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Zusammenfassung 

Die Knochenheilung ist ein sehr komplexer Prozess des muskuloskeletalen Systems 

zur Wiederherstellung einer intakten skeletalen Struktur. Das Ergebnis der 

muskuloskeletalen Regeneration hängt sowohl von mechanischen, als auch von 

biologischen Faktoren ab.  

Normalerweise ist die Knochenheilung ein sehr schneller und effektiver Prozess. 

Dennoch kommt es bei einem kleinen aber doch signifikanten Prozentsatz von 

Patienten zu Abweichungen vom normalen Heilungsprozess und damit zu 

verzögerter Heilung oder zu sogenannten Pseudo-Arthrosen. 

Bisher ist noch unklar, wie sich physiologische Heilungs-Prozesse verändern und 

dann zu diesen Fehlbildungen führen. Weiterhin ist fraglich, wie die Eigenschaften 

des Kallus durch systemische und lokale Einflussfaktoren, die bekanntermaßen die 

Knochenheilung beeinflussen, verändert werden können. 

Daher war das Ziel dieser Arbeit, die mechanischen, geometrischen und mikro-

strukturellen Zusammenhänge von mineralisiertem Kallus besser zu verstehen und 

die Möglichkeit der Einflussnahme darauf während der Knochenheilung durch 

systemische und lokale Faktoren zu untersuchen.   

Das Ergebnis dieser Arbeit ist die Etablierung eines Kleintiermodells der 

Knochenfixierung unter kontrollierten mechanischen Bedingungen. In diesem 

Tiermodell konnte nachgewiesen werden, dass Alter, Geschlecht und Defektgröße 

die Kallus Kompetenz und die Wiedererlangung der Knochenfestigkeit auf 

Organebene beeinflussen. Es wurde gezeigt, dass in älteren Tieren die Veränderung 

der Knochenheilung nicht auf eine Änderungen der Kallus-Struktur oder einen 

geringere Reaktion auf mechanische Reize zurückzuführen ist. Vielmehr ist es ein 

veränderter Prozess der Kallus-Reifung, sowohl in der Mikrostruktur, als auch im 

Ausmaß der Mineralisierung, aus dem verschiedene mechanische Eigenschaften bei 

alten und jungen Tieren resultieren. Unterschiedliche Fixateur-Konfigurationen 

veränderten bei alten Tieren im Gegensatz zu den jungen Tieren nicht die 

Kallusgewebe-Mineralisation. 

Es wurde außerdem gezeigt, dass ältere Tiere eine höhere osteoclastische Aktivität 

aufwiesen, wodurch evtl. die beeinträchtigte Kallus-Mikrostruktur erklärt werden 

kann. 

Die Stabilität der Fixation hatte einen Einfluss auf das Heilungsergebnis der jungen 

Tiere, bei denen eine verzögerte Heilung bei semi-rigider Fixation beobachtet wurde, 
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trotz größerer Kallusbildung. Sowohl die Kallus-Überbrückung, als auch die 

biomechanische Eigenschaften waren schlechter als bei der rigiden Fixation. Es 

wurde auch beobachtet, dass die Stabilität der Fixation einen Einfluss auf die 

Vaskularisation hat. Die semi-rigide Fixation hatte eine geringere Neu-Bildung von 

vaskulären Netzwerken zur Folge.  

Weiterhin ist das Geschlecht der Versuchstiere ein Faktor für das Heilungsergebnis. 

Während die Auswirkungen bei jungen Tieren und kleinen Knochendefekten eher 

gering waren, wurde das Heilungsergebnis bei alten Tieren oder großen 

Knochendefekten stark vom Geschlecht beeinflusst. Im Detail lagen die Unterschiede 

beim Heilungsergebnis dabei in der Größe des Kallus und nicht in der Mineralisation 

der Mikrostuktur. 

Während der beeinträchtigten Heilung durch einen großen segmentalen 

Knochendefekt wurde gezeigt, dass die sich die Kallus-Kompetenz vom normalen 

Heilungsprozess unterscheidet. Besonders die Kallus-Morphologie und weniger die 

Mineralisation veränderte sich durch den Mangel an mechano-biologischen Stimuli 

innerhalb eines großen Knochendefektes. 

Nach Kenntnisstand der Autoren ist dies die erste Studie, die zeigt, auf welche Weise 

die Kalluskompetenz auf  Weichgewebeniveau von verschiedenen  Faktoren 

beeinflusst wird. Die Studie zeigt außerdem, dass zukünftige 

Knochenheilungstherapien eventuell an die beeinflussenden Faktoren angepasst 

werden sollten. Dies könnte in Form eines Vorhersage-Tools zur intraoperativen 

Diagnose von Risikofaktoren der Knochenheilung geschehen. Die Ergebnisse der 

Studie können genutzt werden, um rechtzeitig die Knochenheilung abhängig von den 

Risikofaktoren zu stimulieren. 
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Summary  

Bone healing is a highly complex regenerative process that the musculoskeletal 

system undergoes in order to restore skeletal integrity. Both mechanical and 

biological processes work together to determine the outcome of musculoskeletal 

regeneration. Although bone repair is a rapid and efficient process, failure to heal still 

occurs in a small but significant proportion of patients, and a delayed union or non-

union develops. It remains unclear how physiological healing processes are altered 

during bone healing, leading to delayed or non-union. Furthermore, it is unclear how 

regain of bone strength by means of callus competence is altered due to systemic 

and local factors that are known to influence bone healing. Therefore, the goal of this 

thesis was to understand mechanical, geometrical, micro-structural, and 

compositional components of mineralized callus tissue and how they maybe 

influenced due to systemic and local factors during bone healing.  

The results in this study show the establishment of a standardized means of bone 

defect fixation in a small animal model with controlled mechanical conditions. Using 

the animal model the influence of varying age, gender, fixation stability, and bone 

defect have been shown to influence callus competence, and the regain of bone 

strength at an organ level.  

It is shown in this study that bone healing in the aged seems to be compromised not 

by changes in callus patterning or a reduced influence of mechanical constrains. 

Rather, it is the altered process of callus maturation, both in microstructure and 

extent of mineralization that results in different mechanical competences in aged 

compared to younger subjects. Varying fixator configurations in older individuals did 

not alter the dominant effect of advanced age on callus tissue mineralization, unlike 

in their younger counterparts. It has also been shown that age individuals had a 

higher osteoclastic activity that might have caused the observed impaired callus 
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microstructure. Stability was shown to influence healing outcome in the young 

individuals. A delayed healing was observed in younger individuals with semi rigid 

fixation. Although a larger callus was observed during semi rigid fixation, the callus 

bridging and biomechanical parameters were lower than their rigid counterparts. It 

was also obsrved that stability had an influence on vascularity at the bone defect site. 

Semi rigid fixation caused lower vascular network at the bone defect site. 

Sex of the individuals was observed to cause differences in healing outcome. In 

younger individuals or individuals with a small bone defect, although healing was 

influenced due to sex of the individual, it was not detrimental. However, in the older 

individual or during large bone defect healing, the outcome was influenced by sex 

and detrimental to the individuals healing outcome. It was shown that the difference 

in healing was dependent on callus volume and not due to mineralization or 

microstructure. 

During impaired bone healing due to a segmental bone defect, it was observed that 

callus competence deviated from normal behaviour. Callus morphology and volume, 

and not bone mineralization was shown to be strongly influenced due to lack of 

mechanobiological stimulus in a large bone defect.  

To the authors knowledge this is the first study to show that callus competence is 

influenced at a tissue level in varying ways depending on the factors influencing it. In 

the future, a development of a prognostic kit might be needed to intra-operatively 

diagnose factors that could risk healing outcome. The results could be used to 

specifically stimulate the bone healing depending on the risk factor and in a timely 

fashion.
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Introduction 

This chapter includes a short introduction to the problems concerning 

bone tissue regeneration, particularly with regard to fracture healing. 

Knowledge of tissue level competence may influence our decisions 

on fracture treatments for the future. The specific goals of this mutli- 

disciplinary thesis are then outlines and the overall hypothesis are 

presented.  
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1. Introduction 

1.1 Description of the problem 

Bone healing is a highly complex regenerative process that the musculoskeletal 

system undergoes in order to restore skeletal integrity. Both mechanical and 

biological processes work together to determine the outcome of musculoskeletal 

regeneration. Although bone repair is a rapid and efficient process, failure to heal still 

occurs in a small but significant proportion of patients, and a delayed union or non-

union develops. It remains unclear how physiological healing processes are altered 

during bone healing, leading to delayed or non-union. 

In recent years, some factors influencing bone regeneration have been identified. It is 

known that a certain amount of mechanical stability as well as sufficient blood supply 

is mandatory to achieve healing. In addition, some growth factors (e.g. BMP-2, BMP-

7 or combinations of IGF-1 and TGF-ß) have produced successful stimulation of cell 

differentiation in vitro and healing in vivo. Surprisingly, the basic findings of bone 

formation in in vitro studies were not confirmed in subsequent pre-clinical and clinical 

trials. As a consequence, current clinical applications supply these factors at an 

unphysiologically high dosage, not necessarily with the anticipated success. A major 

reason for this failure could be that biochemical or physical factors that influence 

healing have not been fully characterized. We strongly believe that it is mandatory to 

understand mechanical and geometrically meaningful bone structure  that allows 

load to be carried and limb function to be re-established.  

Whilst several factors, systemic (Strube et al. 2008; Strube et al. 2009) and local 

(Claes et al. 1998; Augat et al. 2005) have been identified to play a role in 

physiological bone healing, the mechanisms behind how these factors influence bone 

formation are not fully understood. A more in-depth analysis of the healing processes 

at the level of the tissue, will offer novel development and adaptation of therapeutic 

approaches and may effectively answer the questions of “what to add or alter”, “how 

to do it” and “when should it be done”. Therefore, it is mandatory to understand 

mechanical, geometrical, micro-structural, and compositional components of 

mineralized callus tissue and how they maybe influenced due to systemic and local 

factors during bone healing.  
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1.2 Objectives  

The objectives of this thesis are to extend the knowledge on the influence of factors 

that risk overall callus tissue competence during bone healing. To address these 

objectives, the thesis involves establishment of animal models to study the effects of 

factors (age, gender, mechanics, bone defects) that influence bone healing, and 

methods to characterize callus competence at a tissue level. Findings from this study 

would further our understanding of bone regeneration at a tissue level. The 

knowledge gained would help improve clinical treatment of long bone fractures during 

complications. 

Specifically, the following questions are addressed: 

- Is it possible to simulate in an animal model the clinically relevant systemic 

and local factors known to influence healing? 

- Compared to normal healing, how do age, gender, stability, large bone 

defects influence callus competence? 

- How is the tissue quality, structure and composition achieved and 

influenced due to risk factors? 

- Is it possible to follow healing patterns so that it can be stimulated in a 

timely fashion? 

- What is the functional outcome under critical conditions and how does this 

compare to the tissue quality achieved? 

1.3 Hypothesis 

The overall hypothesis of this study is that clinically relevant factors known to 

influence bone healing, such as age, gender, stability, and bone defect size influence 

the mineral callus competence, and uniquely, at geometrical, microstructural, 

mechanical and compositional levels. 

1.4 Outline of thesis 

This thesis establishes and develops methods to characterize callus competence 

during normal healing and factors that influence it (Figure 1).  
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The general objectives are divided into specific aims and hypotheses, which are 

addressed in subsequent chapters. The specific objectives with each chapter are 

specified below: 

Chapter 2 – Literature review 

• To provide a comprehensive literature basis to describe the current knowledge 

and previous research conducted in the area of bone healing and factors 

influencing it 

Chapter 3 – Establishment of device and model 

• To establish a device to modify the mechanical environment local to the 

osteotomy gap 

• To establish an animal model to observe the influence of age, gender and 

stability 

Chapter 4 – Age and stability 

• To characterize the influence of clinically known factors age and stability on 

callus micro structure, geometry, and mineralization at a tissue level 

• To show impaired callus competence in aged as a result of osteoclast activity 

Chapter 5 – Gender and stability 

• To characterize the influence of clinically known factors gender and stability on 

callus micro structure, geometry, and mineralization at a tissue level 

Chapter 6 – Large bone defect  

• To establish a animal model with critical healing due to a bone defect 

• To characterize and compare the influence of critical healing and normal 

healing on callus micro structure, geometry, and mineralization at a tissue 

level 

Chapter 7 – 4D monitoring of callus structure and composition 

• To monitor callus competence during bone defect healing 

• To show onset of critical healing 

Chapter 8 – Conclusions 

• To summarize the current thesis and its conclusions 

• To discusses the logic and identify how the results incorporate with past 

research and future perspectives  
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Normal healing

Factors influencing 
healing

Callus competence:
Volume, Geometry, 
Microstructure, 
Composition,  Biology

 

 

Figure 1: Schematic outline of thesis. 
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Diaphyseal bone healing 

This chapter provides a comprehensive review of the literature of 

topics addressed in this thesis. It includes a brief description of bone 

anatomy, physiology and the mechanisms by which it is repaired after 

fracture trauma. This is followed by an in depth description of the 

biological and mechanical factors that influence healing. Thereafter, 

the influence of clinically relevant factors on bone healing is 

presented. Finally, a biomechanical perspective of callus competence 

is described. 
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2. Diaphyseal secondary bone healing 

2.1 Bone: anatomy and physiology 

Bone is often referred to as a protective and supportive framework for the body. The 

rigidity and hardness of bone enables the skeleton to maintain the shape of the body; 

and to protect the soft tissues. Bone is also a dynamic organ that is constantly 

remodelling and changing shape to adapt to the daily forces placed upon it (Frost 

2004), and to transmit the force of muscular contraction from one part of the body to 

another during movement. Moreover, bone stores crucial nutrients, minerals, and 

lipids and produces blood cells that nourish the body and play a vital role in the 

immune system of the body. All these functions make bones an organ that is 

essential to our daily existence. A high impact injury to the bone disrupts the normal 

functions and feedback mechanism that is essential for bone homeostasis (Figure 2). 

Fracture repair post high impact injury aims at regaining the loss of functional 

competence and feedback mechanism through a complex and multifactorial process. 

 

Bone

ECMBone cells

Function

Metabolic Mechanical

Osteoblasts Osteoclasts Osteocytes Organic Inorganic

High impact trauma

 

Figure 2: Hierarchical structure and function of bone. A high impact injury to the bone disrupts 

the normal functions and feedback mechanism. 
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Figure 3: It shows a long bone with the diaphysis and epiphysis regions. (Reproduced from 

Seer training modules). 

Fractures in the diaphyseal region affect cortical bone. Repair of these fractures, 

specifically those with motion or interfragmentary gaps, occur by secondary bone 

healing. This contrasts to fractures that occur in the metaphyseal or epiphyseal 

region where the predominant bone type is cancellous bone. This project deals with 

secondary bone healing in the diaphyseal region of the long bone, with the femur 

taken as an example. 

2.2 Fracture healing 

A fracture occurs when the upper limit of bone strain is exceeded. Fracture repair, 

which aims at regaining the functional competence of a bone, is a complex and 

multifactorial process and can occur through primary or secondary pathways (Frost 

1989). In optimal conditions, injured bone can be reconstituted without a scar almost 

identically to its original shape. Bone healing can occur either through primary or 

secondary fracture healing pathways. 

Primary fracture healing can be defined as primary cortical healing which involves a 

direct attempt by the cortex to re-establish itself. This type of healing occurs during 

precise anatomical reduction of the fracture, followed by discrete remodelling units 

known as ‘cutting cones’ that cross the fracture site (Willenegger et al. 1971). The 

key component there is very low inter-fragmentary strain (McKibbin 1978). In this 

method of bone repair endochondral ossification is absent and there is little or no 
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callus formation. This repair method is rare and it is seen only with open reduction 

and rigid internal plate and screw fixation, and naturally for stress fractures (Einhorn 

1998). 

Secondary fracture healing is a far more common process of bone repair and has 

been studied in greater detail in animal fracture models. The key tissue in secondary 

diaphyseal bone repair is the periosteum which contains committed osteoprogenitor 

cells and uncommitted undifferentiated mesenchymal cells both of which contribute to 

the bone healing process. Secondary healing of bones involves the classical stages 

of fracture healing (Greenbaum et al. 1993). Healing begins with (i) inflammation 

which is followed by (ii) the formation of hard callus by intramembranous ossification, 

(iii) bridging is achieved by endochondral ossification of the soft callus, and finally (iv) 

the callus is resorbed during callus remodelling (McKibbin 1978; Frost 1989; Einhorn 

1998). 

2.3 Biological and mechanical stimulus in bone healing 

The process of bone healing is highly sensitive to a multitude of influencing factors, 

which may be differentiated into biological and physical stimuli, both influencing the 

path and the outcome of endogenous bone healing (Figure 4).  

                 

Biological
factors

Mechanical
factors

Healing 
outcome

Fast and uncomplicated Critical or delayed

Biological
factors

Mechanical
factors

Healing 
outcome

Fast and uncomplicated Critical or delayed

 

Figure 4: Biological and physical stimuli influence the endogenous regeneration pathway 

towards clinical healing of fractures and bone defects. The optimal mechanical and biological 

stimulus would result in fast and uncomplicated healing outcome.  

 

Mechanical Factors: Fractures heal successfully under extremely rigid, as well as 

under relatively flexible �xation. The type of fixation device and nature of the 
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musculoskeletal loading determines the mechanical environment (Goodship et al. 

1993). Rigid fixation results in direct bone formation and osteonal bridging of the 

fracture gap. Flexible �xation results in indirect healing characterized by periosteal 

callus formation and endochondral bone formation. A large variety of mechanical 

factors have been identi�ed to in�uence fracture healing. The most dominant factors 

are the fracture geometry, the type of fracture, and the magnitude, direction, and 

history of the interfragmentary movement (Augat et al.). Healing has been shown to 

be more rapid if the loading is reduced as healing progresses (Gardner et al. 1998). 

But if stimulation is delayed until after the initiation of ossification the benefits of 

cyclical loading are eliminated (Goodship et al. 1998). The rate of strain is also 

known to influence healing. The magnitude and direction of mechanical stimulation 

are also important to healing outcome (Claes et al. 1998; Duda et al. 1998; Duda et 

al. 2002; Duda et al. 2003). All these global factors determine the local strain 

distribution at the fracture site (Figure 5). The distribution of local strain in the healing 

tissue provides the mechano-biological signal for the regulation of the fracture repair 

process and causes the cellular reactions. 

 

Figure 5: Mechanical factors affecting diaphyseal secondary bone repair. Geometry, Load and 

tissue distribution determine the local strain state which in turn influence tissue deformations 

that determines the biological and cellular reactions. (Reproduced from (Augat  et al. )) 
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Biological factors:  Among the biological factors that affect the outcome of fracture 

healing the regeneration of the vascular supply and the local biochemical milieu are 

the ones that have been studied most extensively. A fracture disrupts the circulation 

of blood and leads to acute necrosis and hypoxia of adjacent bone and marrow. A 

complex interplay of cellular components with an array of pro-inflammatory cytokines 

and growth factors are essential even at the earliest event in the healing process 

(Bolander 1992). The haematoma is an important source of signalling molecules 

such as thrombotic factors that has the capacity to initiate the cascades of cellular 

events that are critical to fracture healing (Einhorn 1998).  

Angiogenesis is also an essential component of successful bone repair and 

numerous angiogenic factors, primarily in the periosteal callus have been identified. 

New blood vessel formation and stimulation of adjacent circulation is an essential 

component during good healing (Glowacki 1998). New blood vessels bring blood 

supply to the fracture which is a pre-requisite for the reconstitution of bone tissue. 

Insufficient blood supply is likely to result in delayed union or atrophic non-union. 

For the success of the whole sequence of fracture repair, from in�ammation, 

angiogenesis, cartilage formation, calci�cation, to remodelling, biology and 

mechanics are of immense importance. Research has identi�ed several biological 

and mechanical factors that may, under certain circumstances, stimulate or 

accelerate fracture repair. Some other factors, such as excess movement or absence 

of essential mediators, may prevent a fracture from healing (Claes et al. 2002). 

These factors influence healing outcome starting from very early time points in the 

healing cascade. It is however unclear in what ways these factors influence the 

mineralized callus. 

2.4 Complications in fracture healing  

Long-bone fractures represent the most common skeletal trauma of contemporary 

times. The vast majority of fractures (90%–95%) are treated successfully (Lynch et al. 

2008). However, in those patients whose fractures fail to heal the possible reasons 

for failure are numerous. Impairment of fracture healing has been associated with a 

variety of factors known to in�uence bone repair, including systemic, local, lifestyle, 

physical, and genetic factors (Figure 6) (Babhulkar et al. 2005; Lynch et al. 2008). 

Systematic factors relate to the overall condition of the patient's body systems. Such 

factors might be patient age, nutrition status, tobacco use, activity level, nerve 
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function, hormones and drugs. Local factors relate to conditions at the injury site. 

They would reflect the severity of the injury, i.e. soft tissue damage, bone loss, 

infection, local damage to vascular and nerve tissue, local pathological conditions 

and the mechanical environment at the fracture site. 

 

Figure 6: Factors influencing bone healing. 

In bone defect situations, specifically in aged patients suffering from systemic 

illnesses, in tumour cases or after joint revision, bone defects remain and recover 

only slowly if at all. If the general strategy of bone to re-establish its initial form and 

function were understood, it could serve as a paradigm for regeneration strategies for 

other tissue organs within the human body. Future research will have to identify the 

factors that are incompatible with fast and successful fracture repair and will have to 

�nd methods to replace the unfavourable factors with favourable factors. Those 

efforts will, hopefully, result in improved care of patients with problematic fractures, 

including patients with osteoporotic fractures. Due to the complexity of the influencing 

biological and physical stimuli, it is mandatory to define and employ standardized 

conditions that allow factors to be identified, as well as their impact on bone quality 

and quantity during healing is to be assessed, using comparative approaches.  

