the effect of external mechanics influenced the regulation of BMP-2 

release and diffusion. This observation could open the road to the 

investigation of a more effective loading to stimulate fast healing in BMP-2 

treated patients. It should not only enhance cellular activity but also control 

the optimal release and diffusion of the growth factors within the healing 

region. Loading magnitude and stimulation frequency could be parameters 

used to optimize the outcome of mechanically treated, growth factor 

stimulated defects.  

An additional model of rat critical sized defect treated with BMP-2 was run to 

investigate the necessity of using a support structure to slowly deliver the 

BMP-2 within the defect opening. The model was characterized by a collagen 

sponge release dynamics to simulate the gradual release of BMP-2 within the 

defect. When the growth factor was simulated to be instantaneously released, 

delayed healing was predicted, as in untreated conditions. The BMP-2 

concentration was subject to fast degradation when the substance was 

completely released at the initial stages. The enhancing effect of BMP-2 was 

limited to the first 10 days of healing, while with gradual release the effect was 

prolonged for weeks. This result highlighted the importance of using an 

adequate support to provide the treatment with the right timing and avoid 

premature degradation of BMP-2.  

The results obtained from this project highlight the potential of computer 

models to simulate processes at different length- and time-scales. They allow 

the investigation of many aspects of bone healing which are not visible in vivo 

or challenging to measure. The flexibility of the analysis, moreover, permits 

the evaluation of specific features role to weight their importance on the 

overall process. With this in silico study, for example, it was possible to identify 
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the strong points of a growth factor therapy to evaluate alternative treatment 

strategies that involve analogous features. In the future, the same investigation 

road should be followed to highlight how a specific treatment (or, vice versa, a 

specific compromising condition) is involved in promoting (spoiling) a 

biological process. 

 

Future work 

As already reported, the computer models developed in this project were 

subject to some limitations. Computational simulations of such a complex 

process (bone regeneration) need to be subject to some compromises to 

reduce the complexity of the analysis. The proposed model aimed to simulate 

bone healing at different time- and length-scales, taking into account both 

mechanical and biological interactions. In the following paragraphs, some 

limitations are recalled and suggestions are given for future improvement.  

Regarding the FE model, the geometry of the mouse and rat bones were 

simplified to hollow cylinders with homogeneous material properties to 

reduce the computational complexity. In the future, a realistic geometry of the 

long bone with the assignment of material properties as a function of the bone 

mineral density could be used to better reproduce the conditions of 

case-specific bone osteotomies. This might be particularly important if similar 

models are used to investigate bone regeneration in humans, where fractures 

will not be standardized as in the studies described here.  

A new mechano-regulatory rule was proposed to adapt to high mechanical 

stimuli in mice but the results showed an overestimation of bone tissue 

formation in semirigid models. This problem was more evident in the latter 

remodeling stage of healing. Future models should better define the 

mechanical regulation of bone formation-resorption balance, which regulates 

bone remodeling in the last phases. In addition, the arrangement of oriented 

collagen fibers is known to guide tissue mineralization [126] but the proposed 

model did not consider its effect. Collagen fiber patterning and other biological 
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parameters (angiogenesis, immune signals …) could be added to the models to 

investigate their role in the healing outcome.  

Age-related alterations of bone healing in mice were investigated with the help 

of Design of Experiments (DOE). The analysis of the multiple factors that alter 

healing performances in aged mice was performed by pinpointing the ones 

that most affect bone formation. To reduce the number of simulations, this 

study limited the DOE test to only two levels: one adult and one elderly level. 

Furthermore, the elderly level value was characterized either as a halving or a 

doubling of the adult level. Future studies should include additional 

age-related variations of the selected parameters. Otherwise, the parameters 

that were identified in this study as the most influential should be tested on a 

larger variability of values to represent the elderly level. In addition, to avoid 

excessive computational complexity, the study was limited in the number of 

parameters to investigate. Even if the chosen ones were taken from the 

literature, many other biological aspects were kept out of the investigation. As 

an example, aging also leads to changes in the immuno-regulation [127]-[129] 

and angiogenesis [130]. In the presented model, the mentioned parameters 

were not included. It would be interesting to extend the investigation of 

age-related alterations of bone healing to other biological factors in future 

models. 

Non-union of critical sized bone defects was explained by the reduced cellular 

activities associated with the compromised biological environment. To 

simulate the critical healing condition, the cellular activities were limited to 

the first 10 days post-operation. After this period, the cell population stopped 

migrating, proliferating and differentiating. In the future models, the limitation 

of cellular activities should be regulated by critical healing conditions which 

are known to be related to the size of the defect. For example, the oxygen 

delivery within the healing region is compromised in large sized defects due 

to the slow restoration of the vasculature system [72]. As mentioned above for 

the aging condition, the inclusion of angiogenesis and other biological 

regulation should better simulate how the challenging conditions operate at 
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the cellular level to investigate the role of each contribution on the overall 

compromised healing process.  

