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ABSTRACT  

The tendon’s composition and microstructure are correspondingly related to its 

function which includes load bearing and transmission of the mechanical force 

generated by muscles to the skeletal structure which enables joint movement. The 

performance of these tasks rely on a distinctive set of mechanical characteristics 

controlled by the extracellular matrix (ECM) and the ability to respond to a broad 

range of stresses and strains. Muscles influence the torques acting across a joint 

through the generation of tensile force transmitted through the tendon. Therefore there 

is a morphological association between the muscle and tendon defined by both form 

(morphology) and function (mechanical characteristics) at various macro and micro 

scales. This is specifically important for studies of the Achilles tendon that are related 

to the significant functional stretch-shortening activities of gait and ambulation.  

The Achilles tendon is known as one of the most commonly injured tendons. It is 

suggested that the incidence of injured Achilles tendon causing pain and dysfunction, 

is associated with physical activities common in both occupational and sports settings. 

Tendinopathy and ultimately rupture comprise a large range of disorders reflecting 

various mechanical damage and degenerative diseases. However, scientific and 

clinical knowledge of the transition from healthy tendon to pathological tendinopathy 

and tendon rupture is unclear. Therefore, there is a necessity to understand the 

mechanisms and source of tendon’s pathology to enrich the preventive and 

rehabilitative strategies. 

Repeated loading studies have assessed structural properties at different scales. But, 

few have concurrently assessed multiple scales. Similarly, mechanical profiling of 

repeated loading studies for tendons have been undertaken as different scales (Nano - 

Macro). To date, few if any studies have assessed the structural and mechanical 

properties concurrently at different scale levels. To achieve this, this project employed 

a mix methods approach of both observational qualitative and quantitative 

assessments.  

This thesis utilises a mechanical loading device (Instron) to apply controlled cyclic 

mechanical stimuli to assess the change in mechanical properties of whole tendon. 

Visual determination of macro-structural changes (Tenocyte morphology, fibre 



iv 
 

Anisotropy and waviness) during loading were recorded using digital photography of 

the confocal microscope (CA). All other sequential structural assessments were 

undertaken on section preparations that destroyed the tendon so slices were placed on 

slides after each 1-hour block of mechanical loading. This allowed for visual 

determination of structural changes at the fibre and fibril level (D-Periodicity) 

assessed by the traditional histology and the Atomic Force Microscopy (AFM) 

respectively.  

The main study took New Zealand white rabbits (n = 45) and divided them into four 

groups. A native (control) group and other three groups tested at three strain levels (3, 

6 & 9%) after preconditioning. Tendons were subject to 240 cycles per minute for a 

period of 4 hours (9600 cycles in total) with Mechanical assessment (derived variables 

- Stiffness, hysteresis, maximum load) and Confocal imaging every 4 minutes.  

After each hour three tendons were removed from the testing group and submitted to 

histological testing. This resulted in a reduction in sample size from 12 to 3 in the 

fourth hour. The data for the third to fourth hour was only observational.  Continuous 

derived variables (DV) were normalised to a % change from pre-conditioned baseline. 

The effect size (Pooled data with a Hege’s G correction) of repeated measures or 

paired comparison was determined for the end of the hour results. Statistical 

significance was set at the 95% level of confidence and no alpha level corrections. 

Correlations between the mechanical and observational assessments were undertaken 

using Pearson’s correlation.  

A secondary study was undertaken to replicate 6% strain loading for 2 hrs for 10 

tendons (GAG-depleted) and 10 tendons (controls). Repeatability and reliability of 

subjective classifications were documented using a double blinded inter and intra 

testing comparison (Weighted Kappa) and the replication of DV for the matched main 

study (2 hrs and 6% strain).  

The results of the study demonstrated high concordance for the observational 

assessments within and between sessions and high concordance (Kappa > 0.8 intra and 

> 0.93 Inter) and replication of derived variables for match controlled groups.  
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The overall study shows that strain mediated repeated loading induces a significant 

decline in mechanical function (p<.01, Stiffness, hysteresis, maximum load) with 

increase strain and cycles. The dynamic mechanical DVs correlated strongly (R2> 

0.90) with the Maximum load value (Static DV). The morphology changes 

(continuous variables such as waviness and tenocyte roundness) were highly linearly 

correlated (R2> 0.90) to most mechanical DVs. The changes in Hysteresis were most 

sensitive to the observed morphological changes, concurrently, tenocyte loss of 

spindle shape was the most sensitive changes morphologically.  

The multiscale assessments show that mechanical and structural elasticity is lost with 

repeated loading (P<0.05) and these happen at all scales. The D-Periodicity of the 

collagen formation correlated strongly with the overall tendon mechanical changes 

and macro observations of the tenocyte spindle decline. Tendons that had GAG 

depletion had a significantly greater decline in mechanical capacity and a clearly 

greater level of concomitant morphological damage. Of note, however, these 

associations between the mechanical and structural domains remained consistent with 

the associations observed (and replicated) in the control tendons.  

This is the first study to provide a clear concurrent assessment of form (morphology) 

and function (mechanics) of tendon undergoing strain mediated repeated loading at 

multiple scale assessments. A matched and parallel study of the GAG depletions 

provided an added understanding of the association between these variables. The study 

design had sufficient statistical power for the first three hours of assessment and the 

final 4th hour contributed well to the overall observation of the trends in the data into 

the failure state.  

This study makes a significant and original contribution to the multiscale assessments 

of tendon mechanics and morphology showing the strength of concurrent assessments 

and observed changes. These were also reported for GAG-depleted (validated 

depletion amounts) tendons. Since the association between the mechanical and 

structural changes remain consistent in both control and GAG-depleted tendons then 

the findings would suggest that both of these domains may be used in tendons of 

heterogenic GAG-depleted status. This may have implications for clinical assessments 

where GAG depletion may be a biological variable of interest.  
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CHAPTER ONE:  

INTRODUCTION 
The composition and microstructure of a tendon corresponds to its function. Tendons 

that demonstrate properties such as resilience, strength and stiffness have a uniaxial 

tensile function along the fibre longitudinal axis that enables energy transfer and 

transmission of generated muscle force to bone (Kannus, 2000; Doral et al., 2010). 

The wide range of functions that tendons can perform are attributed to the broad range 

of structural and mechanical properties they exhibit (Benjamin et al., 2008; Kjaer et 

al., 2009; Abramowitch et al., 2010; Thorpe et al., 2012; Thorpe et al., 2013; Shepherd 

et al., 2014). 

The literature often demonstrates a tendon’s nonlinear biomechanical behaviour by a 

typical stress-strain curve. The stress-strain curve usually displays a non-linear toe-

region first that is succeeded by a linear region (Connizzo et al., 2013). Various 

variables derived from the stress-strain curve are suggested to result from a set of 

rearrangements of dynamic macrostructural responses (Diamant et al., 1972; Atkinson 

et al., 1999; Woo, 2000; Lake et al., 2009; Wallace et al., 2010; Rigozzi et al., 2011; 

Miller et al., 2012; Connizzo et al., 2013; Thorpe et al., 2013). Specifically, the 

nonlinear behaviour seen in the toe-region has been associated with the disappearing 

or flattening of fibre crimps and kinks (Atkinson et al., 1999). Fibre alignment, 

reorientation and anisotropy towards the mechanical load axis also takes place 

concurrently (Diamant et al., 1972; Atkinson et al., 1999; Lake et al., 2009; Wallace 

et al., 2010; Miller et al., 2012). 

Tendons demonstrate viscoelastic properties, such as hysteresis (h), creep and stress 

relaxation (SR) (Woo, 2000; Elliott et al., 2003; Gimbel et al., 2004; Screen, 2008; 

Gautieri et al., 2012). The viscoelasticity of tendons consists of both dynamic and 

static processes, as exhibited by a decline in maximum stress over time under repeated 

cyclic loadings (Freedman et al., 2014). These viscoelastic properties highlight the 

adaptive capability of a tendon’s hierarchical structures to cyclic or constant loads, 

allowing it to reach a biomechanical balance (Einhorn et al., 2007). 
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The Achilles tendon is known as one of the most susceptible tendons to injury, which 

consists of pain and dysfunction, and ultimately rupture. It is suggested that the 

incidence of injury of Achilles tendons is associated with physical activities common 

in both occupational and sports settings (Wren et al., 2001; Sharma & Maffulli, 2005). 

Tendinopathy comprises a large range of disorders, reflecting both mechanical 

damage and degenerative diseases. However, scientific and clinical knowledge of the 

pathological degeneration from healthy tendon to tendinopathy and tendon rupture is 

yet not fully understood. Therefore, it is necessary to understand the mechanisms and 

sources of tendon pathology to enrich preventive and rehabilitative strategies (Sharma 

& Maffulli, 2005). 

 

It has been suggested that the Achilles tendon may repetitively function close to or at 

failure (Wren et al., 2001; Freedman et al., 2014). Tendinopathy is thought to be a 

precursor to lower limb tendon rupture. Cyclic loading and/or overuse has been widely 

accepted to be a major cause of tendon failure of the Achilles, patella and quadriceps 

tendons (Järvinen et al., 1997; Paavola et al., 2002). 

 

1.1 Mechanically Induced Macrostructural Changes 

Various studies have associated tendon pathology with alterations and damage in the 

microstructure of tendons, which are induced by mechanical loading (Arner, 1959; 

Backman et al., 1990; Kannus & Jozsa, 1991; Archambault et al., 2001; Tallon et al., 

2001; Nakama et al., 2005; Abate et al., 2009; Fung et al., 2009; Fung et al., 2010; 

Andarawis-Puri & Flatow, 2011; Maquirriain, 2011; Neviaser et al., 2012), indicating 

that the aetiology of tendon damage warrants further investigation. Although there is 

an ongoing biological response to repeated micro-loading during functional tasks, 

there is a growing body of research that examines the relationship between the 

observed changes in the microstructure and changes in the mechanical profiles of 

tendons (Freedman et al., 2014; Freedman et al., 2015; Fung et al., 2010; Ros et al., 

2019). 

 

Structural changes following fatigue loading have been assessed using histology (Fung 

et al., 2009), second harmonic generation (SHG) (Fung et al., 2010; Veres & Lee, 
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2012; Ros et al., 2013), polarized light imaging (Freedman et al., 2014), scanning 

electron microscopy (SEM) (Veres et al., 2013), and confocal imaging using photo-

bleaching (Thorpe et al., 2014). Only a few mechanical measures of tendon fatigue 

have been reported (Thorpe et al., 2014), and limited studies have reported correlations 

between quantified macrostructural changes in tendons, and fatigue loading 

(Freedman et al., 2014; Freedman et al., 2015). Despite various studies having 

investigated tendon damage, the quantification of damage in tendons is still a 

challenging issue, perhaps, in part, because an accurate definition with an appropriate 

engineering framework, has largely not been applied in tendon assessments.   

 

Studies in the literature have employed different imaging protocols to investigate the 

cumulative and progressive structural changes induced by fatigue. While changes in 

mechanical properties appear to be in response to damage of the tissue’s 

microstructure, the link between these mechanical properties and changes in the 

tissue’s microstructure has not been fully explained. To date, limited experiments have 

incorporated multi-scale assessments of both mechanical and structural observations, 

and have they correlated concurrent structural image-based quantified measures with 

the mechanical characteristics of tendons subjected to repeated sub-rupture loading 

(Freedman et al., 2015;  Ros et al., 2019). 

 

Generally, previous imaging experiments have focused only on the macrostructural 

level, i.e. on the relationship between the applied stress and either the number of 

loading cycles or strain extensions. Interestingly, none of these studies have included 

experimental protocols using both strain extensions and the number of cycles. 

Furthermore, changes to mechanical properties, such as reduced failure stress and 

strain and decreased stiffness, have been observed when loaded tendons were 

experiencing repetitive cycles and/or higher stresses (Wren et al., 2003; Sharma & 

Maffulli, 2005; Veres et al., 2013). To date, there is no single study that has 

investigated multiscale structural changes within the same non-viable intact/bulk 

tendon in response to prolonged cyclic and static loading protocols. 

 

Testing of non-viable bulk tendons is relatively straightforward and offers the clearest 

fatigue-damage mechanical data. It is important to determine the response of collagen 

to mechanical load across multiple hierarchical levels (fascicle, fibre and fibril) by 
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correlating concurrent structural image-based and quantified measures (by the use of 

nondestructive multiscale advanced imaging techniques such as Atomic Force 

Microscopy (AFM) and Confocal Arthroscopy (CA)) with the mechanical 

characteristics of the loaded non-viable bulk tendons, using both strain extensions and 

the number of cycles. 

1.2 Mechanically Induced Nanostructural Changes 

Since the ultrastructure of collagen is closely related with function (Ottani et al., 2001), 

various attempts to correlate collagen nanostructure with mechanical characteristics 

have employed different experimental methods including scanning-electron and 

optical microscopy of sectioned tissues (Kukreti & Belkoff, 2000; Okuda et al., 2009; 

Franchi et al., 2010), scattered X-ray spectroscopy of tissue fibres (Misof et al., 1997; 

Fratzl et al., 1998; Puxkandl et al., 2002; Gupta et al., 2010) or AFM of isolated fibrils 

(Habelitz et al., 2002; Graham et al., 2004). 

 

However, morphometric analysis of fibril strain by transmission electron microscopy 

(TEM) and X-ray spectroscopy can be limited by technical difficulties that prevent 

direct assessments of quantitative measures of fibril length changes (changes in D-

periodicities) and ultimately the mechanical strain. AFM can offer very accurate 

morphometric analysis by measuring the fibril topology (Habelitz et al., 2002; Fang et 

al., 2012; Su et al., 2014); however, the application of AFM in assessing the strain of 

fibrils in tendons exposed to mechanical loadings has been limited to one study 

(Rigozzi et al., 2011). Therefore, the implementation of AFM to quantify precisely the 

nanostructural mechanical response of individual fibrils of tendons exposed to 

repeated cyclic loading warrants further investigation. 

 

The mechanism of elongation in tendons at the macroscale level appears to be 

enhanced by deformation and sliding mechanisms that concurrently occur at 

multiscale levels (Rigozzi et al., 2011). At the macro- and nanoscale levels, the 

elongation mechanism is reported to be facilitated by the deformation of fibres, and 

also by sliding between fibres and between fibrils, with the between-fibril mechanism 

partly controlled by proteoglycans (PGs) (Rigozzi et al., 2009; Rigozzi et al., 2011). 
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During the initial response of a tendon to a load, fibril sliding is suggested to contribute 

to the viscoelastic dynamic behaviour of tendons (Puxkandl et al., 2002; Silver et al., 

2002; Connizzo et al., 2014). The change in fibril D-periodicity has been supported 

by various proposed theoretical models on two mechanisms of fibril deformation. At 

low strains, the deformation of collagen fibrils appears to start with the elongation of 

the twisted triple α-helical polypeptidic helical chains, succeeded by an axial 

lengthening, and eventually an uncoiling at the molecular-scale level (Sasaki & 

Odajima, 1996; Tang et al., 2010; Gautieri et al., 2011). Consecutive stretching caused 

by increased forces appears to initiate the sliding of the aligned collagen molecules 

past each other, and elongation (Mosler et al., 1985; Folkhard et al., 1987; Sasaki & 

Odajima, 1996). Under strain, Mosler et al. (1985) have suggested an increased 

molecular D-periodicity, attributing this increase to molecular sliding, resulting in the 

observable additional elongation of fibrils (Mosler et al., 1985). The relative 

deformation associated with the straining of collagen molecules can be assessed by 

measuring the changes of D-periodicity lengths of fibrils (Gupta et al., 2010). 

 

Although changes in D-periodicity induced by different strain levels have provided 

evidence that D-periodicity of an individual fibril increases with increased applied 

load (Rigozzi et al., 2011; Connizzo et al., 2014; Connizzo et al., 2015), relative D-

periodicity changes appear to represent only 40% of the full macroscopic elongation 

of the tendon fibres, with the D-periodicity increase caused by fibril elongation and 

additional lengthening of the fibril believed to be concomitant with sliding between 

collagen fibrils and fibril bundles (Diamant et al., 1972; Misof et al., 1997; Fratzl et 

al., 1998; Birch, 2007). 

 

There is no clear consensus between studies investigating the variability of D-

periodicity between fibril bundles. For instance, a recent AFM-based study on ovine 

skin, bone and tendon tissues monitored the relationship between the distribution of 

fibril D-periodicity in a single fibril bundle and the organization of fibrils across 

various bundles (Fang et al., 2012). Within a single fibril bundle, the change between 

the repetitive D-periodical sequence was minimal (±1 nm), indicating a uniform axial 

arrangement of monomers in the fibril bundle, but the differences across various fibril 

bundles of the same biological tissue was markedly greater, representing the whole 

scale of distribution (± 1nm vs. ± 10nm).  
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Another study has also shown that D-periodicity measures were similar within a single 

fibril bundle and dissimilar across fibril bundles (Su et al., 2014); however, in this 

study fibril D-periodicity measures represented only a small distribution (67 ± 2.5 nm). 

It is unclear if these results would be replicated under sequential loading profiles as 

no studies have undertaken such an experimental paradigm. 

 

The D-periodicity distribution has not been widely reported and these results may 

suggest that the between-fibril variation is a normal feature of fibrils, or perhaps the 

variation can be attributed to fibrilogenesis, or a pathology of the fibrils. This raises 

the importance of understanding fibril changes under mechanical intervention. The 

significance of the D-periodicity physical distribution is yet to be investigated. 

 

To date, there is no single study that has explored the existence or range of D-

periodicity variation within the same, or different, fibril bundles experiencing different 

strain levels. Also, no study has yet correlated these variations with other nano- and 

macrostructural dynamic responses to mechanical load. While tendon structural and 

functional relationships have been investigated, the hierarchical structure of the 

tendon, the understanding of the tendon damage mechanisms and the accumulation of 

damage at the nano- and microstructural levels merits further investigation. Therefore, 

the precise approach of AFM observation is needed to assess the mechanical strain 

response of the same fibril, and of fibrils from other fibre bundles that undergo 

repetitive cyclic loading. 

1.3 PGs and their Glycosaminoglycan (GAG) Chains 

The organisation and composition and of the PG-rich matrix has been suggested to 

contribute to collagen fibril sliding (Merrilees & Flint, 1980) and to be directly related 

to tendon viscoelastic behaviour (Paavola et al., 2002). Previous reports have shown 

that small-sized PGs rich in leucine (small leucine-rich PGs or SLRPs) such as 

decorin, biglycan, fibromodulin and lumican are important for the function of a tendon 

(Iozzo, 1998; Derwin et al., 2001; Yoon & Halper, 2005) and play a role in controlling 

fibrillogenesis (Vogel et al., 1984; Vogel & Trotter, 1987; Scott, 1995; Scott et al., 

1997; Ezura et al., 2000; Corsi et al., 2002; Wenstrup et al., 2004; Raspanti et al., 

2007; Kadler et al., 2008; Shi et al., 2010; Orgel et al., 2011; Wenstrup et al., 2011). 