2.5 Biomechanical perspective on callus competence 

Bone strength is determined by a combination of bone size, shape, and material 

properties. Regain of bone strength after fracture trauma is related to callus quality or 

competence, which can be defined as the sum of all factors that affect the ability of a 
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callus to resist fracture or torsion during the healing period. The factors that 

contribute to callus strength – its resistance to fracture and torsional stiffness – 

includes the size of callus, shape (geometric properties), microstructure, and 

composition (material properties). Callus competence increases over the healing time 

causing the regain of bone strength. Callus competence can be assessed in a 

combination of methods such biomechanical testing and non-invasive imaging 

techniques. Biomechanical testing is the gold standard in assessment of healing 

outcome at endpoint post-mortem bone healing studies. Torsional stiffness and 

failure at maximum load are commonly regarded as reliable indices of the status of 

fracture healing. The torsional test is more functional, as it evaluates the mechanical 

properties of the entire healing bone, indicating the weakest section (Ekeland et al. 

1981). Because these properties are difficult to measure in vivo, non-invasive 

physiochemical assessment of the callus tissue have been investigated and related 

to bone strength (Markel et al. 1993). 3D non-invasive imaging using Micro-computed 

tomography (ìCT) has become an important tool in quantitative measurement of 

fracture callus size, geometry, microstructure and composition. Using non-invasive 

micro-computed tomography derived metrics in combination with biomechanical 

analysis will facilitate a deeper understanding of the regain of mechanical function. 

 

Geometry Size Microstructure Composition

Callus competence

Bone strength

 

Figure 7 : Callus competence is influenced by factors such as geometry, size, microstructure 

and material composition. The increase in callus competence in quantity and quality 

determines regain of bone strength over time. 

 

 



  Diaphyseal bone healing 

15 

2.6 Relevance of the topic  

The relevance of the topic of musculoskeletal regeneration is becoming evident by 

analysing the numbers of patients involved and the budget required for treatment of 

those patients. A recent forecast of population development from the Federal 

Statistics Office predict that in the year 2050, half of the population in Germany will 

be older than 48 and one third will be at least 60 years old. The proportion of people 

over the age of 80 will triple1. The aging of the population  will lead to an increase in 

the demand for surgery for joint replacement and fracture treatment – both especially 

influenced by the degeneration of bone and joints.  

In the EU, every third woman and every eighth man over the age of 50 will suffer a 

fracture associated with underlying osteoporotic disease2, whereby reduced bone 

density is responsible for an increase in the fracture risk. The most common 

fractures, which are also frequently associated with osteoporosis, are fractures of the 

femoral neck, of the fore-arm and of single vertebra. Within the EU, an increase in 

the annual osteoporotic fracture caseload of up to 37.3 million is predicted. In 2003, 

the costs for the first year of treatment following hip fracture alone amounted to 14.7 

billion Euros. Comparable figures exist for the USA: 1.5 million cases of 

osteoporosis-related fracture are treated per year, and the average cost of surgical 

treatment of one osteoporosis patient amounts up to 30,416 US Dollar3.  

In spite of the increasing proportion of age-related, degenerative joint diseases and 

musculoskeletal dysfunction, the financial expenditure on trauma, rheumatological 

and orthopaedic research is, in comparison with other clinical disciplines, not only 

small but also declining. For this reason the main aim of the “Bone and Joint 

Decade 2000 - 2010 ” declared by the World Health Organisation (WHO) is the 

exploration of causes of both joint disease and delayed musculoskeletal healing, and 

the development of new methods of treatment. 

Biotechnological (e.g. growth factors, cell therapy and biomaterials) and biomedical 

engineering (e.g. pre-operative planning, intra-operative navigation, functional 

                                            

 

1 Statistisches Bundesamt „Bevölkerung Deutschlands bis 2050“, published June 2003. 

2 EU „Osteoporosis in the European Community: Action Plan“, published November 2003. 

3 The Ortho FactBook, U.S. Third Edition, 2003. 
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assessment) approaches open a whole new horizon of possibilities for 

musculoskeletal injury treatment. Even though it is well recognised that tissue healing 

and differentiation are significantly influenced by mechanical conditions, the 

underlying mechanisms remain unknown. Therefore, alongside the application of new 

technologies, the basic understanding of bone healing and bone regeneration must 

be intensified. We believe that this complementary approach is essential, since only 

in this way can new methods be applied in a patient- and condition-specific manner. 

We also believe that only in this way can the increasing numbers of patients receive 

effective and innovative therapies providing them with a speedy and full recovery of 

function at an acceptable cost. 

In multiple cases, regeneration of musculoskeletal tissue is frequently achieved by 

clinical expertise and rather seldom by understanding the underlying biological 

mechanisms. Combining extensive clinical experience of what works in patients with 

a deeper knowledge of how this healing takes place will enable the development of 

science-based, specifically targeted treatments for musculoskeletal regeneration. 

Commonly tissue regeneration includes scar tissue formation and may thereby lead 

to less optimal tissue compared to the initial situation. Bone is different; although 

bone tissue formation is commonly achieved in regular fracture healing, the 

underlying endogenous mechanisms are still unclear. In bone defect situations, 

specifically in aged patients suffering from systemic illnesses, in tumour cases or 

after joint revision, bone defects remain and recover only slowly if at all. If the general 

strategy of bone to re-establish its initial form and function were understood, it could 

serve as a paradigm for regeneration strategies for other tissue organs within the 

human body.  

Clinically, the remaining problems are delayed healing (e.g. after complex fractures, 

infections), large dia- and metaphyseal defects and defects after joint replacement. 

To overcome those limitations and remaining problems, it appears essential to 

characterize the mechanical and biological situations, both systemically as well as 

locally at the side of injury or defect. Only with increased understanding of the tissue 

and matrix formation, the involved angiogenesis and reorganization of tissue, the 

mechano-biology of tissue formation, the signal transduction, cell differentiation and 

the involved cytokines and growth factors, as well as underlining molecular 

mechanisms, will it be possible to form the knowledge basis required for guided 

tissue formation.  
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3.  Device to control mechanical environment during bone healing 

A new device to control the 

mechanical environment of 

bone defect healing  

In this chapter, the development of a new animal model that allows to 

reliably control the mechanical environment in bone defect healing in 

rats using different implant materials is presented. The animal model 

and device to control the mechanical environment become the basis 

platform tools for investigations of clinical relevant factors that are 

introduced in the following chapters. 

3
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3.1 Introduction 

For molecular biological analysis of bone healing, small animal models have been 

introduced (Einhorn et al. 1984; Perka et al. 2000; Mark et al. 2004; Lienau et al. 

2005). Although it is well known that mechanical conditions influence bone healing 

processes and thus molecular biological interactions, fragment fixations and thus 

mechanical conditions at the healing site are hardly controlled in regard to axial and 

torsional stiffness of fixation or interfragmentary movement (Bonnarens et al. 1984; 

Chao et al. 1989; Jazrawi et al. 1998).  

Imaging of bone healing processes employing micro-computed tomography (µCT) or 

micro-magnetic resonance imaging (ìMRI) artefact-reducing materials like titanium or 

carbon are required. Such materials have an additional influence on the stiffness at 

the fracture or defect healing site (Sullivan et al. 1994). New materials always 

implement the risk of an increased complication rate with respect to infection and 

material failure (Verstrynge et al. 2006; Wedemeyer et al. 2007). In consequence, an 

urgent need exists for animal models that allow controlling the mechanical 

environment of fracture or bone defect healing in small animals. Special requirements 

will be added if artefact-reducing materials need to be employed (Claes et al. 2002; 

Thompson et al. 2002; Klein et al. 2003; Gorman et al. 2005). 

The aim of the current study was to develop a new small animal model to reliably 

control the mechanical environment in secondary bone healing, using an external 

fixator, as well as to research the influence of different implant materials on this 

mechanical environment. The evaluation of the model is performed in vitro, mounted 

to rat bone, as well as in vivo in rats. 

3.2 Material and methods 

Design of the fixator 

A modified design of a previously established external rat femoral fixator was 

used(Kaspar et al. 2007).The custom-made external fixation device consisted of four 

1.2 mm Kirschner (K)-wires (Medizintechnik Jagel, Bad Blankenburg, Germany) with 

a 5 mm thread and a crossbar (dimensions: 22x5x2 mm) made from stainless steel. 

Each pair of wires was connected to the crossbar with a steel clamp (8x5x3 mm) 

using a counter-sunk screw (M 2.5) (Figure 8). The weight of the fixator construct was 
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approximately 3 g. The K-wires have been approved by the supporting company 

regarding safety, biocompatibility and mechanical properties for the use in human 

surgery. The elasticity modulus of the K-wires is 210 kN/mm² for stainless steel and 

105 kN/mm² for titanium (20°C). The distance between the fixator and bone (offset) 

was changed to vary the mechanical stiffness of the device.  

                         

Figure 8: Line drawing of the external fixator. 

In vitro mechanical testing 

For in vitro mechanical testing, the fixators were mounted to femurs of female adult 

Sprague-Dawley rats after sacrifice (Figure 9). Testing of the first group of specimens 

was performed using steel K-wires, followed by a second group using titanium K-

wires. In each group of specimens, subgroups were defined by different offsets (5.0, 

7.5, 10.0, 12.5 and 15.0 mm). Ten specimens were used in each sub-group and 

offset.  

The mounting of the fixator to the bone for in vitro testing was performed after 

sacrifice but with full soft tissue envelope. The mounting procedure was identical to 

that of the in vivo surgery. After mounting the bones were harvested for 

biomechanical testing. To prevent from drying, the fixated femurs were placed in 

cooled (4 °C) buffered saline solution until testing. Testing was performed at least 3 

hours after sacrifice.  

                                    

Figure 9: Mounting of steel external fixator with a white spacer for varying fixator offset. 

For rotational stability after embedding, proximally and distally, a short pin was 

implanted perpendicular to the bone long axis. Both ends of the specimens were 



  Device to control mechanical stimuli 

20 

embedded into custom-made casting containers with polymethyl methacrylate 

(Technovit® 3040, Heraeus Kulzer, Germany). The specimens were clamped into a 

custom-made measuring unit (Zwick 1445, Ulm, Germany), axially loaded with 5 N 

and torsionally loaded with 2 mm/min crosshead speed until reaching a rotation of 5 

°, as earlier described (Schmidmaier et al. 2004) (Figure 3). For axial testing (Zwick 

1445, Ulm, Germany, Figure 10), the specimens were loaded with a testing speed of 

1 mm/min (axial preload: 0.05 N) until 20 mm or a load of 10 N was reached.  The 

axial and torsional stiffness of the fixation device were determined(White et al. 1977).  

 

Figure 10: Images illustrating (left) the torsional testing of the fixator, and (right) the axial 

testing of the fixator mounted to bone (stainless steel K-wires). 

To evaluate the influence of the material of the crossbar, a subgroup (n=6) equipped 

with carbon fixators (identical dimensions, titanium locking screws, total weight: 0.98 

g) was tested using titanium wires and a 7.5 mm offset. Because of observing screw 

loosening over short time, the carbon fixator design had to get modified by adding 

nuts to the screws (Figure 11). Axial and torsional stiffness of both designs of the 

carbon fixator were compared to that of the steel fixator with the same offset and 

configuration. 

In vivo experiment: animals and groups  

All experiments were carried out according to the policies and principles established 

by the Animal Welfare Act, the NIH Guide for Care and Use of Laboratory Animals 

and the National Animal Welfare Guidelines and were approved by the local legal 

representative (Landesamt für Arbeitsschutz, Gesundheitsschutz und technische 

Sicherheit, Berlin, G 0190/05). 
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Figure 11: Modified design of the carbon fixator with titanium K-wires, screws and nuts. This 

design avoids image artifacts in regular µCT. 

96 female Sprague-Dawley rats were divided into 4 groups of 24 animals. According 

to the in vitro mechanical testing results (significantly higher axial and torsional 

stiffness of the 7.5 mm compared to the 15 mm offset), the offset of groups SL (steel, 

less rigid) and TL (titanium, less rigid) was set to 15.0 mm, whereas the offset of 

groups SR (steel, rigid) and TR (titanium, rigid) was set to 7.5 mm. The 7.5 mm offset 

was the smallest possible in vivo because of the thickness of the soft tissue around 

the femur of the old rats used in this study. The 15.0 mm offset was defined as the 

largest possible in vivo avoiding sticking on the cage while still producing a difference 

in stability. In groups SL and SR steel K-wires and in groups TL and TR titanium K-

wires were used. The body weights of the rats was 232-399 g (group SL: mean: 

296.6 g, standard deviation (SD): 48.2 g), 222-429 g (group SR: mean: 297.2 g, SD: 

45.8 g), 231-420 g (group TL: mean: 297.1 g, SD: 58.1 g) and 237-406 g (group TR: 

mean: 293.4 g, SD: 50.7 g). Female rats were chosen because of the lower growth-

rate during the experimental period. Time from surgery to sacrifice was 6 weeks. 

During follow-up, the rats were not restricted in weight-bearing.  

Surgical procedure 

Operations were performed by one surgeon under aseptic conditions on a heating 

plate (37°C) in general anaesthesia, according to a previously published protocol 

which is only briefly summarized here(Kaspar et al. 2007). The mid-shaft left femur 

was prepared using an anterolateral approach between hamstring muscles and M. 

quadriceps femoris. A primary fixator served as drilling-template and was used to 

ensure reproducibly the assembly of the four K-wires relative to the bones. The 

primary fixator was similar in material and dimension to that of the definite fixator, but 

with a 1.1 mm shorter distance between the proximal and distal notches for the wires. 
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Using this drilling template, the four monocortical holes were drilled consecutively 

with a drill of 0.8 mm diameter (S-11, Implantmed®, W&H Oral Surgery, Bürmoos, 

Austria), using constant irrigation (0.9% saline solution) and followed by screwing in 

the wires bicortically through the template. The wires were fixed by the primary fixator 

with an offset of 7.5 mm. Thereafter, the bone was osteotomized using irrigation with 

0.9% saline solution and covering the soft tissue (0.3 mm saw blade, resulting saw 

gap of 0.4 mm, S-8R, Implantmed®, W&H Oral Surgery, Bürmoos, Austria). 

The primary fixator was changed to the definite one by distraction of the bone ends, 

resulting in the defined gap of 1.5 mm (1.1 mm distraction + 0.4 mm saw gap). A 

precision spacer of polyoxymethylene (Delrin®, Du Pont de Nemours, Bad Homburg, 

Germany) was used to define the offset.  

Clinical observations  

Preoperatively, as well as weekly postoperatively, rectal temperature and body 

weight were measured to detect possible infections (temperature � 38 °C; weight loss 

> 10% of body weight over one week). Postoperatively, the animals were visited daily 

and if necessary analgesia was given. 

In vivo performance 

The complication rate of the fixator was evaluated during a follow-up of 6 weeks. The 

following outcomes were chosen for evaluation of the in vivo performance : (1) 

broken wires, (2) loosening or breakout of pins, (3) wound healing, (4) bone healing, 

and (5) general well-being (6) signs of metal attrition after sacrifice. 

Wound healing refers to open and/or infected wounds or wires. Bone healing was 

evaluated by clinical misalignment (>20°) in dissected bones after sacrificing and by 

qualitative radiographic analysis. Radiographic evaluation was performed directly 

postoperatively, as well as after 2, 4 and 6 weeks (Mobilett Plus X-Ray unit, Siemens, 

Erlangen, Germany, films: Chronex 5 Medical X-Ray Film, AGFA-Gevaert N.V., 

Mortsel, Belgium). Two independent observers performed the qualitative X-ray 

analysis using the following criteria in two perpendicular views for each case and time 

point: 

• A: bridging (one to four cortices bridged by callus) 

• B: no bridging (no cortex bridged by callus) 

In case of divergent scoring, a decision was made by a third independent observer. 

Well-being was defined as normal behaviour and movement as well as weight 

gaining and absence of infection signs (as defined in clinical observations) 
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throughout healing.  The in vivo ability of the fixator to produce biomechanical 

differences in bone healing outcome by applying the 7.5 mm and the 15.0 mm offset 

was proven and described in a previous study.  

Statistical analysis 

The data from this study were analyzed using the statistics software SPSS 16.0 

(SPSS Inc. Chicago, USA) and Prism 4.03 (GraphPad Software Inc., San Diego, 

USA). A 2-way analysis of variance (ANOVA) with posthoc Bonferroni correction was 

used for testing the differences between the offsets or materials. Normal distribution 

of the data set was checked using the Kolmogorov-Smirnov-test. In cases were the 

data was not normally distributed a Mann-Whitney-U-test was applied. For the 

qualitative radiographic evaluation a ÷²-test was employed. Inter-observer-variability 

was tested with kappa-statistics. The significance level for all statistical tests was 

p=0.05.  

3.3 Results 

In vitro mechanical testing 

In all combinations, an exponential decrease in torsional and axial stiffness by 

increasing the offset could be observed (coefficient of determination: [torsional] steel 

R²=0.98; titanium R²=1.00; [axial] steel R²=0.99; titanium R²=1.00). With each offset, 

the mean torsional and axial stiffness using steel wires was higher to that using 

titanium wires (Figure 12a, Figure 13a). The measured values for stiffness of each 

offset and wire material showed a normal distribution (p<0.05). 

First, the torsional stiffness was determined with the fixator mounted to rat bone with 

steel wires and titanium wires. Both, pin material (44.1 % of total variance [TV]) and 

offset (23.6 % of TV) influenced the torsional stiffness significantly (p<0.001 for both). 

No significance in interaction of pin material and offset could be observed (p=0.637).  

Mean torsional stiffness was significantly lower in steel compared to titanium setup 

for each offset (Table 1, Figure 12c). Offset 7.5 mm showed a significantly higher 

torsional stiffness compared to the 15.0 mm offset in the steel setup (p<0.01), as well 

as in the titanium setup (p<0.001) which led to the application of these offsets in vivo 

(Figure 12b).  
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Figure 12a-c: In vitro results of the torsional stiffness (a) giving the logarithmic scale versus 

offset (linear scale), (b) in the  in vivo  used offsets with a comparison between steel and 

titanium setups, and (c) of steel and titanium setups vs. offset. Stars (*) indicate significance 

(p<0.05). 

Second, the axial stiffness was evaluated with the fixator mounted to rat bone with 

both wire materials. Both, pin material (78.1 % of TV) and offset (4.6 % of TV) 

influenced the torsional stiffness significantly (p<0.001 for both). A significance in 

interaction of pin material and offset could be observed, too (1.6 % of TV, p=0.032). 

The axial stiffness in steel setups was significantly lower than in titanium setups for 

using the offsets 5.0 mm and 10.0 mm (Table 2, Figure 13c). In the steel setup 

(p<0.001) and in the titanium setup (p<0.001), the 7.5 mm offset showed a 

significantly higher axial stiffness than the 15.0 mm one which led to the in vivo 

application of these offsets (Figure 13b). 
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Figure 13a-c: In vitro results of the axial stiffness (a) giving the logarithmic scale versus offset 

(linear scale), (b) in the  in vivo  used offsets with a comparison between steel and titanium 

setups, and (c) of steel and titanium setups vs. offset. Stars (*) indicate significance (p<0.05). 

Comparing the steel to the carbon fixator significantly lower torsional and axial 

stiffness were observed. Values were not normally distributed and therefore non-

parametrically tested. Changing the design of the carbon fixator by adding nuts to the 

titanium screws resulted in significant differences between stainless steel and carbon 

fixator’s axial and torsional stiffness, too. Axial stiffness nearly doubled (p<0.001) 

while torsional stiffness did not change significantly (p=0.630) (Table 3) 

In vivo performance 

None of the operated animals showed a material failure of the K-wires. In one animal 

of groups SL and TR (4.2% each group), a breakage of one wire out of the bone was 

recognized because of displacement during operation. In one animal of groups SL (5 

weeks after surgery) and TL (4 weeks after surgery; 4.2% each group) a superficial 

pin infection was recognized, which could not be observed at 6-week follow up. 

One animal of group TR (4.2% of this group) showed an axial misalignment of more 

than 20° after surgery but all animals showed bone healing except the two with 

breakout of the wire, which were sacrificed before the end of the follow-up. 
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Well-being during follow-up was normal in 23 of 24 (96 %) animals of groups SL and 

TR as well as in all animals (100 %) of groups SR and TL. No signs of metal attrition 

could be observed after sacrifice. No significant difference was found between the 

groups regarding their complication rate. The over-all-complication rate was 3.1%, 

and 5.2% including transient superficial wire infections. Qualitative radiological results 

are shown in Table 4. The in vivo performance of the 7.5 mm and 15.0 mm offsets of 

the fixation device was proved in a previously published study resulting in 

biomechanically and radiologically significant bone healing differences. 

Table 1: Mean Torsional Stiffness (±SD**)  

Setup Offset

5.0 mm [Nmm/°] 7.5 mm [Nmm/°] 10.0 mm [Nmm/°] 12.5 mm [Nmm/°] 15.0 mm [Nmm/°]

Steel 9.17±1.64 8.13±1.17 7.53±1.00 7.06±1.26 6.62±1.20
Titanium 7.93±0.46 6.97±0.36 6.16±0.40 5.44±0.39 4.63±0.29

p -value* <0.05 <0.05 <0.01 <0.001 <0.001

* p -values from Bonferroni corrected posthoc tests (2-way ANOVA) 
**SD - single standard deviation  

Table 2: Mean Axial Stiffness (±SD**) 

Setup Offset

5.0 mm [Nmm/°] 7.5 mm [Nmm/°] 10.0 mm [Nmm/°] 12.5 mm [Nmm/°] 15.0 mm [Nmm/°]

Steel 41.35±11.40 25.21±2.57 19.53±3.89 13.18±3.56 10.39±2.15
Titanium 31.18±4.14 22.94±2.20 14.17±1.67 10.38±1.04 7.17±0.94

p -value* <0.001 >0.05 <0.05 >0.05 >0.05

* p -values from Bonferroni corrected posthoc tests (2-way ANOVA) 

**SD - single standard deviation  

Table 3: Stiffness of the Carbon Fixator Setup 

Setup (Offset=7.5mm)

Fixator Axial Stiffness Torsional Stiffness
Material Mean±SD** [N/mm] Mean±SD**  [Nmm/°]

Titanium Steel 22.94±2.20 7.97±0.35
Carbon 13.03±3.48 5.92±0.77

p -value* <0.001 <0.001

Steel 22.94±2.20 7.97±0.35
Carbon with Nut 25.90±0.37 5.39±0.02

p -value* 0.049 0.007

* p -values from Mann-Whitney-U-test ** SD: single standard deviation  
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Table 4: Radiographic Score 

Steel Titanium
Follow-up Score Rigid Less-rigid Rigid Less-rigid

(n=24) (n=23/24)** (n=23/24)** (n=24)

2 weeks A 10 7 9 9

B 14 16 14 15
p -value* 0.875

4 weeks A 16 14 17 15

B 8 9 6 9
p -value* 0.79

6 weeks A 24 23 23 24
B 0 0 0 0
p -value* 1,000

* p -values from ÷²-test ê=0.88
**animals with operation failure were excluded from qualitative analysis  

3.4 Discussions 

Within this study, we developed a standardized means of bone defect fixation in a 

small animal model with controlled mechanical conditions. It is to the author’s 

knowledge the first approach to a reproducible and controlled mechanical 

environment in a bone healing model in rats. The study employed different implant 

and fixator materials to allow imaging even in early bone healing processes without 

significant distortion. We were able to show that the different in vitro settings of both 

wire materials can be safely applied for a relatively long period in vivo resulting in 

moderate wire complications.  