The model investigated the role of BMP-2 on the enhancement of large bone 

defect healing in rats. However, the study was limited in the number of BMP-2 

regulated parameters involved. The model includes the same effect of BMP-2 

on cells already investigated by Ribeiro et al. (2015) [74]. In the future, 

additional cellular parameters regulated by BMP-2, such as the promotion of 

cartilage formation and osteogenic differentiation, should be included. 

Moreover, BMP-2 is known to stimulate vascularization, through the 

enhancement of endothelial cell activities [131]. The agent-based computer 

model should further include those cells to investigate if enhanced 

angiogenesis could explain defect healing under treated conditions. Over the 

investigated BMP-2 enhancements at cellular level, MSC chemotaxis was 

shown to play a main role to bridge the bone in critical sized defect conditions. 

In the future, it should be further investigated if BMP-2 regulated chemotaxis 

alone is a sufficient condition that leads to complete defect healing or the 

enhancement of other cellular biological factors are necessary. Thereafter, the 

computer model highlighted the biological factors enhanced by BMP-2 that 

promote specific cellular activities, which have a primary role in the overall 

bone healing enhancement.  

In the presented model, the external loading was observed to promote large 

defect healing under treated conditions only if BMP-2 dynamics within the 

healing region was further regulated by mechanics. This result put in the 

background the mechano-regulation of healing at cellular level, which has a 

minor role than the one at the BMP-2 level. To reproduce the defect healing 

case studies investigated experimentally [45], the proposed model simulated 

the effect of external loading only on a weekly basis. More frequent provision 

of external loading could extend the upregulation of specific aspects at cellular 

level to regulate healing at the macroscopic level. Future in silico studies could 

be performed to optimize the mechanical parameters. 
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A  

Finite element model 

characterization 
 

A.1. Influence of callus domain dimensions on tissue patterning 

To reduce the complexity of the bone healing computer model, several 

simplifications were implemented. As our model was recursively calling the FE 

analysis multiple times, the simplifications allowed to speed up the 

investigation. Simplifications ranged from the geometry of the model (the 

bone cortex was idealized as a hollow cylinder) to the characteristics of the 

materials (mechanical properties were considered isotropic). The size of the 

callus domain was a feature of the FE model that was optimized to reduce its 

complexity. The limitation in space provided by the domain affected the 

outcome of the model as the callus could only form within its boundaries. A 

larger domain was more suitable to avoid a limitation to tissue formation. In 

contrast, a larger callus requires more elements to generate the mesh in the 

callus domain geometry, which requires more calculation effort on the FE 

analysis. To investigate the influence of callus domain size on mouse bone 

healing outcome, three models were created. The geometry of the callus 

domain was investigated by changing the radius of the callus domain in 
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longitudinal direction: (S) 1.65 mm, (M) 2.00 mm, (L) 2.70 mm (Figure A.1.). 

The axial length was kept the same in all the three models: 3.50 mm.   

 

Figure A.1. – Three different callus domain sizes were investigated in the mouse 
osteotomy healing model. 

 

The three mouse bone healing models were run to investigate the tissue 

patterning at 7, 14 and 21 days post-operation. The results of the models were 

compared among them to determine the influence of callus size on model 

predictions. Qualitative comparison between the results showed more bone 

formation within the osteotomy gap in S callus at days 14 and 21 (Figure A.2.). 

Cartilage formation was instead preponderant when the M and L callus sizes 

were adopted. Moreover, M and L conditions showed analogous tissue 

distribution within the osteotomy gap at day 14 and day 21 (Figure A.2.). 
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Figure A.2. – Tissue patterning predicted at 7, 14 and 21 days post-operation for 
different callus domain sizes under rigid external fixator. Dark yellow: bone, green: 
cartilage. 