33 
 

 

The core protein in the decorin molecule appears to be attached to D-periodicity and 

to exist between collagen fibrils as seen by the electron microscope (EM) (Scott, 

1988). Each decorin molecule has a single glycosaminoglycan (GAG) chain, which is 

mainly dermatan sulfate in tendons (Koob & Vogel, 1987) and is attached covalently 

to the core decorin protein, demonstrating an orthogonal structure that aligns relatively 

to the fibril (Weber et al., 1996) and consequently may contribute in the elongation of 

the fibril as well as the sliding mechanism of macroscale elongation (Minns et al., 

1973; Ruggeri & Benazzo, 1984; Birk et al., 1989; Cribb & Scott, 1995; Sasaki & 

Odajima, 1996; Fratzl et al., 1998; Puxkandl et al., 2002; Raspanti et al., 2002; 

Redaelli et al., 2003; Scott, 2003; Screen et al., 2005; Vesentini et al., 2005; Screen et 

al., 2006; Liao & Vesely, 2007; Fratzl, 2008; Rigozzi et al., 2009; Legerlotz et al., 

2013). 

 

Regardless of these many studies supporting the role of PGs and GAGs in assisting 

the elongation of the fibril, as well as contributing to the sliding mechanism in 

macroscale elongation, there is a growing lack of consensus regarding this role. It was 

proposed more recently that decorin molecules and associated GAGs d not facilitate 

the mechanical characteristics of tendon via load transfer, debating the notion that 

decorin PGs may facilitate the elastic behaviour of collagen (Screen et al., 2005; Lujan 

et al., 2007; Fessel & Snedeker, 2009; Franchi et al., 2010; Lewis et al., 2010; 

Svensson et al., 2011). 

 

For instance, Rigozzi et al. (2009) have removed 50% of the total GAGs from whole 

Achilles tendons resulting in a significant loss (46%) in stiffness. Whereas, Svensson 

et al. (2012) and Screen et al. (2005) have reported that removal of about 90% of 

GAGs from tested fascicles did not result in a significant loss in fascicle stiffness. The 

GAG content of the tendons in the cited studies was measured using a 

spectrophotometric GAG assay (Farndale et al., 1986). 

 

The main source of the inconsistency between reports on the role of PGs and GAGs, 

is perhaps, due to the heterogeneity of the mechanical response at different hierarchies 

(tendon vs fascicle). For instance, it has been reported that tensile stiffness of a whole 

tendon is less than that of a small tendon specimen (Stouffer et al., 1985; Butler et al., 
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1987). The increased fascicle stiffness in smaller tendons could also be attributed to a 

lower amount of areolar connective tissue (Danylchuk et al., 1978; Yahia & Drouin, 

1988). Danylchuk et al. (1978) have previously proposed that the relative 

contributions of connective sheaths and collagen fasciculi should be considered for an 

accurate definition of tensile stiffness (Danylchuk et al., 1978). However, consistent 

with the finding by Rigozzi et al. (2009), a study by Legerlotz et al. (2013) reported a 

significant increase in SR of fascicles that had 77% of their GAG removed, 

contradicting the findings by Svensson et al. (2012). 

 

This finding by Legerlotz et al. (2013) is supported by several studies on hierarchy in 

ligaments and tendons suggesting that the insertion zone can contain a 20-fold higher 

concentration of GAG than the mid-zone (Merrilees & Flint, 1980; Koob & Vogel, 

1987; Vogel & Koob, 1989; Kannus et al., 1992). However, one study has shown an 

increased GAG concentration in cultured tendon fascicles subjected to static loading, 

which was also related to an elevated stiffness (Abreu et al., 2008). This implies that 

GAG concentration and distribution may cause changes in the mechanical 

characteristics of the tendon. Consequently, it seems that the role of hierarchical 

heterogeneity between the depleted tendon and fascicle does not seem to contribute in 

the mechanical response of the tested tissue. 

 

Investigation of the role of side-chain GAGs in fibril load-sharing has been limited to 

one study using AFM (Rigozzi et al., 2013). Rigozzi et al. reported a role for GAGs 

in facilitating the fibril sliding mechanism by linking the absence of GAGs and altered 

D-periodicities of fibrils in treated tendons with changed mechanical properties. 

However, there are no studies that investigate the role of GAGs in mediating fibril 

sliding mechanisms by exploring the existence or range of D-periodicity variation 

within the same and different fibril bundles of GAG-depleted groups. Also, it appears 

that no studies have correlated these variations with other quantified macrostructural 

dynamic responses (e.g., fibre crimp changes) to mechanical load. 

 

Fibril D-periodicity can be used as a metric for fibril elongation, which represents a 

proxy measure for fibril load sliding (Misof et al., 1997; Fratzl et al., 1998; Rigozzi et 

al., 2011; Rigozzi et al., 2013). Therefore, it is important to investigate the role of PG 

side-chain GAG in mediating fibril sliding mechanics by combining nondestructive 
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multiscale advanced imaging techniques with observations of mechanical 

characteristics (Screen et al., 2003, 2004; Gautieri et al., 2011; Rigozzi et al., 2011; 

Miller et al., 2012). CA can be integrated with a mechanical loading device during the 

mechanical loading experiment to concurrently take images at the fascicle- and fibre-

level scales, which in turn can be compared with AFM images that investigate the 

fibril-level changes. In particular, the mechanical and structural characteristics of 

collagen fascicles relevant to fibril-level structural deformations (measured by 

changes in D-periodicity) must be quantified from the same bulk tissue sample. This 

would identify potential mechanisms of load transfer between different hierarchical 

levels and additionally explain mechanisms of structural response to load at each level 

of the hierarchies. 

 

Within the techniques that have provided opportunities to examine tendon mechanics 

and structural behaviour during loading at nanoscale, AFM has emerged as a powerful 

imaging technique for biological research, not only allowing the construction of 

images of surfaces with ultra-high resolution, but also the measurement of molecular 

interactions and modifications and their mechanical forces at the single-molecule level 

(Carvalho et al., 2013). AFM has become an important technique for visualising 

extracellular collagen in tendon tissue without tissue staining or destruction 

(Bannerman et al., 2014) or the effects of elements such as cryo-protectants, stains, 

embedments or coatings (Baselt et al., 1993). 

 

To date, studies have mainly focused on the macroscale characteristics of collagen 

fibres, and there are many earlier works that elucidate the mechanical characteristics 

of collagen structural hierarchies (Weiner & Wagner, 1998; Fratzl et al., 2004; Screen 

et al., 2005; Gupta et al., 2006; Carpinteri & Pugno, 2008; Fratzl, 2008; Fung et al., 

2009; Fung et al., 2010; Neviaser et al., 2012; Shepherd & Screen, 2013). However, 

other studies have focused particularly on the characteristics of collagen molecules 

without linking them to a larger hierarchical collagen response (Cusack & Miller, 

1979; Sun et al., 2002; Bozec et al., 2005; Wallace et al., 2010; Wallace et al., 2011; 

Wallace, 2012; Su et al., 2014). 

Only the pioneering works of Sasaki and Odajima (1996) and Fratzl et al. (1998) have 

included molecular details and suggested an elongation and rearrangement mechanism 

of collagen fibrils and of their molecules when they were subjected to mechanical load. 
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Although experimental work has focused on the mechanical characteristics of 

individual collagen fibrils and provided new insights on fibre stiffness and its 

nonlinear deformation behaviour (Eppell et al., 2006; Shen et al., 2008), it is important 

to determine if structural changes at the fibril level can affect the macroscopic 

structural and mechanical properties or vice versa. Therefore, a broader range of 

mechanical and macro/nanostructural measures need to be incorporated into an animal 

model to assess different tissue responses across different hierarchies and to 

understand how the load is transferred across hierarchical scales within the intact bulk 

of the same tendon with the same boundary conditions. 

 

1.4  Significance of the Project 

The characterisation of structure-function relationships in tendons has been mostly 

limited to comparisons between macroscopic (full tendon) structural and mechanical 

characteristics. Until now, collagenous tissues have mainly been described at macro-

hierarchical levels without a clear understanding of the nano-mechanical contributions 

at the fibrillar levels that underlie function and pathogenesis. Furthermore, the role of 

the mechanical stimuli in the structural adaptation and pathology of a tendon, and how 

the organisation of the tendon’s nanostructure leads to the tendon’s mechanical 

characteristics, is unclear. It is therefore important to study these mechanisms to 

provide a better understanding and clarification of the nanostructural response to 

mechanical load. 

 

To the best of the author’s knowledge, this project is the first to run mechanical 

assessments across such a broad range of quantitative macroscopic structural 

characteristics (fibre crimp, fibre anisotropy, tenocyte morphology) and quantitative 

nanoscale composition and structural variables (fibril crimp and fibril deformation as 

quantified by changes in D-periodicity) of the same bulk tendon samples subjected to 

a mechanical loading protocol, and this is the key innovative contribution of this thesis. 

 

Furthermore, the current study assesses the real-time macrostructural and mechanical 

characteristics of a tendon during its fatigue life over four hours at three different strain 
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levels (3%, 6% and 9%) using a CA, and compares these results to a set of GAG-

depleted tendons at the 6% strain level over two hours. 

 

Such work is novel as it concurrently assesses the consequences of mechanical 

intervention on tendon structure across various regions and a large range of strains and 

doses (cycles). This methodology potentially will assist the interpretation of other 

assays that monitor real-time structural changes in the mechanical profiles of tendons, 

such as ultrasound (Riggin et al., 2013) into in vivo systems. 

 

The strategy and approach of this study was to investigate how tendons structurally 

respond to mechanical load through various key structural components of collagen 

across different hierarchical levels. The study examines the stress-strain parameters of 

the whole tendon, along with the fibre and fibril changes, using integrated confocal 

imaging within a mechanical testing environment. These tendons are then sectioned 

and intensive analysis of the fibril changes assessed using AFM. Finally, a mechanical 

model of tendinopathy is combined with a depletion model to examine nanoscale 

changes with a depletion of GAG. This would identify potential mechanisms of load 

transfer between different hierarchical levels and additionally explain mechanisms of 

structural response to load at each level of the examined hierarchy. 

 

By investigating the changes in tendon structure and function using the method of this 

study, it is anticipated that this project will provide an innovative understanding (at 

multiscale levels) regarding the role of the mechanical environment of a tendon in its 

structural development and synthesis of cells, along with tendon damage and repair 

processes. 

 

At the macroscale level, the assessment of the morphological response of tenocytes to 

micro-damage is crucial for a better understanding of the tenocyte mechano-

transduction role, as this may contribute to a better understanding of cell-matrix 

interactions under different loading protocols. Furthermore, this study will highlight 

the significance of tenocyte morphological characteristics by contributing to 

knowledge related to the initiation mechanisms of tendinopathy, proposing that fatigue 

micro-damage may play a vital role in the initial tenocyte response to damage, 

corresponding to tenocyte morphological changes. Furthermore, assessment using CA 
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may reveal non-destructively, and in real time, changes in a tendon’s crimp/kink 

pattern during fatigue loading, and may provide more advanced diagnostic imaging 

methods to investigate injured and healing tendons, which may eventually improve 

the monitoring of patients. 

 

At the nanoscale level, measuring the D-periodicity values of fibrils may provide vital 

structural data for various research areas, for example, the structure of a collagenous 

molecular model, and collagen fibrillogenesis. 

 

This project may also provide future insight for researchers in the pathological 

assessment of Type I collagen. This type of nanostructural assessment may allow 

promising vital structural data regarding Type I collagen in a broad range of 

collagenous diseases and processes in the extracellular matrix (ECM), such as Ehlers-

Danlos Syndrome, Osteoporosis, Osteogenesis Imperfecta, knockout gene models, 

tissue engineering and wound healing. 

 

To evaluate a tendon’s nano- and microstructural changes, conventional histological 

analysis (such as conventional light or fluorescent or confocal microscopy, SEM and 

TEM) is often used, which involves collection of biopsies and chemical preparation 

before assessment. The process of biopsy is fundamentally destructive to the tendon 

sample. The various limitations of these advanced imaging techniques can lead to 

inconsistencies in the literature about the structure-function relationship, particularly 

when investigating this relationship across different hierarchical levels of the tendon. 

Consequently, this can lead to a poor or erroneous understanding of the pathogenesis 

of Achilles tendon tendinopathy. The CA and AFM methods used in this project are 

considered very practicable for nondestructive imaging of the macro- and 

nanostructure of tendons. CA and AFM have the potential to clarify the precise 

morphology of micro- and nano-damage in the tissue without any risk of destruction 

of the sample or artefact-based understanding of the mechanisms of Achilles 

tendinopathy. Furthermore, the application of CA and AFM avoids the disadvantages 

brought by the biopsy process and provides an efficient, easy and less laborious 

method to evaluate the changes in tendons, as compared with conventional histological 

methods. 
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1.5 Specific Aims 

1) To achieve the stated goals of the study, fresh-frozen rabbit Achilles tendons,

with mechanical damage induced by a Micro-mechanical tester (Instron) over

4 hours of repeated cyclic loading under 3 strains, were analysed for

macroscale structural and mechanical changes that were observed using CA

and conventional histology with repeated measures and comparison between

groups across time .

The hypotheses for Aim 1 are: 

A) That there are a sequential dose and strain change effects on the tested variables

of the examined macrostructural and mechanical domains (fibre crimp

frequency, anisotropy, GAG content, tenocyte morphology, hysteresis,

maximum load and stiffness) in fatigue loaded tendons.

B) That there are significant differences between the stiffness, hysteresis, and

maximum load capacity of the depleted and undepleted tendons.

2) The variable of the examined nanoscopic domain (change in D-periodicity)

was examined to detect the nanostructural changes and to determine

correlations with the endpoint-of-dose assessments of each tendon from

Experiment 1.

The hypotheses for Aim 2 are: 

A) That there is a sequential dose and strain change effect on the D-periodicity

values of the examined low (3%), moderate (6%) and high (9%) level strain

groups that were subject to repetitive static and cyclic fatigue loading.

B) That there are no significant differences between the strained tendon groups in

the D-periodicity distribution within and between fibril bundles (WFB and

BFB) over different doses (The D-periodicity.
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C) That changes in nano-structural derived variables are homogeneous along the 

fibril length significantly related to changes at the macroscopic level.  

 

D) That there are no significant differences in the characteristic D-Periodicity 

within the same fibril bundle and between different fibril bundles. 

 

Finally, the mechanical model of tendinopathy was combined with the depletion 

model to examine the nanoscale changes with a depletion of GAGs. 

 

3) We aim to explain the reported gap in knowledge between collagen fibril strain 

and applied tendon load by offering a more accurate and direct quantitative 

approach examining fibril load distribution WFB and BFB as a mechanical 

strain response of nanostructure to applied tendon load (Aim 3). 

 

To examine this, collagen fibril strain WFB and BFB of the loaded GAG-depleted 

tendon was measured, presuming that WFB and BFB D-periodicity change is a proxy 

measure of collagen fibril strain. This group was compared with the strained 

undepleted control groups from Experiment 1. 

 

Our hypotheses for Aim 3 are: 

 

A) That GAG depletion increases the rate of failure at both the nano and macro 

scales.  

 

B) That there are significant differences between the mechanical domains of the 

depleted and un-depleted tendons. 

 
 

C) That the changes in the nanostructural domain (D-periodicity) are strongly 

correlated with the changes at the macroscopic structural and mechanical 

domains. 
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CHAPTER TWO:  

LITERATURE REVIEW 

2.1  Introduction 

Tendons are anatomically distinctive connective tissues that contribute to the balance 

of three-dimensional affiliations among muscles, joints and bones (Lanir, 1978). The 

composition and microstructure of tendons is related to their function, which includes 

load bearing and transmission of the mechanical force generated by muscles to the 

skeletal structure, and enables joint movement. To perform these tasks, the tendon 

relies on distinctive mechanical characteristics controlled by the extracellular matrix 

(ECM) and the ability to respond to a broad range of stresses and strains. Muscles 

influence the torque acting across a joint through the generation of tensile force 

transmitted through the tendon. Therefore, there is a morphological association 

between the muscle and tendon defined by both form and function at various macro- 

and microscales. The association between form and function is specifically important 

for studies of the Achilles tendon that are related to the significant functional stretch 

and shortening activities of gait and ambulation. 

 

2.2 Background 

2.2.1 The Function and Anatomy of the Achilles Tendon 

Tendons are surrounded by loose connective tissue and enveloped by the paratenon. 

The paratenon is a two-layered membrane with a fine layer of connective tissue known 

as the epitenon located adjacent to the tendon ( Kannus & Jozsa, 1991). The fascicles 

are gathered together, surrounded by epitenon, forming the tissue's gross structure, 

which is then surrounded by the paratenon. The epitenon joins several fascicles and 

assists in the development of the tissue's supramolecular configuration. The internal 

surface of the epitenon is continuous with the endotenon, which surrounds and 

connects the primary, secondary and tertiary fibre bundles (see below) and binds them 

together (Paavola et al., 2002) forming large hierarchical structural groups of collagen 

fibres and fascicles (Figure 2.1). The fascicles are composed of fibre bundles, each is 
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composed of a fibril bundle. Each fibril bundle is composed of fibrils that each made 

of a triple helix of peptide strands known as a collagen molecule (Figure 2.1). 

 

Fluids between the epitenon and endotenon provide lubrication and protection of the 

tendon tissue from friction (Järvinen et al., 1997; Paavola et al., 2002). The fluids 

facilitate the sliding of the fibre bundles past each other and the free movement of the 

tendon, and support the vasculature that supplies deeper portions of the tendon, 

including the endotenon and epitenon (Paavola et al., 2002). Healthy tendons are 

resilient to mechanical loads, especially tensile forces. The transmitted force at the 

myotendinous junction relies on both the structural configuration between different 

muscle fibres and the extracellular matrix (ECM) (Paavola et al., 2002) and on the 

fibrillar organisation that makes the tendon more resistant to load and able to absorb 

more energy (Kastelic et al., 1978; Magnusson et al., 2010). 

 

Tendons are made of groups of fascicles that are connected to the muscles. A primary 

fibre bundle is comprised of a set of collagen fibres. These are grouped together to 

form secondary fibre bundles. A set of secondary fibre bundles forms the tertiary 

fascicle (Figure 2.1). Along the endotenon, all nerves, vessels, arterioles and 

capillaries enter the tendon and do not penetrate the collagen bundles. 

 

The literature does not always describe the scale of the anatomical description of the 

Achilles tendon. The first level of the hierarchical structure of the Achilles tendon is 

a cylindrical strand known as a fascicle (Figure 2.1). Zooming further in, the fascicles 

appear to consist of fibres on the ~10 μm scale and this is the minimal visible unit 

using light microscopy (Paavola et al., 2002) (Figure 2.1). Bundles of fibres (mostly 

Type I collagen) form the main body of a tendon, lying parallel to its long axis, which 

gives the tendon its inherent tensile strength. At higher magnification, the fibres can 

be seen as bundles of small threads known as fibrils that are the main building blocks 

of the tendon ECM (Järvinen et al., 1997; Paavola et al., 2002). Fibrils play a 

fundamental role in force transmission (Magnusson et al., 2003), structural intactness 

of the ECM and cell homeostasis (Dallas et al., 2006; Sivakumar et al., 2006). The 

collagen molecules in fibrils can be observed with similar conformations, showing 

overlapping stripes on the surface of the collagen fibril. These are aligned along the 
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longitudinal axis and are considered the most important morphological characteristic 

of the tendon, the so-called D-periodicity (Fratzl, 2008; Fang et al., 2012) (Figure 1). 