In previous studies, external fixation was often used to examine segmental defect 

healing and fracture healing. The comfortable possibility to change mechanical 

stiffness and composition of the fixation even allowed monitoring distraction 

osteogenesis in rats(Einhorn et al. 1984; Jazrawi et al. 1998; Harrison et al. 2003; 

Mark et al. 2004; Mark et al. 2005). Despite the frequent usage of this method and 

the general acceptance of the importance of the mechanical environment on bone 

healing, hardly any study aimed at sufficiently describing or even controlling the 

mechanical environment at the bone defect site.  

Disadvantages of external fixation are well known: Depending upon the implant 

material, implant dimension or the permanent interaction with soft tissue, breaking of 

pins and pin infection are typical complications, whereas only infection played minor 

a role in this study(Hazan et al. 1993; Hernández et al. 1995; Mark et al. 2003). 
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Artefacts in radiological examinations are a common problem of all osteosynthesis 

implants but are more dominant in stainless steel than in titanium(Sullivan et al. 

1994). The potential degree of artefact reduction in a µCT can be easily shown 

replacing stainless steel wires by titanium wires (Figure 14).  

Rat bone was chosen for in vitro testing because it better reflects the in vivo situation 

than employing other materials like brass rods for mounting the fixator(Mark et al. 

2003). The results of the in vitro mechanical testing demonstrate a clear dependence 

of the local mechanical stability on both, the offset of the fixator and the material of 

the wires. Due to the higher elasticity modulus of steel, application of titanium wires 

reduced both the axial and the torsional stiffness. Reducing the offset led to higher 

axial and torsional stiffness of the fixation device. In general, loading the device 

axially and torsionally, the offset and stiffness demonstrated – as expected – an 

exponential relationship. The influence of offset on stiffness in this study is similar to 

that observed in other studies(Klein et al. 2003; Mark et al. 2003).  

 

Figure 14: Microcomputer tomographical pictures. Steel K-wire (left) mounted to rat bone 

producing substantial artifacts compared to a titanium K-wire (right) mounted to rat bone.  

The 7.5 mm offset in the in vitro testing using steel wires resulted in 123% of the 

torsional and 243% of the axial stiffness compared to the 15.0 mm offset. If titanium 

wires were used, a torsional stiffness of 151% and an axial stiffness of 320%, 

comparing offsets 7.5 mm to 15.0 mm, were measured. Because of the significance 

of these results, these offsets were applied in the in vivo testing. In 7.5 mm and 15 

mm offsets, the axial and torsional stiffness with titanium wires were lower than the 

ones with stainless steel wires. Thus, in vivo, titanium led to a less rigid fixation 

overall. A consequence would have been to aim at compensating for the loss of 

stiffness in titanium pins with a reduced offset. According to the experimental setup 

selected in considering the soft tissue structures, it was impossible to identify offsets 

that would allow compensating for the different material stiffness.  
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Despite its differences in the in vitro mechanical testing, all setups and materials of 

the external fixator performed in vivo with a comparable but moderate rate of 

complications and hardly any clear differences in the radiological rate of bone 

healing. In none of the investigated groups breaking of the wires could be observed 

maybe because of using a sufficient wire diameter(Mark et al. 2003). 

Other parameters are able to influence the stability or stiffness of the external fixator, 

too. Earlier reports indicate that the material of the fixator’s crossbar plays a minor 

role (Harrison et al., 2003). Within the present study a difference in torsional and axial 

stiffness was found by changing materials from stainless steel to carbon. After adding 

nuts to the screws mainly the axial stiffness dramatically rose to a level close to that 

of the steel crossbar setup. It is known that loosening of the wire fixation in the 

crossbar is able to lower fixator’s stiffness (Mark et al., 2003).   

Changing the wire or pin diameter from 1.2 mm to 1.0 mm also reduces the stiffness 

by about 50% but may lead to pin breakage(Mark et al. 2003). Harrison described an 

influence on the axial stiffness of about 6% by increasing the distance between the 

proximal and distal wires or pins, resulting in a change of the defect gap from 1 to 3 

mm, using an offset of 8 mm(Harrison et al. 2003). In contrast, another group 

reduced the gap size to zero which heavily increased the stiffness of the fixation 

device(Klein et al. 2003). However, such approach would change the biology of bone 

healing from secondary to primary. 

In other studies the fixator’s weight was increased up to 6 g(Mark et al. 2003; Jäger 

et al. 2004). To ensure a more regular gait in the rats, the weight of the fixator can be 

reduced to less than one gram if carbon is used. 

In conclusion, the present study illustrates a new and reliable method of fracture 

fixation that allows a controlled mechanical environment during secondary bone 

defect healing in rats. The given approach allows employing artefact reducing implant 

materials to ensure compatibility with existing imaging modalities during healing. 

Suggestions on fragment fixation with controlled mechanical conditions were given. 
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4. 

4 

4

Callus competence in bone 

healing of aged rats. 

The skeleton loses the ability to repair itself with age. It appears that 

the influence of mechanical constraints on bone healing is not an 

inherent constant but diminishes with age. The hypothesis in this 

chapter was that the diminishing influence of fixation stability with age 

might be due to differences in callus structure. Therefore, the goal of 

this study was to unravel the relationship between mechanical 

stimulus and age on callus size, structure and mineralization. 
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 Age and mechanics 

4.1 Introduction 

Due to an increase in the aged patient population, increasing incidents of delayed or 

mal-unions after fracture trauma within these groups are beginning to represent a 

considerable burden to the health care system(Haas 2000; Sprague et al. 2002). 

Besides preventive approaches (e.g. pharmatherapy for osteoporotic patients, 

physical activity), no specific surgical treatment modalities exist once a fracture has 

occurred in aged patients. Most experimental analyses of bone healing employ rather 

young animal models and thus do not necessarily intend to represent the situations in 

aged individuals. It is known that the endogenous process of healing in the young 

individual allows regaining of bone strength by means of e.g. secondary bone healing 

through callus formation and maturation. Callus structure and composition are related 

to callus formation and maturation and have been shown to be reliable measures for 

the mechanical reconstitution of bone(Morgan et al. 2009). An altered callus structure 

due to e.g. diminished presence of calcified components or composition would lead 

to a lack of mechanical competence and reconstitution of bone(Gardner et al. 2003; 

Augat et al. 2005). Individuals with an advanced age may pose risk to the mechanical 

reconstitution of bone by means of an altered callus patterning. 

Advanced age in individuals is an extrinsic biological factor known to risk bone 

healing outcome(Nilsson et al. 1969; Meyer et al. 2001; Gruber et al. 2006; Lynch et 

al. 2008). With advancing age, the rate of bone repair is known to be progressively 

reduced(Naik et al. 2009). Although substantial multiple biological causes for age 

related impaired healing have been described (degree of cellularity and vascularity of 

the periosteum(Lu et al. 2008), reduced numbers of osteogenic precursor 

cells(Bergman et al. 1996), cytokine stimulation(Meyer et al. 2001), and gene and 

protein expression(Meyer et al. 2007; Naik et al. 2009), the consequences of age on 

bone repair at a structural level remain so far unknown. These structural 

consequences are, however, essential for an understanding of the processes 

involved that lead to significant delays in callus maturation and regain of bone 

strength.  

The influence of mechanical environment on fracture healing has been extensively 

studied in a variety of animal models(Jagodzinski et al. 2007). It has been shown that 

optimal interfragmentary movement along the axes is beneficial for callus 
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formation(Claes et al. 1998). As a result of mechanical stimulation of bone forming 

cells such as osteoblasts, several molecular events in fracture healing are known to 

be influenced through local changes in the biological signalling within the fracture 

callus(Kadow-Romacker et al. 2008). In the aged bone, it is possible that these cells 

respond differently to mechanical stimuli by having an altered matrix synthesis during 

callus formation after injury(Sterck et al. 1998).  

Studies in the past have reported separate effects of age (Aho 1966; Bak et al. 1989; 

Meyer et al. 2001) and fixator stability (Schell et al. 2005) on fracture healing 

outcome. However, in a clinical setting, the combination of age of an individual and 

the mechanical environment provided by fracture treatment would influence healing 

outcome. In our previous experimental study, the combined influences of age and 

stability on biomechanical outcome during bone healing was reported(Strube et al. 

2008). Advanced age was shown to influence biomechanical outcome (torsional 

stiffness) in bone healing in rats at six weeks (Figure 15). Unlike younger individuals 

that showed varying responses in healing outcome during varying fixator stabilities, 

older individuals showed no such. It appeared that the influence of mechanical 

constrains on bone healing is not an inherent constant but diminishes with age. It 

remained unclear, however, what caused the loss in mechanical sensitivity with age. 

It might be speculated that the strong influence of mechanical constrain on the 

patterning of bone healing diminishes with age and is replaced by other, more 

biological, constrains. Therefore, the combined effect of age and fracture stability on 

callus tissue structure, geometry and composition remains so far unidentified.  

The goal of this study was to characterize changes in fracture callus structure and 

composition that have been known to relate to the regain of mechanical strength and 

stiffness of bone(Markel et al. 1993; Lang et al. 1998; Korkusuz et al. 2000). Using 

non-invasive micro-computed tomography derived metrics to characterize callus size, 

geometry, structure and mineralization, we compare callus competence between 

young and old rats under the influence of varying fixator stabilities. Our primary 

hypothesis is that calcified callus structure and composition is compromised in 

individuals with an advanced age. Secondly, individuals with an advanced age would 

show no significant response in callus mineralization due to mechanical constraints 

created because of varying fracture fixator stabilities. 
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4.2 Material and methods 

Animals and groups 

All animal experiments were carried out according to the policies established by the 

Animal Welfare Act, the NIH Guide for Care and Use of Laboratory Animals and the 

National Animal Welfare Guidelines and were approved by the local legal 

representative (Landesamt für Arbeitsschutz, Gesundheitsschutz und technische 

Sicherheit, Berlin, Reg.no.: G0190/05). 

The experimental model has been previously described(Kaspar K et al. 2008; Strube 

et al. 2008; Strube et al. 2008), and is only briefly summarized here. Thirty three 

female Sprague-Dawley-rats were divided into four groups with minimum eight 

animals in each group. Groups were defined by variation of fixator stabilities (rigid vs. 

semirigid), and age (12 vs. 52 weeks): young rigid (YR) and young semi-rigid (YSR), 

weighing approximately 257 ± 12g; old rigid (OR) and old semi rigid (OSR), weighing 

approximately 335 ± 16g. Animals were not restricted in weight bearing.  

 

Figure 15: Variation in torsional stiffness (left image) of the callus relative to the contralateral 

femur between the groups. Maximum torsional moment at failure (right image) of the callus 

relative to the contralateral femur of the four groups. Extreme values are presented as dot. 

(Stars indicate significance (p<0.05).  

Surgical procedure 

Using an anterolateral approach, the left femur was osteotomized at the mid shaft, 

distracted to a gap of 1.5 mm and finally externally fixated. The distance between 

fixator and bone (offset) was set to 7.5 mm in the rigid configuration and 15 mm in 

the semi-rigid configuration. Follow up was six weeks. Both femurs were harvested 

directly after sacrifice.  
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Clinical observations  

Preoperatively as well as weekly rectal temperature and body weight was measured 

(temperature � 38 °C; weight loss > 10% of body weight over one week). 

Radiographic observations 

For clinical evaluation of in vivo callus formation over time, standardized radiographic 

examinations were performed directly after surgery as well as every two weeks after 

surgery. X-rays were taken with animals under gas anaesthesia in three standardized 

views (anterior-posterior, lateral and axial; 30 cm distance to the film; Mobilett Plus X-

Ray unit, Siemens). For computerized and quantitative analysis of callus 

development, the X-ray pictures were scanned, normalized and scaled using the 

Kirschner (K)-wire diameter. Maximum diameter of the callus and bone diameter 

were measured in two standardized perpendicular views (Photoshop® CS, Adobe® 

Systems) for calculating the maximum cross sectional area of callus and bone (area 

of an ellipse, using the two resulting diameters)(Strube et al. 2008). The relative rate 

of change in cross sectional area of callus for every two weeks 0-2 (ÄCSA0-2 weeks), 2-

4 (ÄCSA2-4 weeks) and 4-6 (ÄCSA4-6 weeks) was compared between the groups.  

Micro computed tomography (µCT) analysis 

At six weeks postoperative follow up, directly after harvesting the osteotomized and 

contralateral femur, the K-wires were carefully removed and the specimens were 

placed in cooled (4 °C) phosphate buffered saline solution. A small amount of soft 

tissue was left around the bones to avoid soft callus damage. Both femurs were 

placed in a custom built batch scanning tube (acrylic/ 1.9 cm x 10 cm, Figure 16) 

filled with PBS. The scans were performed on a Viva40 micro-CT (Scanco Medical 

AG®), at a voltage 70 KVp and current of 114 ìA. Scanning was performed at least 

15 minutes after harvesting the specimens. Voxel size was selected to be isotropic 

and fixed at 12.5 ìm. The scan axis coincided nominally with the diaphyseal axis of 

femora.  
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Figure 16 : Acrylic custom made scanning tubes. 

Contralateral and fracture femur were placed in 

PBS in the tube chambers and scanned at high 

resolution for 2 hours. The tubes enabled 

specimens to be preserved for further processing 

histology. 

A qualitative µCT evaluation score of the healing outcome was made using a 

modified protocol that was adapted from conventional X-Ray analysis(Schmidmaier 

et al. 2004). The scanned specimen images were exported as DICOM’s, loaded in 

Amira® software (Indeed - Visual Concepts), and scored in two perpendicular views 

(XZ, YZ). In each view, the stacks of images were screened for a scoring that 

satisfied the following criteria: 

• A: complete bridging (four cortices bridged by callus) 

• B: incomplete bridging (one to three cortices bridged by callus) 

• C: no bridging (presence of callus, but no cortex bridging at all) 

• D: pseudarthrosis (rounding of cortex, and almost no callus formation,(Runkel 

et al. 2000). 

Two independent observers performed the scoring. In cases of divergent scoring, a 

third independent observer made a decision. Two cases with a D score (one in group 

young rigid and other in group old rigid) were excluded from further evaluation. 

For characterization of 3-D callus competence (i.e., size, geometry, structure, 

mineralization), the newly formed mineralized callus tissue was analyzed using high-

resolution micro computed tomography. A cylindrical Volume of Interest (VOI with 8 

mm x 2.8 mm) similar to another study(Yang et al. 2007), was chosen such that it 

included the callus from the osteotomy gap and periosteal region, while excluding 

callus around fixator pins. Using a manually drawn counter clockwise contour, the 

cortical bone was excluded from the VOI. The resulting gray-scale images were 

segmented using a low pass Gaussian filter to remove noise. A fixed global threshold 

of 550 mg HA/cm3 was selected such that it allowed the rendering of mineralized 

callus only. The threshold for callus mineralization was selected in accordance to 

literature data such that it was 35% of maximum grey value, and 50% of the minimum 

attenuation of intact contralateral bone(Duvall et al. 2007). This threshold was also 

verified by manually evaluating of 10 random single tomographic slices from 4 
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samples per group to isolate the mineralized tissue and preserve its morphology 

while excluding unmineralized tissues(Oest et al. 2007). 

Using the binarized images, the following morphometric measurements were 

performed: (i) Relative callus volume fraction (BV in % – normalized against BV of 

contralateral bone), (ii) Callus cross sectional area (CsAr in % – normalized against 

CsAr of contralateral bone), (iii) Callus mineral density (BMD in mg HA/ccm), (iv) 

Callus tissue mineral density (TMD in % – normalized against TMD of contralateral 

bone), (v) Callus strut number (Tb.N in 1/mm), (vi) Callus strut thickness (Tb.Th in 

mm), (vi) Callus strut (Tb.Sp in mm), (vii) Surface area of mineralized callus tissue 

(BS in mm2), and (viii) Surface area of mineralized callus tissue per callus strut 

(BS/BV in 1/mm) was measured. All analyses were performed on the digitally 

extracted callus tissue using 3D distance techniques (Scanco® software, 

Switzerland)(Hildebrand et al. 1997). Using the Amira® software (Indeed - Visual 

Concepts, Germany) (ix) weighted polar moment of inertia(Schell et al. 2005), for 

each segmented 2D tomogram (Jeff-w in % – normalized against Jeff-w of contralateral 

bone) over callus length, taking into account mineral density was calculated. 

Contralateral specimens were evaluated at a midshaft section of the specimens and 

analyses were performed accordingly. 

Backscatter electron imaging 

To descriptively assess the trabecular struts and the mineral density at high 

resolution, backscatter electron imaging (BSE) was performed on samples from each 

group. Half of the femora from each group were dehydrated and embedded in 

PMMA. BSE images were obtained using an environmental scanning electron 

microscope operated at accelerating voltage of 15 kV under low vacuum. The sample 

detector was set at 8.1 mm working distance and spot size of 4.0. All images were 

taken at 70-x magnification in the midshaft region of the bone samples. 

Histological procedure and analysis  

For histological analysis of fractures, animals were harvested at 6 weeks soon after 

µCT scanning. All histological analyses were conducted according to the ASBMR 

standards (Parfitt et al. 1987) and adapted to the study of bone repair(Gerstenfeld et 

al. 2005). Bones where excised with little surrounding soft tissue, fixed at 4° for 48 

hours and decalcified in EDTA at 4° for 3 weeks. Bones where dehydrated, 

embedded in paraffin and cut in 4 µm sagittal slices. Movat-Pentachrome staining 

was performed for histomorphometry and descriptive histology(Peters et al. 2009). 
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This staining permitted the differentiation between fibrous tissue (light green-blue), 

cartilage (deep green) and bone (yellow)(Movat 1955). Computerised 

histomorphometric analysis was performed with an image analysis system (KS400 

3.0, Zeiss, Eching, Germany). The region of interest (ROI) was defined to be 5 mm 

high. Therefore, it contained the osteotomy gap plus 2.5 mm in the proximal and 

distal directions. The width of the ROI was determined individually by the widest 

expansion of the callus tissue.  

To detect osteoblastic activity, Movat Pentachrome stains on PMMA were analysed 

for osteoids in the total ROI mentioned above. An osteoid which was stained dark red 

was marked for analysis if it had contact to the bone, and the lacunae containing the 

osteoids contained osteoblasts cells (displaying the typical palisade-like morphology 

and stained dark redish brown). Relative osteoid area (OV/BV) was calculated using 

image analysis system (KS400 3.0, Zeiss, Eching, Germany).  

5 mm

(a) (b) (c)

 

Figure 17: Image (a) shows a Movat Pentachrome staining on an exemplary callus. Image (b) is 

a zooming of the black ROI from image (a) showing osteoid stains pointed out by white arrows. 

These osteoids are marked in blue in image (c). The osteoid area was calculated and 

normalized to total bone area from the ROI as (OV/BV). 

To detect bone-resorbing osteoclasts, TRAP staining was performed. Tatrate 

resistant acid phosphatase (TRAP) staining was conducted at pH 5.0 in the presence 

of L(+)-tartaric acid using naphtol AS-MX phosphate (Sigma, St. Louis, MO) in N,N-

dimetylformamide as a substrate on 4 µm thick paraffin embedded slices. Once the 

stains were completed, the histological sections were digitally scanned at 10 X 

magnification. Osteoclasts were manually counted with the help of an image editing 

software (Photoshop CS 3, Adobe, USA) when fulfilling following criteria: positive 

stain, two or more nuclei and adherent to bone surface (Figure 18). The osteoclast 



Chapter 4   

  39 

number was determined in the periosteal, the endosteal and the cortical regions 

within the above defined ROI (Figure 18)(Schell et al. 2006). The osteoclastic density 

was calculated as the number of osteoclasts per square millimetre of mineralised 

tissue area (OC/mm2). 

 

5mm

- periosteal

- cortical

- endosteal

WB

 

Figure 18: TRAP stain for osteoclast counting. Left image shows the 3 ROI definitions Right 

image shows positively stained osteoclasts on woven bone (WB) exhibiting a reddish brown 

color. The osteoclasts are seen to be adhered to the bone surface (light pinkish). Digital scans 

of the slides were taken at tenfold magnification. 

To detect vessels, anti-á-smooth muscle actin (aSMA) staining was performed. 

Sections were immunostained with a monoclonal antibody (anti-human rabbit IgG). 

The vessels were manually counted in the ROI and normalized against non-

mineralized connective tissue calculated using image analysis software. Vessels 

were marked indirectly by looking for a lumen in the nonmineralized callus that 

stained positive with cells lining them internally. 

Statistical analyses 

The statistical analysis was performed using statistics software SPSS 14.01 (SPSS 

Inc.). The statistical analysis of callus bridging was done with χ²-test and in case of 

significance between the groups with Fisher’s exact test. The influence of age, 

fixation stability and interaction of factors on µCT parameters: callus size, geometry, 

microarchitecture, and mineralization as well as on radiographic parameters, CSA 

and ∆CSA were tested using a 2-tailed 2-way Analysis of Variance (ANOVA). The 

ANOVA assumption of normality was tested using a Kolmogorov-Smirnov test. Inter-

observer variability of the X-ray evaluation was analyzed by κ-statistics. Correlations 

of callus competence parameters were made to healing scores using the Spearman’s 

rho test. Level of significance of all statistical tests was defined p=0.05. 
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5mm  

Figure 19 : aSMA stain for vessel density characterization. Left image is an overview. Right 

image is a zoom in and shows positive vessel stains in the non mineralized connective tissue 

close to the callus. Vessels were manually counted and normalized against the non mineralized 

connective tissue (highlighted in yellow on the left image). 