 

For our FE model of mouse bone healing, it was decided then to use the size M 
(2.00 mm radius). Size L would have required higher computational effort 
without any noticeable difference in the tissue patterning outcome. The 
M-sized callus domain was selected as a good compromise to guarantee 
enough space for callus development without constrictions. As no substantial 
differences were found with the L-sized domain, it was opted for size M to save 
computational effort. The study of the callus domain size was performed only 
on the mouse bone healing FE model, as the geometry of the bone was 
generated from scratch. The geometry of the rat bone healing model was 
obtained from previous work [61] and the callus domain size was kept 
untouched. 
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A.2. Influence of element size on FEM results 

To guarantee efficient computational cost, the number of elements in the FE 

mesh of the geometry was minimized. Element size 0.20 mm was chosen to 

characterize the mesh size in the mouse bone healing model and 0.50 mm in 

the rat model. A large element size guarantees faster analysis but can 

negatively affect the precision of the analysis results. To reduce the loss of 

precision within the callus gap, which was the region of interest, without 

weakening the performance of the model, a compromise was reached: the size 

of elements within the callus domain was reduced while the rest of the element 

mesh size was kept to the original size. This guaranteed a more precise 

investigation of the mechanics within the osteotomy gap and avoided to 

excessively increase the computational cost. An investigation was performed 

on FE models to determine the best size of the elements within the callus. The 

study was conducted creating additional models that shared the geometry of 

the mouse and rat bone healing models but had reduced element size in the 

callus domain. The mechanical stimuli distribution within the osteotomy gap 

at day 0 was compared between the models to investigate the differences in 

mechanics associated with the different mesh sizes. 

The investigation was iteratively conducted by halving the average mesh size. 

The distribution of primary compression strain within the osteotomy gap was 

investigated. The optimal element size was chosen when the average 

difference in compressive strains within the osteotomy region was observed 

to change no more than 1% if the element size would be further reduced. The 

results showed that with a 0.10 mm element size, further reduction of the 

element size would not affect the compressive strains within the gap region by 

more than the chosen threshold (Figure A.3.).    
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Figure A.3. – Top: minimal principal strain spatial distribution within the osteotomy gap 
with 0.10 mm size FE mesh immediately post-operation. Bottom: distribution through 
the transversal axis of minimal principal strains for the investigated element sizes. Note: 
only the rigid external fixator was used for this investigation. 

 

From a quantitative point of view, the compressive principal strain with a 0.10 
mm mesh size was analogous to those predicted with the finest mesh 
investigated (0.05 mm). In detail, small differences between the two were 
observed in lateral periosteum (0.10 mm: 13.8±5.5 %; 0.05 mm: 13.9±6.0 %), 
medial periosteum (0.10 mm: 12.6±4.7 %; 0.05 mm: 12.5±5.1 %), lateral 
intracortical (0.10 mm: 24.8±5.7 %; 0.05 mm: 24.3±6.6 %), medial 
intracortical (0.10 mm: 21.5±5.6 %; 0.05 mm: 20.9±6.2 %) and in the 
endosteum (0.10 mm: 17.9±6.2 %; 0.05 mm: 19.4±7.6 %). The use of a mesh 
characterized by larger elements (0.20 mm) generated substantial differences 
in compressive strains distribution: lateral periosteum (18.9±8.5 %), medial 



150 

 

periosteum (16.4±7.4 %), lateral intracortical (22.4±8.8 %), medial 

intracortical (18.8±7.5 %) and in the endosteum (15.4±8.4 %). 

To reduce the calculation complexity without compromising the prediction 

results, a 0.10 mm element size was chosen to describe the callus domain mesh 

in both mouse and rat bone healing models.  
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B  

Mechano-regulation of 

cell differentiation in 

mouse model 
 

Bone healing mechanics were observed to be characterized by higher stimuli 

in mice than in rats. The rule that drove mechano-regulation of MSC 

differentiation in rats and sheep bone healing models [61] was not able to 

reproduce the mechanical regulation of bone healing in mice. Under those 

conditions, in fact, the FE model incorrectly predicted fibrous tissue presence 

within the osteotomy gap in mice at day 21 post-operation. The simulated 

mouse bone osteotomy gap was characterized by higher mechanical stimuli S, 

which was defined as a linear combination of octahedral shear strain and fluid 

flow velocity. The differentiation algorithm of the cellular distribution model 

evaluated the mechanical stimuli S which each MSC was subjected to 

determine its differentiation fate (§ 2.2.2., Cell differentiation). To adapt the 

algorithm, the boundaries of each phenotype differentiation range were 

modified to respond to higher mechanical stimuli S values. In vivo histology 

data from mouse osteotomy experiments and the mechanical environment 
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predicted by the FE model within the osteotomy gap were compared to find a 
relationship between the mechanical stimuli S and the desired tissue. Multiple 
tests were performed due to the dynamical variation of the mechanical 
properties within the osteotomy gap due to callus stiffening through the 
process. The predicted distribution of mechanical stimuli was coupled with the 
tissue patterning observed on the histological images to define the 
differentiation ranges for each case study (Figure B.1.). 