 

The D-periodicity is a critical feature of the ultrastructure in the collagen fibril and has 

been linked to the underlying collagen fibrillogenesis (Fang et al., 2012). At further 

magnification, the fibrils can be seen as bundles of smaller threads which are called 

subfibrils. Zooming further in, the subfibrils are seen to be bundles of five smaller 

tropocollagen units (Marchini et al., 1986) (Figure 1), which are the basic units of the 

collagenous structure (Järvinen et al., 1997; Paavola et al., 2002). The main 

characteristic of a fibrillar collagen molecule is the triple-helical polypeptidic chain, 

and in the collagen molecule these chains are twisted together, forming a super-strong 

and stable coiled cord. These large multi-level hierarchical groups of tendon fascicles, 

fibre bundles, fibrils, subfibrils and collagen molecules running parallel to the tendon's 

long axis, maintain the fibroblasts of the tendon. Fibroblasts have a role in the 

synthesis of macromolecules for the ECM (Movin et al., 1997). Despite the various 

ECM hierarchical structures (see Figure 2.1), the aggregation of fibrils forming 

microscale bundles is abundant among collagenous tissues (Birk et al., 1989). 
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Figure 2.1. A schematic diagram of a tendon showing its organisation as identified from nanoscale to macroscale imaging techniques 

(Kastelic et al., 1978; Magnusson et al., 2010; Martufi & Gasser, 2012). On the right-hand side, the fascicles are gathered together, 

surrounded by epitenon, forming the tendon’s gross structure. On the left-hand side, the inset image (A) shows the D-Periodicity as a 

regular stripe that is visible on the surface of the collagen fibril along the longitudinal axis. An overlap of the molecules results from the 

spontaneous lateral arrangement of the collagen molecules. In each molecule of tropocollagen, the gap zone is seen to lead to the D-

periodicity. The inset image (B) describes the structure of fibril-associated proteoglycans (PGs), the collagen fibrils are interlinked by PG 

bridges and populated by fibroblast cells.
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2.2.2 Achilles Tendinopathy Models 

A complete subcutaneous tear is one of the distinctive injures that the Achilles tendon 

most commonly undergoes (Maffulli et al., 2017). The rupture of the Achilles tendon 

is particularly common in athletes who infrequently take part in sport (Maffulli et al., 

2017). Achilles tendinopathy and rupture result from a large range of disorders 

involving mechanical damage as well as degenerative diseases and symptoms. These 

affect a wide range of people, from young athletes to aged individuals. However, 

scientific and clinical knowledge of the pathological development from healthy tendon 

to tendinopathy and, ultimately, tendon rupture is yet not clear. Tendinopathy is 

suggested to be the cause of the majority of Achilles, patella and quadriceps tendon 

ruptures. Indeed, cyclic loading and/or overuse has been widely accepted to be a major 

cause of tendon failure (Kelly et al., 1984; Järvinen et al., 1997; Paavola et al., 2002). 

Therefore, tendinopathy is often considered as an overuse pathological condition and, 

in some particular cases, thought to be related to the fatigue failure of tissues during 

cyclic loading. 

 

There are two dominant animal models established to model tendinopathy. Firstly, the 

mechanical model of tendinopathy, where repeated application of a sub-traumatic 

level stimulus induces tendinopathic changes. This overload model provokes injury 

through repeated mechanical loading that is, in some models, considered to be a major 

contributing factor to how tendinopathy develops or is maintained in some human 

cases. However, Achilles tendinopathy does not always exist in persons who take part 

in vigorous sports and about one-third of people with Achilles tendinopathy are not 

involved in high physical activity (Movin et al., 1997). A second, chemical model 

induces tendinopathy through injecting cytokines to cause inflammation (Stone et al. 

1999), collagenase to cause collagen breakdown (Soslowsky et al., 1996), or 

antibiotics (Kato et al., 1995; Simonin et al., 2000) or prostaglandins (Sullo et al., 

2001) where both are thought to have a relationship with tendinopathy. These models 

permit an interaction between mechanical loading, inflammatory cells and healing of 

the tendon tissue (Lake et al., 2008) and are usually immediate protocols and generally 

cause more consistent damage to the tendon’s tissue compared to mechanical loading 

(Dirks & Warden, 2011). 
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The chemical model of investigation is often used to determine immediate changes in 

the cellular response. This model differs in many aspects from the fatigue/mechanical 

loading model of tendinopathy. The mechanical model is beneficial since it is designed 

to cause tissue damage through cyclic loading, analogous to tendinopathy 

development in humans. 

 

2.2.3 Tendon Mechanics 

The functionality of the tendon is related to its mechanical properties; therefore, it is 

important to define the mechanical properties of the tendon in order to comprehend 

the normal and abnormal states of the tendon (Duenwald-Kuehl et al., 2011; 

Duenwald-Kuehl et al., 2012). Various studies have investigated the stress-strain 

behaviour of tendons and collagen fibres (Puxkandl et al., 2002; Magnusson et al., 

2003; Silver et al., 2003; Dowling & Dart, 2005; Wang, 2006). When the tendon is 

loaded and stretched, the resulting elongation is depicted as stress-strain relationship 

(Figure 2.2). In the hydrated state, the typical stress-strain relationship of the tendon 

demonstrates three distinctive regions (Fratzl et al., 1998). It begins with an initial 

low-stiffness so-called non-linear toe and heel region, followed by a high-stiffness 

linear region and consequent failure (Connizzo et al., 2013). 

 

Beyond 4–5% of tendon strain, all of the matrix structure is believed to be 

mechanically engaged and to cumulatively contribute to resist the load. Therefore, the 

stress-strain curve beyond this point changes to linear (Wang, 2006) (Figure 2). The 

fibrils are believed to bear the increased load by straightening and eliminating the 

microscopic kinks located in the gap region of the molecular quarter, the staggering 

of collagen and the lateral molecular increased order that exists within these fibrils 

(Misof et al., 1997). Further, beyond 5% strain, the elongation of D-periodicity is 

suggested to explain nearly half of the elongation of the fibre (Puxkandl et al., 2002). 

 

The toe region of the stress-strain graph depicts an increasing slope with a strain up to 

2%. This strain can be seen by an optical microscope, and is characterised by the 

elimination of the macroscopic crimp in the collagen fibres and the gradual 

recruitment of crimped collagen fibres (Abrahams, 1967; Diamant et al., 1972; Cribb 
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& Scott, 1995; Hansen et al., 2002; Screen et al., 2004; Franchi et al., 2007) (Figure 

2.2). The usual linear stress-strain behaviour of the tendon is considered to occur from 

approximately 3% strain and extends to approximately 4–5% of tendon strain (Wang, 

2006) (Figure 2.2). Although the gradient of the overall stress-strain curve of a tendon 

varies according to the load, the slope of the linear region is commonly defined as 

stiffness (k) (Heinemeier & Kjaer, 2011). While the load remains within the elastic 

range of elongation (i.e. within the linear range) tendon strain is fully reversible and 

the tendon returns to resting length as the load is removed (Järvinen et al., 1997). 

Loading conditions that cause plastic changes in the tendon are often investigated to 

determine the contribution of sub-elements within the tendon structure to tendon 

behaviour. For example, repeated stretching with increasing force causes the aligned 

collagen molecules within the fibre to start to slide along each other and extend 

(Folkhard et al., 1987; Sasaki & Odajima, 1996). Although this understanding of fibre 

behaviour has been proposed, it has not been thoroughly studied nor quantified during 

load testing. 

 

Standard material testing or mechanical assessment of the linear region of the stress-

strain relationship is often used to determine the stiffness of the tendon (Arampatzis 

et al., 2009; Heinemeier et al., 2011). At the end part of the linear region, the collagen 

fibers begin to slide past one another as the cross-links start to fail which results in 

microscopic failure, representing the yield or plastic region as the third portion of the 

stress-strain relationship. This region deviates from the previous linearity and is 

characterised by lower stresses with substantial variations in elongation (Nigg & 

Herzog, 1999). Beyond 8% strain, macroscopic failure exists and the capacity of the 

tendon to support load almost completely vanishes (O'brien, 1992). Further stretching 

leads to rupture of the tendon (Wang, 2006) (Figure 2.2) with tensile strength in the 

range of 30–160 MPa (Weiss & Gardiner, 2001; Wren et al., 2001). 
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Figure 2.2. A tendon stress-strain curve representing the fibre crimp response to load. 

Wave-like lines represent the fibre crimp of the tendon at the resting stage. Unbroken 

straight lines indicate the effect of tensile stresses (at strain levels < 4 %); when the 

load is removed within the range of this region of the curve, the tendon strain is fully 

reversible and resumes its original state. One or two broken lines represents the region 

where the collagen fibrils start to slide along one another due to the failure of 

intermolecular cross-links. As intermolecular sliding occurs, the D-periodicity 

elongates because it is reflective of the relative axial positioning of neighboring 

molecules. The complete set of broken lines represents the macroscopic rupture caused 

by the interfibrillar shear failure and tensile failure of the fibres. Modified and adapted 

from (Järvinen et al., 1997; Maffulli, 1999; Young et al., 2016). 

It is important to note that although the percent strain characteristics have been 

described consistently in the literature, there is a lack of consensus about the points at 

which the three phases occur. One major factor in this is that there are large variations 

in testing protocols, and more importantly, the strain is often defined after a 

preliminary “preconditioning” of the samples. Furthermore, repeated testing protocols 

may maintain either a constant stress (force) or strain (elongation) and therefore the 

progression to failure is likely to be a product of the repetitions and the degree of strain 

(or stress). 
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A. Stress relaxation (SR), creep and hysteresis (h) 

Tendons exhibit viscoelastic characteristics known as creep, h and SR (Woo et al., 

2005; Finni et al., 2013). These velocity- and time-dependent characteristics are 

considered to be vital for the optimal function of the macroscopic tendon tissue 

(Purslow et al., 1998) and have been widely investigated in tendons (Butler et al., 

1978; Järvinen et al., 1997; Puxkandl et al., 2002; Robinson et al., 2004; Screen et al., 

2004; Provenzano & Vanderby, 2006; Wu, 2006; Wu et al., 2006). 

 

As a useful technique, SR tests have been frequently employed in rheology to explain 

the viscoelastic behaviour of tendons, giving insight into the function of the tendon 

sub-components (Wu, 2006; Wu et al., 2006). Due to the broad diverse range of 

materials, a variety of linear and non-linear viscoelasticity equations have been 

suggested to demonstrate the relationship between time and stiffness (or stress, or 

force) of tendons (Hernández-Jiménez et al., 2002; Abu-Abdeen, 2010). SR denotes a 

non-linear decline in stress over a period of time under a constant tension (strain) 

where the decline in associated load is measured (Atkinson et al., 1999). Basically, 

this explains the situation when the tendon is under loading – the fibrils, fibres and 

fascicles gradually relax/elongate over time until reaching a stable state. 

 

Alongside some curve-fitted mathematical expressions, the experimental data are 

usually demonstrated according to mechanical models, and consist of different 

linkages of ideal dashpot (according to Newton’s law) and spring (according to 

Hooke’s law) elements. Among these, the Maxwell model is the most common model 

in the literature employed to study the SR behaviour of various materials. 

 

Applications of the Maxwell model used to describe the normalised force as a function 

of time have shown two relaxation functions with variable half-relaxation times (Usha 

et al., 2001; Gupta et al., 2010). These two SR modes are classified as slow and fast 

relaxation times (Usha et al., 2001; Gupta et al., 2010). Usha and colleagues suggest 

that the fast-relaxation mode was concomitant with the sliding of collagen molecules 

that are held by hydrogen bonds. Their results indicate that fibres with more crosslinks 

relax faster. 
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The slow-relaxation mode was associated with the engorgement and dissociation of 

the fibre bundles, which is mediated by different pH levels. Two important 

conclusions about the SR of human patellar tendons were first reported by Atkinson 

et al. (1999). First, the SR is larger when bigger tendon portions are loaded. This is 

crucial since it points to the fact that during SR, the intrinsic strength differences of 

different fascicle or fibre locations are being exposed. This may suggest that during 

SR there is a differential loading and elongation of the fibres within the tendon, and 

that as some fibres elongate, the internal stressors are transferred to other fibres over 

time. There are relatively new clinical hypotheses that stress shielding may be a 

mechanism of sustained tendinopathy in humans after repeated cyclic loading 

(Orchard et al., 2004). 

 

In comparison to SR (where strain is kept constant), creep is observed when a tendon 

is held under a constant load and the increase in extension (length) is measured. In this 

situation, creep is defined as the proportional increase in length during the load-

bearing time (Butler et al., 1978; Järvinen et al., 1997). Therefore, both SR and creep 

describe a common domain of the tendon’s response to sustained mechanical load. 

However, these responses also take place during cyclic loading, (Ker, 2002; Legerlotz 

et al., 2013) where the cyclic testing maintains displacement (strain) or load (stress) 

control respectively (Thornton et al., 2002; Legerlotz et al., 2013). Under different 

conditions, the two testing methods would be anticipated to stimulate different 

responses of the loaded tendon. The testing of SR of tendon fascicles is usually more 

straightforward to accomplish, while creep testing is more relevant to physiology. The 

time-dependent characteristics of tendon will certainly influence the conversion of 

contraction of muscles into skeletal movement, and so, both SR and creep behaviours 

should be clearly defined to predict tendon behaviour accurately (Duenwald et al., 

2009). 

 

Hysteresis (h) refers to the amount of energy lost within the tendon during dynamic 

loading and unloading testing and accounts for a gradual change in the stress-strain 

curve with tendon loading and unloading. This energy dissipation is calculated as the 

area between the loading and unloading stress-strain curves in cyclic tensile testing 

(Freedman et al., 2014; Freedman et al., 2015; Connizzo et al., 2016). The stretching 
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and recoiling of the tendon during a loading cycle is indicated as a loop in the stress-

strain curve (see Figure 2.3). 

 

The amount of h is crucial for efficient locomotion. High h is related to high energy 

dissipation, and therefore less energy can be recoiled to drive movement activities. 

The literature reports h < 10% in sheep plantaris tendons (Ker, 1981) and about 10% 

in tendons from other mammals (Bennett et al., 1986; Pollock & Shadwick, 1994). 

 

Although high h values have been reported particularly in in-vivo human-based 

studies, other authors have reported that lower h values seem to be more realistic since 

they ensure higher elastic recoiling and can reduce heat damage (Bennett et al., 1986; 

Alexander, 2002; Ker, 2002). Furthermore, these authors attribute the differences 

observed in the human studies to inconsistencies and difficulties of in-vivo tendon 

stretching measurements (Finni et al., 2013). 

 

 
Figure 2.3. The stress-strain curve during the repeated cyclic loading of a tendon. The 

stress-strain curve progressively shifts to the right as a reduced amount of h under 

cyclic loading and ultimately a reproducible stress-strain curve is observed. 

 

The elongation of the tendon is higher during lower strain rates. Therefore, the tendon 

is less effective in transferring loads since it absorbs more strain energy. With higher 

strain rates, tendon elongation is smaller (higher stiffness) and more efficient load 

transfer takes place (Järvinen et al., 1997; Wren et al., 2001; Alexander, 2002). 
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However, an examination of the viscoelastic behaviour of rat-tail tendons has shown 

that the overall strain of the tendon is always larger than the strain in individual fibrils 

(Puxkandl et al., 2002). Therefore, the behaviour of the whole tendon is more than the 

cumulative capacity of the collagen fibres. It has been argued that there is some 

elongation in the matrix between fibrils where both the interfibrillar matrix and 

collagen fibrils interact as a coupled viscoelastic structure (Puxkandl et al., 2002). 

 

Provenzano and Vanderby (2006) came to a similar conclusion:; the attachment 

(specifically decorin) to collagen fibrils that occurs during tensile elongation was 

shown to improve the transfer of energy among fibrils (Provenzano & Vanderby, 

2006). Nevertheless, it was also proposed that the interfibrillar PG bridge did not 

transfer the force in the tendon but directly transferred force through the fibrils, and 

the underlying mechanism of the viscoelastic behaviour was attributed to the sliding 

of the collagen fibres (Screen et al., 2004; Bruehlmann et al., 2005; Provenzano & 

Vanderby, 2006; Cheng & Screen, 2007). While the viscoelastic behaviour of tendons 

and collagen fibres has been extensively studied, the underlying mechanism for this 

behaviour is yet not fully determined. 

 

B. Tendon fatigue in response to mechanical loading 

Cyclic loading of Achilles tendons during walking or running induces micro-damage 

of the tendon and provokes repair processes to retain tendon homeostasis. Tendon 

damage can reduce the mechanical strength and change the biomechanical behaviour 

of tendons, and consequently can impair normal functions, for example, joint 

movement and stabilization (Duenwald-Kuehl et al., 2012). Tendon damage can exist 

even if the tendon is loaded within physiological limits since repetitive accumulation 

of microtrauma may lead to an imbalance in the equilibrium between the cellular-

driven rate of repair and the rate of damage (Archambault, 2003; Archambault & 

Banes, 2005; Maffulli, 2011). Microtrauma can be induced by nonuniform stresses 

within the tendon tissue producing frictional forces between fibrils, abnormal load 

concentrations and localised fibre damage (Maffulli, 2011). It is reported that cyclic 

loading in tendons causes ‘sub-failure injuries’ or ‘micro-damage’ ‘gradually at the 

collagen nanoscale level’, and the injuries and damage are collectively known as 
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‘mechanical fatigue damage’(Wren et al., 2003; Kongsgaard et al., 2005; Fung et al., 

2010). Fatigue testing can be conducted by repeated elongation from repeated cyclic 

loading, either under displacement (strain) or load (stress) control (Shepherd & Screen 

, 2013). Although Achilles tendon rupture may appear to be a sudden event, 

degenerative changes are commonly observed in ruptured tendons (Bell et al., 2015), 

supporting a proposed aetiology associated with a gradual accumulation of micro-

damage (Wren et al., 2003; Wang, 2006). Tendon damage increases when the number 

of loadings and the maximum strain increases, indicating that the Achilles tendon is 

susceptible to an over-use injury and potentially can rupture. 

 

C. Mechanical changes 

The progression mechanisms of tendinopathy remain poorly understood and are yet to 

be elucidated. Understanding these mechanisms related to early tendinopathies and 

further damage accumulation is fundamental to develop effective therapeutic 

interventions. Investigating the structure-function relationships during high dynamic 

loadings is crucial for understanding the potential mechanical mechanisms that govern 

fatigue-induced damage and injury. Tendon fatigue is characterised as a three-phase 

pattern of damage (see below). This damage is suggested to accumulate and may be 

reflected in an experimental protocol that utilises creep-based loading experiments 

(Wang & Ker, 1995). In the experiment of Wang & Ker (1995) it was reported that 

stiffness decreased throughout the experiment, slowly at first, before increasing 

immediately prior to failure. 