4.3 Results  

The analyzed test parameters indicate that both age and stability had an influence on 

fracture callus (i.e., size, geometry, structure and mineralization). No significance in 

interaction between age and stability on callus competence was observed within 

tested parameters. Therefore, only comparisons between the influence of age (old 

vs. young) and stability (rigid vs. semirigid) on callus competence have been 

reported. 

Radiographic results 

In all groups, callus CSA showed an increase over the healing time (Figure 20 A, 

p<0.001). Age had no significant influence on callus formation rate (ÄCSA) between 

weeks 0 to 2, and weeks 2 to 4 (Figure 20 B). Fixation stability had a strong influence 

on callus size from weeks 0 to 6, with semi-rigid groups exhibiting a larger callus 

growth rate than rigid groups (Figure 20 B) from weeks 0 to 2 (ÄCSA0-2 weeks, 

p<0.001), from weeks 2 to 4 (ÄCSA2-4 weeks, p<0.001) and from weeks 4 to 6 (ÄCSA4-6 

weeks, p < 0.05). Only during weeks 4 to 6, the older animal groups radiographically 

showed a significant decrease (Figure 20 B) in callus growth compared to the 

younger animals (ÄCSA4-6 weeks, p < 0.05).  



Chapter 4   

  41 

Factor Groups Ä CSA 0-2 weeks Ä CSA 2-4 weeks Ä CSA 4-6 weeks

Age

Young 35 ± 18 44 ± 1 51 ± 37

Old 31 ± 17 55 ± 56 25± 29

ns ns p < 0.05

Stability

Rigid 25 ± 15 23 ± 25 26± 20

Semirigid 43 ± 16 87 ± 51 51 ± 46

p < 0.001 p < 0.001 p < 0.05

B

A

 

Figure 20: Callus cross sectional area (CSA) calculated from 2D X ray radiographs at weeks 2, 

4, 6. In all groups, callus CSA showed an increase in size over healing time (Fig. 1 A). Callus 

formation every 2 weeks was calculated by evaluating the relative change in cross sectional 

area of callus at every 2 weeks intervals ( Ä CSA = mean CSA at n+2 weeks - mean CSA at n 

weeks, where n = 0, 2, 4, 6 weeks, Fig. 1 B). Ä CSA 4-6 weeks during weeks 4-6 is influenced by 

age. Older individuals have almost a 50% reduction in callus formation just during weeks 4-6 (Ä 

CSA 4-6 weeks) in comparison to younger animals. 

µCT evaluation scores 

The healing outcome was analysed using a callus bridging score. Figure 21 A shows 

example images along with a quantitative report on assessment of healing outcome 

at six weeks. An improved score was observed in younger animals with rigid fixation, 

followed by young semi-rigid, old semi-rigid and old rigid groups, respectively (Figure 

21 B). Healing scores were noted to be age (23.67% of the total variance - TV, 

p=0.005) but not stability dependent. The young rigid group healed significantly better 

than old rigid group (p=0.014), and young semirigid group significantly better than old 

semirigid group (p=0.039).  
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Time (post-op)
ìCT callus 

bridging score
YS OS YR OR

6 weeks

A 1 1 4 0

B 7 3 3 1

C 0 5 0 6

D 0 0 1 1

B

 

Figure 21: Callus bridging at 6 weeks in vitro using high resolution µCT. Representative images 

from the ìCT scoring procedure in XZ plane (score A, B, C, D, ordered top left to bottom right 

respectively, Fig. 2 A). White colored star * represent sections where callus is bridging. A 

maximum bridging was observed in younger animals (n=4) with rigid fixation (YR, Fig. 2 B). 

Stability in older animals had no significant influence on healing outcome. 

µCT structural and mineral analysis 

Contralateral femur: It was observed that the intact contralateral femurs between 

young and animals with an advanced age were different. Older animals in 

comparison to younger had a larger CsAr (young: 5.3 ± 0.2 mm2, old: 5.8 ±0.5 mm2, 

p <0.05), Jeff-w (young: 17.2 ± 2.0 mm4, old: 21.9 ± 4.1 mm4, p <0.01), BMD (young: 

1306 ± 45 mg HA/ccm, old: 1342 ± 17 mg HA/ccm, p<0.01). Stability had no such 

influence on the intact contralateral femur.  

Callus size and geometry: During analysis of callus competence, age showed no 

significant influence on callus size and geometry (Figure 22 A). Fixator stability 

showed a significant influence on relative callus volume fraction (25.45% of TV, 

p<0.01). A higher BV was observed in animals with semirigid fixation compared to 

animals with rigid fixation, as quantified and reported in Figure 22 A. Amount of callus 

volume produced at 6 weeks was verified to have no relationships with the differential 

cortex sizes as indicated from measurements on intact femurs in the aged and young 

animals. Fixator stability showed to significantly influence CsAr, with a higher value 

for animals with a semirigid fixation compared to those with rigid fixation (25.90% of 

TV, p<0.005, Figure 22 A and B). Normalized weighted polar moment of inertia (Jeff-w) 
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correlated well with BV and CsAr (spearman’s rho=0.7, p<0.001). Similar to BV and 

CsAr, Jeff-w was noted to be higher in semirigid groups (18.92% of TV, p <0.05, Figure 

22 A and B) than in rigid groups, and unaffected by age. Callus size (BV, CsAr) and 

geometry (Jeff-w) showed no correlation to µCT evaluation scores. 

Factor Groups

Relative callus 

volume

BV [ % ]

Relative callus cross 

sectional area

CsAr [ % ]

Relative callus weighted 

polar moment of inertia

Jeff-w [ % ]

Age

Young 112.5 ± 38.9 98.9± 34.5 462.9± 147.5

Old 103.9 ± 53.4 91.5 ± 47.3 375.6± 129.8

ns ns ns

Stability

Rigid 85.7 ± 40.2 75.2 ± 35.2 354.2 ± 102.3

Semirigid 132.1 ± 41.1 116.7 ± 36.6 485.9 ± 152.4

p < 0.01 p < 0.005 p < 0.05

B
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Figure 22: Influence of age and fixation stability on callus size (BV, CsAr), and geometry (Jeff-

w) at 6 weeks postoperative. BV, CsAr, and Jeff-w are reported as percentage values that have 

been normalized against contralateral intact femur (summarized in Fig. 22 A). Exemplary cross 

sectional views of a fracture callus from rigid and semirigid groups are shown in Fig. 22 B. 

Images Fig. 22 B: inset images (a) and (b) are from the proximal region of the callus, and 

images (c) and (d) are from the fracture gap, of YR and YSR groups respectively. The images 

shown are obtained by rendering 2D tomograms according to their mineral intensity (pixel 

intensity), red being highest and blue the lowest (see color map bar). As seen, YR groups 

produced a smaller callus (inset image (a) in comparison to YSR groups (inset image (b)). This 

also resulted in a smaller Jeff-w, while most mineral in YR groups was distributed closer to the 

cortex, contrary to YSR groups (see black arrows). However, callus size does not correlate to 

callus bridging as seen from inset images (c) and (d). Inset image (c) exemplifies that more 
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volume and mineralization of callus tissue is present in the fracture gap in YR groups 

compared to YSR group, image (d). 

Callus structure: During assessment of internal architecture of the mineralized tissue 

for callus competence, callus strut number was not influenced by age. Stability had 

an influence on Tb.N (20.84% of TV, p<0.01, Figure 23 A). Tb.N was observed to 

correlate to BV (rho=0.625, p<0.001). Age was observed to play an influence on 

callus strut thickness (46.63% of TV, p<0.001, Figure 23 A), with younger animals 

with rigid fixation having a thicker Tb.Th than older rigid, and young semirigid than old 

semirigid. Stability had no influence on Tb.Th. A correlation was observed for Tb.Th. 

and a better healing score (rho=0.733, p<0.001). Callus strut spacing was influenced 

by stability and not age (Figure 23 A), bearing an inverse relationship with Tb.N. 

Mineralized callus surface area was influenced by both age and stability (Figure 23 

A). BS increased with the increasing in Tb.N. However, in aged animals BS 

increased due to perforations within Callus struts (BS/BV, Figure 23 A and B). BSE 

images of fracture callus supported the finding that the callus from aged individuals 

were slightly more ruffled looking that the younger counterparts, contained more 

perforations, and showed unconnected islands for bone (Figure 23 B, left image C). 

BSE images also demonstrate callus strut thicknesses in the younger individuals 

were higher than the older counterparts. 

Callus mineralization: TMD values showed positive correlation to µCT healing scores 

(rho=0.608, p<0.01). Age was shown to play a significant role on relative TMD 

(51.4% of TV, p<0.0001). In older animals, TMD in the callus had a lower recovery 

(922±33 mg HA/ccm, 68.9% of the intact contralateral) compared to younger animals 

(959±22 mg HA/ccm, 72.5% of intact contralateral). Fixator stability was also 

observed to influence relative TMD (8.5% of TV, p<0.05, Figure 24 A). A higher TMD 

was observed in animals with rigid fixation (950±39 mg HA/ccm, 71% of intact 

contralateral) vs. semirigid fixation (929±24 mg HA/ccm, 70% of intact contralateral). 

During a pairwise comparison, stability had no influence on TMD in the older animals 

group (Figure 24 B). BMD showed no correlation to µCT healing scores. BMD values 

were significantly influenced by stability (21.6% of TV, p<0.05, Figure 24 A), and not 

age. A higher BMD was observed for animals with a semirigid fixation (133±24 mg 

HA/ccm) vs. rigid fixation (86±37 mg HA/ccm). 
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Factor Groups Tb.N [1/mm] Tb.Th [mm] Tb.Sp [mm] BS [mm2] BS/ BV

Age

Young 1.25 ± .57 0.19 ± .03 1.16 ± .36 211.82 ± 79.61 15.50 ± 2.5

Old 1.25 ± .36 0.14 ± .02 1.05 ± .27 289.81 ± 79.50 21.40 ± 7.05

ns p < 0.001 ns p < 0.05 p < 0.01

Stability

Rigid 1.06 ± .39 0.17 ± .04 1.29 ± .31 192.70 ± 70.77 19.08 ± 7.99

Semirigid 1.47 ± .39 0.15 ± .03 .91 ± .19 315.41 ± 116.52 17.97 ± 3.12

p < 0.01 ns p < 0.001 p < 0.001 ns

A
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Figure 23: Influence of age and stability on callus microstructure. In Fig. 23 A, fixator stability is 

shown to influence callus size and geometry, while age influences callus strut thickness and 

perforations within these struts. No interaction between age and stability exists in the reported 

parameters. Supporting data from BSE images of fracture callus from aged and young subjects 

(Fig. 23 B). Left image (a), right image (b), shows a fracture callus from an old and young 

individual respectively. It is seen in these images that the callus strut thickness in older 

individuals is smaller than in younger (Tb.Th, shown by double head arrow). Furthermore, it is 

observed that more perforations (shown by single head arrow) were observed in the callus 

struts of older individuals than in younger (BS/BV). 
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Factor Groups
BMD 

[mg HA/ccm]

TMD

[% contralateral]

Age

Young 105.4 ± 38 72.8 ± 1.8

Old 113.3 ± 51.5 69.0 ± 2.2

ns p <0.0001

Stability

Rigid 86.4 ± 37 71.7 ± 3.3

Semirigid 132.8 ± 41.2 70.3 ± 2.1

p <0.005 p <0.05

A

B

Rigid Semirigid

a a

Young Old Young Old

T
M

D
 [%

 o
f i

n
ta

ct
 c

o
n

tr
a

la
te

ra
l]

77.50

75.00

72.50

70.00

67.50

 

Figure 24: Bone mineral density (BMD) which takes into account the total volume of interest 

(mineral + non-mineral component of callus) is influenced by fixation stability (Fig. 5 A). Tissue 

mineral density (TMD) which takes into account the segmented callus is influenced by age and 

stability (Fig 5 A). Age was shown to play a significant role on TMD. Stability showed to 

influence TMD in younger individuals but not in older (Fig 5 B, a shows a significance of p 

<0.0001). 

Histology 

Stains from Movat Pentachrome sections show that semi-rigid fixation of the bone 

defect caused the overall callus to be larger than during rigid fixation (Figure 25 A 

and C vs. 10 B and D). It was observed that semi rigid fixation of bone defect tended 

to produce larger amounts of endochondral cartilage in the fracture callus which 

undergoes ossification at the extremities (periosteal, circle in image B), while the rigid 

fixation groups had them centred (endosteal, circle in image A). It was also observed 

that older animals were at an earlier stage in cartilage ossification (blue-green stains, 

circle in image C and D) than the younger counterparts. 
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Age had no significant influences on OV/BV (Old: 1.5 % [0.24- 2.16] vs. Young: 

0.98% [0.31- 1.95]). Stability had an influence on OV/BV (Rigid: 0.70 % [0.26-1.7] vs. 

Semirigid: 1.7% [0.88-2.9], p=0.052). Age and stability showed an influence on 

osteoclast numbers. The osteoclasts per mm2 in the entire ROI was higher in aged 

(Old: 25 [14-30] vs. Young: 11[8-21] cells/ mm2, p = 0.01) and individuals with a semi 

rigid fixator (Semirigid: 26 [10-31] vs. Rigid: 14 [10-23] cells/ mm2, p = 0.03). Stability 

had an influence of vessel density. Vessel density was higher due to rigid fixation of 

the bone defect (Rigid: 31 [26-42] vs.Semirigid: 18 [14-20], p<0.001). Age had no 

influence on vessel density (Old: 20 [19-35] vs. Young: 27 [15-35]). Collagen II 

appeared to be higher in semirigid and aged groups but with no statistically 

significant difference. 
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Figure 25: Photomicrographs of histological representative sections of callus at 6 weeks 

postoperative. Images (A), (B), (C), and (D) are from sample sections stained with Movat 

Pentachrome from YR, YSR, OR, OSR groups respectively. Circles in red and blue highlight 

cartilage ossification in old and young animals respectively. Magnification 10x, black scale bar 

= 2 mm. 

4.4 Discussions 

The results of this study are in agreement with our hypothesis that calcified callus 

competence is compromised due to the dominant influence of advanced age and 

therefore diminishing the influence of mechanical stimulus in these subjects.  

Several studies have reported the separate effects of age and mechanical stimulus to 

influence the bone healing process. However, it remained unclear how these 

combined effects influence bone healing on a tissue level. To the author’s 

knowledge, this is the first study to characterize the combined influences of age and 

fixation stability on the mineralized callus competence (size, geometry, structure, and 

mineralization) at a micro scale, as well as on vascularity (vessel count) and 

remodeling (osteoid per bone area, osteoclast count). The data presented here 
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shows that individuals with an advanced age exhibited a compromised callus 

competence (structure and mineralization) in comparison to their younger 

counterparts. Furthermore, it is shown that age does not influence bone or vessel 

formation capacity, instead it exhibits a higher osteoclastic activity that might be 

related to the compromised callus microstructure observed as perforations and lower 

callus strut thickness in these individuals. Fixation stability was shown to ubiquitously 

influence the overall callus size and geometry among all groups. However, varying 

fixator configurations in older individuals did not alter the dominant effect that 

advanced age had on callus microstructure and extent of tissue mineralization. 

Fixation stability influenced vessel density that might be related to higher cartilage 

amounts seen in these individuals. Surprisingly, evidence is provided for the first time 

that both age and fixation stability influence callus competence, but in differing ways 

at the level of microstructure and mineral composition, and, in the presence of age, 

the influence of mechanical stimulus is diminished. An increased risk to failure during 

bone healing determined by callus bridging in this study was shown due to influence 

of age. Callus bridging was shown to correlate well with microstructure and 

mineralization. 

Biomechanical competence of bone tissue has been previously characterized using 

size, geometry, microstructure and mineralization of the calcified tissue(Chakkalakal 

et al. 1990; Hernandez et al. 2006; Currey 2006). Our objective in this study was to 

similarly characterize callus tissue competence, under the combined influences of 

age and varying mechanical constrains. This was achieved by using high-resolution 

3D microcomputer tomography in combination with conventional clinical radiology, to 

evaluate callus formation, bridging, and size, geometry, micro-structure, and 

mineralization during bone defect healing. Young individuals with two varying 

mechanical constrains (rigid vs. semirigid) and comparing changes that occur with 

their aged group counterparts were compared using the analysed parameters.  

In vivo 2D radiographic assessment: By quantifying callus formation as relative 

growth to its previous time point, callus formation was observed to be similar between 

age groups until the late phase, indicating a failure in callus maturation as opposed to 

formation.  

High-resolution 3D in vitro assessment of callus bridging: Individuals with an 

advanced age situation showed callus formation, but exhibited lower callus bridging 

scores. Groups with a semirigid fracture fixation produced a larger callus than in rigid 
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fixation groups, but exhibited a lower callus bridging score. Callus size “alone”, which 

is often used as an output parameter in radiography, should be used with certain 

caution during assessment of healing outcome(van der Meulen et al. 2001).  

High resolution in vitro 3D assessment of callus size, geometry, structure and 

mineralization: Using 3D tissue assessment techniques, a pure calcified callus tissue 

at a micro scale was characterized for callus competence (size, geometry, structure 

and material). The data illustrates that advanced age had no influence on callus size 

(CsAr, BV) and geometry (Jeff-w). Fixation stability on the other hand has been 

shown to have strong influence on callus size and geometry in all age groups. Using 

a density weighted polar moment of inertia (Jeff-w), in the semirigid fracture fixation 

groups, the callus is not just larger in size and cross sectional area, but also has 

mineral distributed away from the femoral longitudinal axis (Figure 22 B). Although a 

larger Jeff-w in this particular study does not indicate better callus bridging, it may 

provide support in raising the torsional stiffness of a callus. This combination with an 

increased BMD noted in the semirigid fixation groups explains the experimental 

results from our previous study, wherein a slightly higher stiffness was observed in 

older individuals with a semirigid fixation vs. rigid fixation, even whilst complete 

calcified callus bridging was lacking in both groups(Strube et al. 2008). The BMD 

data, which is to some degree influenced by unmineralized tissue within the callus 

VOI, was shown to be higher in individuals with a semirigid fixation (Figure 24 A). It 

may be speculated that such effects on the BMD data are due to larger fractions of 

endochondral tissue undergoing ossification in the fracture callus (Figure 25 B, C and 

D). Histological sections from this study have indicated increased presence of 

endochondral cartilage in the semirigid groups that is independent of age (Figure 25 

B, D). However, in the aged animal groups, it is observed that the patterns of 

ossification in the fracture callus are similar to those observed during delayed 

maturation of the callus (Figure 25 C, D)(Kaspar K et al. 2008), and supporting 

previous findings on the influence of age on fracture healing (Meyer et al. 2001; 

Meyer et al. 2001) . It is out of scope for this study to discuss the non mineral 

endochondral ossification process, however follow up studies would be required to 

quantitatively assess the endochondral process in these aged groups. Furthermore, 

the influence of endochondral cartilage during ossification on mechanical stiffness 

needs to be assessed for a better understanding of callus stability during fracture 

fixation. 
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The present study shows that advanced age in individuals influences callus 

microstructure as well as its extent of mineralization. In comparison to the aged 

counterparts, the younger animals have shown a (i) larger callus strut thickness 

(Tb.Th), (ii) lower perforation in the struts (as shown by BS/BV), and (iii) higher 

mineralization of the callus struts (TMD). Furthermore, we have shown that TMD is 

negatively influenced by semirigid fixation in younger individuals, but unaffected in 

the aged (Figure 24 B). 

From the analysis of cancellous bone, it is known that both Young’s modulus and 

strength depends roughly on the square of bone volume fraction(Currey 2006). 

Assuming this rule as a guide for interpretation, we may conclude that the young’s 

modulus of the callus would remain constant due to constant callus strut volume 

(Figure 22 A). Concurrently, with a decrease of about 20% in Jeff-w between young 

and old, a 20% decrease in torsional stiffness can be estimated, which is in 

contradiction to experimental biomechanics data from our previous study(Strube et 

al. 2008). The mechanically relevant bone volume was shown to decrease by a 25% 

as a result of decrease in Tb.Th with nearly constant Tb.N (Figure 23 A). Using the 

Gibson and Ashby model(Gibson et al. 1999), the young’s modulus would then 

proportionately decrease from 1 to 0.752, that is by a 45%. Taking this in combination 

with the 20% decrease in Jeff-w , a 5% decrease of the TMD, and the 45% decrease 

in young’s modulus of callus strut, the torsional stiffness would in this case 

experience an overall reduction by a factor of more than 2 or even close to 3. This 

magnitude of reduction comes close to the previous experimental 

observations(Strube et al. 2008). It has been highlighted through Figure 23 B, that a 

major reason for reduced mechanical competence in aged animals is not a reduced 

bone volume but rather an improper distribution of bone and lowered strut thickness 

of the callus tissue. This lack in proper size, mineralization and distribution does not 

supply adequate mechanical competence, independent of the callus volume fraction 

and geometry. While no direct statistical correlation can be made between the two 

experiments both correspond in the order of magnitude of changes in biomechanical 

and radiographic parameters among the four groups. The µCT qualitative scoring 

results as well as the correlating parameters TMD and Tb.Th. provide powerful 

insights on the regain of bone competence during bone healing. 

Histological analysis showed that remodelling activity indicated by the number of 

osteoclasts was higher in aged individuals at constant osteoid activity between the 
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groups. This explains the thinner callus struts and perforations seen in aged 

individuals. Stability was shown to influence the vessel density. Repeated rupture of 

the callus tissue at the osteotomy gap due to semi rigid fixation causes vessels to be 

lower than in the rigid groups. Vessels are known to be carriers of resources and 

nutrition to callus tissue also known to positively influence the endochondral 

ossification. Therefore, higher vessel density in rigid groups is believed to have 

caused the callus to be more mature, lesser collagen II, and higher scores for cortical 

bridging. 