 

Figure B.1. – Mechanical stimuli S distribution within the mouse bone osteotomy under 
rigid and semirigid conditions immediately post-operation. 

 

The comparison between tissue patterning at day 7 post-operation and the 
mechanical environment predicted by our model at the initial stage was 
indicative to investigate the mechano-regulation of the first phases of healing. 
As already mentioned, the differentiation algorithm was adapted to respond 
to higher stimuli. To avoid the immediate formation of hard callus, the mature 
osteoblast range was kept almost untouched while immature osteoblasts and 
chondrocytes ranges were extended to include higher S values (Table B.1.). In 
addition, the mechanical stimuli range of fibrous tissue formation, which was 
not observed in vivo at any stage of healing under both rigid and semirigid 
conditions, was reduced in the algorithm. To avoid the formation of fibroblasts, 



153 

 

in fact, the minimum S value that permitted the differentiation into fibroblasts 

was set to higher values (Table B.1.).   

 Mature  

Osteoblast 

Immature 

Osteoblast 
Chondrocyte Fibroblast 

Rat [61] 0.80 < S ≤ 2.53 2.53 < S ≤ 3 3 < S ≤ 5 S > 5 

Proposed 

mouse model 
0.80 < S ≤ 3 3 < S ≤ 8 8 < S ≤ 15 S > 15 

Table B.1.  – Original and newly proposed ranges for mechano-regulation of healing in 
mice. 

 

Under this condition, the typical healing phases observed in vivo were 

predicted: woven bone and cartilage presence in the first phases of healing 

structured the soft callus. The callus presence created the conditions to 

stabilize the osteotomy gap, which decreased the interfragmentary motion. 

This led to the production of mature bone during the following iterations and, 

consequently, to the hard callus formation. The investigation of the proposed 

mouse mechano-regulation rule correctly predicted bone healing in the initial 

phase of healing. However, model predictions diverted from the experimental 

results in the following phases of healing. To solve this problem, other 

mechano-regulation ranges were investigated for the mouse healing model.  

The difference between tissue area predicted in silico and observed in vivo at 

7, 14 and 21 days was used as an indicator to adapt the differentiation ranges. 

To reduce the number of factors involved in this investigation, the study was 

performed only under rigid external conditions. From the proposed mouse 

model that worked in the first phases of healing, other nine cases were 

investigated until a satisfactory rule was obtained.  To minimize the 

quantitative difference between in vivo and in silico results, the predicted and 

simulated bone tissue and cartilage area were compared. The aim of the 

investigation was the reduction of the difference between those results at 

every time-point of the investigation. In many cases, the results showed 
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positive agreement with experimental results at certain time-points but poor 
match in others. All the tested case differentiation boundaries are not reported 
here, but the reduction of the difference with experimental results is shown in 
Figure B.2. 

 

Figure B.2. – Quantitative comparison in bone (left) and cartilage (right) area between 
experiments and in silico predictions at 7, 14 and 21 days post-operation under rigid 
external fixator. Error reduction was reported from the original proposed mouse 
regulatory rule (black bars) to the ultimate best case scenario (red bars). Multiple tests 
were performed and their errors are reported in gradient bars. 

 

The chosen rule to describe the mechano-regulation of bone healing is 
reported in Table B.2. 

 
Mature 

osteoblast 

Immature 

osteoblast 
Chondrocyte Fibroblast 

Mouse 1 < S ≤ 6 6 < S ≤ 13 13 < S ≤ 35 S > 35 

Table B.2. – Ultimate mechano-regulatory rule obtained by the reduction of tissue area 
errors. 

 

This mechano-regulation rule satisfactory predict bone and cartilage 
formation under rigid conditions at 7, 14 and 21 days post-operation (red bars 
in Figure B.2). From a quantitative point of view, a good reduction of the error 
with experimental results was observed in the bone tissue area at 7 days 
(proposed model: -0.017 mm²; ultimate model: -0.001 mm²) and 21 days 
(proposed model: 0.420 mm²; ultimate model: 0.175 mm²). In cartilage area, a 
noticeable reduction of the error was observed at 7 days (proposed model: 
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0.010 mm²; ultimate model: 0.000 mm²) and 14 days (proposed model: 0.080 

mm²; ultimate model: -0.004 mm²). Qualitative comparison with tissue 

patterning in adult mice showed good agreement also under semirigid 

conditions (§ 3.1.3.). 
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C  

Bone healing model flow 

chart 
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Overview 
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C.1. 
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C.2. 
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C.3. 
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D  