 

The majority of previous studies focus on the relationship between the applied stress 

and time, or number of cycles, to failure. However, only limited in-vivo and ex-vivo 

animal model studies have been conducted using structural image-based measures to 

correlate the mechanical and structural responses to fatigue loading (Fung et al., 2010; 

Andarawis-Puri et al., 2011; Neviaser et al., 2012). Also, there are only limited studies 

reporting sub-rupture tendon behaviour (Backman et al., 1990; Archambault et al., 

2001; Nakama et al., 2005; Fung et al., 2009) and as yet no experimental protocols use 

both strain extensions and a number of cycles. Increasing cyclic strain can cause a 

clamp-to-clamp elongation of the tendon indicating that when the fibre length 
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increases increased levels of fibril damage may exist. This is supported by pioneering 

ex-vivo and in-vivo work that has successfully described the structural response of the 

tendon to fatigue loading using the rat flexor digitorum longus (FDL) (Fung et al., 

2009; Fung et al., 2010; Andarawis-Puri et al., 2011). 

 

These studies quantified the changes at controlled fatigue levels in the mechanical 

characteristics and the associated morphological changes that reflect microstructural 

changes (Fung et al., 2009; Fung et al., 2010; Andarawis-Puri et al., 2011). The 

paradigm of the work included repeated cycles of a controlled load (stress) to 

investigate the early onset of tendinopathy and was therefore important for the 

assessment of the progressive relationship between damage and load. The mechanical 

results show that maximum strain has three transitional clear phases during fatigue 

loading to failure. The first transitional phase at 6–7% applied strain (low level, ~300 

cycles) shows an increase in maximum cyclic strain and tendon stiffness but no change 

in h. 

 

After the first phase there is a transition to a second transitional phase. This phase, at 

8.5–9.5% strain (moderate level, ~500 cycles), was characterised by no change in 

either h or k and a plateau in maximum cyclic strain. The third transitional phase, at 

11–12% strain (high level ~700 cycles), showed a significant decrease in both 

hysteresis and stiffness and a sudden increase in maximum cyclic strain. However, the 

number of cycles was a significant (p < 0.001) factor for tangent stiffness, peak strain 

and hysteresis, and all mice tendons reached the second phase of fatigue loading (Fung 

et al., 2009) without rupture even after 1,000 cycles of fatigue loading (Freedman et 

al., 2015). 

 

There is, however, inconsistency in all levels of fatigue between the mechanical results 

reported by Fung et al. (2009) and those been reported by Fung et al. (2010), 

Neviaser et al. (2012) and Andarawis-Puri and Flatow (2011). These latter studies 

defined the three stages of fatigue as low (0.6%, 2,232 cycles), moderate (1.7%, 

10,579 cycles) and high (3.5%, 16,997 cycles) (Fung et al., 2010; Andarawis-Puri et 

al., 2011; Neviaser et al., 2012)). At the low and moderate fatigue levels, k increased 

by about ~18% and h decreased by ~30%. Whereas, high-level fatigue loading 

produced a ~17% decrease in k and a ~25% increase in h. Significant differences in k 
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and h were observed between the high fatigue level and both low and moderate fatigue 

levels. Evaluation of the three stages of fatigue loading in the above studies support 

the hypothesis that fatigue loading induces cumulative fatigue damage, demonstrated 

by morphological changes. To date, few studies have repeated the fatigue levels 

reported by Fung et al. (2009). Moreover, these studies examined the sustained load 

(stress) while reporting increased elongation or strain. Therefore, future research may 

be able to contribute to the understanding of fatigue loading using models controlling 

strain and examining load. 

 

The main source of inconsistency in the mechanical results between the above studies 

is perhaps the significant differences in the number of loading cycles and strain levels 

used in their experimental protocols. This inconsistency is supported by the findings 

of an ex-vivo study by Wren et al. (2003) who have also investigated the fatigue 

response of human Achilles tendons to cyclic mechanical loading in an in-vitro model 

(Wren et al., 2003). They studied the static creep effects on the mechanical 

characteristics of human Achilles tendons and reported that the strain (as measured at 

first loading to a predetermined stress level) was the best predictor of cycles or time 

to failure (Wren et al., 2003). This supports the suggestion that strain is the primary 

mechanical factor leading to injury and accumulation of damage in tendons (Wren et 

al., 2003). During the first transitional phase, the uncrimping of a combination of fibres 

and the loading of other fibres, happens while water is being extruded. During the 

second transitional phase, most fibres are responding to the increase in maximum 

strain. 

 

The sudden increase in maximum strain reported by Fung et al. (2009) is likely due to 

the recruitment of fibres and redistribution of load from damaged to undamaged fibres 

(Fung et al., 2010; Andarawis-Puri et al., 2011). During the third transitional phase 

(high-level loading), more damage may result from nonuniform stress within tendons 

in such a way that it cannot overcome the fibre recruitment and load redistribution 

mechanism (Fung et al., 2010); therefore, the tendon’s tissue may experience 

increased force concentrations, fibrillar frictional forces, and local fibre damage 

(Maffulli, 2011). 
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This eventually results in fibre rupture, a sudden increase in tendon strain and a 

reduced stiffness that can eventually cause gross tendon failure under continuous load 

(Thornton et al., 2003). However, the mechanisms of damage progression and severity 

in the matrix structure and at multiscale levels, as well as the distinctive contribution 

of the magnitude, pattern and frequency of loading over a prolonged period time of 

mechanical intervention has yet to be fully assessed. Therefore, there is a necessity to 

develop a mechanical-damage tendon model that incorporates broader mechanical 

static and dynamic measures (for example, SR, h and k). 

 

D. Mechanically induced macrostructural changes 

An important characteristic of tendinopathy is the disruption of the tendon 

microstructure (Longo et al., 2008; Arya & Kulig, 2010), making the analysis of 

collagen structure critical in order to comprehend tendon response to cyclic loading. 

Early studies of tendon fatigue observed that an increased applied stress gave an 

exponential decline in the number of cycles required for failure in the wallaby hind 

leg (Ker et al., 2000) and human extensor digitorum longus (Schechtman & Bader, 

1997). However, the evaluation of structural changes in these studies was limited to a 

few derived variables (Wang & Ker, 1995; Schechtman & Bader, 1997; Pike et al., 

2000; Wren et al., 2003; Freedman et al., 2014). 

 

Methods for the assessment of structural changes following fatigue loading have 

ranged from histology, (Fung et al., 2010; Shepherd et al., 2014) to second harmonic 

generation (Fung et al., 2010; Ros et al., 2013), polarized light imaging (Freedman et 

al., 2014), scanning electron microscopy (SEM) (Veres et al., 2013), and confocal 

imaging using photo-bleaching (Thorpe et al., 2014). However, although there are a 

number of reported tendon fatigue mechanics (Veres et al., 2013; Thorpe et al., 2014) 

limited studies have reported relationships between structural changes during fatigue 

loading (Fung et al., 2009; Fung et al., 2010; Freedman et al., 2014). For example, 

Fung et al. (2009) found that unloaded control tendons exhibit highly parallel and 

aligned collagen fibres, characterised by crimp formation and a columnar arrangement 

of the tenocytes between the fibres. While the study by Fung et al. (2009) validates 

the loss of stiffness as a damage marker that resulted from cyclic loading, their results 
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also show that clamp-to-clamp strain is an accurate and useful indicator of cumulative 

damage in tendon fatigue progression (Fung et al., 2009). Also, in this study the 

tendons only demonstrated significant changes in hysteresis and stiffness with high 

levels of fatigue, but microscale structural changes were evident early in the 

experimental loading protocol. These changes included isolated kinked deformations 

in the fibres (Fung et al., 2009). These observations are supported by other studies 

which have reported similar observations (Fung et al., 2010; Neviaser et al., 2012), as 

well as reports of other damage markers such as a disturbed tenocyte arrangement and 

organization when tendons are loaded to a low-level fatigue (Fung et al., 2009; 

Shepherd & Screen, 2013). 

 

Tendons loaded to a moderate-level fatigue have shown analogous changes; however, 

the changes occur in larger areas, there is a greater density of deformation patterns 

comprising fibre dissociation (Fung et al., 2010; Neviaser et al., 2012) and few 

examples of isolated fibre disruption have been noted (Fung et al. 2009 and Shepherd 

et al. 2012). In high-level fatigue-loaded tendons, severe micro-architecture 

disruption, discontinuity, thinning and increased anisotropy and dissociation of fibres 

have been observed (Fung et al., 2009; Fung et al., 2010; Neviaser et al., 2012; 

Shepherd & Screen, 2013). 

 

A better understanding of tendon damage accumulation can be established by 

correlating the microstructural damage from controlled ex-vivo (Fung et al., 2009; 

Shepherd & Screen, 2013) and controlled in-vivo morphological data (Fung et al., 

2010; Andarawis-Puri et al., 2011) together with mechanical results from Fung et al. 

(2010) and Neviaser et al. (2012) (See Table 2.1). Notably, the development of 

macrostructural changes seems consistent in all fatigue-damage methods employed by 

these studies.
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Table 2.1. The development of fatigue damage from fatigue controlled ex-vivo (Shepherd & Screen, 2013) and controlled in-vivo (Fung 

et al., 2010; Andarawis-Puri et al., 2011; Neviaser et al., 2012) loading studies demonstrating the effect on collagen fibre morphology 

and mechanics. 

Fatigue level with a constant stress Collagen fibre morphological changes Mechanical changes 

No fatigue Highly parallel and aligned fibres, 
characterised by distinctive crimp formation 

Low fatigue level Isolated kink fibre formation and disturbed 
tenocyte arrangement and organisation 

Decreased hysteresis and an 
increased stiffness 

Moderate fatigue level Kink fibre deformation, greater density of 
deformation patterns comprising of 
broadening of the inter-fibre space and 
isolated fibre ruptures 

No difference from changes at the 
low fatigue level 

High fatigue level Severe fibre disruption, discontinuities and 
fibre angulations, thinning and increased 
anisotropy of fibres and increased 
dissociation among the fibres 

An increase in hysteresis and a 
decrease in stiffness, with a 
sudden increase in tendon strain 
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Generally, previous imaging experiments focused completely on the macrostructural 

level of the tissue. However, the nature of multiscale fatigue-induced damage has not 

been fully explained. To date, there is no study examining the multiscale structural 

changes within the same nonviable intact/bulk tendon in response to prolonged cyclic 

and static loading protocols. Testing of nonviable bulk tendons is comparatively 

straightforward and has been suggested to provide clear data regarding the mechanics 

of fatigue damage (Shepherd & Screen, 2013). 

 

It is important to determine the response of the tendon to mechanical load across 

multiple hierarchical levels (fascicle, fibre and fibril levels) and to quantify the 

structural changes by combining non-invasive and nondestructive multiscale advanced 

techniques with techniques that measure mechanical characteristics (Screen et al., 

2003, 2004; Rigozzi et al., 2011; Miller et al., 2012). The gap in the current literature 

is, therefore, a single study that utilises an instrument such as the confocal arthroscope 

that can be integrated with a mechanical loading device during mechanical loading 

experiments. This will allow concurrent loading and imaging at the multifascicle and 

fibre-level scales, which in turn can be compared with atomic force microscopy 

(AFM) images that examine the fibril level. Therefore, multi-scale imaging of the 

same bulk tendon tissue that includes the use of equipment that does not require 

sectioning of samples, such as CA, and can conserve tissue’s structural details, such 

as AFM, warrants further investigation. 

 

E. Mechanically induced nanostructural changes 

Although many previous studies have examined the tendon structure-function 

relationship at the nanoscale level, many of these studies are unclear with regards to 

the exact nanostructural mechanisms that led to the viscoelastic mechanical properties 

of the tendon (Gupta et al., 2010). Non-collagenous matrix composition and 

collagenous fibril morphology are broadly suggested to govern the macroscopic 

behaviour of the tissue (Robinson et al., 2004; Screen et al., 2006; Fessel & Snedeker, 

2009; Rigozzi et al., 2009). However, the mechanisms by which these characteristics 

are translated to the function of the tissue is still poorly understood. This is partially 
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due to limitations in the methodologies used to quantify strain under mechanical load 

(Sasaki et al., 1999; Kukreti & Belkoff, 2000; Franchi et al., 2010). 

 

For instance, a study using X-ray diffraction has reported that an application of 

20 MPa of stress to tendons has been associated with a 3% D-periodicity change 

(nearly 2 nm) (Brodsky et al., 1980), while another study using scattering X-ray 

spectroscopy reported that a macroscopic tendon strain of 3% was associated with a 

1 nm change in D-periodicity (Sasaki et al., 1999). Furthermore, another study using 

transmission electron microscopy (TEM) reported an average 4% increase in D-

periodicity with a gross ligament strain of 8% (Kukreti & Belkoff, 2000). 

 

Each of these studies has provided vital but partial insight into tendon nanomechanics; 

however, none of the methods used in these studies could characterise the 

heterogeneity in the load distribution of fibrils. From these studies, the size of D-

periodicity change as a function of tendon strain is not broad enough to explain the D-

periodicity distribution seen across different tissues, which has a characterised range 

of 10 nm (Wallace et al., 2010; Fang et al., 2012; Erickson et al., 2013). 

 

A comprehensive investigation of the relationship between structure and function of 

tissues is complex and requires a multiscale approach. Since the ultrastructure of 

collagen is closely related with function (Ottani et al., 2001), attempts to correlate 

collagen nanostructure with mechanical characteristics have used different 

methodological equipment such as optical microscopy and SEM (Okuda et al., 2009; 

Franchi et al., 2010), X-ray scattered spectroscopy (Misof et al., 1997; Puxkandl et al., 

2002; Gupta et al., 2010) or AFM (Habelitz et al., 2002; Graham et al., 2004). 

However, the morphometric analysis of fibril strain by TEM and X-ray spectroscopy 

is limited by technical difficulties that prevent direct assessments of quantitative 

measures of fibril length changes (changes in D-periodicities) and ultimately the 

mechanical strains. 

 

There have been limited studies focused on correlations between tendon 

characteristics across hierarchical structures. It has been noted that diurnal changes in 

tendon stiffness (where there is greater stiffness in the evening than in the morning) 

relate to the hypothesis of continued fibril damage and repair establishing a 
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homeostasis of  mechanical function (Onambele-Pearson & Pearson, 2007). The 

findings of such studies are consistent with various other models in animal-based 

studies that reported an accumulation of fibril damage under load and strain as a result 

of diurnal activities (Sereysky et al., 2012). Damage in fibrils may be more 

complicated than damage in tissue at the macroscale level. Initial damage possibly 

involves denaturing, stretching, fraying, fragmenting and splitting of the collagen 

fibrils and fibres that then lead to a complete rupture (Kastelic & Baer, 1980; Kannus 

& Jozsa, 1991; Sonnabend et al., 2001; Jarvinen et al., 2004; Fung et al., 2009; 

Sereysky et al., 2012). Fung et al. (2009) have suggested a useful animal model of 

fibril damage (Figure 2.4) based on the histological appearance.  

 

 

 

 

 

 

 

 

 

Figure 2.4. A proposed schematic diagram of the fatigue-damage mechanism. Initially, 

fatigue loading extends the fibrils from the crimping (A) to the uncrimping (B) 

condition. Increased loading extends the local aggregation of fibrils into their plastic 

deformity range (C, dashed line), leading to the kinked deformed fibrils. Further, with 

increased loading, the fibrils with plastic deformation may rupture (D, dotted line). 

Consequently, loading is assumed by the remaining, intact longer fibrils and/or higher 

fatigue quality (dashed line). Modified and adapted from Fung et al. (Fung et al., 

2009). 

 

Fibril fatigue damage may be seen in focal or generalised modes. Focal damage of 

collagen fibrils is evident by their breakage (Provenzano et al., 2005). Whereas, 

generalised damage is evident by the distortions and repetitive forms of kinks on 

several fibrils that occur at distinct spacing intervals (Veres & Lee, 2012). How focal 

and generalised damage modes are interrelated remains unclear; however, it is 

A 

B 

C 

D 
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purported that the association may be dependent on the type and occurrence of fibrillar 

cross-linkages (Svensson et al., 2013). 

 

Increased crosslinkage between tropocollagen molecules may increase the stiffness of 

tendons, such as patellar and Achilles tendons, and so would lead to the focal mode of 

fatigue damage (Svensson et al., 2013). However, generalised damage has been 

reported to mainly exist early at the nanostructural level during repeated loading 

(Veres et al., 2013). Furthermore, Freedman et al. (2015) also reported findings similar 

to those of Veres et al. (2013) while observing changes of fascicle crimp at the 

macroscale. Therefore, this supports the view that fatigue loading changes the collagen 

structures at multiscale levels of the tendon. 

 

Additionally, changes in the length of tendon fibres is provoked by the straining 

mechanisms at different scale levels. At the tissue level, this elongation is enhanced 

by straining mechanisms at the fibre level similar to mechanisms that exist between 

fibrils, which are partly controlled by PGs (Screen et al., 2005; Fessel & Snedeker, 

2009). The D-periodicity change in fibrils has been strongly supported by different 

theoretical models that suggest two fibril elongation mechanisms discussed below in 

more detail under Sections 2.4.1 and 2.4.2. 

 

The changes in D-periodicity induced by different strain levels has provided evidence 

that D-periodicity of an individual fibril increases with increased applied load ( Sasaki 

& Odajima, 1996; Gupta et al., 2010; Connizzo et al., 2014; Connizzo et al., 2015). 

However, there is no single study that explores the existence/range of D-periodicity 

variation within the same and different fibril bundles experiencing different strain 

levels. 

 

Moreover, no study to date has correlated D-periodicity variations with other nano- 

and macrostructural changes in responses to mechanical loads. While the tendon’s 

structural and functional relationships have been investigated and the hierarchical 

structure of the tendon is well characterised, the understanding of tendon damage 

mechanisms and accumulation at the nano- and microstructural levels is still limited. 

This raises the potential for understanding fibril changes in pathology and under 

mechanical loading profiles. Therefore, the physical and biochemical significance of 
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the variance of D-periodicity is yet to be determined. Increased sample thickness and 

complexity in these models weakens the quality of cell/tissue imaging and leads to 

variation between samples. 

 

The number of studies that have used a range of assessment platforms to cover the full 

range of scales of assessment of the Achilles tendon is limited. The majority of 

previous studies have focused on a single hierarchical scale level in the assessment, 

therefore, this may contribute to the complexity and the broad terminology used for 

the range of hierarchical scales. The hierarchical structures of the tendon have a broad 

range in size from Angstroms to millimetres. Furthermore, tendons usually function 

in complex conditions and are exposed to multi-axial loads. The effectiveness of the 

tendon response under these conditions is directly determined by its unique highly 

ordered broad multiscale structures. With these broad structural scales from nano- to 

macro-levels, the structure of entire tendons becomes, unfortunately, much more 

complex than can often be analysed and addressed with the different approaches or 

techniques that are typically employed to evaluate the univariate and independent 

effects of a single structural or biochemical variable on tendon mechanics. Therefore, 

whole-tendon models must involve substantial processing to assess the cellular and 

structural changes concomitant with fatigue loading. 