Age compromises callus quality at a level with little or no compensatory possibilities 

to counteract the biological disadvantages. Mechanical stability in the aged animals 

had an altered influence on callus size and geometry. The influence of age as a risk 

factor to healing outcome has been shown to be of larger significance to callus 

competence in comparison to suboptimal mechanical environment of the bone defect 

fixation. It has been shown that the influence of mechanical constraints on callus 

mineralization in bone healing is not an inherent constant but diminishes with age. 

The compensatory increased osteoclast density in old individual’s callus could be a 

reason for the age dependent differences in structure and mineralization, 

consecutively leading to differences in biomechanical callus competence. Knowledge 

of this will enable future therapies like age dependent osteoclast inhibition to 

influence specific structural components of calcified tissues to compensate for the 

deficits resulting from the risk factors, researched in this study. 
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5. 

5 
Influence of gender and 

mechanical stability on bone 

defect healing in rats.  

Female gender is considered as one of the risk factors of delayed 

bone healing or non unions. This clinical observation is so far poorly 

reflected in animal models and the underlying cellular reasons remain 

even more elusive. Although mechanical stabilization is known to be 

a key factor determining bone regeneration outcome, it is also unclear 

whether gender specific responses to different mechanical 

stabilizations exist. In this chapter, the question was addressed 

whether these clinical observations can be found in a rat animal 

model too.  

5
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 Gender and mechanics 

5.1 Introduction 

Despite the capacity of bone to regenerate scarlessly in the case of a traumatic 

injury, there is still a high prevalence of delayed healing or even non-union(Haas 

2000). An investigation of a cohort of 1133 patients identified female sex as a major 

risk factor for compromised bone healing(Parker et al. 2007). Most other studies 

employing fewer patients tend towards similar gender-dependent limitations in bone 

regeneration(Chang et al. 2006; David et al. 2006; Li et al. 2006). 

Other biological risk factors for impaired bone healing include advanced age (Strube 

et al. 2008) and osteoporosis(Meyer et al. 2001; Lill et al. 2003), the latter being 

positively correlated to oestrogen deficiency in females. However, in non-oestrogen-

deficient bone defect healing, the cellular or molecular reasons for sex-specific 

differences remain elusive, yet are imperative for future treatment strategies. 

It is well known that bone healing is influenced by mechanical constraints. An optimal 

local mechanical environment is crucial for successful healing. The mechanical 

environment is determined in turn by the fixation stability(Yamagishi et al. 1955; 

Schell et al. 2005). Initial instability can lead to decelerated healing or pseudarthrosis, 

due to rupturing of the bridging tissue including the nutrimental vessels(Kraus et al. 

1999; Mora et al. 2000; Perren 2002). In contrast to this, mechanical stimuli in an 

optimal biological environment result in cell proliferation and differentiation, healing 

and remodelling(Carter et al. 1998; Thompson et al. 2002). Healing will also be 

delayed if mechanical stimuli are completely absent(Yamagishi et al. 1955; Kraus et 

al. 1999). Recently, impaired bone defect healing due to female gender as a risk 

factor has been clinically reported, however, the same has been so far poorly 

reflected in animal models. Consequently, inadequate information is available on the 

interactions of mechanical constraints on bone healing in combination with gender 

dependent influences. In clinical reality age, gender and mechanical stability affect 

bone defect healing simultaneously(Strube et al. 2008). Since previous animal 

studies did not take account of this situation, a need arises for searching a possible 

link between these factors. Although mechanical stabilization is known to be a key 

factor determining bone regeneration outcome, it is also unclear whether gender 

specific responses to different mechanical stabilizations exist. In this chapter, the 

question was addressed whether these clinical observations can be monitored in a 



Chapter 5   

  55 

rat animal model. The synergistic or independent effects resulting from this may lead 

to therapeutic consequences regarding an adaptation of the mechanical environment 

to the biologically unfavourable situation of advanced age. 

The aim of this study was to find biomechanical, radiological, structural, 

compositional differences between male and female rats under the influence of 

variable fixation stability during bone defect healing. The biomechanical superiority of 

bone defect healing in male rats compared to that in female rats served as 

hypothesis of this work. Secondly, we hypothesized a better healing outcome for 

rigidly fixated defects within both age groups.  

5.2 Materials and methods 

Animals and groups 

14 male and 14 female 12-month-old Sprague-Dawley rats were divided into 2 male 

groups and 2 female groups of 7 animals. Groups MS (male semi-rigid) and MR 

(male rigid) contained male rats with a weight of 257 ± 12g and groups FS (female 

semi-rigid) and FR (female rigid) consisted of female rats weighing 335 ± 16g. 

Whereas in MS and FS a semi-rigid configuration of the fixator was chosen, in MR 

and FR the external fixator was mounted in a rigid setup as reported in a previous 

study  

Surgical procedure 

Operations and postoperative care were performed according to a previously 

published protocol and employed a standardized, biomechanically validated external 

fixation device(Strube et al. 2008). Using an anterolateral approach, the left femur 

was osteotomized mid-shaft, distracted to a gap of 1.5 mm and externally fixated 

employing a previously described semirigid fixation system(Strube et al. 2008). 

Stabilization with an external fixator in either one of the configurations for each 

gender group: Rigid (R) or Semirigid (SR), resulting in a total of 4 groups: Male SR, 

Male R, Female SR, Female R was made. Follow-up was six weeks. Both femurs 

were harvested directly after sacrifice. All experiments were carried out according to 

the policies and principles established by the Animal Welfare Act, the NIH guide for 

Care and Use of Laboratory Animals and the National Welfare Guidelines and were 

approved by the local legal representative (Landesamt für Arbeitsschutz, 

Gesundheitsschutz und technische Sicherheit Berlin, Reg.no.: G0190/05 and 

G0071/07). 
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Radiographic examination 

X-ray analysis was performed to measure bridging and the callus size increase over 

time (two perpendicular views; Mobilett Plus X-ray unit, Siemens, Germany, films: 

Chronex 5 Medical X-ray Film, AGFA-Gevaert N.V., Belgium). Bridging of the 

osteotomy gap was qualitatively evaluated by fortnightly radiographic scoring, with 

two independent observers using the following criteria for each case and time 

point(Strube et al. 2008): 

A: complete bridging (four cortices bridged by callus) 

B: incomplete bridging (one to three cortices bridged by callus) 

C: no bridging (no cortex bridged by callus) 

To quantify the increase of the callus over time, the X-ray images were scanned, 

normalized and scaled using the Kirschner wire diameter visible in all scans. The 

maximum diameter of the callus and the bone diameter were measured in two 

standardized perpendicular views for calculating the maximum cross-sectional area 

of callus and bone (area of the ellipse resulting from the two diameters). The cross-

sectional area of each callus (CSA) was expressed relative to that of the 

corresponding bone in order to compare the groups.  

Micro-computed tomography (µCT) 

At six weeks, directly after the animal’s sacrifice, the osteotomized and contralateral 

femurs were harvested, the Kirschner wires carefully removed and the specimens 

placed in cooled phosphate buffered saline (PBS, Sigma-Aldrich, USA). A small 

amount of soft tissue was left around the bones to protect against dehydration of the 

soft callus tissue. At least five specimens per group were batch-scanned, employing 

a Viva40 micro-CT (Scanco Medical AG®, Switzerland) at a voltage 70 KVp and 

current of 114 ìA. Scanning was performed at least 15 min after harvesting the 

specimens. During the scan the specimens were kept in custom-made batch-

scanning tubes (acrylic, 19 mm x 100 mm) filled with PBS. An isotropic voxel size 

was selected and fixed at 12.5 ìm. The scan axis coincided nominally with the 

diaphyseal axis of femur. On each 2D tomogram, the cortical bone was masked out 

using a manually drawn counter-clockwise contour. The resulting grey-scale images 

were segmented using a low-pass Gaussian filter to remove noise and a fixed global 

threshold of 550 µg HA/cm³, rendering purely mineralized callus, whilst excluding all 

cortical bone. From the binarized images, the following morphometric measurements 

were carried out using a direct 3D approach with the vendor software (Scanco 
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software V.6 (i) ratio of mineralized callus volume to total callus volume (BV/TV), (ii) 

polar moment of inertia (Jz [mm4]).), (iii) tissue mineral density (TMD [ mg/ HA cm3]), 

(iv) callus strut thickness (St.Th [mm]). 

Rate of pseudoarthrosis  

Clinically- or radiologically-apparent pseudarthrosis were registered after collecting 

the bone and excluded from further biomechanical analysis because of their 

inherently inadequate biomechanical properties. Pseudarthrosis were defined as an 

interfragmentary gap that macroscopically contained only fibrotic tissue, and showed 

extremely low mechanical stability after removing the fixator and/or a radiographic 

score of C at sacrifice. 

Biomechanical testing 

Immediately after µCT-scanning both femurs of each animal were biomechanically 

tested, as previously described(White et al. 1977), a maximum of three hours after 

sacrifice. Briefly, the samples were clamped into a custom-made measuring unit in a 

material testing machine (Zwick 1445, Ulm, Germany) and axially loaded with 5 N 

compression, followed by torsional loading at 2 mm/min crosshead speed until 

failure. For comparison between sexes, the maximum torque at failure (MTF) and 

torsional stiffness (TS) of the operated femur were determined and reported as a 

percentage of the values from the intact contralateral side(Parker et al. 2007). 

Statistics 

The statistical analyses were performed using the statistics software, SPSS 17.0 

(SPSS Inc., USA). Biomechanical data were analyzed by non-parametric testing 

using Mann-Whitney U-test. Medians are given along with interquartile ranges (IR). A 

2-way analysis of variance (ANOVA) was used for testing the differences between 

the main effects and dependent variables. Radiographic scoring and the 

pseudarthrosis rate were tested by a ÷²-test. Inter-observer variability of the 

radiographic evaluation was tested by ê-statistics. All tests were analyzed two-sided 

with a significance level of p<0.05. 

5.3 Results 

Clinical complications and rate of pseudarthrosis 

One male animal had to be excluded from further analysis due to infection. No 

significant differences in pseudarthrosis between the groups were detected (F: 4; M: 

3). 
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Biomechanical properties 

After six weeks, the torsional stiffness of the operated, compared to the contralateral 

femur was significantly affected by gender (Table 5). The torsional stiffness in group 

MR (56.7 [27.3-57.7], median [IR]) was significantly higher than that in group FR 

(22.6 [15.6-23.5] %; p=0.025, Figure 26), while no differences were observed 

between other groups (values listed in appendix). Although the torsional stiffness 

values tend to be slightly higher in semi rigid groups, no influence of stability was 

observed on torsional stiffness among the tested groups  

Table 5 : Callus biomechanical properties. Grey boxes highlight output parameters with a 

significant outcome. 

Factor Groups
TS
[%]

MTF
[%]

Gender Male 62 ± 20 59 ± 21

Female 25 ± 19 40 ± 20

p <.005 p <.001

Stability R 35 ± 2 26 ± 16

SR 44 ± 24 57 ± 18

ns p <.001

Interaction ns ns

 

At 6-week follow-up, the maximum torsional moment at failure (MTF) of the bones in 

relation to that of the contralateral femur was significantly affected by gender and 

stability (Figure 26). A higher MTF was observed in male groups than in female 

groups. MTF showed significant lower values in rigid group compared to semirigid 

groups. 
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Figure 26: (Left) Variation in torsional stiffness of the callus relative to the contralateral femur 

between the groups. (Right) Maximum torsional moment at failure of the callus relative to the 

contralateral femur of the four groups. Stars indicate significance (p<0.05). Extreme values are 

presented as dot ( � ). Animals with pseudarthrosis were excluded from biomechanical testing. 

Radiographic analysis 

In all groups a callus was produced and was observed to be significantly larger at 6 

weeks compared to 2 weeks (p<0.05). The calcified callus tended to be larger in male 

groups than in female (Figure).The male groups with semi rigid fixation showed a 

larger callus area than females with semi rigid fixation throughout the healing process 

(2 weeks post OP: , p<0.001; 4 weeks post OP: , p<0.001; 6 weeks post OP: 

p<0.005, ,Figure 27). Stability was also observed to play a significant influence in 

male groups and not in female groups. Male individuals with a semi rigid fixation 

showed a larger callus size than male individuals with a rigid fixation (2 weeks post 

OP: p<0.001; 4 weeks post OP:  p<0.001; 6 weeks post OP: p=0.035, Figure 27).  

Bridging of the callus was evaluated by a scoring system (Table 1). A progression in 

callus bridging was observed in all groups. It was observed that the callus bridging in 

males tended to be higher than in females during early phase. Male semi rigid groups 

had a better score than female semi rigid group (2 weeks, chi square p<0.05). 

However, female groups caught up with their male counterparts during weeks 4 and 

6. No difference in stability was observed on bridging scores in the female group. 

Stability played an influence on bridging scores in male groups during the early 

phase (2 weeks, chi square p< 0.05, 4 weeks , chi square p< 0.05), but none was 

observed at 6 weeks endpoint. 

 



  Gender and Mechanics 

60 

*

* *

 

Figure 27 : Cross-sectional area of each group's callus relative to that of the bone over time. 

Stars indicate significance (p<0.05). Extreme values are presented as dot ( � ). 

Table 6: Radiographic score 

Time Score Number of animals (%)

Post-op (Bridging) MSR FSR MR FR

2 weeks A (complete) 0 (0/7) 0 (0/7) 0 (0/6) 0 (0/6)

B (incomplete) 71 (5/7) 14 (1/7) 67 (4/6) 0 (0/6)

C (no bridging) 29 (2/7) 86 (6/7) 33 (2/6) 100 (6/6)

4 weeks A (complete) 43 (3/7) 0 (0/7) 17 (1/6) 17 (1/6)

B (incomplete) 57 (4/7) 71 (5/7) 67 (4/6) 67 (4/6)

C (no bridging) 0 (0/7) 29 (2/7) 17 (1/6) 17 (1/6)

6 weeks A (complete) 57 (4/7) 14 (1/7) 33 (2/6) 17 (1/6)

B (incomplete) 43 (3/7) 86 (6/7) 67 (4/6) 83 (5/6)

C (no bridging) 0 (0/7) 0 (0/7) 0 (0/6) 0 (0/6)

Time Score Number of animals (%)

Post-op (Bridging) MSR FSR MR FR

2 weeks A (complete) 0 (0/7) 0 (0/7) 0 (0/6) 0 (0/6)

B (incomplete) 71 (5/7) 14 (1/7) 67 (4/6) 0 (0/6)

C (no bridging) 29 (2/7) 86 (6/7) 33 (2/6) 100 (6/6)

4 weeks A (complete) 43 (3/7) 0 (0/7) 17 (1/6) 17 (1/6)

B (incomplete) 57 (4/7) 71 (5/7) 67 (4/6) 67 (4/6)

C (no bridging) 0 (0/7) 29 (2/7) 17 (1/6) 17 (1/6)

6 weeks A (complete) 57 (4/7) 14 (1/7) 33 (2/6) 17 (1/6)

B (incomplete) 43 (3/7) 86 (6/7) 67 (4/6) 83 (5/6)

C (no bridging) 0 (0/7) 0 (0/7) 0 (0/6) 0 (0/6)  

Results from µCT 

At final follow-up, endpoint quantitative analysis of the callus employing µCT revealed 

a significantly reduced callus size due to gender in female groups (Figure 28). This 

was reflected as a significantly lower callus bone volume fraction in female 

individuals (Table 7).  
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Figure 28:  3D models of calluses at 6 weeks with a longitudinal cross section. Males generate 

a larger callus than females. Representative 3D image of a female callus (left two images) and 

male callus (right two images), at 6 weeks postoperative. As also seen here, it was observed 

that callus bridging was more advanced in male individuals as in female. White scale bar = 1 

mm. 

Quantitative geometric analysis of the callus showed Jz to be significantly higher in 

males than in females (Table 7,Figure 29). It was observed that bone volume fraction 

and geometry of callus was increased in semirigid groups than in rigid. It was 

observed that mineralization and microstructure were not influenced due to gender 

and stability influences. Because of technical reasons three of eight male animals 

could not be included in µCT analysis. 

Table 7: in vitro  3D µCT metrics of callus at 6 weeks.  

Factor Groups
BV/TV
[mm 3]

Jz
[mm 4]

TMD
[mgHA/c

cm]

St.Th
[mm]

Gender Male 34 ± 15 85 ± 40 927±35 .14±.02

Female 15 ± 7 18 ± 16 919±33 .14±.02

p <.001 p <.001 ns ns

Stability R 15 ± 9 17± 28 919±36 .14±.03

SR 26 ± 15 43 ± 42 925±30 .14±.01

p <.001 p <.005 ns ns

Interaction ns ns ns ns
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Figure 29: Fig. 4: Influence of sex on callus geometry (Jz) at 6 weeks postoperative. Images are 

obtained by rendering 2D tomograms according to their mineral intensity (pixel intensity), red 

being highest and blue the lowest (see color map bar). As seen, female groups produced a 

smaller callus size (left image) in comparison to males (right image). This also resulted in a 

smaller Jz in female animals, as seen due to callus distribution closer to the cortex, and 

contrary to the male groups (see white arrows indications).  

5.4 Discussions 

A bone defect healing model to monitor the clinical situation of impaired healing due 

to the influence of gender under varying fracture fixator stabilities has been shown. 

To the authors’ knowledge, this is the first study reflecting the sex-specific differences 

in bone healing in an animal model, and its consequences on a micro structural and 

compositional level. Aged male individuals showed a stronger biological response to 

mechanical stimuli than aged female. Mechanical competence of the callus was 

observed to be influence only by callus size and geometry, with males and semi rigid 

groups exhibiting the largest. Contrary to our hypothesis, the effect of age seemed to 

invert the effect of mechanical stability on healing in both gender groups. The later 

finding confirms similar results that were observed in our previous study where bone 

healing in aged individuals with varying fixator stabilities was compared to those of 

young(Strube et al. 2008). This could indicate that a larger mechanical stimulus might 

be needed in aged individuals to stimulate bone healing. 
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The in vivo model employed in this study was designed to approximate the clinical 

experience that adult female patients exhibit reduced bone regeneration 

potential(Parker et al. 2007). We further intended to determine potential sex-specific 

differences that are independent from postmenopausal hormonal changes or 

osteoporosis. Therefore, an age of 12 months was chosen for the subject animals. At 

this age, the body weight of both sexes is almost equal. This is important to avoid a 

bias of results because the mechanical load influences interfragmentary movement 

and thereby the healing outcome(Claes et al. 1998). In the present study, clinical and 

radiological complication rate like infection, implant loosening, and wire breakage 

were observed to be indifferent in the group of 12-month old male animals. In 

comparison to other small animal studies complication rate was similar or even 

lower(Einhorn et al. 1984; Harrison et al. 2003; Mark et al. 2003; Mark et al. 2005). 

However, except for the radiographic data, the present study shows only a single 

time point in healing process. Therefore, the possibility to make statements about the 

time course of bone defect healing is limited. The results of the measurement of the 

cross-sectional area should be interpreted carefully, because of the imprecision in 

detecting the real largest and smallest diameters in only two perpendicular views. We 

tried to minimize the resulting influence on group comparison using standardized 

views for every specimen and by employing ex-vivo µCT at the endpoint.  

In summary, biomechanical, radiographic and µCT results indicate an improved 

healing outcome in the male compared to female individuals. In quantitative and 

qualitative radiographic evaluation over the course of healing, callus cross-sectional 

area revealed that callus formation and bridging started earlier in the males 

compared to the female animals. Furthermore, it was observed that the callus cross 

sectional area was larger in semi rigid groups than in rigid, particularly in male 

groups. These observations may explain the biomechanical outcome, which correlate 

to the larger callus size seen as result of gender and stability. However, at the end of 

the experiments (at six weeks), there was no difference in callus bridging between 

females and males. From this data, one could speculate that bone defect healing of 

female animals is simply delayed. Females are possibly able to catch up with their 

male counterparts at later stages. Thus, the lower biomechanical test results in the 

female animals could reach the levels of those for males beyond the six-week 

endpoint of this study. It was also observed that stability had an influence on male 

groups to a larger extent than in females. The male groups had responded to the 
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larger stimulus created in semi rigid fixation by exhibiting a larger callus and better 

biomechanical properties.  

At the endpoint, the quantitative µCT revealed a difference in volume and geometrical 

distribution of mineralized tissue. Male rats exhibit a larger callus size than female 

rats. Semi rigid fixation resulted in higher bone volume fraction and geometry in male 

groups. From the analysis of cancellous bone, it is known that both Young’s modulus 

and strength depends on bone volume fraction(Currey 2009, Epub). Using this as a 

guide to interpretation, at constant St.Th observed for in both gender groups, and for 

a larger BV/TV, and Jz observed in male individuals, we conclude that the differences 

in biomechanical outcome are purely due to callus size and geometry and not due to 

tissue mineralization (TMD) and microstructure (St.Th). Further studies need to be 

performed to identify reasons on why male individuals produce a larger callus size. It 

is worthwhile pointing that TMD and St.Th were not influenced due to gender and 

stability. It is seen that mineralization and microstructure are more likely to be 

influenced by age. In this study, age has been kept constant and therefore no 

influence on TMD and St.Th can be observed within the gender groups. 

In a previous study, the influence of age and gender on osseointegration of an 

implant was investigated(Pien et al. 2001). The study revealed a greater peri-implant 

bone volume and percentage of osseointegration after 30 days in male than in female 

Wistar rats within the young group (one month of age). Compared to the young age 

group, osseointegration and bone volume were higher in the adult age group (at 

three month age) in male but not female animals. This suggests a possible additional 

influence of age in males, while supporting the superior results for adult males in the 

present study.  

Most of previous animal studies were conducted in young animals(Einhorn et al. 

1984; Harrison et al. 2003; Mark et al. 2003; Mark et al. 2005). Since the majority of 

patients are adult and since there is rising evidence that there are relevant 

differences between young and old individuals in bone healing outcome, we suggest 

the adult rat as a standard test object especially to research sex differences and sex 

specific treatment options. Further studies need to be performed to identify biological 

reasons on why male individuals produce a larger callus size and how mechanical 

stimulus might be applied in aged individuals to stimulate bone healing. 
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6. 

6 

6

A 4 mm Femoral Defect in 

Female but not in Male Rats 

Leads to a Reproducible 

Atrophic Non-union.  