Age-related alteration of 

mechanosensitivity in 

mice 
 

Age-related alteration of mechanosensitivity was investigated in this model as 

a reduction of MSC capacity to sense the mechanical stimuli that drive the 

differentiation. To simulate this alteration, the different mechanical stimuli 

driving cell differentiation were moved to higher values. To investigate the 

effect of aging on mechano-regulation, four different case studies were 

investigated. Two different strategies were followed: (1) multiplication by 1.5 

and 2 of the limits of the mechano-regulatory stimulus (S) (Table D.1.: cases A 

and B) and (2) shifting of the limits to higher values by adding +1 and +3 (Table 

D.1.: cases C and D). 
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 Adult 

mouse 

Altered MSC mechanoresponse 

Case A Case B Case C Case D 

Resorption S ≤ 0.8 S ≤ 1.2 S ≤ 1.6 S ≤ 1.8 S ≤ 3.8 

Silent zone 0.8 < S ≤ 1 1.2 < S ≤ 1.5 1.6 < S ≤ 2 1.8 < S ≤ 2 3.8 < S ≤ 4 

Immature 

osteoblasts 
1 < S ≤ 6 1.5 < S ≤ 9 2 < S ≤ 12 2 < S ≤ 7 4 < S ≤ 9 

Mature 

osteoblasts 
6 < S ≤ 13 9 < S ≤ 19.5 12 < S ≤ 26 7 < S ≤ 14 9 < S ≤ 16 

Chondrocytes 13 < S ≤ 35 19.5 < S ≤ 52.5 26 < S ≤ 70 14 < S ≤ 36 16 < S ≤ 38 

Fibroblasts S > 35 S > 52.5 S > 70 S > 36 S > 38 

Table D.1. – Proposed age-related alteration of differentiation ranges according to 
simulate reduced MSC mechanoresponse in mice. Baseline (adult mouse) and the four 
cases derived from it were reported. 

 

A “silent zone”, where mechanical stimuli do not drive cell differentiation 

[132], and a “resorption” range of low mechanical stimuli, which drove the 

remodeling balance to favor the resorption of bone [95], were added. The 

investigation of the most suitable mechano-regulation rule was performed 

through a single-parameter analysis. 

To evaluate the compromising effect of each case study on the healing 

outcome, a direct comparison with the baseline model (adult mouse) was 

performed. Age-altered bone and cartilage tissue area were evaluated at 7, 14 

and 21 days under both rigid and semirigid fixator for all the four case studies 

(Table D.2.). Each value was directly compared with its analogous predicted 

with the baseline model (adult mouse in Table D.2.) and the percent deviation 

was calculated. Parameters that deviated more than 30% from the baseline 

model were considered altered by aging. 



165 

 

 Rigid Fixator Semirigid Fixator 

 Bone Tissue  

mm2 

Cartilage  

mm2 

Bone Tissue  

mm2 

Cartilage  

mm2 

 7d 14d 21d 7d 14d 21d 7d 14d 21d 7d 14d 21d 

Adult mouse 0.04 0.41 0.42 0.00 0.05 0.06 0.03 0.17 0.70 0.02 0.28 0.23 

Altered MSC mechanoresponse           

Case A 0.03 0.25 0.27 0.00 0.02 0.02 0.04 0.40 0.53 0.01 0.23 0.17 

Case B 0.03 0.19 0.21 0.00 0.01 0.01 0.05 0.47 0.47 0.01 0.07 0.08 

Case C 0.05 0.32 0.34 0.00 0.05 0.04 0.02 0.17 0.58 0.02 0.28 0.26 

Case D 0.03 0.18 0.20 0.00 0.04 0.05 0.01 0.16 0.43 0.01 0.31 0.29 

Table D.2. – Quantitative comparison of bone tissue and cartilage area (mm²) at 7, 14 
and 21 days under both rigid and semirigid mechanical conditions for the baseline 
model (adult mouse) and the four age-related altered MSC mechanoresponse cases. 
Note: Differences higher than 30% between adult and altered MSC mechanoresponse 
models are marked in bold. 

 

Case B was the only one that play a major role in tissue area extension 

(deviation larger than 30%) at all time points on both bone (Day 7: +67%, Day 

14: +176%, Day 21: -33%) and cartilage (Day 7: -50%, Day 14: -75%, Day 21: 

-65%) under semirigid conditions. As major age-related alterations were 

observed experimentally under semirigid conditions, it was decided to 

consider Case B as the representative to simulate age-related reduction of 

mechanosensitivity in mice. The boundaries of Case B characterized 

mechano-regulation of bone healing in the design of experiments investigation 

where mechano-sensitivity was set to the elderly level (-1).  
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