 

The following sections will review the mechanical, biochemical and structural 

analytical techniques that have been employed, both individually and together, to 

highlight the nano- and macromechanical characteristics of the tendon and its 

homeostasis, investigating the structural interactions between components in the 

tendon matrix. These sections have adopted a specific hierarchy, as shown in Figure 

2.1, to permit comparison between various reports, and highlight the current 

understanding at the nano/micro hierarchical level and explore collagen nano- and 

micromechanics focusing only on the inter-fibril mechanics. 
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2.3 Nanomechanical Characterisation Conducted by a Range of 

Experimental Techniques 

2.3.1 Elongation of triple helices 

Stereochemical modelling suggests that due to the staggered arrangement of the triple 

helix, collagen comprises two domains – a flexible and a rigid domain. The critical 

domain that influences the mechanical response is the flexible domain, which 

experiences an initial elongation within its elastic limit, thereby storing elastic energy 

(Silver et al., 2002). The molecular spatial arrangement of the collagen triple helix 

includes a high content of the repeating amino acid sequence (Gly-X-Y) n. This 

conformation is the rigid region of the triple helix and is believed to stabilise and 

prevent stress-denaturation of the protein (Shoulders & Raines, 2009). The molecular 

packing of the triple α-helical polypeptidic chains causes the formation of quasi-

hexagonal aggregates of collagen molecules that intertwine with adjacent molecules 

and super twist, forming microfibrils and the distinctive D-periodicity that is observed 

in collagen fibrils under AFM (Shoulders & Raines, 2009; Stylianou, 2017). 

 

Various models have been suggested to elucidate the pathogenesis of mechanical 

injury of the tendon. The choice of the model is often defined by the hierarchical scale 

of the experimental investigation. For example, a recent molecular-based model 

(Gautieri et al., 2011) using collagen fibril mechanics combines the mechanical and 

biochemical assessments from collagen fibrils with biochemical information and 

molecular structure. The results from these studies provide crucial information on 

structural alterations at the molecular collagen level as well as an important description 

about the translation of molecular structural alterations to collagen fibril dynamics. 

 

An atomistic modelling of collagen microfibril mechanics has shown that when the 

mechanical loading is increased, the behaviour of the microfibril demonstrates a 

significant elongation, occurring from the straightening of the triple α-helical 

polypeptidic chains. Then, an axial lengthening, and eventually an uncoiling at the 

molecular level takes place ( Sasaki & Odajima, 1996; Tang et al., 2010; Gautieri et 

al., 2011). Moreover, using SEM and enzyme probes for denatured collagen on 

overloaded bovine tail tendons, the existence of the molecular uncoiling at distinct, 
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repetitive locations forming kink regions along the length of the previously straight 

fibrils was demonstrated (Veres & Lee, 2012). This study proposed that tissue failure 

occurred along the full fibril length (Veres & Lee, 2012). 

 

Consecutive stretching resulting from cyclic loading with increased force has been 

shown to cause aligned collagen molecules to start to slide along each other and extend 

(Folkhard et al., 1987; Sasaki & Odajima, 1996). For example, Folkhard et al. (1987) 

monitored changes in the D-periodicity of stretched native fibres from rat tail tendon. 

Furthermore, Sasaki & Odajima (1996) have also reported strain-induced increased 

D-periodicity, which they purported to be evidence of relative sliding between the 

molecules, contributing to the additional elongation of fibrils (Sasaki & Odajima, 

1996). 

 

In a comparison study between molecular and fibril elongation using mechanical and 

X-ray diffraction measurements, Mosler et al. reported that molecular elongation only 

represented a small fraction of the total fibril elongation (Mosler et al., 1985). It has 

also been reported that continued sliding of collagen molecules can be explained by 

the SR behaviour of fibrils while the tendon is under constant strain (Mosler et al., 

1985). Folkhard et al. (1987) reported that elongation of the collagen triple helices 

does not occur concurrently with sliding. They suggested that elongation can be 

limited when the maximum amount of sliding, enabled by the fibril crosslinks, has 

been reached. 

 

Both mechanisms are recoverable to a limit, and Folkhard et al. (1987) demonstrated 

a recoverable D-periodicity increase of nearly 2%, suggesting that tendon damage can 

be irrecoverable if further stretching is applied. 

 

The non-concurrent events of elongation and sliding of collagen triple helices may 

impact on SR (and possibly creep or h). The whole-tendon mechanical profile smooths 

out granular (fine or small scale) mechanical changes. 

 

If there are two phases (elongation and sliding) then it follows that there may be a 

phase change in the mechanical variables that could be determined if repeated 
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temporal assessments were measured serially. It is likely that if there were a non-linear 

step-change in the mechanical or morphological changes then maintaining the same 

strain and allowing the number of cycles to create a fatigue response may allow a more 

sensitive observation of such changes. 

 

2.3.2 Fibril elongation and sliding 

Although mechanical characteristics of single fibrils have been measured by nano-

tensile testing approaches using nanoscale manipulation techniques such as AFM or 

optical tweezers (Thompson et al., 2001; Sun et al., 2002; Gutsmann et al., 2004; 

Bozec & Horton, 2005), the mechanical behaviour of collagen fibrils has not been able 

to explain the (macro) complete tendon mechanical behaviour. Fibril elongation and 

sliding has been considered as one factor contributing to tendon viscoelastic behaviour 

(Silver et al., 2002), and is thought to happen during the toe region of mechanical 

loading tests. 

 

Stress-strain curves for molecules and fibrils have been derived using an AFM tip 

although this method has introduced some artefacts from the chemical extraction of 

intact collagen fibrils to attach and pull these fibrils for mechanical testing (Eaton & 

West, 2010). Due to the structural complexity present in Achilles tendon hierarchies, 

the AFM tip method is incapable of providing a clear and complete explanation of the 

fibril mechanics of the same fibril bundle (fibre) compared to fibrils of different fibril 

bundles. 

 

Various studies have demonstrated that relative changes in fibril elongation, expressed 

as changes in the D-periodicity values, represent less than half of the full macroscopic 

elongation (40%) recorded from tendon fibres (Diamant et al., 1972; Misof et al., 

1997; Fratzl et al., 1998; Puxkandl et al., 2002; Birch, 2007; Rigozzi et al., 2011). This 

suggests that other mechanisms impact the load-transmission response of tendons. 

Some factors that are suggested to play roles are discussed in more detail later. With 

the aid of EM images of tendons, a model of fibril sliding under load has been 

developed by Puxkandl et al. (2002) to demonstrate the variations in stiffness that are 

visualised in hierarchical scales of the tendon tissue (Puxkandl et al., 2002). This 
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model suggests that fibril shearing is controlled by PGs when the tendon is under load 

(Puxkandl et al., 2002). A detailed diagram of the molecular and fibrillar hierarchies 

is depicted in Figure 2.5, demonstrating the elongation mechanisms suggested in the 

studies reviewed under the Sections 2.3.1 and 2.3.2. 

 

 

 

Figure 2.5. A diagram representing a mechanical model showing the elongation 

mechanisms of the molecular and fibrillar hierarchies suggested for tendons. Arrows 

demonstrate collagen molecular elongation and sliding between molecules and fibrils. 

Covalent cross-linkages between the collagen molecules are depicted within the 

fibrils. The figure is modified from (Puxkandl et al., 2002). 

 

2.3.3 The D-periodicity of collagen fibrils 

A. The D-periodicity distribution in Type I collagen tissues 

The ultrastructure and function of collagen are closely associated (Ottani et al., 2001). 

Molecular elongation of fibrils observed as an increase in the gap regions in the fibril 

D-periodicity (Folkard et al., 1987; Sasaki et al., 1999) has supported the proposition 

that the D-periodicity is the most important ultrastructure feature of collagen fibrils in 

various collagenous tissues. Qualitative assessment of the ultrastructure of collagen 

from biological samples such as fibril bundles from skin, tendons and lamellae from 

bone have been quantified using instruments such as SEM or TEM (Franchi et al., 
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2007; Starborg et al., 2013) and polarised light microscopy (Lavker et al., 1987; 

Bromage et al., 2003). 

The earliest ultrastructural assessment of the human skin D-periodicity by electron 

microscopy measured D-periodicity values of 64.6 ± 5.3 nm (Schmitt et al., 1942; 

Gross & Schmitt, 1948). Recently, AFM imaging and two-dimensional fast Fourier 

transform (2D FFT) analysis have been developed to quantify the D-periodicity at the 

microscale and nanoscale levels (Wallace et al., 2010; Erickson et al., 2013). 

Variations of D-periodicity in Type I collagen of tooth, dermis, tendon and bone in 

human, murine and ovine samples have been assessed using these techniques (Wallace 

et al., 2010). The distribution of lengths of collagen D-periodicity has been 

quantitatively characterised (Schmitt et al., 1942; Gross & Schmitt, 1948; Habelitz et 

al., 2002; Wallace et al., 2010; Fang et al., 2012). Other studies have reported the mean 

D-periodicity in normal tissue such as dermis and cornea as 64 nm, and slightly longer

in bone and tendon (67 nm). These values have been derived from X-ray diffraction

(XRD) studies (Bear, 1944; Brodsky et al., 1980), which have become popular for the

study of microfibrillar aggregation within collagen fibrils.

Although techniques based on measuring the D-periodicity of individual fibrils 

continuously reported a distribution of D-periodicity values (Figure 2.6), the 

biological and significance of D-periodicity variation was brought to light when 

significant changes in bone collagen D-periodicity distribution were reported in long-

term oestrogen depletion and Osteogenesis Imperfecta (Wallace et al., 2011). This 

formed the argument that the D-periodicity could be a very good marker of micro-

damage to collagen substrates. The D-periodicity distributions of individual fibrils are 

measured by different instruments (given in Figure 2.6). The significance of this 

literature suggests that there is a very narrow range of D-periodicity that exists across 

the range of specimens and methods
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Figure 2.6. The D-periodicity variations reported in the literature. Abbreviations: XRD: X-ray diffractometry, TEM: transmission electron 

microscopy, AFM: atomic force microscopy, OVX: ovariectomized, WT: wild type, a: Predictable from the distribution histogram from 

Gross and Schmitt (Gross & Schmitt, 1948), HS: Human skin, C: Cornea, T: tendon, VD DZ: Vitrified predentin distal zone, PDD: 

Partially demineralized dentin, RDT: Rat digital tendon, MB, D&T: Mice bone, dentin and tendon, Sh O RB: Sham ovine radius bone, 

OVX O RB: ovariectomized ovine radius bone, Brtl/+ Mi FB: Heterozygous col1a1 allele of mice femur bone, WT Mi FB: Wild Type 

mice femur bone, Sh OD: Sham ovine dermis, OVX OD: ovariectomized ovine dermis, OB: Ovine bone, BAT: Bovine Achilles tendon, 

BB: Bovine bone, B&D: bone and dentine, WT ZF SK: Wild type Zebrafish skeleton,1: ( Gross & Schmitt, 1948); 2, 3: (Marchini et al., 

1986); 4, 5: (Beniash et al., 2000); 6: (Habelitz et al., 2002); 7: (Bozec et al., 2007); 8: (Wallace et al., 2010); 9: (Wallace et al., 2011); 

10, 11: (Wallace et al., 2010), (Wallace et al., 2011); 12: (Wallace et al., 2011); 13,14: (Fang et al., 2012); 15: (Fang et al., 2012); 16: (Su 

et al., 2014); 17: (Sasaki et al., 2002); 18: (Bozec et al., 2005); 19: (Ge et al., 2007). The grey and orange lines represent the maximum 

and minimum values of the D-periodicity variation measured by these studies.
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B. The origin of D-periodicity variability 

The existing literature is focused on normal tissue and reports that the collagen 

sequences (D-periodicity) within and between fibrils are relatively stable. This reflects 

the consistent mechanism of collagen fibril assembly with the majority of D-

periodicity measurements reading between 64 nm and 67 nm. In other contexts, 

observed variability is linked to a response to environmental and/or pathological 

factors. However, the factors that induce variations both within and between fibrils are 

still poorly understood. The following factors that influence the variability of D-

periodicity are reviewed in detail in Appendix 1. 

• Non-mechanical factors 

 Intracellular determinants 

 Environmental determinants 

 Biological determinants 

 Intrafibrillar determinants 

• Mechanical stress determinants 

The underlying mechanisms of collagen load distribution have been extensively 

explored at different multiscale levels (Sasaki & Odajima., 1996; Screen et al., 2004; 

Gupta et al., 2010). The most attention has been paid to the collagen fibril and fibre 

responses to applied forces (Puxkandl et al., 2002). At the tissue level, elongation is 

enhanced by mechanisms at the fibre level, which are similar to mechanisms that exist 

between fibrils and are partly controlled by PGs (Fessel & Snedeker, 2009; Rigozzi et 

al., 2009). 

 

An increase in the D-periodicity seems to be a function of gross strain, as the D-

periodicity values increase with the increased strain at the ultrastructural level in 

murine Achilles tendons (Rigozzi et al., 2011), the medial collateral ligaments (MCL) 

of New Zealand white rabbits ( Kukreti & Belkoff, 2000), bovine Achilles tendons 

(Gutsmann et al., 2004), rat-tail tendons (Puxkandl et al., 2002; Van Der Rijt et al., 

2006), femoral bovine bone (Gupta et al., 2005) and the bovine Achilles tendon 

(Sasaki et al., 1999). 
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 Only a limited number of studies have focused on the behaviour of single collagen 

fibrils in their native bundles under macroscopic mechanical loads. These studies have 

provided evidence that with increased applied load, D-periodicity increases; therefore 

supporting the hypothesis that this involves the stretching of individual collagen fibrils 

(Rigozzi et al., 2011; Connizzo et al., 2014; Connizzo et al., 2015). The increase in the 

D-periodicity is stated to be caused by the stretching of the fibril (Diamant et al., 1972; 

Misof et al., 1997; Fratzl et al., 1998; Birch, 2007) and additional lengthening of fibrils 

is associated with sliding between collagen fibrils or bundles (Puxkandl et al., 2002; 

Silver et al., 2002; Connizzo et al., 2014). 

 

There is a non-consensus between studies that have investigated the variability of D-

periodicity between fibril bundles. For instance, a recent AFM-based study on ovine 

skin, bone and tendon tissues has explored the association between the collagen fibril 

D-periodicity distribution of a single bundle and fibril bundle organisation across 

different bundles (Fang et al., 2012). Within a single collagen fibril bundle (WFB), 

variation between the repeated D-periodicity sequence was very small (±1 nm), 

suggesting uniform axial packing of collagen monomers within a fibril bundle, but the 

between-fibril bundle (BFB) variability (across different bundles and within the same 

biological tissue) was substantially greater (± 1 nm vs ± 10 nm) and gives rise to the 

full-scale distribution. 

 

A nested analysis of variance (ANOVA) study divided the variance constituents at the 

fibril, bundle and animal levels and reported that the variance at the bundle level 

represented 76% of the total variance (Fang et al., 2012). In other words, the variance 

in BFB D-periodicities is large compared to the variance between different animals 

and the WFB D-periodicity variance. However, another recent AFM-based study has 

questioned the findings of Fang et al. (2012) and reported that the D-periodicity values 

of Type I collagen fibrils present only a narrow distribution (67 ± 2.5 nm) (Su et al., 

2014). The WFB D-periodicity values of the collagen fibrils in this study were similar 

and the BFB values were dissimilar (Su et al., 2014). It should be noted that the D-

periodicity of the fibril bundles reported by these studies was in tissues that did not 

experience any mechanical load. 
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D-periodicity variation has not been widely reported in the literature. BFB variance 

may be a marker of normal fibril variation, or possibly the differences in D-periodicity 

are due to the status of the fibrils, indicating fibrilogenesis, disease or pathology. This 

shows the importance of understanding fibril changes in pathology and under 

mechanical loading profiles. The physical and biochemical significance of the 

variance of D-periodicity is yet to be determined. The literature suggests that the WFB 

D-periodicity is highly stable across a wide range of biological tissues  (Shoulders & 

Raines, 2009). 

There is growing evidence that there are a variety of factors that influence the BFB 

and WFB variance of D-periodicity. Nevertheless, the similar BFB D-periodicity 

values that has been observed in skin tissue that has experienced insignificant 

mechanical stress contradicts the possibility that mechanical stress is associated with 

an increase in D-periodicity since the tissues were not experiencing any mechanical 

load (Fang et al., 2012).  

 

However, this does not exclude the possibility that osteoblasts under different 

mechanical stresses may cause variations in D-periodicity. Consistent with this, a 

study using XRD has reported that a 20 MPa stress applied to tendons has been 

associated with a 3% D-periodicity change (nearly 2 nm) (Brodsky et al., 1980), while 

another study using scattering X-ray spectroscopy has reported that a macroscopic 

tendon strain of 3% was associated with a 1 nm change in D-periodicity (Sasaki et al., 

1999). Furthermore, another study using TEM reported an average 4% increase in D-

periodicity with a gross ligament strain of 8% ( Kukreti & Belkoff, 2000). Each of 

these studies has provided vital but partial insight into tendon nanomechanics, yet, 

none of the methods used in these studies could characterise the heterogeneity in load 

distribution of fibrils. Moreover, these studies have only shown the changes to D-

periodicity following a single strain level and therefore there is limited current 

knowledge of the impact of cyclic loading at different strain levels on the D-periodicity 

of fibrils and bundles. 

 

From these studies, the magnitude of D-periodicity change as a function of tendon 

strain is not broad enough to explain the D-periodicity distribution seen across 

different tissues (Wallace et al., 2010; Fang et al., 2012; Erickson et al., 2013). 
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Therefore, mechanical strain is still considered at least one of the factors causing the 

10 nm variation in D-periodicity. However, the WFB and BFB variability in the same 

structure that has experienced mechanical load has not yet been investigated. 

 

These studies on the D-periodicity distribution at the fibril and bundle levels do not 

show any systematic trends that may explain the deviation in variability across 

different biological tissues. Therefore, the factors that induce variations both within 

and between fibrils are still poorly understood. This opens a potential area of future 

research to investigate the relationship between D-periodicity distribution and early 

nanomechanical changes due to different pathologies and loadings in tendons. 

 

To the best of the author’s knowledge, no study has investigated the WFB and BFB 

D-periodicity distribution of tissues that are exposed to a repeated cyclic loadings of 

different strains. Conducting such studies could assist in determining if the WFB and 

BFB variability in D-periodicity is a likely marker of disease or pathology. Such 

studies are crucial for our understanding of the possible mechanisms and factors 

affecting fibril D-periodicity distribution and may lead to vital constructional 

information in various research areas such as collagen fibrogenesis, related diseases 

and collagen molecular models. 

 

2.4 Macromechanical Characterisation Conducted by a Range of 

Experimental Techniques 

In the previous section, a general overview of the literature was provided on the nano-

hierarchical scale and described the fibril strain facilitated by the molecular elongation 

and sliding mechanisms. As stated previously, relative changes in fibril elongation, 

expressed as changes in the D-periodicity values represents less than half of the full 

macroscopic elongation recorded from the tendon fibres (Diamant et al., 1972; Fratzl 

et al., 1998; Birch, 2007). 