The aim of this study was to establish and characterize a reproducible 

atrophic non-union model in rats by creation of a 4 mm segmental 

femoral bone defect that is analogous in its pathophysiology and 

potential treatment of non-unions. As an attempt to characterize 

deviations in healing patterns from the normal course, a small sized 

gap model was compared to a large one. The hypothesis of this study 

was that a segmental femoral bone defect of 4 mm corresponding to 

approximately 12 % of the total femur length in male Sprague Dawley 

rats would lead to a reproducible atrophic non-union.  
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Bone defects 

6.1 Introduction 

Although bone repair in fracture healing is usually an efficient process, there is a 

subset of cases that have been reported as complications. Failure of osseous union 

may occur after massive bone loss due to skeletal reconstructive procedures, tumor 

resection, congenital abnormalities or fracture trauma. Whilst there is no universally 

accepted definition of non-union, it can be considered the failure of a bony union 

within six to eight months (Rodriguez-Merchan et al. 2004) without much signs of 

further progression towards healing. The diagnosis for such cases in humans is 

based on a combination of clinical symptoms and physical findings, including 

radiographic evidence of a failure in osseous union(Rodriguez-Merchan et al. 2004). 

A clear definition of nonunion, however, does not exist in a rat model. 

Non-unions still remain a challenging clinical problem in orthopedic surgery. The 

current gold standard for treatment of non-unions after bony defects is by autologous 

bone grafting(Tseng et al. 2008). However, harvesting a suitable supply of autograft 

bone is limited, and painful for the donor, with a risk of infection, hemorrhage, 

cosmetic disability, nerve damage, and a loss of function(Damien et al. 1991). 

Consequently, stimulation of bone formation by alternative means is of great need. 

Several groups have investigated the use of chemically and biologically loaded 

scaffolds for guided bone tissue regeneration in animal models of non-

unions(Guldberg 2009). Other groups have explored the use of physical stimulation 

of the healing tissue(John et al. 2008; Palomares et al. 2009). Yet, no existing 

therapy has been proven to be fully satisfactory(Hannouche et al. 2001). In the end, it 

is expected that the best therapy for clinical use will originate from comparisons 

among available strategies. Such an approach requires clinically relevant animal 

models. 

Several animal models of non-union exist (hypertrophic, oligotrophic, and atrophic). 

The atrophic non-union model is created using rather large segmental defects. In a 

clinical situation such segmental defects are between 4 and 12cm(DeCoster et al. 

2004), approximating 12-20% of the femur length. Currently, animal models in rat 

femora mimic a defect approximated at least 22% of the total femur length(Oest et al. 

2007). Such overly large bone defects require mechanical stabilization and the use of 

3D scaffolds and therefore seem appropriate for use with scaffold based 
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investigations in bone healing. Not all bone defects clinically observed in humans are 

so large. Considering the limitations that scaffolds have with diffusivity of nutrients, 

and cell migration into the center, other methods to stimulate bone formation in 

smaller sized bone defect without the use of scaffolds, such as temporal mechanical 

stimulation of the interfragmentary gap(Gardner et al. 2000), extracorporeal shock 

wave therapy(Schaden et al. 2001), dynamization(Claes et al. 2009), and bioactive 

molecules (Nakajima et al. 2007; Greiner et al. 2008) are being investigated 

alongside for clinical use during critical healing. Not all bone defects clinically 

observed in humans are so large. Therefore, a need arises for an animal model with 

a bone defect that is clinically representative of atrophic non-union, and at the same 

time allows for screening of multiple means of bone healing stimulation is needed. 

Not only the choice of an appropriate animal model becomes crucial, but the fixation 

devices, surgical procedures and methods of taking measurements should be 

standardized for accumulation of a data pool. This is a prerequisite that it is 

comparable while screening various bone healing stimulation strategies.  

The aim of this study was to establish and characterize a reproducible atrophic non-

union model in rats by creation of a 4 mm segmental femoral bone defect that is 

analogous in its pathophysiology and potential treatment of non-unions. As an 

attempt to characterize deviations in healing patterns from the normal course, a small 

sized gap model was compared to a large one. The hypothesis of this study was that 

a segmental femoral bone defect of 4mm corresponding to approximately 11% of the 

total femur length in male SD rats would lead to a reproducible atrophic non-union.  

6.2 Materials and methods 

Animals and experimental design 

32 male, 12-week-old Sprague Dawley (SD) rats were divided into two groups 

defined by the femoral gap size (1mm vs. 4mm): M1 (male 1mm, n=15), M4 (male 

4mm, n=17). The healing course was analyzed by radiography and the animals were 

evaluated by histology or biomechanics 6 weeks (M1) or 8 weeks (M4) after surgery. 

The first trial was with males. Radiographic and histological evaluation of the M4 

group revealed a delayed rather than a non-union. Since female sex is thought to be 

one risk factor for delayed/non-union (Parker et al. 2007) and sex-specific differences 

in bone healing were recently demonstrated in a rat model(Strube et al. 2009), an 

second trial group of 35 female, 12-week-old counterparts was also included in the 
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study: F1 (female, 1mm, n=23), F4 (female 4mm, n=12). The healing time for both 

female groups was 6 weeks (see). 

All animal experiments were carried out according to the policies and procedures 

established by the Animal Welfare Act, the NIH Guide for Care and Use of Laboratory 

Animals, and the National Animal Welfare Guidelines. The study was approved by 

the local legal representative (LAGeSo Berlin, G0071/07). 

External fixators and surgical procedure 

The custom-made external fixation device consisted of four titanium 1.2mm diameter 

Kirschner (K-) wires (Medizintechnik Jagel, Bad Blankenburg, Germany) with a 5mm 

thread and a crossbar (dimension: 22×5×2mm) made out of stainless steel [14]. 

Every pair of wires was connected to the crossbar with a steel clamp using a 

countersunk screw (M 2.5). The distance between fixator and bone (offset) was set to 

7.5mm. A set of individuals in female groups received an XRAY compatible fixation 

device consisting of a crossbar composed of two carbon plates bound by two 

countersunk screws. These individuals were used for in vivo micro-computed 

tomography analysis in another study. In vitro mechanical testing indicated a similar 

stiffness in axial compression (p=0.240) and torsion (p=0.485) for the fixator 

construct with the surgical steel (50.0 (42.1-52.5) N/mm, [median (25-75 percentiles)]; 

16.1 (11.6-18.5) Nmm/°) and carbon bar (62.7 (41.5-70.5) N/mm; 14.6 (12.5-16.3) 

Nmm/°). 

Using a lateral approach, the left femur was osteotomized at the mid shaft and 

externally fixated, according to the method described earlier. Animals in the M1 and 

F1 groups received a single transverse osteotomy between the two inner K-wires 

with a gap size of 1mm, while animal groups M4 and F4 received a double transverse 

osteotomy with a gap size of 4mm. The animals were sacrificed 6 weeks (M1, F1, 

and F4) or 8 weeks (M4) post-surgery and both femurs were harvested.  

Radiographic observations 

For clinical evaluation of in vivo bony callus formation over time, radiographs in three 

standardized views (anterior-posterior, medio-lateral and axial) were taken directly 

after surgery as well as bi-weekly thereafter. Radiographic callus bridging score was 

used on a minimum of 10 animals per group by two independent observers using the 

following criteria in two perpendicular views for each animal and time point(Runkel et 

al. 2000; Schmidmaier et al. 2004): A - complete bridging (four cortices bridged by 

callus), B - incomplete bridging (one to three cortices bridged by callus), C - no 
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bridging (presence of callus, but no cortical bridging at all). For computerized 

quantitative analysis of callus development, the radiographs of groups M1 and F1 

were scanned, normalized and scaled using the K-wire diameter. The maximum 

diameter of the callus and the bone were measured in two standardized 

perpendicular views (Image J) for calculating the maximum cross-sectional area 

(CSA) of the callus and bone (area of an ellipse, using the two resulting 

diameters)(Strube et al. 2008). The callus CSA was normalized against bone 

diameter and reported as percent. The CSA for every two weeks was compared 

between the groups. Anatomical growth of femur in diameter and length for 2-6 

weeks was also quantified and compared for differences between male and female 

groups. 

Table 8: Experimental design 

Group Healing time Number of animals Methods

M1 6 weeks n=8 Qualitative & quantitative histology (paraffin)

n=7 Torsional testing

M4 8 weeks n=8 Qualitative histology (PMMA)

n=9 Torsional testing

F1 6 weeks n=8 Qualitative & quantitative histology (paraffin)

n=8 Qualitative & quantitative histology (PMMA)

n=7 Torsional testing

n=7 Micro computed tomorgaphy

F4 6 weeks n=7 Qualitative histology (paraffin)

n=5 Qualitative & quantitative histology (PMMA)

n=7 Micro computed tomorgaphy  

 

Biomechanical testing 

Immediately after sacrifice, both femurs were collected and embedded with methyl 

methacrylate (Technovit® 3040, Heraeus Kulzer, Hanau, Germany) into custom-

made casting containers. The casting containers were clamped into a custom-made 

measuring unit in a material testing machine (Zwick 1445, Ulm, Germany). The 

femurs were axially pre-loaded with 5 N followed by torsional loading with 2mm/min 
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crosshead speed until failure. The maximum torque at failure and torsional stiffness 

of the operated femur were determined and reported as percentages of the values for 

the intact contralateral side. 

Histology and Histomorphometry  

The osteotomized femora of 44 animals were harvested directly after sacrifice and 

fixed. For histological analysis, 15 femora from the female groups (F1, F4) and 8 

femora from the M1 group were decalcified in EDTA, embedded in paraffin and 4 µm-

thick sections were cut in a longitudinal direction. The other 13 femora from the 

female groups and 8 femora from the M4 group were embedded in 

methylmetacrylate (Technovit 9100 NEU, Heraeus Kulzer) and cut into 6 µm-thick 

sections for calcified histology.  

All paraffin-embedded sections and the PMMA-embedded sections of group M4 were 

stained with Movat Pentachrome(Movat 1955). To analyze collagen fiber orientation 

and thus clearly distinguish between woven and lamellar bone, sections were stained 

with Picrosirius Red and studied with polarization microscopy(Junqueira et al. 1979). 

Qualitative morphologic examination was done on Movat Pentachrome and 

Picrosirius Red stained sections.  

Computerized histomorphometric analysis was performed with an image analysis 

system (KS400, Zeiss, Germany) on Movat Pentachrome stained paraffin-embedded 

sections of groups M1 and F1 as well as on Safranin-Orange/von Kossa stained 

PMMA embedded sections of groups F1 and F4. Due to histological shrinkage, the 

gap size was measured on these histological sections to calculate the mean gap size 

for the different groups. Based on this measurement, the region of interest (ROI) 

included the 0.8mm gap (M1, F1) resp. 3.2mm defect (F4) and 0.2mm (M1, F1) resp. 

0.8mm (F4) in both the proximal and distal directions from the borders of the original 

osteotomy. The width of the ROI in the medio-lateral direction was dictated by the 

width of the callus tissue. Callus tissue composition was characterized by quantitative 

analysis of bone, cartilage and fibrous tissue formation, whereas the fibrous tissue 

also included marrow elements. Tissue fractions [%] were calculated in relation to the 

callus area in the ROI. In the F4 group, the fraction of muscle tissue in the callus was 

separately calculated.  

Micro computed tomography (µCT) analysis 

For characterization of 3-D callus competence during normal healing (F1) and critical 

healing (F4) (i.e., size, geometry, and mineralization), the newly formed mineralized 
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callus tissue was analyzed using high-resolution micro computed tomography. The 

volume of interest (VOI) contained the 1 or 4 mm osteotomy gap region and 1 mm in 

the proximal and distal directions. Using a manually drawn counter clockwise 

contour, the cortical bone was excluded from the VOI. The resulting gray-scale 

images were segmented using a low pass Gaussian filter. A fixed global threshold of 

420 mg HA/cm3 threshold was used. The threshold for callus mineralization was 

approximately 40 % for in vitro (1100 mg HA/ ccm)(Duvall et al. 2007). This threshold 

was also verified by visually evaluating of 10 random single tomographic slices from 

4 samples per group to isolate the mineralized tissue and preserve its morphology 

while excluding unmineralized tissues(Oest et al. 2007). 

Using the binarized images, the following morphometric measurements known to 

influence mechanical competence were analyzed: (i) Bone volume fraction (BV 

normalized against Gap size), (ii) polar moment of inertia (pMOI [% of contralateral 

femur]), (iii) tissue mineral density (TMD [% of contralateral femur]), (iv) bone mineral 

density (BMD [% of contralateral femur]), (v) callus strut thickness (Tb.Th [mm]), (vi) 

callus strut spacing (Tb.Sp [mm]). All analyses were performed on the digitally 

extracted callus tissue using 3D distance techniques (Scanco® software, 

Switzerland)(Hildebrand et al. 1997).  

Statistical analyses 

For statistical analyses of data, medians were calculated for each group per time 

point. Statistical comparisons between the groups were performed using the Mann-

Whitney U test (SPSS 17.0, SPSS Inc.) and the Bonferroni-Holm test procedure. A p 

value of less than 0.05 was taken as a significant difference. 

6.3 Results 

Clinical follow-up 

Female subjects weighed significantly less than male subjects before surgical 

intervention (296 (289 – 300) g vs. 326 (321- 344) g vs. [median (25-75 percentiles)], 

p=0.002). They also showed a lower percentage increase in their body weight than 

males during the follow-up period (2 (1-4) % vs. 38 (22-45) %, p<0.001). Although the 

diaphysis of the male individuals had a larger diameter than the females (5-6mm vs. 

3-4mm), no significant changes in femoral anatomy were noticed during the period of 

radiological clinical follow-up. Furthermore, no significant longitudinal growth in 

femoral length was observed during the 6 weeks follow-up period.  
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Radiographic findings 

In the 1mm gap size groups, a progression of bony bridging could be observed in 

radiographic scores over time (Figure 30,Table 9), with male subjects (M1) reaching 

a higher score at earlier time points than females (F1) (2 weeks, p=0.087; 4 weeks, 

p=0.069). In the 4mm groups, only the F4 group developed a consistent non-union 

within the observation period of 6 weeks, while in the M4 group partial bony bridging 

could be observed at 4 and 6 weeks (Table 9). This was reflected by a lower score at 

6 weeks in the F4 vs. M4 group (p=0.021). 

Normalized callus CSA increased over time in the M1 and F1 groups. Callus CSA 

was significantly influenced by sex with the F1 group consistently exhibiting a smaller 

callus than the M1 group (2 weeks, 86 (68-91) % vs. 99 (96-107) %, p=0.03; 4 

weeks, 110 (95-113) % vs. 119 (112-135) %, p=0.05; 6 weeks, 113 (98-114) % vs. 

126 (188-136) %, p=0.03). 

Biomechanical testing 

Biomechanical testing of the femurs of the F1 vs. M1 group at 6 weeks demonstrated 

a trend towards a lower maximum torque at failure in the F1 group (p=0.053). 

Furthermore, there was a significantly lower torsional stiffness (p=0.001) and 

maximum torque at failure (p=0.0002) in the M4 group at 8 weeks vs. M1 group at 6 

weeks (Figure 31). Due to the immature callus tissue in the F4 group, the femurs 

could not be tested biomechanically.  
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Figure 30: Radiological outcome for male and female subjects with 1 mm and 4 mm defects 

over time. It is seen that at 6 weeks male subjects have more visible signs of callus formation 

than in females.  

 

Table 9: Radiographic scoring of callus formation and bony bridging for the male (M1, M4) and 

female (F1, F4) groups over the healing time (A - complete, B - incomplete, C - no bridging) 

Group A B C A B C A B C

M1 0% 75% 25% 37.5% 62.5% 0% 81% 19% 0%

F1 0% 33% 67% 10% 70% 20% 67% 33% 0%

M4 0% 0% 100% 0% 12% 88% 0% 35% 65%

F4 0% 0% 100% 0% 0% 100% 0% 0% 100%

2 weeks 4 weeks 6 weeks
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F4

 

Figure 31: Maximum torque at failure (MTF) and torsional stiffness (TS) of the healed femora of 

the M1 and F1 groups at 6 weeks and of the M4 group at 8 weeks. The F4 group could not be 

tested mechanically due to the immature callus tissue. The asterisks indicate statistically 

significant differences between the M4 and M1 groups. The circles represent statistical outliers 

and the diamond represents an extreme value.  

Histological and histomorphometric analyses 

Histological analysis of the M1 and F1 groups showed partial or complete bony 

bridging of the 1mm gap, although in the M1 group more animals reached complete 

bony union by week 6 (M1, 5/8; F1 5/16). In the F1 group, large amounts of newly 

formed bone were present in the endosteal region, while in the M1 group remodelling 

processes of the endosteal bony callus for restoration of the medullar cavity were 

already visible (Figure 32). In both groups, the bony callus was composed of woven 

and lamellar bone with the latter being most differentiated near the periosteal and 

endosteal surface of the cortical bone.  
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Figure 32: Photomicrographs of histological sections of the M1 (A, B, C) and F1 (D, E, F) 

groups at week 6 after surgery. (B, C and E, F) Enlarged images of the regions enclosed by the 

black box in A resp. D. (A, B) with complete bony bridging of the gap in the M1 group with 

remodeled endosteal bony callus. (D, E) Incomplete bony bridging of the gap in the F1 group 

with cartilage remnants and a prominent endosteal bony callus. (C, F) Intercortical bony callus 

composed of woven (#) and lamellar (*) bone in both groups. (A, B, D, E) Movat Pentachrome 

staining, (C, F) Picrosirius Red staining and polarization microscopy. Specific regions are 

labeled as follows: Cg, cartilage; ClB, callus bone; CtB, cortical bone. The scale bars in lower 

right hand corners are equal to 1000 µm (A, D), 100 µm (B, C, E, F).  

In contrast, in the M4 and F4 groups, no complete bony bridging was achieved. In the 

M4 group 8 weeks after surgery, periosteal bone formation on the cortical surfaces 

was visible reaching the defect region in two cases (Figure 33). Furthermore, 

endosteal bone formation outgrowing from the cortical bone fragments was present. 

This bone formation led to a narrowing of the original defect. In all animals, the 

periosteal and endosteal bony callus were composed of woven and lamellar bone. In 

most of the animals of the M4 group, hyaline or at least fibrocartilage was formed in 

the defect zone between the bony callus fronts (Figure 33). In contrast, in the F4 

group 6 weeks post-operation, negligible cartilage formation could be detected in 1 

out of 12 animals. In all animals, the defect was filled with loose fibrous tissue with 

randomly oriented collagen fibres. The cortical bone ends had a rounded 

appearance, but also showed the formation of a periosteal bony callus outside the 

defect region, although this callus was smaller when compared to the M4 group. A 

narrow band of woven and lamellar bone extended between the cortices of each 
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fragment at least on one side (proximal or distal), appearing to seal the medullar 

canal from the osteotomy. This bony band often bulged into the defect (Figure 33) 

with collagen fibers oriented along the band course. No signs of active bone 

formation towards the opposing cortical bone fragment were visible. Furthermore, a 

prolapse of the surrounding muscle tissue into the defect was observed in 9 out of 12 

animals. 

Figure 33: Photomicrographs of histological sections of the M4 (A, B, C) and F4 (D, E, F) 

groups at week 8 (M4) and week 6 (F4) resp.after surgery. (B, C and E, F) Enlarged images of 

the regions enclosed by the black box in A resp. D. (A, B) Periosteal and endosteal bone 

formation in the M4 group with large amounts of cartilage in the defect zone. (D, E) Defect 

filling with loose connective tissue and prolapsed muscle tissue in the F4 group with sealing of 

the medullary canal by a narrow band of newly formed bone. (C, F) Endosteal bony callus 

composed of woven (#) and lamellar (*) bone in both groups. (A, B, D, E) Movat Pentachrome 

staining, (C, F) Picrosirius Red staining and polarization microscopy. Specific regions are 

labelled as follows: BM, bone marrow; Cg, cartilage; ClB, callus bone; M, muscle tissue. The 

scale bars in lower right hand corners are equal to 1000 µm (A, D), 100 µm (B, C, E, F). 

By histomorphometry, no significant differences in the tissue fractions in the callus 

were found between the M1 and F1 groups (Figure 34A). However, 

histomorphometric analysis demonstrated a significantly lower fraction of bone 

(p=0.002) and a significantly higher fraction of fibrous tissue (p=0.006) in the callus of 

the F4 compared to the F1 group (Figure 34B). The fraction of muscle tissue in the 

callus of the F4 group amounted to 6 (1-19) %.  
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Figure 34: Tissue Fractions in the Callus of the M1 vs. F1 group (A) and of the F1 vs. F4 group 

(B). Histomorphometrical analysis was performed on Movat Pentachrome stained, paraffin-

embedded sections (A) and on Safranin-Orange/von Kossa stained, PMMA-embedded sections 

(B). The asterisks indicate statistically significant differences between the F1 and F4 groups. 

The circles represent statistical outliers and the diamond represents an extreme value. 

Micro computed tomography (µCT) analysis: 

µCT was performed only on female 1 mm and 4 mm groups to differentiate between 

callus formation in normal and nonunion healing groups. Male subjects were 

excluded from the µCT analysis as they did not consistently result in nonunions. 

Therefore, female subjects from the 1 mm and 4 mm defect were compared to show 

differences between normal and impaired healing during nonunions. It was observed 

that female subjects with a 4 mm bone defect had very poor callus formation 

compared to the 1 mm female counterparts (Figure 35). Although there was 

significant amount of callus formation in F1 and F4 groups between weeks 2 and 6 

(Figure 36a, p<0.001), it was observed that no callus bridging occurred in the F4 

defect groups in contrast to the bridging observed in F1 group (Figure 35). Subjects 

with a 4 mm defect had a significantly lower response to bone formation compared to 

the 1 mm female subjects at 2, 4, and 6 weeks (Figure 36a). Polar moment of inertia 

was also observed to be lower in 4 mm group than in 1 mm group (Figure 36b). BMD 

was observed to lower in F4 group in comparison to F1 group (Figure 36c). However, 

tissue mineral density was not observed to be influenced by gap size (Figure 36d). It 

was observed that the callus strut in all animals groups increased over the healing 
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time. In the F1 group, callus strut had a significant increase in strut thickness 

compared to F4 groups at 6 weeks (Figure 36e). 

 

Figure 35: Longitudinal cross-sectional 

view of a 3D callus from F1 group (image 

a) and defect F 4 group (image b) resp. at 

6 weeks. It is seen that in image a 

complete bridging of all cortices was 

reached. However, in image b callus 

formation was not sufficient to bridge the 

bone defect. The bone formation at 6 

weeks enclosed the medullar cavity as 

opposed to bridging the bone defect. 

Scale bar = 1 mm. 
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6.4 Discussions 

A 4 mm bone defect in female but not male rats resulted in a reproducible nonunion. 

This study showed that 4mm femoral bone lesions in female rats become scarred 

rather than regenerated, leading to an atrophic non-union. In contrast, the creation of 

a 4mm segmental femoral defect in male SD rats led to delayed healing rather than a 

non-union. Using sex differences at standardized bone defect size, mechanical 

fixation, and surgical procedure, it is possible to toggle between delayed healing and 

non-union conditions.  

Gender based influences. There is a surprising shortage of animal studies reflecting 

sex-specific differences in bone healing. In our previous study, sex-specific 

differences in bone healing were demonstrated and related to a reduced number of 

MSCs in female rats(Strube et al. 2009). By switching to female subjects in this study, 

we showed that even under uneventful healing conditions, there is a sex-specific 

advanced bone healing in male rats. An age of 12 weeks was chosen for study 

subjects to represent adult rats. At this age, the male and female animals are almost 

equal in their femoral bone length. This is important to reduce a bias of results; due to 

influence of adolescence growth phase or influences of old age on bone 

healing(Strube et al. 2008). In this study, there was a higher mean body weight in 

male animals at the time of surgery and postoperatively, which may be considered as 

an additional mechanical stimulus influencing the interfragmentary movement. 

Female individuals were observed to maintain their weight over the follow-up period 

without any significant changes in anatomical length of the femur. This feature is 

important in bone healing studies as it eliminates the influence of weight and rapid 

growth during the follow-up period of 6 weeks. Quantitative and qualitative 

radiographic evaluation over the course of healing revealed that callus formation and 

bridging started earlier in the males than in the female animals. Furthermore, 

histological analysis showed 63% of males in comparison to 31% females with 

complete bridging at the end of the experiment (at 6 weeks). This was further proven 

by the better biomechanical outcome in male subjects at 6 weeks. These data 

suggest that bone healing in female animals is delayed compared to male 

counterparts.  

Non-union establishment. Scientists need definitions of union, delayed union, and 

non-union in fracture healing(Frolke et al. 2007). In this study, a combination of 

radiographic follow-up, end point definitions with empirical validation using torsional 
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stiffness and histological analysis was used to define three groups: normal healing, 

delayed healing and non-union. The radiographic callus bridging scores predicted 

healing behavior in union, delayed, and non-union groups. In the union groups, the 

radiographs showed the presence of a prominent periosteal and endosteal bony 

callus. Bridging occurred endosteally and periosteally at 6 weeks. Normal healing in 

this study was defined as a recovery of fracture stiffness of 50 % (of intact 

contralateral) and over, as observed in the male and female 1mm group. In the 4mm 

bone defect groups, the absence of complete bony bridging at 6 resp. 8 weeks 

indicated delayed union. Both male and female groups showed bone formation on 

the periosteal surface of the cortical bones, but this bone formation did not extend 

into the defect region except for two individuals in the male group. The absence of 

periosteally formed new bone in the defect region indicated a delayed union. Some 

individuals in the male group formed a partial bony bridging endosteally at 8 weeks, 

but still without producing a real periosteal bony callus. The implication is that 

endosteal healing in the rat is capable of callus bridging, even if the periosteal 

healing response has ceased. Therefore, delayed union may be defined defined as 

the cessation of the periosteal response with the fracture being partially bridged 

endosteally(Marsh 1998). With such evidence, the development of a reproducible 

non-union in the male group could be excluded due to the following observations: (1) 

Some individuals showed partial bony bridging by week 8 and (2) in most of the 

animals the remaining defect was filled with large amounts of cartilage which is likely 

to be mineralized and replaced by new bone leading to complete bony bridging within 

a short time. Biomechanically, delayed healing was defined as a recovery of less 

than 50% (of intact contralateral) in torsional stiffness, as observed in the M4 group.  

In non-unions, there is a failed attempt by the body to produce a bony callus for 

bridging of the fracture gap. In the 4 mm defect female group (F4), the individuals 

showed no signs of bony bridging in comparison to the male counterparts. Non-union 

is the combinatorial cessation of periosteal and endosteal healing without any 

progressive response to bony bridging. The 4 mm defect size in the female group 

resulted in a rounding of the cortical bone ends which has been previously described 

as a characteristic for atrophic non-unions(Megas 2005; Garcia et al. 2008). 

Furthermore, these individuals showed an instable callus with almost zero stiffness 

that could therefore not be biomechanically tested. Histomorphometrical analysis 

demonstrated a callus that was mainly composed of scar tissue (fibrous tissue) and 
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lacked cartilage. The rounded cortical bone ends showed an outgrowth of bone that, 

in combination with endosteally formed bone, led to the development of a bony band 

sealing the medullar canal from the osteotomy. This sealing might indicate a 

cessation of the endosteal healing process, although remodeling processes of woven 

into lamellar bone were seen. In the µCT analysis it was observed that healing in the 

nonunions is impaired by means of lower bone formation, microstructure and overall 

bone mineral density. Interestingly, it was observed that the tissue mineral density 

was not influenced due to the impaired healing. Such a finding can be important in 

the development of therapeutical strategies in segmental bone defects during 

nonunions. The findings from this study might be used as an indication that future 

therapies might use BMP to stimulate bone formation as opposed to 

bisphosphonates during treatment of segmental defects in normal patients. 

The presented model has certain limitations. The non-unions produced in the model 

are based on an osteotomy, rather than a fracture for standardization purposes. 

Furthermore, this study only focused on the establishment of a non-union in rat 

femora using a 4mm bone defect and female sex. Because the male defect group 

showed delayed healing early on in the study, their analyses was less extensive 

compared to female subjects. 

In this study, an animal model with an optimal bone defect size of 4mm that is 

clinically representative of atrophic non-union and at the same time allows for 

screening of different methods to stimulate bone formation with and without scaffolds 

within the same model has been established. Using different combinations of sex and 

gap size in the exact same model, it is possible to reproducibly induced normal bone 

healing, delayed and atrophic non-union. A screening platform where standardized 

measurements are comparable across various bone healing stimulation strategies 

has been established. 
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7.  4 D monitoring of bone healing 
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This chapter focuses on the establishment of a setup to perform 3D 

longitudinal monitoring of secondary bone healing. Using the setup, 

normal healing and critical healing have been characterized in a 1 

mm and 4 mm bone defect model respectively. It is shown that the 

onset of critical bone healing occurs at a very early time point of 2 

weeks. Finally, bone healing in a 4 mm bone defect has been 

stimulated using growth factor BMP2 at an early stage and shows to 

influence healing patterns by 2 weeks. 

 

3D longitudinal monitoring of 

bone defect healing in rat 

femora (4D monitoring) 
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7.1 Introduction 

Several researchers have investigated the use of chemically and biologically loaded 

implant scaffolds for guided bone tissue regeneration in animal models of 

nonunion(Guldberg 2009). Other groups have explored the use of physical 

stimulation of the healing tissue(John et al. 2008; Palomares et al. 2009). Yet, no 

existing therapy has been proven to be fully satisfactory. Partly, this situation exists 

because of our limited understanding of the spatiotemporal callus formation, 

patterning and mineralization kinetics of the healing tissue.  

3D µCT metrics (Hildebrand et al. 1997)allow characterization of fracture bony callus 

structure and composition providing good assessment of callus mechanical 

competence during fracture healing. In vitro µCT studies have shown mechanical 

competence of bone tissue to be highly dependent on the amount of mineralized 

tissue as well as mineral density(Morgan et al. 2009). Heterogeneity of mineralization 

(tissue mineral density distribution), together with its spatial distribution have also 

been used to describe bone material quality and associated to mechanical properties 

of bone tissue(Roschger et al. 1998; Ruffoni et al. 2007). So far, these parameters 

have been characterized spatially at endpoint post-mortem, and are missing the 

temporal characterization of callus tissue patterns as it develops over time in 

individuals. Endpoint experimental methods introduce large variability in output 

parameters that quantify healing outcome, and make it difficult to investigate precise 

relationships involved in the timely development of callus formation, patterning, and 

maturation during healing.  

Newer in vivo µCT scanning technologies allow monitoring of individual animals over 

time and report tissue formation in 3D. In vivo monitoring provides the advantages of 

reduced variation in outcome measures and a reduction in the necessary number of 

animals. Longitudinal µCT studies (4D) in bone healing have enabled early on and 

more frequent evaluation of mineralized tissue formation with a region specific 

resolution. However, it requires localization of a region of interest during longitudinal 

monitoring that would enable continued analyses of callus patterning during bone 

healing over time in individuals. Therefore, a new standardized setup to monitor 

femoral bone defect healing in 3D over time using an in vivo µCT is presented in this 

study. The goal was to use the in vivo µCT setup to longitudinally monitor in 3D the 

mineralized callus tissue during normal and critical bone defect healing, and to 

identify the onset of critical healing. Our overall hypothesis was that bone volume 
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fraction and not mineralization is impaired during the development of nonunions. To 

test our hypothesis, quantitative analyses of callus formation, patterning, and 

mineralization kinetics in a normal (1 mm bone defect) and in a critical healing model 

resulting in atrophic nonunion (4 mm bone defect) is examined. Lastly, a bone 

stimulation strategy to increase bone formation in the critical healing model is 

demonstrated. 

7.2 Material and methods 

Animals and experimental design 

All animal experiments were carried out according to the policies established by the 

Animal Welfare Act, the NIH Guide for Care and Use of Laboratory Animals and the 

National Animal Welfare Guidelines and were approved by the local legal 

representative (Landesamt für Arbeitsschutz, Gesundheitsschutz und technische 

Sicherheit, Berlin, Reg.no.: G0071/07).  

Experiment 1: 12-week-old female SD rats were used for this study. They were 

divided into two groups defined by the femoral bone defect size (1 mm and 4 mm), 

normal healing (NH) and critical healing (CH). The animal model for these groups has 

been established and described in the previous chapter. A total of eleven subjects in 

NH groups underwent longitudinal in vivo monitoring with seven subjects at bi weekly 

intervals and four subjects at 1, 2, 3, 4, 6 weeks. A total of eight subjects were used 

in CH groups with five for bi weekly and three for 1, 2, 3, 4, 6, and 8 weeks.  

Experiment 2: A group of eight animals with a collagen sponge loaded with BMP 2 (1 

mg/ml) into the 4 mm bone defect were introduced into the study.  

Surgical procedure and clinical observations 

The surgical procedure and animal model for normal healing and critical healing 

(nonunion) has been described in the previous chapter on establishment of a 4 mm 

bone defect model.  

In vivo monitoring 

An in vivo bed made of acrylic was used to reproducibly position the subjects (Figure 

37). A detachable modular clamp integrated into the bed helped position the fixator 

into the scanning VOI in a reproducible manner without imaging artefacts. The scan 

axis coincided nominally with the diaphyseal axis of femora. CT dosage index was 

calculated according to the specifications from the manufacturer to be 86 mGY for a 

35.5-micron resolution scan, with 150 ms, 55 kV, 145 mA that lasted for 8.3 minutes, 
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46 mAs. One subject served as a reproducibility control and was scanned 4 times 

post sacrifice.  

Animals from the NH group served as comparison for influence of medium spatial 

resolution during in vivo scanning on BV and TMD parameters compared to high 

resolution during in vitro scanning. Animals were sacrificed after the last in vivo follow 

up scan at 6 weeks, the osteotomized and contralateral femur harvested and 

prepared for a high resolution in vitro scan. A small amount of soft tissue was left 

around the bones to avoid soft callus damage. Both femurs were placed in a custom 

built batch scanning tube for postmortem analysis. The scans were performed on a 

Viva40 micro-CT (Scanco Medical AG®), at a voltage 70 KVp and current of 114 ìA. 

Voxel size was selected to be isotropic and fixed at 10.5 ìm.  
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Figure 37: In vivo  rat bed setup. Image (a) shows the rat bed made of acrylic. The rat is placed 

in the bed and the fixator is positioned with the clamp and stopper into the scanning ROI. The 

clamp and positioner provide accurate and repeatable placement of the scanning volume of 

interest during monitoring of individuals over time. Image (b) shows the carbon fixator with the 

imaging window between the fixator pins. The imaging window allows for untenanted passage 

of X-rays to the volume of interest and providing image free artifacts at the detector, as seen in 

image (c).  
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Micro computed tomography (µCT) analysis 

For characterization of 3-D callus competence over time(i.e., size, geometry, and 

mineralization), the newly formed mineralized callus tissue was analyzed using high-

resolution micro computed tomography. The volume of interest (VOI) contained the 1 

or 4 mm osteotomy gap region and 1 mm in the proximal and distal directions. Using 

a manually drawn counter clockwise contour, the cortical bone was excluded from the 

VOI. The resulting grayscale images were segmented using a low pass Gaussian 

filter. A fixed global threshold of 545 mg HA/cm3 was selected as the best choice that 

allowed the rendering of mineralized callus for the in vivo groups. A 420 mg HA/cm3 

threshold was used for in vitro groups. The threshold for callus mineralization was 

approximately 50% attenuation of intact bone for in vivo and 40 % for in vitro (1100 

mg HA/ ccm)(Duvall et al. 2007). The standard for comparison was set by visually 

evaluating of 10 random single tomographic slices from 4 samples per group to 

isolate the mineralized tissue and preserve its morphology while excluding 

unmineralized tissues. 

 

Figure 38: Region of interest (ROI). The periosteal 

ROI was kept constant for both groups. The 

osteotomy gap ROI was chosen depending on the 

bone defect size. In NH groups, the gap ROI was 1 

mm in z dimension, and in CH and BMP groups it 

was 4 mm.  

 

 

Using the binarized images, the following morphometric measurements were 

analyzed: (i) Bone volume fraction (BV normalized against gap size), (ii) average 

polar moment of inertia (% of contralateral femur from in vitro scans), (iii) average 

tissue mineral density (% of intact bone). Region specific analysis for periosteal and 

gap areas have been reported for these parameters (Figure 38). All analyses were 

performed on the digitally extracted callus tissue using 3D distance techniques 

(Scanco® software, Switzerland) (Hildebrand et al. 1997) .  

Post processing of µCT image stacks was performed using Amira® software (Indeed - 

Visual Concepts, Germany) for image registration with region specificity over time. An 

in-house MATLAB script was used to characterize callus patterning in periosteal 

callus over time.  
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Tissue mineral density distribution (TMDD) 

Mineral tissue distribution and kinetics were measured using volumetric bone tissue 

mineralization density distribution (TMDD). The TMDD is a histogram (Figure 39) 

expressing the probability that a given bone voxel has a certain greyscale value 

depending on its attenuation. These histograms were obtained from the segmented 

bone volume of mineralized callus tissue as it develops in vivo in an individual over 

the followup period. Using these in vivo histograms, it is possible to quantify (i) 

TMDDpeak: the peak height of the distribution (MaxFreq), having the dimension of 

percent bone volume, (ii) TMDDf.h.width: the full width at half maximum of MaxFreq. 

The values have been reported as a percentage of intact bone. 

 

Figure 39: Schematic of a tissue mineral density distribution curve (TMDD). TMDD peak is 

calculated at the grey value position where MaxFreq of bone volume occurs in the normalized 

histogram. TMDD f.h.width is calculated at half maximum of MaxFreq. It calculated by the 

difference between half maximum low and half maximum high grey value positions in the 

TMDD curve. The width indicates the average heterogeneity of the material.  

Descriptive histology  

Descriptive histology was performed on sections from the normal healing group to 

screen for radiation influences on tissue phenotypes. Femora from both groups were 

dehydrated with alcohol and xylol, embedded in methylmethacrylate (Technovit 9100 

NEU, Heraeus Kulzer, Germany) and cut into 6 µm-thick sections for calcified 

histology. The PMMA-embedded sections were stained with Movat Pentachrome.  

Statistical analyses 

For statistical analyses of data, medians were calculated for each group per time 

point. Statistical comparisons between the groups were performed using the Mann-
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Whitney U test (SPSS 17.0, SPSS Inc.). A p value of less than 0.05 was taken as a 

significant difference. 

7.3 Results 

In vivo setup: At a resolution of 35.5 um, repeatability of the 4 scans produced a 

variance of 8.7e-006 mm3 in BV, and 0.009961 mm in trabecular thickness 

respectively.  

Influence of radiation: Results from descriptive histology showed no negative 

influence of weekly radiation on bone and cartilage tissue phenotypes in the 

osteotomy area. At six weeks postoperative, we compared animals that received bi 

weekly scans to those with weekly scans and observed that callus volume fraction 

and tissue mineral density was not influenced due to radiation (Figure 40).  
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Figure 40 : Influence of radiation on callus formation and mineralization.  

4D monitoring: To estimate information loss during medium resolution in vivo 

scanning at 35 um, bone volume and tissue mineral density was compared to high 

resolution 10.5 um in vitro scans from NH groups at 6 weeks, showing no significant 

differences (Figure 41). 
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Figure 41: Influence of scan resolution on BV and TMD parameters. Invitro scan resolution = 

10.5 microns, and invivo scan resolution = 38.5 microns. 

During longitudinal investigations of a fixed volume of interest in individual animals 

over time, it was visually observed that callus formation in individuals from the NH 

group was different from individuals in CH group (Figure 42). Cortical bridging at least 

on one side was observed by week 4 in individuals from the NH group, while 

individuals from CH group showed no such indications (Figure 42). Instead, 

individuals from the CH group showed a bony band that extended between the 

cortices of each fragment, thereby sealing the medullar canal from the osteotomy 

(Figure 42). It was also observed that a slight misalignment of cortices after fracture 

fixation caused the periosteal callus formation to compensate for this misalignment. A 

bony bridging occurred by means of a connection from periosteal callus to cortex on 

both sides, as seen in the longitudinal cross sections (Figure 42). This observation 

was noted as early as 2 weeks. 
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Figure 42 : Longitudinal monitoring of bone healing in 3D at 2, 4, and 6 weeks. Example shown 

from normal healing (NH) (left of dashed lines) and critical healing (CH) groups (right of dashed 

lines). Upper row of images shows callus formation in 3D, lower row shows corresponding 

longitudinal cross sections of the 3D images at 2, 4, and 6 weeks respectively. White asterisks 

indicate cortical bridging in NH group. White arrows show enclosing of medullar cavity by 

means of endosteal callus formation in CH groups.  

Image registered callus patterning (NH vs. CH): Image registration of data stacks 

over weekly intervals of monitoring individuals (Figure 43) provided quantifiable 

spatiotemporal callus patterning in 3D for comparisons within and between groups 

(Figure 44, Figure 45). It was observed that callus formation until week 1 was similar 

and occurred periosteally in NH and CH groups (data not shown). At week 2 

onwards, callus patterning varied between the two groups. The NH subjects 

continued to increase their callus size mainly through the periosteal pathway, while 

the CH subjects continued to deposit callus mainly through the endosteal pathway. 

Between week 4 and 6, the periosteal callus front and endosteal callus were 

observed to merge and form a cortical bony bridge in the NH group. However, in the 

CH group, the periosteal callus was observed to be receding while the endosteal 

callus enclosed the medullar cavity (Figure 43). Unlike the NH group, no callus was 

observed in the midsection of the osteotomy gap in the CH group. Furthermore, 

resorption processes on the cortical bone ends in the CH subjects were noticed after 

week 2 that resulted in rounded cortical bone ends by week 6 (Figure 44). The callus 

growth seemed to be preferential in medial direction and almost none in the lateral 

direction in all groups (Figure 45).  
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Figure 43: 3D volumes of image registered data sets overlapped from scans performed at 2, 4, 

and 6 weeks from exemplary individuals in NH (image a) and CH (image b) groups. Black 

asterisk in image (a) shows cortex from week 2. No callus was observed to be formed in this 

specific region over time. Black arrow in image (b) shows periosteal callus formation in CH 

group receding away from the defect region.  
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Figure 44: Cross sections showing bone formation and resorption within the callus and cortex 

of exemplary subjects from NH and CH groups. Images (a and b) are longitudinal cross 
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sections from the 3D volume. Images (c and d) are cross sections from the periosteal callus, 

images (e and f) are from the osteotomy gap. Image (f) is blank because no callus in the mid 

section of the defect region was observed in the CH group. White arrows in CH subject show 

cortical bone resorption at 6 weeks. 

#

*

(a) (b)

 

Figure 45: Contour maps: quantitative periosteal callus patterning in polar coordinate system. 

Grey areas indicate the original cortex at week 0 post operatively. Callus contours are 

extracted from image registered data sets at week 0, 2, 4, and 6 from representative 

exemplaries from NH (image a) and CH groups (image b). Image (a) shows that majority callus 

formation in the individual took place from week 0 to week 2 (shown by symbol #). Image (b) 

shows callus patterning in CH group. It is clearly seen that the patterning in CH group is 

different from NH group in distribution. It is also observed in image (b) that at 6 weeks the 

contour has moved inward at the region marked with a black asterisk. Black solid arrows show 

that callus formation at the fixator side (lateral) is minimal in both groups. 

 

Region specific bone morphometric analysis (NH vs. CH) 

Periosteal callus: : In vivo µCT bone morphometric analysis indicated an onset of 

critical healing due to significant difference in bone volume (BV) between NH and CH 

group at 2 weeks in the periosteal callus, with NH groups having a higher BV (Figure 

46 b). At 6 weeks, no significant difference was observed, but BV was still higher in 

NH subjects. No influence in average tissue mineral density (TMD) was found 

between NH and CH subjects throughout the healing period (Figure 46 d). Polar 

moment of inertia (pMOI) was observed to be significantly higher in NH subjects 

(Figure 46 f), confirming the results from the contour maps (Figure 45).  