 

Therefore, other mechanisms at different hierarchical scales contribute to the total 

tendon elongation (Diamant et al., 1972; Fratzl et al., 1998; Birch, 2007). There is no 

consensus in the literature about the continuity of collagen fibrils along the full length 
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of the tendon and the assessment of fibril and fibre length remains questionable. An 

EM-based study speculated that inter-fibrillar linkages are unimportant, arguing that 

fibrils are continuous and extend the whole length of the tendon as very few fibril ends 

were seen in the EM images. Therefore, fibrils were thought to directly transfer the 

applied load (Provenzano & Vanderby, 2006). Other studies have indicated the 

discontinuity of fibrils and fibres (Craig et al., 1989; Raspanti et al., 2008), stating that 

the additional tendon elongation exists only between the fibrils themselves, and 

suggesting that there are discontinuous units of molecules, fibrils and fibres (Craig et 

al., 1989; Raspanti et al., 2008) as proposed from nanomechanical studies (Knorzer et 

al., 1986). Therefore, these hierarchical units are considered to mechanically combine 

to transfer load when the tendon is under an applied load (Mosler et al., 1985; Fratzl 

et al., 1998). 

 

The various contradicting reports in the literature suggest that the mechanical 

behaviour of the tendon is not able to be solely explained by the structure and 

composition. This indicates that possibly there are other mechanisms of load 

transmission such as: 

• tenocyte morphology (Matyas et al., 1994; Screen et al., 2003) 

• collagen crosslinks (Gautieri et al., 2011) 

• fibre realignment (Masic et al., 2011) 

• fibre crimping (Hurschler et al., 2003; Franchi et al., 2008) and uncrimping 

(Rigby et al., 1959; Viidik, 1969; Hansen et al., 2002; Miller et al., 2012) 

• fibril elongation and sliding (Silver et al., 2002; Connizzo et al., 2014) 

• stress transfer through the non-collagenous matrix (e.g. PGs) (Merrilees & 

Flint, 1980; Puxkandl et al., 2002; Smith et al., 2002; Scott, 2003; Robinson et 

al., 2005; Raspanti et al., 2008) 

 

2.4.1 Tenocyte morphology 

Confocal microscopy (CM) has provided the ability to monitor mechanical 

characteristics in viable unprocessed tendons (Wright et al., 1993). Various studies 
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have focused specifically on the cell shape deformation when tissue is under load and 

have suffered difficulties in quantifying these deformations especially in explants, due 

to challenges in imaging dense tissues such as tendons. 

 

Fung et al. (2010) (using multiphoton microscopy) and Shepherd & Screen (2013) 

(using CM) have reported that when tendons are loaded to a low-level fatigue, they 

have shown isolated kinked deformations in the fibres and a disturbed tenocyte 

arrangement and organization (Fung et al., 2010; Shepherd & Screen, 2013), 

suggesting that the mechano-perception of tenocytes is influenced by fibre crimp or 

kink (Szczesny et al., 2018). This suggestion seems to refute the findings by 

Lavagnino et al. (2018) and (Mehdizadeh et al., 2017) who found that waviness in 

tendons is a response of cellular tension and is governed, in part, by mechanisms of 

cell contraction. Although these experimental studies have provided insight into the 

structural changes of tendons during mechanical intervention, it is important to 

determine which structural changes at the macroscopic level are occurring first and 

how they are regulated and provoked. Therefore, a broader range of macro and 

nanostructural measures need to be incorporated in an animal model to assess different 

tissue responses across different hierarchies within the intact bulk of the same tendon 

under the same boundary conditions. 

 

Microscopic studies using CM on ligament tissues have demonstrated nucleus and cell 

deformations when tissues are subjected to strain (Matyas et al., 1994; Tallon et al., 

2001; Sharma & Maffulli, 2005; Scott et al., 2007; Hamilton et al., 2008; Magra & 

Maffulli, 2008; Riley, 2008; Shepherd et al., 2013). It has been reported that for equine 

tendon fibres subjected to cyclic loading in vitro, changes in cell morphology from 

spindle to round shapes were accompanied by matrix damage (Thorpe et al., 2015). 

These alterations were more distinct in regions where damage to the fibres was 

obvious (Ros et al., 2019). This is consistent with previous studies, which have 

observed round tenocytes in overloaded and tendinopathic tendons (Scott et al., 2007; 

Riley, 2008). It is likely that cyclic loading causes focal damage, changes the cell strain 

environment and disturbs cell-matrix interactions, which may change tenocyte 

morphology to the round shape. In contrast, Maytas et al. (1994), Arnoczky et al. 

(2002) and Screen et al. (2003) found a limited correlation between strain and the 

nucleus deformation of tenocytes, in which the nuclei became thinner and longer in 
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the viable tendon fascicles (Arnoczky et al.,2002; Matyas et al., 1994; Screen et al., 

2003) . 

 

Since tenocytes are organised in long rows between fibres (Figure 2.7), the load 

environment of these cells can be significantly affected by the inter-fibre mechanics, 

with changes impacting the ability of resident tenocytes to interact with, and respond 

to their native tissue environment via mechano-transduction pathways (Screen et al., 

2003), therefore impacting the ability of these tenocytes to trigger reactive 

tendinopathy (Cook & Purdam, 2009) and tissue remodelling activities (Riley, 2008; 

Spiesz et al., 2015). 

 

Although tenocytes are known for their sensitivity to the surrounding mechanical 

environment (Lavagnino et al., 2015; Wang et al., 2018), it is still unclear what 

governing mechanisms mediate change within the cell and subsequently the cell 

environment, including cell-matrix interactions. The cascade of events that triggers 

structural changes in tenocyte morphology from spindle to round shape as a response 

to cyclic loading warrants further investigation. Moreover, future studies are required 

to investigate the tenocyte morphological response to micro-damage and to determine 

if the morphology itself mediates the regulative pathways for mechano-transduction 

of tenocytes. 

 

 

 
 

Figure 2.7.Two CA images depicting the morphology and distribution of tenocytes 

between collagen fibres. Acridine orange was used to stain the nuclei of the tenocytes. 
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2.4.2 Collagen fibre anisotropy 

Collagen fibres are directionally dependent and show anisotropy, which means there 

is homogeneity of the fibres in all directions. The nonlinear biomechanical behaviour 

of tendons demonstrated by a typical SR curve starts with a non-linear toe region and 

then a subsequent linear region (Connizzo et al., 2013). The non-linearity, particularly 

the low-stiffness toe region, is suggested to result from a set of rearrangements of 

dynamic macrostructural tendon responses (Woo, 2000; Rigozzi et al., 2011; Miller et 

al., 2012; Connizzo et al., 2013; Thorpe et al., 2013; Connizzo et al., 2014). 

 

In particular, the nonlinearity of the toe region of the SR curve is thought to occur due 

to collagen uncrimping and realignment and the reorientation of fibres to the load axis 

(Diamant et al., 1972; Atkinson et al., 1999; Lake et al., 2009; Wallace et al., 2010; 

Miller et al., 2012). This reduces the variation of fibre angulation when the tendon is 

subjected to load. This observation is supported by the decline in crimp waveform 

crimp amplitude and frequency reported in loaded Achilles tendons of rats (Franchi et 

al., 2007). 

 

The collagen fibre, the primary structural constituent that confers mechanical strength 

under load, exhibits anisotropic behaviour (Voleti et al., 2012). Excessive loading 

disrupts collagen fibres and their anisotropy, which can affect the biomechanical 

behaviour of the whole tendon adversely (Wren et al., 2003; Screen et al., 2004; 

Williams et al., 2008; Lake et al., 2009; Wallace et al., 2010; Sereysky et al., 2012; 

Szczesny & Elliott, 2014). A nanoindentation-based study on fibrils from rat-tail 

tendons demonstrated fibril and microfibril anisotropy. Wenger et al (2007) reported 

a decreased stiffness (Young’s modulus) within the range of 5–11.5 GPa of the 

indented fibrils and observed that the fibrils comprise microfibrils that are arranged 

axially to the fibril. Also, the indentation on the fibril surface produced small marks 

which indicated the anisotropy of the collagen fibril (Wenger et al., 2007). 

 

Although direction-dependent experimental studies are essential to investigate the 

anisotropic characteristics of collagen fibres (Sacks, 2000; Holzapfel & Ogden, 2009) 

there are several studies that report long-term changes of tendon anisotropy (Screen et 

al., 2004; Williams et al., 2008; Wallace et al., 2010; Szczesny & Elliot, 2014). Novel 
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experimental systems were designed to allow for real-time measurement of tendons, 

to determine the level of fibre anisotropy when tendons were subjected to mechanical 

loading (Screen et al., 2004; Wallace et al., 2010; Miller et al., 2012). These 

approaches have shown different realignments when measured at different locations 

throughout mechanical testing, suggesting that these differences are location 

dependent. 

 

Realignment is considered as one suggested mechanism of preconditioning of collagen 

fibres (Miller et al., 2012). When a tendon is subjected to load, collagen fibres change 

their anisotropy axially to the loading direction and reduce the fibre angles (Figure. 

2.8). Miller and co-workers have used a cross-polariser technique and measured the 

fibre architecture in small sections of the human supraspinatus tendon to determine 

the role of preconditioning in explaining the realignment of the mid-substance portion 

of the fibres. This device comprised a mechanical loading system (Instron, Norwood, 

MA) combined with a polarised light imaging setup that simultaneously obtained a 

series of images. They demonstrated that most of the collagen realignment was caused 

by preconditioning and a lesser quantity of collagen realignment was depicted in the 

toe and linear regions (Miller et al., 2012). This may explain the increased strength of 

tissues visualised in preconditioned tendons that are highly aligned, indicating a tissue 

structural response to loading occurring after applying a small load (stress or strain). 

 

The fibre alignment and mechanical characteristics have been shown to have 

significant correlations in the supraspinatus tendon (Lake et al., 2009). It has been 

suggested that the greater stiffness and alignment of disorganised fibres at the 

supraspinatus insertion may be elucidated by an in-vivo complex multiaxial loading 

environment of the supraspinatus muscle morphology (Lake et al., 2009). 

Furthermore, it was suggested that strain no longer increases at the fibre level after the 

fibres have realigned in the direction of loading within the excised fascicle (Screen et 

al., 2004). 

 

However, a recent in-vivo work using the Instron by Fung et al. (2010) on rat patellar 

tendons that were fatigued to three different damage levels, found less fibre alignment 

and organization (or anisotropy) in tendons with each increased level of fatigue (Fung 

et al., 2010). Fibre organization was found to be poor (more anisotropy) in tendons 
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loaded to a high damage level showing a statistically significant correlation within the 

high-damage group (Fung et al., 2010). 

 

The normalisation of fibre anisotropy is expected with preconditioning; however, it is 

unclear whether the anisotropy changes under sustained repeated cycling when there 

is a specific level of mechanical damage. To date, few studies have repeated the 

multiple fatigue levels as reported by Fung et al. (2010). Moreover, these studies 

examined fibre organisation and alignment (anisotropy) under sustained load (stress) 

while reporting increased elongation or strain. Additionally, collagen fibre 

realignment during a tensile ramp-to-failure or SR of preconditioned tendons has not 

yet been examined. Therefore, future research may be able to contribute to the 

understanding of the poor fibre alignment and organisation (anisotropy) in tendons 

that have experienced different fatigue-damage levels, if the developed fatigue loading 

models control strain and examine load. 
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Figure 2.8. A stress-strain curve of a tendon demonstrating an extended low-stiffness area in the toe that transitions to high stiffness in the 

linear region. (A) and (B) represent two response mechanisms to load (the straightening of the crimps and realignment of collagen fibres) 

within the toe region, demonstrated by a declined variation of fibre angle distribution from the toe to linear region. Modified and adapted 

from Connizzo et al. (2013)
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2.4.3 Collagen fibre waviness 

 

Waviness is a periodic formation of buckled collagen on both the fibril and fibre level 

and is concomitant with the mechanical behaviour of collagen (Järvinen et al., 1997; 

Waterston et al., 1997; Woo et al., 2000; Hamilton et al., 2008; Mehdizadeh et al., 

2017). It is a marker of lateral tension or tertiary structure loss (Sivaguru et al., 2014). 

Previous reports have suggested that the mechanism of fibre kink formation (Fung et 

al., 2009; Andarawis-Puri et al., 2011) was the heterogeneous elongation of a small 

group of fibres into the range of plastic deformity (Pingel et al., 2014). Upon 

unloading, they are then compressed and kinked due to the shortening of parallel 

elongated elastic fibres (Herod et al., 2018). The formation of such micro-damage may 

allow a further elongation with consequent load. 

 

During a mechanical loading profile, the non-linear toe region shows a non-uniform 

straightening of collagen crimp fibres along the lengthwise axis of the tendon 

(Abrahams, 1967; Diamant et al., 1972; Cribb et al., 1995; Atkinson et al., 1999; 

Hansen et al., 2002; Screen et al., 2004; Franchi et al., 2007) and this is a proposed 

mechanism of tendon response to mechanical load (Diamant et al., 1972). 

 

Histologically, the fibre crimp waveform shows birefringence, patterns of bright and 

dark bands under polarised light (Rigby et al., 1959; Rigby, 1964; Viidik, 1969; Miller 

et al., 2012). While this birefringence of light and dark patterns has been extensively 

explored at the fibre, fascicle and gross tissue levels (Screen et al., 2004; Franchi et 

al., 2007; Franchi et al., 2008; Franchi et al., 2010), limited studies have investigated 

crimp at the nano-hierarchical level (Raspanti et al., 2005). 

 

Uncrimping of collagen fibres occurs during an increase of strain between 1% and 5% 

(Rigby et al., 1959; Rigby, 1964; Viidik, 1969; Miller et al., 2012). This reflects a very 

wide range of strain, and uncrimping is not well controlled by standardised 

preconditioning. Screen et al. (2004) demonstrated that rat-tail tendon fascicles show 

collagen fibres straightened at between 1% and 2% strain. At these strain levels, it was 

reported that all fascicles had uncrimped and realigned to the axis of load by the end 

of the toe-region (Screen et al., 2004). While results from rat-tail tendon fascicle 
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studies find no evidence of fibre realignment or uncrimping following the toe-region, 

tendon level studies in rotator cuff tendons have demonstrated that fibre alignment 

continues throughout the tendon’s fibre bundles until tissue failure (Thomas et al., 

2012). This may be associated with the sequential loading and rupture of fibrils that 

support internal axial loading and by the nature of the supraspinatus tendon, which 

means that the loading axis changes during the sequential loading. 

 

Structural change seems to start first at the tendon gross level, then transfers through 

the multi-scale hierarchies from the fascicle level, down to fibre, fibril and finally to 

the molecular hierarchical level. For instance, an elegant analysis of fibril crimps using 

SEM and TEM has provided images of crimp that were visualised as knots within the 

fibre bundles, as irregular collagen fragments, which were seen to be bent, squeezed 

or twisted, and corresponded to the crimps seen at the fibre scale (Franchi et al., 2007). 

These findings are also supported by Raspanti et al (2005) who observed the crimps 

at the top of the collagen fibrils to be bent with different sharp angles, while their D-

periodicities were not distinguished (Raspanti et al., 2005). Furthermore, the 

molecular crimps did not disappear although the crimps in the fibre bundles 

disappeared (Franchi et al., 2007). Interestingly, after the crimps on the fascicle or 

multi-fascicle level were straightened, the crimps in the fibre level could still be seen 

(Franchi et al., 2007). 

 

The observations of these studies are supported by a study that reported a 5% gap in 

the fibril strain level compared to the applied tendon strain (Rigozzi et al., 2011). The 

collagen fibrils may not bear load until the hierarchical structure of fascicle and fibre 

have reorganised in response to load. In other words, fibrils may not be strained until 

fibre crimp disappears or is straightened at the fibre hierarchical level and the fibres 

are aligned to the loading axis. This is supported by Puxkandl et al. (2002) who 

suggested that beyond 5% strain, the elongation of D-periodicity is suggested to 

account for nearly half of the measured elongation in fibre (Puxkandl et al., 2002). 

 

Furthermore, the fibrils are believed to bear increased load as straightening and 

elimination of the microscopic kinks located in the gap region of the molecular 

quarter-staggered array of collagen occurs and a lateral molecular increased order then 

exists within these fibrils (Misof et al., 1997). 



84 
 

 

Fibril kinks with disruptions are seen as localised points scattered at kinked regions 

(Herod & Veres, 2018), mostly having discrete plasticity patterns caused by molecular 

denaturation seen all over the fibril length, representing a generalised mode of fibril 

damage (Veres & Lee, 2012; Veres et al., 2013; Veres et al., 2014). This mode of 

damage is characterised by an increased serial density of kinks seen as severe kink 

patterns on locally damaged fibrils, with disruption of the collagen repeated within the 

D-periodic sequence that became undistinguished (Veres & Lee, 2012; Veres et al., 

2013; Veres et al., 2014), likely corresponding to a loss of load-bearing capacity 

among various portions of fibril bundles (Ros et al., 2019), with the load bearing to be 

redistributed to other intact fibre portions in the tendon. 

 

It is possible that each level of hierarchy has a specific mechanism to handle 

mechanical load and that such mechanisms may rely on the type of strain or load 

experienced at each scale. For example, uncrimping and realignment are characterised 

as potential mechanisms at the fascicle hierarchical level (Miller et al., 2012) while 

fibre sliding may be the predominant mechanism at the fibre hierarchical level (Screen 

et al., 2004). 

 

Although fibre crimp has been widely investigated at unknown load conditions or 

when tendons are slack (Hurschler et al., 2003; Franchi et al., 2007; Franchi et al., 

2008; Franchi et al., 2010), limited studies have been able to evaluate crimp 

morphology during mechanical load (Lujan et al., 2009; Miller et al., 2012). Overall, 

these studies have characterised collagen fibre crimp when subjected to load, but have 

not yet quantified the crimp behaviour in particular throughout a cyclic loading testing 

protocol. Only two reports have shown correlations between fatigue loading and fibre 

crimps in tendons (Freedman et al., 2014; Freedman et al., 2015). Therefore, further 

studies are required on the morphological features of tendon crimps and their 

quantitative and qualitative alterations during repeated cyclic loading. 

 

It is important to determine if structural changes at the fibril level affect macroscopic 

mechanical characteristics or vice versa. In particular, the characteristics of collagen 

fascicles with fibril-level structural changes must be quantified in an intact tendon, in 

addition to examining strain at the fibril scale. Such studies have not been widely 
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reported. No previous study has investigated the crimp integrity at the nano and 

macroscales as a response to mechanical load. It is unclear what happens to crimp 

morphology with repeated cyclic loading at the macroscopic scale and if this correlates 

with changes over time at the nanoscale level. Further studies are required to 

investigate the ability of the fibre and fibril crimp to serve as a structural metric of 

fatigue-induced multiscale structural changes. 

 

Most imaging technique capabilities are limited to within a specific hierarchical level 

and are not applicable to assessing other hierarchies for the same intact bulk of the 

tendon tissues. For instance, the second-harmonic generation (SHG) image analysis is 

limited to approximately 30 µm depth. However, confocal arthroscopy (CA) has an 

imaging depth of up to 250 µm. Also, many other imaging techniques used may be 

expensive, time-consuming, or damaging to the tissue sample (Fung et al., 2010; 

Thorpe et al., 2014) and so unsuitable to investigate the hierarchical changes of 

tendons subjected to mechanical load. Increased sample thickness and complexity as 

found in whole or bulk tendons may reduce the imaging quality of tissue (and cells) 

and may cause variability between tissue samples (Bojsen-Møller & Magnusson, 

2019). Therefore, an innovative and non-invasive multiscale approach (e.g., usage of 

CA and AFM) is required to allow the same bulk tissue and load-dependent multiscale 

characteristics to be investigated in tissue that has undergone repeated cyclic loading, 

without destructively altering the tendon. 