Osteotomy gap callus: 
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BV in the gap region was also significantly higher in the NH compared to the CH 

group at 2 weeks (Figure 46 c). The significance increased over time course of 

healing. In contrast, there was no difference in TMD between both groups (Figure 46 

e). An onset of significance in pMOI was observed at 2 weeks between the NH and 

CH subjects (Figure 46 g). 
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Figure 46 : 4 D bone morphometric analysis for comparison between NH and CH groups. Image 

(a) shows the regions analyzed (periosteal callus: left side, osteotomy gap callus: right side). 

Black arrows show onset of critical healing. 
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Tissue mineral density distribution (TMDD):  

Histograms of bone tissue mineral density distribution from subjects being monitored 

with a constant region of interest showed a dynamic shifting of callus mineralization 

from low to high in both groups (Figure 47). There was no difference in mineralization 

kinetics, TMDDpeak between the NH and CH groups (Figure 47). However, the 

heterogeneity (TMDDf.h.width) in NH vs. CH subjects appeared to increase over follow 

up time (Figure 47). 

Enhanced healing (NH vs. BMP2 groups):  

In the BMP2 group, cortical bridging and an absence of fracture line was observed by 

week 6 (Figure 49 a). Unexpectedly, the growth factor release not only influenced the 

BV locally in the fracture gap, but also the periosteal callus (Figure 49 g, Figure 50 b, 

and c). The BMP2 group showed rapid bone formation between week 2 and 4, and 

bone resorption by week 6 (Figure 49 g, Figure 50 b). In comparison, the NH group 

showed lower bone formation periosteally, but with an increasing rate in the 

osteotomy gap that was comparable to the BMP group at 6 weeks (Figure 50 c). 

Bone formation during the early stages in the osteotomy gap in BMP2 group was 

seen in small islands and ectopically (Figure 49 a). These bony islands were 

connected to each other forming a dense shell in the gap region. By week six, bone 

resorption started and a shrinking of the callus volume was observed, also confirmed 

by a decreasing pMOI from week 4-6 (Figure 50 g). TMD of callus in the BMP2 group 

was significantly higher in the periosteal callus and osteotomy gap (Figure 50 d, e). 

The TMDD curves were smoother in the BMP2 than in the NH group (Figure 47). 

TMDDpeak in the BMP2 group reached a higher mineral level than in the NH group 

(Figure 48), while TMDDf.h.width was smaller when compared to the NH group (Figure 

48).  
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NH CH BMP

 

Figure 47: TMDD curves of all subjects for the three groups (refer Figure 39). Shaded areas 

show the variation from the average TMDD curve. Circles refer to peak and squares refer to the 

half maximum (see Figure 3). In all groups there was a shift of the curves towards higher 

mineralization over time, shown by black arrows. The peak positions of the curves moved right 

towards higher mineral levels, the width of curves at half full width also got larger, shown by 

the black dotted arrow. Curves in the BMP2 group appeared to be more homogenous than the 

others. 
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Figure 48: Mineralization kinetics and heterogeneity of material in the 3 groups. 
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(g)

*
 

Figure 49: Summary of BMP2 group. Image (a) shows 3D callus formation over time. The callus 

in the BMP2 group formed in the 3D space in the gap as speckles and then became compact 

over time. Image (b) is the image registered callus from week 2, 4 and 6. At week 6 the callus 

has already been resorped, shown with the red color at 4 week enveloping the blue color, also 

confirmed by image (g) on the contour map (shown with black asterisk). Images (c, d, f) show 

the cross section overlaps of the callus image registered for week 2 and 6. The overlap map 

shows that green areas were resorped by week 6. 
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Figure 50: 4 D bone morphometric analysis for comparison between NH and BMP2 groups. 

Image (a) shows the regions analyzed (periosteal callus: left side, osteotomy gap callus: right 

side). Subjects in the BMP2 group showed a significant response with callus formation 

periosteal and in the fracture gap. In comparison to NH, the BMP2 group showed an enhanced 

outcome in all parameters. At week 4, subjects in the BMP2 group did not produce more callus, 

instead there is a decrease in callus amounts (image b and f), indicating a resorption phase. 

Black arrows show that onset of critical healing occurred at 2 weeks in CH group. 



  4 D monitoring of bone healing 

  99 

7.4 Discussions 

To the authors knowledge this is the first 4D spatiotemporal study to show bone 

volume fraction and not extent of mineralization is impaired during segmental bone 

defect healing that lead to atrophic nonunion. The onset of critical healing due to a 

large bone defect occurs as early as 2 weeks. Quantitative 4D µCT data in 

combination with image registration can provide valuable information in a region 

specific manner on bony callus formation, patterning, and mineralization kinetics 

during healing. By means of image registration techniques, it has been shown that 

callus patterning differs between standard and defect healing. Using longitudinal 

follow up over time, a detailed development of cortical resorption and rounding of 

edges along with sealing of the medullar canal in 3D was shown in defect healing 

during the development of nonunions. We show that local application of BMP2 in a 

defect situation prevents from non-union development. Our results show that BMP2 

accelerates both callus mineralization and homogeneity.  

Using the newly developed in vivo bed, it was possible to constrain the imaging 

volume of interest by using the carbon fixator and clamp positioner repeatability into 

the scanning volume making it easier to run standard image registration using rigid 

body correlation techniques. This novel feature also made it possible to run bone 

morphometric analysis of a constant VOI with a region specific resolution. Using this 

setup, it has become possible for the first time to analyze in a region specific manner 

the callus patterning, formation, mineralization, and composition of the mineral callus 

over time. It has been shown that no influence of radiation was observed when 

scanning was increased from biweekly to weekly. Therefore, it is possible to perform 

weekly scans if required in future bone healing studies. Although, the newly 

developed in vivo monitoring system provides a 35.5 µm resolution, the data (BV and 

TMD) are comparable to that of a high resolution in vitro system (10.5 µm). Callus 

mechanical competence depends on a variety of parameters such as volume, 

geometry (pattern), microstructure, tissue mineral density (TMD), and extent of 

mineralization (TMDD). These parameters can be assessed using µCT. This study 

has shown that callus formation is clearly not symmetric as assumed in many 

computer simulations and 2D sectioning during histological studies. Possible due to 

the muscle trauma observed on the lateral side during the lateral surgical approach in 

this animal model, the medial side of femurs showed the largest callus formation 

indicating the influence of surrounding bulky and non traumatized soft tissue 
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envelops. In combination with 4D µCT contour maps, it has been shown that bone is 

laid down in the callus tissue predominantly in the first 4 weeks, followed by a 

constantly changing callus tissue boundary, sometimes even shrinking (Figure 45). It 

was also observed within intensity plots of image-registered scans that mineralized 

regions in the cortex were constantly being adapted over the healing time course 

(data not shown).  

It has been shown in the previous chapter that subjects with a 1 mm bone gap size 

achieve a bony bridging and a biomechanical stiffness up to 75% of intact 

contralateral by week 6. Therefore, we used subjects with a 1 mm bone defect as the 

control definition for normal healing and compared critical and enhanced healing to 

this group. In comparison to NH subjects, this study shows the onset of defect 

healing due to a segmental defect as early as 2 weeks. Bone volume fraction, callus 

patterning, and geometry of callus are influenced due to a segmental defect as early 

as 2 weeks. It was also shown that the gap size not only influences the amount of 

callus in the gap but also the callus patterning in the periosteal region. Although 

callus formation was observed in the periosteal area at 6 weeks, its patterning was 

inferior compared to that seen in NH subjects. Further studies need to be performed 

to understand the influence of the gap size on intramembranous ossification 

(periosteal callus).  

Based on our observations on the onset of defect healing, we introduced BMP2 

stimulation through a fast degrading collagen sponge. From the findings in this study 

that callus formation occurs at distinct time intervals of 2-4 weeks, subjects in the 

therapeutical group (BMP2) were scanned at a time resolution of 2, 4, and 6 weeks. It 

was observed that bone healing was indeed stimulated by 2 weeks. With such 

detailed follow up as shown in the study, it is possible to further reduce the dosage 

for optimal timing and amounts. This would lead to the efficacy of growth factor 

stimulation in bone regeneration at a reduced cost.  

Mineral content of the callus is known to strongly influence bone strength, and so the 

spatial and temporal variations of mineral content caused by callus formation and 

mineralization will lead to variations in the mechanical properties of bone material. 

µCT is sufficient to potentially permit such tissue-level characterization of the average 

and degree of mineralization using TMDD(Mulder et al. 2004; Burghardt et al. 2008; 

Kazakia et al. 2008). Using the longitudinal monitoring setup, this study has enabled 

3D measurement that defines quantifies the dynamics of mineralization of callus 
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tissue during bone healing in individuals. Following the TMDD peaks over time, this 

study suggests that individuals in the NH group on the average have an average 

mineralization rate of 7 %, CH group with a 2 %, and BMP group with a 7 % for every 

2 weeks towards regain of bone strength. It has also been shown that normal healing 

produces a more heterogeneous tissue than BMP2 stimulated bone regeneration. 

Further studies need to be performed to understand the influences of endochondral 

ossification and intramembranous ossification on tissue homogeneity during fracture 

healing. Although, the accuracy of µCT with polychromatic radiation can be 

considered adequate for assessment of the degree of mineralization of developing 

bone, this study still maintains the limitation on usage of µCT to report absolute 

numbers. Instead, this study uses bone mineral density distribution as a tool to 

compare relative kinetics (% of inact bone) and distribution within groups. More 

accurate measurement methods in bone mineral density distribution are available 

such as quantitative backscattered electron imaging (qBEI)(Roschger et al. 1998), or 

3D synchrotron(Burghardt et al. 2008). The drawback with qBEI or synchrotron 

methods is (i) that the determination of BMDD requires undecalcified bone samples, 

(ii) the measurement equipments are not easily accessible in bone research and (iii) 

these require nonliving samples. Another limitation of this study is that it is not 

possible to longitudinally monitor non mineralized tissue phenotypes and therefore 

still requiring endpoint histological investigations at early time points.  

A 4D (3D + longitudinal dimension) method of monitoring and quantitative 

investigations of callus structure, patterning and mineralization has been shown in 

this study. Using such a setup we have shown that callus formation is influenced at 

an early stage of 2 weeks. Timing of a therapeutical strategy is important. We have 

shown that bone stimulation by week 2 in critical healing results in a good healing 

outcome. Such a detailed follow-up using 4D monitoring in bone defect healing can 

be valuable in spatiotemporal delivery strategies for promoting musculoskeletal tissue 

regeneration. 
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8.  Conclusions 

8 

8

Conclusions 

This chapter summarizes the overall findings from this thesis on 

factors that influence callus competence during secondary bone 

healing. With the knowledge gained from these findings, the chapter 

concludes with future perspectives and outlook aimed at fundamental 

and translational research directions. 

 



Chapter 8   

104 

8.1 Summary of findings 

In the current body of work, we have examined aspects of ‘callus competence’ as it 

develops over healing time. There are two unique contributions this study has made 

in the understanding of bone defect healing. The first novelty is in the 

characterization of callus competence during bone defect healing in 4D at macro and 

micro levels. The second is in its characterization of the influence of clinically relevant 

factors such as age, gender, fixator stability, bone defect size on 3D callus 

competence. Quantitative and qualitative results from this study show that callus 

competence should be described by a combination of parameters such as micro-

architecture, size, geometry, collagen fibrils, and mineralization (Figure 51). These 

parameters have been shown to be influenced by age, gender, fixator stability, bone 

defect size in unique ways that ultimately influence callus competence and the regain 

of bone strength at an organ level.  

 

 

Figure 51 : A conceptual diagram illustrating 

the relationship between the lower scale 

effects on callus competence and regain of 

bone strength at the organ level. 

Biomechanical testing of the callus by 

torsional testing of the fractured femur will 

characterize the net effects of lower scale 

factors such as micro-architecture, geometry, 

size, and mineralization. The influences of 

factors such as age, gender, fixator stability 

and bone defect on callus competence are 

due to individual or combined lower scale 

effects. 
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In chapter 6 and 7 normal healing patterns were characterized in 4D over healing 

time. Callus competence was shown to increase over time. Callus boundary was 

shown to steadily increase from week 0 to 4. Simultaneously, polar moment inertia 

also increased and reaching its maximum at week 4. Between week 4 and 6, the 

callus underwent a maturation phase that was described by an almost constant callus 

boundary, densification of the mineralized callus, and an increase in thickness of the 

callus struts.  

Callus patterning has been emphasized in this study. This study is the first in its kind 

to have quantifiably shown callus patterning over time. We have shown that the 

callus morphology is not symmetrical in shape. Such information was never available 

in a quantifiable manner. The findings of this study should be incorporated in future 

computer models that understand the mechanobiology of bone. It is to be seen what 

causes these morphological differences during healing. 

• Do the differences in callus morphology on the medial- lateral, and periosteal- 

endosteal regions stimulate a different strain profile in tissues around the 

fracture gap?  

• Could morphological analysis from clinical CT images indicate the condition of 

healing?  

Clinical studies have shown the influence of age, gender, stability, etc. However, 

seldom do these exist as individual influences on healing outcome. Unlike other 

studies that have observed the influence of individual factors, this study has 

characterized the combined influences of these factors, therefore showing more of a 

realistic perspective of clinical situations in fracture healing. In this study, bone 

healing in the aged seems to be compromised not by changes in callus patterning or 

a reduced influence of mechanical constrains. Rather, it is the altered process of 

callus maturation, both in microstructure and extent of mineralization that results in 

different mechanical competences in aged compared to younger subjects. These 

findings suggest that therapeutic approaches should consider specifically targeting 

the processes of mineralization during bone healing in aged individuals. 

In this study, stability was shown to influence healing outcome in the young 

individuals. A delayed healing was observed in younger individuals with semi rigid 

fixation. Although a larger callus was observed during semi rigid fixation, the callus 

bridging and biomechanical parameters were lower than their rigid counterparts. 

Interestingly, it was observed that stability reversed the influence in aged individuals. 
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Callus bridging was not observed in the aged individuals with rigid and semirigid 

fixation. However, the larger callus produced due to semi rigid fixation, appeared to 

provide the higher biomechanical outcome in the aged individuals. 

In chapter 5 and 6 it was shown that gender caused difference in healing outcome. In 

younger individuals or individuals with a small bone defect, although healing was 

influenced due to gender it was not detrimental to the individual. However, in the 

older individual or during large bone defect healing, the outcome was influenced by 

gender and detrimental to the individual. It was shown that the difference in healing 

was dependent on callus volume and not due to mineralization or microstructure. Due 

to the limitations of this study, the hormonal reasons have not been investigated or 

reported, however been discussed else where (ref). The findings in this study 

suggest that therapeutic approaches could consider specifically targeting the healing 

pathways that increases the resources that support bone formation within the fracture 

area, such as with cell therapy ( MSC delivery through scaffolds). 

During impaired bone healing due to a segmental bone defects, it was observed that 

callus competence deviated from normal behaviour. Callus morphology and volume 

were strongly influenced due to lack of mechanobiological stimulus. Further studies 

need to be performed to identify the biological or mechanical stimulus that caused 

this condition. 

• Does the tissue in a large bone defect receive sufficient mechanical strains? 

• Do mechanical strains influence the nutrition and perfusion of biological and 

chemical signals through the tissue?  

• Does the lack of endochondral ossification indicate poor healing outcome? 

To the authors knowledge this is the first study to show that callus competence is 

influenced at the tissue level in varying ways depending on the factors influencing it. 

The study also shows that future bone stimulation therapies might need to be 

adapted to the factors that influence. By using factors in combination, it is possible to 

positively influence the healing outcome, as seen with aged male and female 

individuals with semi rigid fixation. It is possible that a prognostic kit needs to be 

developed to intra-operatively diagnose factors that could influence healing. The 

results of this could be used to specifically stimulate the bone healing depending on 

the risk factor. 
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8.2 Perspective and outlook 

• Basic research questions for callus as a mineralized material: 

The focus of this study was to characterize callus competence and factors that 

influence it. We have shown that callus microstructure, composition, and geometry 

are subjectable to influence by extrinsic and intrinsic factors. These findings have led 

us to formulate a set of questions at a fundamental level such as: 

• Do strains in the callus struts provide a signal to the osteoblasts in the 

osteoids? 

• Is there signalling from the callus microstructure due to stresses in the struts 

that drives the turnover of cartilage to bone during endochondral ossification? 

• Does the shape of the periosteal callus influence endochondral ossification? 

(a) (b)

 

Figure 52: Schematic of two different morphologies of a callus. Image (a) is the morphology 

typically seen during normal healing and image (b) during critical healing due to a large bone 

defect. Arrows in schematic show the two possibilities in which load transfer or strains can be 

transmitted into the soft tissue in the osteotomy gap due to the differences in callus 

morphological shape.  

• How does heterogeneity of mineralization distribution relate to callus 

maturation and elastic properties? 

• What are the separate and combined influences of the described callus 

competence parameters on bone strength needs to be examined using 

computational models.  

• Does mineral differ in different species? Human, sheep, rat, mice? (Callus 

patterning is also different (ref abstracts). 
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Majority of bone tissue is mineralized tissue. Therefore, most of the investigations to 

characterize the competence have been done on the mineral phase of callus. 

However, the events leading to the mineral phase such as during the early phase are 

also crucial. In chapter 5 it was shown that bone volume is influenced at an early 

stage of 2 weeks. This indicates that the early events in fracture healing are 

detrimental to the mineral callus. Further studies need to be performed to explore the 

following in the early phase  

Basic research questions for callus as a soft tissue 

• What signals are involved in determining where bone is being laid down during 

the early phase of healing? 

• What is the structure, composition, alignment of the early connective 

hematomal tissue? Does the connective tissue matrix bear relationships with 

cell interactions and extra cellular matrix deposition? 

• How do early events in bone healing influence bone mineralization? 

Diagnostic tools: 

• Is it possible to monitor soft tissue competence at an early stage? Is the callus 

biphasic? Could we use such information to predict healing outcome at an 

early stage? 

The current gold standard to quantifiably assess for fracture healing outcome is to 

measure the callus stiffness. Such methods are dependent on the end stage callus 

being sufficiently mineralized. The current methods are, however, not applicable in 

the assessment of healing outcome at an early stage due to the low mechanical 

stiffness of the callus tissue. This has resulted in the lack of early diagnostic tools and 

timely re-interventions. To explore this opportunity, in a preliminary test we tested the 

mechanical competence of early soft tissue callus for its biphasic property with a 

custom made setup. Two specimens of fractured femurs with a 10 day soft callus 

were examined. A ramp wave, with incremental displacements was applied to the 

proximal end of a fractured femur in six steps of 35 microns/step, each with a 600 

second relaxation time. Force and displacement were measured in real-time during 

the test. The force-displacement-time curves demonstrated that the soft callus 

exhibits a biphasic response (Figure 53). During each incremental displacement of 

the femur, the callus responded instantaneously with a rapid increase in force (first 

phase) followed by a slower force relaxation (second phase). Follow up studies need 
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to be done using curve fitting analysis and characterizing these responses. It is to be 

seen what contributions and influence varying amounts of tissues in the fracture 

osteotomy gap e.g. endochondral cartilage (normal healing), granulose and 

pathological tissues (critical healing) during the early healing phase would have on 

measured mechanical parameters. The success of such a characterization would 

lead to a better understanding of mechanical competence of the early callus tissue, 

and the development an early diagnostic tool that could be used in vivo settings.  

Translational research questions: 

In this study, we have been able to monitor healing and define onset of critical 

conditions. This knowledge is valuable for clinical translation in bone stimulation 

using drug delivery.  

• Is it possible to optimize the delivery and timing of the drug so that it is more 

cost effective and reliable in its stimulation? 

 

Figure 53: Callus soft tissue response to incremental ramp displacements. Peak stiffness was 

defined as the slope of the peak forces/displacement. Equilibrium stiffness was defined as the 

slope of forces/ displacement after 600 seconds of relaxation time. Relaxation time constant (ô) 

was defined as the rate of decay of force from peak to equilibrium state. 

Concluding remarks 

In the current body of work, we have characterized callus competence. We have not 

only used standard testing methods such as biomechanics and histology, but also 

introduced the concept of callus competence at a micro level by using µCT to obtain 

a full three-dimensional representation of the mineralized callus. We could separately 
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and in combination evaluate the influence of age, gender, fixator stability, architecture 

and matrix properties. We have shown that callus competence is a dynamic 

development of size, microstructure, and composition over healing time. These 

parameters are subject to impairments due to extrinsic and intrinsic factors that 

influence bone strength. Findings from this study will not only have an impact on 

clinical future strategies but will form the basis of new ways of looking at callus 

competence for future bone healing studies. Currently, little is known about the 

biological processes that control either callus architecture or matrix quality. In the 

future, these processes may provide interesting targets for the management of bone 

healing during factors that influence bone healing. 
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Table 10: Biomechanics and XRAY data from Chapter 5 
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Table 11: Invitro bone morphometric data from chapter 6. 

Invitro Data 
2 weeks 4 weeks 6 weeks 

Median IR Median IR Median IR 

NH 

n. BV 0.54 [0.42-0.67] 1.68 [1.33-2.26] 1.91 [1.77-2.43] 

n. TMD 57.82 

[57.11-

58.80] 62.77 [62.09-65.57] 70.60 [69.39-71.43] 

n. BMD 43.06 

[41.32-

49.28] 70.49 [64.87-74.26] 87.02 [81.13-87.44] 

n. pMOI 31.26 

[18.36-

39.97] 147.52 

[116.12-

216.46] 174.04 

[140.49-

225.95] 

DT-Tb.Th* 0.08 [0.07-0.08] 0.14 [0.13-0.16] 0.23 [0.22-0.25] 

CH 

n. BV 0.23 [0.17-0.30] 0.36 [0.24-0.54] 0.98 [0.69-1.36] 

n. TMD 58.76 

[56.85-

59.93] 66.04 [65.96-66.77] 70.43 [67.60-76.15] 

n. BMD 42.20 

[37.97-

46.00] 59.15 [49.95-60.40] 68.08 [62.62-74.41] 

n. pMOI 10.53 [6.36-14.01] 15.39 [9.90-27.85] 67.02 [42.54-120.69] 

DT-Tb.Th* 0.07 [0.06-0.07] 0.13 [0.12-0.13] 0.18 [0.16-0.19] 
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