 

2.4.4 Knockdown and knockout models 

While it is well established that collagen fibres are the primary load-bearing structures 

that drive macroscopic mechanical behaviour characteristics, there is a lack of 

understanding of the contribution of the nano and microstructure of the tendon to the 

macroscopic mechanical behaviour and response to load. One method used to study 

the mechanisms of this contribution is to alter the ECM to regulate the effects of these 

mechanisms on the multiscale mechanics of the tissue. Use of genetic knockdown and 

knockout experimental animals has provided the ability to examine separately the 

effects of various ECM proteins on tissue mechanics at different scales. 

 



86 
 

Knockdown and knockout studies offer vital mechanisms for assessing the role of key 

PGs in the function and development of the structural constituents of tendons. 

Knockout experiments on small leucine-rich proteoglycans (SLRPs) or Type V 

collagen have demonstrated early embryonic death and irregular fibril formation 

(Reed & Iozzo, 2002; Zhang et al., 2006) showing the vital roles PGs play in 

organising the formation of collagen fibrils. Moreover, changes in PG binding and 

crosslinks can also cause changeable packing fractions leading to D-periodicity 

variation (Fang & Holl, 2013). 

 

Nevertheless, knockdown models do have limitations that should be taken into 

account. The complete effects of gene knockdowns are unidentified, and the mutation 

may affect other characteristics of the tissue beyond the protein under investigation. 

For instance, in a study on ageing male and female mice, Kilts et al. reported that loss 

of fibromodulin, biglycan, or both led to ectopic ossification in tendons (Kilts et al., 

2009). 

 

Although knockdown mice have shown the ability to compensate for the knockdown 

and the interaction between PGs (Hjelle et al., 2002), it has been reported that the lack 

of specific genes that cause a lower PG concentration do not confirm compensation to 

reinstate the same function in the body (Robinson et al., 2005; Wang, 2006). A study 

by Raspanti et al. (2008), has shown that it is very difficult to remove or isolate one 

part of the data involved in the various interactions between different fibrils and 

glycosaminoglycans (GAGs) (Raspanti et al., 2008). Consequently, there is 

uncertainty in the findings of these studies. 

 

 

2.4.5 The removal of non-collagenous components – PGs and GAGs 

The study of the effects of structural components on mechanical characteristics in 

tendons can also be carried out by enzymatic digestion through manipulating the non-

collagenous components in the ECM (for example, GAG removal). This can provide 

the ability to examine the effects of various ECM proteins separately. 
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At the nanoscale level, the elongation of the tendon is triggered by the mechanisms of 

collagen fibril sliding and fibril elongation that exist concurrently in a balance-critical 

manner. These mechanisms at the nanoscale level trigger the elongation of the fibres 

and fascicles at the micro and macroscale level. 

 

PGs are well-known to govern this balance (Henninger et al., 2009; Rigozzi et al., 

2010) and the small leucine PG decorin is also known for its role in transferring the 

load between the fibrils through their GAG sidechains (Minns et al., 1973; Ruggeri et 

al., 1984; Cribb et al., 1995; Sasaki & Odajima, 1996; Fratzl et al., 1998; Redaelli et 

al., 2003; Screen et al., 2005; Liao & Vesely, 2007; Legerlotz et al., 2013). Therefore, 

it appears that collagen load-bearing is the ultimate factor regulating the mechanical 

properties in the tendon (Copeland et al., 1993; Soslowsky et al., 2000; Rigozzi et al., 

2010). 

 

The composition and organisation of the PG-rich matrix is suggested to affect the 

sliding of the collagen fibrils ( Merrilees & Flint, 1980) and is directly associated with 

the viscoelastic behaviour of the tendon (Paavola et al., 2002). Previous reports have 

shown that small sized Proteoglycans rich in leucine (SLRPs) such as decorin, 

biglycan, fibromodulin, and lumican are important for the function of a tendon (Iozzo, 

1998; Derwin et al., 2001; Yoon & Halper, 2005) and play a role in controlling 

fibrillogenesis (Vogel et al., 1984; Koob & Vogel, 1987; Scott, 1995; Scott et al., 

1997; Ezura et al., 2000; Corsi et al., 2002; Wenstrup et al., 2004; Raspanti et al., 

2007; Kadler et al., 2008; Shi et al., 2010; Orgel et al., 2011; Wenstrup et al., 2011) 

 

Decorin is linked to a molecule’s D-periodicity by its protein core and exists between 

collagen fibrils as seen by EM (Scott, 1980, 1988). Decorin comprises a single GAG 

chain, that is mainly dermatan sulfate (DS) in tendons (Minns et al., 1973; Ruggeri et 

al., 1984; Koob & Vogel, 1987; Cribb et al., 1995; Sasaki et al., 1996; Fratzl et al., 

1998; Redaelli et al., 2003; Screen et al., 2005; Liao & Vesely, 2007; Legerlotz et al., 

2013) and is also attached covalently to the core protein as the exclusive sulfated GAG 

chain of the interfibrillar PG. 

 

The GAG is aligned orthogonally to the fibril’s lengthwise axis (Weber et al., 1996). 

PGs and their GAG chains contribute to the structural integrity of fibrils and fibres by 
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forming interfibrillar linkages (Minns et al., 1973; Ruggeri et al., 1984; Cribb et al., 

1995; Sasaki & Odajima, 1996; Fratzl et al., 1998; Redaelli et al., 2003; Screen et al., 

2005; Liao & Vesely, 2007; Legerlotz et al., 2013). Naturally, they are highly 

hydrophilic, therefore retaining water within the tendon’s tissue (~70% water), and 

assisting in the elongation of the fibril as well as contributing to the sliding mechanism 

for macroscale elongation (Koob, 1989; Paavola et al., 2002; Screen et al., 2006). 

Therefore, GAGs are considered a key factor for regulating the viscoelastic 

characteristics of tendons and ligaments (Minns et al., 1973; Ruggeri et al., 1984; 

Cribb et al., 1995; Sasaki & Odajima, 1996; Fratzl et al., 1998; Puxkandl et al., 2002; 

Raspanti et al., 2002; Redaelli et al., 2003; Scott, 2003; Screen et al., 2005; Vesentini 

et al., 2005; Liao & Vesely, 2007; Fratzl, 2008; Rigozzi et al., 2009; Svensson et al., 

2011; Shepherd et al., 2013). 

 

Despite the many studies supporting the role of PGs and their GAGs in assisting the 

elongation of the fibril as well as contributing to the sliding mechanism at macroscale 

elongation, there a growing lack of consensus on this role. It was proposed more 

recently that decorin does not facilitate the mechanical characteristics of tendons via 

load transfer, debating the notion that decorin PGs may promote the elastic behaviour 

of collagen (Lujan et al., 2007; Fessel & Snedeker, 2009; Franchi et al., 2010; Lewis 

et al., 2010; Svensson et al., 2011). The main source of inconsistency between those 

reports rejecting the role of PGs and their GAGs and those reports supporting this role, 

is the hierarchical level of the experiments conducted, the heterogeneity of the 

mechanical response at different hierarchies (tendon vs fascicle), and the heterogeneity 

of the mechanical testing machines, experimental setups and the treated samples. 

 

For example, Rigozzi et al. (2009) (who support the role of PGs and have used whole 

tendon tissue) report a lower stiffness, whereas studies by Svensson et al. (2012) and 

Screen et al. (2005) (who reject the role and have used fascicles in their GAG assays), 

have reported higher stiffness. The studies by Svensson et al. (2012) used fascicles 

from human patellar tendon, and experiments were carried out in phosphate-buffered 

saline (PBS) solution at 37°C by a mechanical micro-tensile tester while the studies 

by Screen et al. (2005) on rat tail fascicles were carried out at room temperature and 

sprayed lightly with PBS using a custom-designed rig. However, in the study by 

Rigozzi et al. (2009) whole Achilles tendons tested using universal testing machines 
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were moistened with PBS throughout the entire experiment. The findings reported by 

Rigozzi et al. (2009) indicate 50% total removal of GAG from whole Achilles tendons 

with a significant loss (46%) in stiffness. Whereas, Svensson et al. (2012) and Screen 

et al. (2005) report about 90% removal of GAG from the tested fascicles and show a 

nonsignificant loss in fascicle stiffness. The GAG content of the tendons in the 

mentioned studies was measured by a spectrophotometric GAG assay (Farndale et al., 

1986). These are conflicting findings and thus warrant further investigation. 

 

The absolute assessment of the change in mechanical behaviour of the tested tissue 

upon GAG removal from a whole tendon or a small tendon specimen appears to be 

muddied by the incomplete removal of GAGs from their tissues (from 50% to 90% in 

the aforementioned studies). Consequently, an argument could be made that depleted 

tissue samples with higher percentages of remaining GAG would be sufficient to 

sustain the tissue mechanics to a larger degree. 

 

However, the inconsistencies in the mechanical outcomes between Rigozzi et al. 

(2009), which used the whole tendon and those studies that used fascicles in their GAG 

assays are perhaps due to the heterogeneity of the mechanical response at different 

hierarchies (tendon vs fascicle). This is supported by a previous study that reported 

that tensile stiffness of a whole tendon is less than that of smaller specimens of a 

tendon (Butler et al., 1987). The increased fascicle stiffness could also be attributed to 

the decreased amount of areolar connective tissue in smaller tendon specimens 

(Danylchuk et al., 1978; Yahia & Drouin, 1988). The relative contributions of 

connective sheaths and collagen fasciculi should be considered for an accurate 

definition of tensile stiffness (Danylchuk et al., 1978). 

 

Further conflicting literature exists with the assessment of SR and the interaction of 

multiscale assessments. Similar to the finding by Regozzi et al. (2009), a study by 

Legerlotz et al. (2013) reports a significant increase in SR of fascicles that had 77% 

of their GAG removed, contradicting the findings by Svensson et al. (2012). Taking 

together those similar and dissimilar findings from the above-cited studies, the 

depleted whole tendons and the depleted small tendon specimens have demonstrated 

marked differences in stiffness and SR between control and depleted groups. 
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Consequently, it seems that the understanding of the role of hierarchical heterogeneity 

on the mechanical response of the tested tissue has been weak. 

 

Other studies have reported that decorin may contribute to tissue hydration (Koob, 

1989; Paavola et al., 2002). For instance, increased stiffness has been visualized in 

fascicles after the removal of GAG from rat-tail tendons (Screen et al., 2006), 

indicating that GAG may have a lubricating effect. The buffer used likely has reduced 

the swelling of the fascicles, leading to an increase in stiffness to the level seen under 

ambient conditions. This may possibly explain why the effect of buffer on stiffness 

was not visualised in other studies in which the swelling effect by the buffer was 

controlled by polyethylene glycol ( Fessel & Snedeker, 2009). Reconciling the results 

found in another study where swelling was not successfully controlled or fixed (Lujan 

et al., 2009) with these controlled studies is difficult. The buffer choice likely indicates 

that it does not affect the mechanical response. Therefore, it is important to determine 

the role of the PG-rich matrix across multiple hierarchical levels (fascicle, fibre and 

fibril levels) in facilitating the sliding of the collagen by quantifying structural changes 

through combining non-destructive multiscale advanced techniques with mechanical 

characteristics (Screen et al., 2003, 2004; Rigozzi et al., 2011; Miller et al., 2012). 

 

Although the literature includes numerous studies that examine a single scale within 

the well-known hierarchical tendon morphology, only limited studies have 

investigated the role of the PG-rich matrix in the interfibrillar linkages at both macro 

and nano levels (Screen et al., 2005; Franchi et al., 2010). These studies combine 

tendon mechanics with macroscale images using CM and SEM and nanoscale images 

using TEM (Screen et al., 2005; Franchi et al., 2010). It is noted that there is not a 

consensus on the role of PGs and their GAGs between these two studies (Screen et al., 

2005; Franchi et al., 2010). Additionally to findings by Franchi et al. (2010) that refute 

the facilitation role of PGs and their GAGs, they also report that TEM and SEM 

images demonstrate that PGs and their GAGs do not influence fibre and fibrillar crimp 

morphology, and possibly do not play a key role (such as collagen fibre and fibril 

recoiling and shock absorption) in the function of fibrillar crimp (Franchi et al., 2010). 

These inconsistent data on the role of PGs and their GAGs in facilitating viscoelastic 

tensile behaviour merits further investigation of the role of GAG and its relationship 

with the 3D microstructural integrity of tendon fibrillar and fibre crimps. 
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Since the elongation mechanisms of strain and the sliding of the collagen triple helices 

do not occur concurrently (Folkhard et al., 1987), it seems that the nanostructural 

response to load is a sequential process including uncrimping within the toe region of 

the stress-strain curve then elongation (observed as an increase in fibrillar D- 

periodicities) then sliding of fibrils. For instance, in both controls and GAG-depleted 

tendons, no D-periodicity elongation was detected until 5% strain was applied 

(Rigozzi et al., 2013), which corresponded to the loss of collagen fibre crimping at the 

macroscale (Misof et al., 1997). Nevertheless, at 15% applied strain, higher levels of 

fibril strain (measured as increased D-periodicities) in the GAG-depleted tendons were 

observed compared to control groups. 

 

To date, there is still a poor understanding of the role of PGs and their GAGs in the 

distribution of collagen fibril D-periodicity within and between collagen fibril 

bundles. The association between the PG network and D-periodicity within and 

between collagen fibril bundles of tissues induced with a cyclic mechanical loading 

protocol warrants further investigation. This could be performed by conducting a 

quantitative nanoscale investigation of collagen fibril load-sharing as a function of 

fibril elongation. In particular, the mechanical and structural characteristics of the 

GAG-depleted tendon with fibril-level structural elongations (measured by changes in 

D-periodicity) must be quantified from the same tendon tissue bulk sample that is 

subjected to a mechanical cyclic loading protocol. 

 

Furthermore, for a better understanding of the structure-function relationship at 

different hierarchies, more dynamic measures from the nano and macroscales must be 

incorporated in a cyclic loading protocol to investigate the structural responses of these 

hierarchies to mechanical load. 
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2.5  Scale-Dependent Mechanical Characteristics of Collagen 

Type I 

Although the mechanical characteristics of whole tissues have been well investigated, 

the link from the mechanical characteristics of collagen at a specific hierarchical level 

to the characteristics of whole tissue is not well established. The stress-strain curve 

proposed by Sasaki and Odjimma (Sasaki & Odajima, 1996) demonstrates the 

relationship of whole tissue with the collagen fibril and the tropocollagen (Tc) 

molecule. The curve is obtained from simultaneous mechanical testing and X-ray 

diffractometry experiments to measure the mechanical response of Tc molecules and 

collagen fibrils in bovine Achilles tendons from the initial loading until the whole 

tendon reached a strain equal to 6% (Sasaki & Odajima, 1996). The strain for the Tc 

molecule was calculated by measuring the strain corresponding to changes in the range 

of distance between neighbouring amino acids. The strain of the collagen fibril was 

calculated by measuring the changes in the D-periodicity. The strain of the tendon was 

determined by tensile loading test. 

 

The toe to heel region of the curve reflects the continuous straightening of the 

microscopic crimps. These crimps are considered to absorb any excessive load to 

prevent damage to the collagen fibre bundle. With increased load, the crimps are 

straightened, elongation continues elastically, and this seems to exist at a strain of 2%. 

At any given strain level up to 6%, the stiffness of the structural unit becomes larger 

as the hierarchical level lowers (the Tc molecule exhibited the largest stiffness and the 

stiffness of collagen fibril falls in between the stiffness of the Tc molecule and the 

whole tendon). With regards to strain for a particular stress, the strain value increases 

with a higher hierarchical level. Therefore, this suggests that the Tc molecule exhibited 

the lowest elongation compared to the collagen fibril and whole tendon. It is noted that 

the elongation of the collagen fibril under load falls somewhere between that of the 

whole tissue and the Tc molecule. 

 

Findings derived from small-strain mechanisms employing different techniques such 

as AFM (Aladin et al., 2010) X-ray diffraction (Sasaki & Odajima, 1996) and the use 

of micro-electro-mechanical systems (MEMS) (Eppell et al., 2006; Espinosa et al., 

2007; Shen et al., 2008) are consistent with the findings of nanomechanical testing of 
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hydrated collagen microfibrils (Gautieri et al., 2011). Two distinctive elongations 

were featured by the hydrated collagen microfibrils when subjected to mechanical load 

(Gautieri et al., 2011). For the larger-strain elongation (> 10%), the microfibril 

exhibited a Young’s modulus of about 1.2 GPa with a dramatic increase in tangent 

stiffness. In the small-strain elongation (< 10%), the microfibril exhibits a dramatic 

increase in stiffness and a Young modulus of around 300 MPa (Vesentini et al., 2013). 

 

Nevertheless, a comparison of the mechanical characteristics between single collagen 

molecules and microfibrils indicates that mechanical characteristics are highly scale- 

dependent (Figure 2.9). Particularly, a strong change of the modulus was found when 

a single collagen molecule was compared with a collagen microfibril, as presented in 

Figure 2.9. A direct numerical calculation yielded a small-strain microfibril Young's 

modulus with few hundred MPa compared to a greater strain for a single molecule 

with several GPa, demonstrating a dramatic variation in mechanical characteristics 

between the hierarchical scales. This finding is strongly in line with experimental data 

on small-strain mechanisms derived from studies that employed various experimental 

techniques and theoretical analyses (Sasaki & Odajima, 1996; Van Der Rijt et al., 

2006; Shen et al., 2008; Aladin et al., 2010).
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Figure 2.9. A direct comparison of the mechanical characteristics (Young's modulus) between single collagen molecules and 

microfibrils. Adapted and modified from (Gautieri et al., 2011; Vesentini et al., 2013)
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2.6 Advantages of AFM and CA Over Other Imaging 

Techniques 

 

AFM has various advantages compared to other high-resolution imaging tools such as 

SEM. Electron microscopy can only offer a two-dimensional image of the specimen 

unless complex stereo techniques are used. However, AFM can routinely offer three-

dimensional images. One key feature is the exceptionally accurate capability of AFM 

in the vertical and lateral displacement of the sharp probe tip relative to the specimen 

surface by a computerised piezo scanner that permits precise dimensions of heights 

and distances. Moreover, AFM specimens do not need any specific preparation, such 

as carbon or metal coatings that might change or damage the specimen permanently. 

SEM can also be very expensive since it needs a costly vacuum environment to operate 

and requires significant setup time before the operation. Moreover, AFM is more 

suitable for biological macromolecules since all of its modes can operate routinely in 

an ambient air or liquid environment. 

 

Furthermore, AFM can offer superior image resolution to SEM as it can provide true 

atomic resolution in ultra-high vacuum (Sylvain Ferrero, 2001) and liquid 

environments (Tolksdorf & Revenko, 2005). After staining the prepared tendon tissue 

with a heavy metal compound such as osmium tetroxide or uranyl acetate, most 

electron microscopes can then investigate the ultrastructure of tendon specimens. 

Controlling the ability of staining reagents to stain the tendon specimen is difficult. 

Therefore, electron microscopy studies compromise mainly with handling and 

specimen preparation to obtain artefact-free images. The preparation of the sample for 

SEM imaging requires fixation, coating, and dehydration for electron conduction. 

However, this preparation is very expensive and laborious. 

 

These processes are unavoidable and unfortunately are concomitant with changes in 

tissue characteristics, resulting in undesirable changes in the morphological 

microstructure of the tendon. Special experimental protocols required for some 

procedures can deform tissue structure permanently. Furthermore, the preparation 

nature and environment of imaging can be damaging and can limit the use of electron 
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microscopy on ex-vivo and fixed samples. Electron microscopy suffers difficulties in 

the identification of specific matrix compositions (Bannerman et al., 2014). In 

contrast, AFM does not require quick-freezing, fixation, embedment, and staining of 

the sample for reliable conservation of the details of its morphology. 

 

Ultrasound images can reveal the dimensions and the water content of the examined 

tendon tissue, and gives information on peritendon and collagen integrity. Different 

studies have identified an increase in Achilles vascularity and tendinopathy, which 

appears to correlate well with pain (Alfredson et al., 2003; Zanetti et al., 2003; 

Richards et al., 2005). Asymptomatic tendon damage demonstrates a tendon sheath 

swelling, an increase in the tendon dimensions, and a collagen discontinuity (Cook & 

Purdam, 2002). Ultrasound has a poor ability to distinguish between partial ruptures 

and tendon degeneration (Paavola et al., 1998) and  is limited to superficial tendon 

tissue (Harvey et al., 2010). 

 

Magnetic resonance imaging (MRI) has been employed with high tissue contrast to 

monitor pathological conditions of tendons. MRI can acquire images from transverse, 

longitudinal and oblique planes. The full potential of MRI has been poorly realised in 

providing a functional understanding into the microstructure of the tendon. This is 

possibly because of the low MRI signal intensity acquired from tendons, which appear 

as dark bands. These dark bands cause difficulties in extracting any physiological and 

structural meaningful information (Harvey et al., 2010). Furthermore, MRI suffers 

from difficulties in identifying specific matrix compositions. Although ultrasound and 

MRI (Chen et al., 2003; Nissi et al., 2004), were developed for the direct imaging of 

tendon microstructure composition and studying the Achilles tendon tendinopathy 

without the need for tissue processing, images revealed from these technologies often 

suffer from low spatial resolution, low chemical specificity and a difficulty in 

identification of the specific matrix composition. 

 

Consequently, such images are incapable of providing a detailed picture of the 

Achilles tendon microstructure and the relationship of its molecular, cellular and 

extracellular components. This can lead to a poor or disturbed understanding of the 

pathogenesis of Achilles tendon tendinopathy. The micro/nanostructure of the 

tendon’s biomolecules and cells, the microsecond processes, complexity and diversity 
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of the molecular, cellular and extracellular interactions, the components of the 

tendon’s microstructure and the pico-Newton level of these interactions, suggest that 

the aforementioned conventional bio-techniques are inadequate. Therefore, it is very 

important to explore new microscopic bio-techniques to study the microstructure and 

composition of Achilles tendons. This may assist in a better understanding of the 

clinical scenarios and an understanding of how the pathoanatomy correlates to the 

signs and symptoms of tendinopathy. 

 

AFM has emerged as a powerful technique for biological research, not only offering 

an accurate investigation of collagen fibril nano-morphology (Graham et al., 2004) 

due to its unique accessibility to the ultra-high resolution of the three-dimensional 

nano/microstructural measurements of tissues, but also the study of molecular 

interactions and their mechanical forces such as friction and adhesion force, 

viscoelastic characteristics and stiffness (Carvalho et al., 2013; Vahabi et al., 2013). 

For a better understanding of tendon structure it is necessary to investigate the 

underlying morphological characteristics of the tissue and determine its relevant 

functional parameters. 

 

Another advantage of AFM is its capacity to incorporate with other microscopy 

techniques such as fluorescence, optical, CA, SEM, Raman spectroscopy and other 

complementary microscopical techniques. 

 

Fluorescence microscopy is illuminated usually by a high-energy ultraviolet light with 

a short wavelength, which results in a reduced depth of light penetration and the 

possibility of severe imaging damage to living tissues (Konig, 2000) Furthermore, the 

background noise caused by secondary fluorescence throughout the areas located up 

and down the focal plane can limit the sensitivity and spatial resolution. Confocal 

microscopy (CM) is one of the imaging techniques most commonly used in medical 

and biological science. This microscope is different from the fluorescence microscope 

in two main elements: a pinhole and the light source. CM has an aperture that can 

increase the sensitivity, spatial and image resolution to a large degree. If this aperture 

is opened, the resolution of the image can be disturbed and decreased. Also, because 

of the aperture, the absolute number of photons collected can be limited, affecting the 

resolution capacity (Zipfel et al., 2003). Compared to the fluorescence microscopes, 
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the excitation wavelengths of CM are very limited. However, CM high-intensity laser 

irradiation can be harmful to living tissues. The various disadvantages of the 

aforementioned imaging technologies can lead to different information about the 

hierarchical microstructure of a tendon in the literature. 

 

In comparison with wide-field microscopy, the high-resolution image from confocal 

laser scanning microscopy (CLSM) has a lower speed. It is much faster to scan an 

image using an optical microscopic approach than using CLSM, and the image size is 

generally much smaller. Additionally, the excitation of the high-intensity laser in 

CLSM system can cause photodamage in some cases, and therefore it is important to 

have an optimal setting of laser power for imaging. 

 

Recent technological developments have also provided great imaging techniques that 

have continuously approached the limitations in resolution and handling, with these 

developed CLSM operating systems. For example, the developments achieved with 

CA (described previously) (Jones et al., 2004; Smolinski et al., 2008; Wu et al., 2015) 

have brought a new concept of “sending the microscope to the tissue sample” with the 

in situ histological evaluation of ligaments, muscles, cartilage and tendons by CM 

using a small and light probe that is easy to operate and can be managed with one hand 

at the surface of the tissue. 

 

CA includes high-resolution and high-magnification confocal capabilities within the 

boundaries of an arthroscopic probe to offer the imaging needed to accomplish a 

detailed evaluation of the examined tendon. It has a similar imaging technique to that 

of CLSM but still differs with a distinctive reduced laser scanning mechanism. CA is 

considered a high-resolution fluorescence microscopy that enhances the capabilities 

of conventional microscopy and assists in obtaining three-dimensional high-resolution 

images of thick tissues. The use of contrast agents with CA produces images with 

resolutions analogous to traditional histological evaluations (Kiesslich & Neurath, 

2006; Aisenberg, 2008). It is also a well-established device that uses a minimally 

invasive approach to provide a video arthroscope in a probed tissue. CA imaging is 

non-destructive to the microstructure of tendons and can offer the benefits of clarifying 

the precise morphology of micro-damage in the tissue. To evaluate the tendon’s 

microstructural changes, conventional histological analysis is generally used, which 
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involves collecting biopsies. The biopsy process itself is fundamentally destructive to 

the tendon sample. Therefore, a non-destructive evaluation technique is essential. The 

development of CA has avoided the disadvantages brought by biopsy and provided an 

efficient, easy and less laborious method to evaluate the changes in tendons as 

compared with histological methods. 

 

A recent study attempted to assess the micromorphology of tissues without the need 

for mechanical biopsy. Wu et al (2016) developed a technique using CA to produce 

high- resolution images of the tendon’s structure (Wu et al., 2015). They examine the 

potential of CA as a real-time optical histology for assessing the structural and 

pathological condition of rotator cuff tendons. They compare the confocal 

arthroscopic assessment for human rotator cuff tendinopathy with the traditional 

histological assessment demonstrating a 60% association between the two 

assessments. They suggested that CA can potentially be developed as a real-time 

optical histology for examining the collagen microstructure of tendons. 

 

Although intensive experimental work has been carried out on the mechanical 

characteristics of individual collagen fibrils and provided new insights on stiffness and 

nonlinear deformation behaviour (Van Der Rijt et al., 2006; Shen et al., 2008), the 

mechanism by which the nanostructural changes at the fibril level cause macroscopic 

structural, biochemical and mechanical changes within the same intact bulk tissue has 

not yet been investigated. It is important to determine whether structural changes at 

the fibril level affect the macroscopic structural and mechanical properties or vice 

versa. 

 

Therefore, a broader range of mechanical and macro/nanostructural measures needs to 

be incorporated in an animal model to assess different tissue responses across different 

hierarchies and to understand how load is transferred across hierarchical scales within 

the intact bulk of the same tendon with the same boundary conditions. 

 

This can be achieved by utilising AFM to evaluate the nanoscale quantified changes 

and by integrating CA with a mechanical testing device to evaluate the macroscale 

changes that can be compared with the AFM images. Since CA has been regarded as 

the gold standard for assessing articular cartilage (Hjelle et al., 2002) and degenerative 
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and non-degenerative aspects of articular cartilage that has been implemented by CA 

(Jones et al., 2004), the CA assessment of articular cartilage or other tissue such as 

tendons seem like a promising next step in orthopaedic and biomechanics research. 

Therefore, it seems that a device incorporating both CA and mechanical testing could 

successfully play an important role in the assessment of micro and macroscale 

structural changes in such small tissues subjected to different mechanical interventions 

(Figure 2.10). 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. The combination of CA with the tensile mechanical device (Instron). This 

integration of the Instron with CA can precisely probe the macro-morphological and 

mechanical changes of a rabbit tendon that is embedded within a repeated cyclic 

loading of different strains throughout a complete mechanical testing protocol of the 

same intact tendon with the same boundary conditions. Then these macrostructural 

changes can be linked to the same tendon with the nano-morphological changes that 

can be probed by the powerful AFM. 

 

  

A B 
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CHAPTER THREE:  

MATERIALS AND METHODS 

 

3.1  Introduction 

The hierarchical structures of tendons range in size from Angstroms to millimetres 

and all contribute to the overall mechanical characteristics of the tendons. The role of 

the tendon is complex, and controlled loading during functional tasks, often induced 

by multi-axial loads, is important for tendon health. Investigations of tendon function 

and pathology are often restricted to a limited range or scale of assessment. This results 

in the employment of a wide range of different approaches or techniques to evaluate 

changes in the structures within the tendon during repetitive loading. Very few studies 

have attempted to correlate parallel changes at different scales of the tendon. 

 

This study made multiscale assessments of the characteristics of tendons exposed to 

different levels of strains using a repeated cyclic loading protocol. Tendons were 

conditioned using three strain levels (3%, 6% and 9%) with four different blocks of 

cyclic loading (for durations of one to four hours). Also, tendons exposed to chemical 

GAG depletion were studied to examine the effect of depletion on the mechanical and 

structural properties of the tendon. 

 

The study utilised different imaging and assessment techniques to determine 

characteristics at multiple scales. A mechanical loading device was utilised to apply 

controlled cyclic mechanical stimuli to assess the change in mechanical properties of 

the whole tendon. A visual determination of structural changes at the fascicle and fibre 

level during loading was recorded using confocal microscope (CM) digital 

photography. All other sequential structural assessments were undertaken on section 

preparations that destroyed the tendon, so slices were placed on slides after each one-

hour block of mechanical loading. This allowed for a visual determination of structural 

changes at the fibre and fibril level assessed by traditional histology and atomic force 

microscopy (AFM). 
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The significance of this study is that it is the first to examine a mechanical fatigue 

‘tendonopathy’ model across a large range of strain and dose. It is also the first study 

to run mechanical assessments across such a large scale of investigation. Finally, the 

mechanical model of tendinopathy is combined with the depletion model to examine 

the molecular interactions and changes that occur with a depletion of GAG. This work 

has the potential to contribute to a better understanding of the inconsistencies in the 

literature about the hierarchical structure of a tendon. 

 

3.2 Ethics 

Animal samples were collected from the large animal facility, the Animal Care 

Services, at The University of Western Australia, Perth. White rabbits were euthanised 

and used for a separate medical school teaching course (Physiology of Cardiovascular 

and Respiratory Systems PHYL3002) approved by The University of Western 

Australia’s animal experimentation ethics committee. Tendons harvested from those 

rabbits were used in this study, with approval for post-mortem studies at Curtin 

University granted by the university’s laboratory officer. Secondary approval for post-

mortem collection was granted by the Human Ethics Committee UWA (HREC) No. 

RA/3/200/547. (Animal ethics approval is shown in Appendix 2.) Ethics approval was 

sought by Curtin University through reciprocal approval from The University of 

Western Australia. The teaching activity did not systematically impact the lower limb, 

nor the tendons used for investigation. The tendons were made available after 

sacrificing the rabbits. 

 

3.3 Experimental Design 

The experimental work reported in this thesis was undertaken on white New Zealand 

rabbit Achilles tendons using varying doses of repeated cyclic mechanical loading. 

The mechanical profiles during these repeated loadings were recorded and the 

mechanical characteristics were correlated with the observed changes in structure from 

multiscale assessments of the tendons. The thesis is categorised into two studies: 
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Study 1A – Visual Assessments 

Study 1A was the repeated assessment of the changes to confocal visual assessments 

under the different mechanical loading profiles (three strain levels and four dose 

periods). 

This study specifically focused on the mechanical and macrostructural changes of 

Achilles tendons following repeated cyclic loading. After harvesting, the tendons were 

separated into two experimental groups. Nine tendons were placed into the control 

group as intact normal healthy tendons,) and 36 were used in the strained group. The 

allocation of the left and right side tendons was randomised. 

Study 1B – Mechanical Assessments  

Study 1B was the same as Study 1A in the aspect of the mechanical intervention; 

however, the structural analysis was undertaken at the nanoscale level using AFM. 

This study reported an experimental approach combined the macroscopic mechanical 

loading of tendons from Study 1A with a morphometric nanoscale assessment of 

longitudinal and cross-sectional collagen fibril responses to load. The AFM analysis 

of the cryosections assessed the nanostructural variables and  compared them with the 

tendon’s mechanical and macrostructural changes in the strained group. The sections 

from the control group were also compared with sections from the strained group. 

 

Study 2 – Depletion study 

Study 2 was a repetition of Study 1; however, it used only one strain level (6%) and 

dose period (two hours). New tendons were allocated randomly to either a control or 

a GAG-depletion preconditioning group. Extensive laboratory protocols were used to 

document the level of GAG depletion achieved by the preconditioning to ensure the 

validity of the depletion model. The specific assay used to measure GAG content is 

reported in Appendix 3. 
 

Study 2 incorporated a multiscale assessment of a separate set of tendons (both 

controls and GAG-depleted) that received the same mechanical cyclic loading 

interventions and structural assessments as those in Study 1. This study was 

undertaken to examine the chemical depletion model following mechanical loading. 
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This study used the experimental approach of Study 1A and B, and combined 

macroscopic structural and mechanical characteristics with a morphometric nanoscale 

assessment of the longitudinal and cross-sectional collagen fibril responses to load of 

GAG-depleted fibrils. The AFM analysis assessed changes in the nanostructural 

variables in cryosections and then compared these with tendon mechanical changes 

and GAG content in the GAG-depleted groups. The sections from the control group 

were compared with sections from the strained group where GAG had been 

enzymatically depleted using chondroitinase ABC (Ch-ABC) prior to mechanical 

testing. Overall, the experimental design of Studies 1 and 2 incorporated a repeated 

assessment with load (strain) and dose (cycles/time) as the independent control 

variables. 

 

First Intervention Control Parameter (control parameters 

 

First intervention control parameter  was the Load): The load.  Load was defined by 

three levels of strain. As described by Wang et al. (2013) (our collaborators from the 

University of Western Australia on the ARC (Australian Research Council) Linkage 

project) 3%, 6%, and 9% strain were used as the different loads, these were established 

following a standardised preconditioning protocol described in detail under section 

(3.8). 

 

Second Intervention Control Parameter (the intervention control parameter was Dose):  

The dose of the mechanical stimulus was defined by duration (number of cycles). 

Tendons were randomly assigned to five equal groups (n = 9) namely: control 

(preconditioning only), one, two, three, and four hours duration. The control group 

was preconditioned with 3%, 6%, and 9% strain (for each strain level n = 3). The 

loaded tendons (n = 36) received 3%, 6%, or 9% strain loading for one, two, three, or 

four hours (see Figure 3.1). All tendons were subjected to cyclic repeated loading at a 

frequency of 1 Hz. 
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Figure 3.1. Schematic representation depicting the experimental design for the fatigue 

testing of tendons over one, two, three, or four hours of repeated cyclic loading under 

three strain levels (3%, 6%, or 9%). 

 

The load and the dose (hours of duration of cycles) are the independent variables. The 

load was defined by the three levels of strain. Note that the mechanical loading data 

was recorded continually and therefore data for a one-hour duration was recorded for 

all tendons, three groups had two hours of data, two groups had three hours, and only 

one group had four hours of data. 

 

The study utilised different imaging and assessment techniques to determine 

characteristics at multiple scales. To determine the effects of fatigue loading on the 

macroscale mechanical and structural characteristics of the tendons, all of the prepared 

tendon samples were assessed by subjecting them to confocal imaging and quasi-static 

tensile testing using a confocal arthroscopy (CA) conjugated with an Instron tensile 

testing machine (Figure 2.10). 

 

Several post-processing macro-mechanical variables were calculated from the loading 

data to examine both load and time-dependent properties. After preconditioning, the 

Instron’s preloading feature (preload limit ~5 N) was used to remove slack, similarly 
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to the methods described by (Thorpe et al., 2014), and then to start the mechanical 

testing. 

 

To ensure that each tendon started from the same strain and load point, all the strain 

sourced either from the extensometer or the crosshead extension was auto-balanced 

after the time of preloading. Therefore, the gauge length was adjusted by the 

preloading state. Data were sampled at 50 Hz and time-stamped data were saved to a 

CSV file. The data in the CSV files were read into a custom-built (Curtin University 

School of Physiotherapy and Exercise Science) LabVIEW program that derived the 

raw data and further statistical analysis of the data was undertaken. 

 

There were two main phases of assessment in each loading block. The first phase in 

each block was a sustained hold period and the second phase was the repeated cyclic 

loading (240 cycles in each block). The following section outlines the variables in each 

phase. 

 

3.4 Mechanical Variables 

The cyclic loading testing protocol (described in Section 3.7) incorporated a static hold 

phase and then a dynamic cyclic loading phase. The variables in each phase are 

described below. 
 

3.4.1 Static loading Variables 

A. Stress-Relaxation (SR) 

In each loading sequence, a sustained hold for 60 sec at a set strain (length) was 

performed while the stress (force) was recorded. As defined within the literature, the 

decline in the stress over the static hold length is known as stress or force relaxation 

at a set strain value. Stress values were determined at the beginning (SR1 StrainMax), 

middle (SR2) and end (SR3) of the static hold (Figure 3.2). 
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Figure 3.2.The SR at three different points during the 60 sec maximum hold period 

(StrainMax) expressed as the maximum value at the start (SR1) then a decreased amount 

of relaxation at the middle (SR2) and at the end of the strain dose (SR3). 

 

In order to remove interference (noise) caused by CA being measured during the SR 

block, the load vs time data was fitted to a dual exponential model (eq 3.1):as per the 

method of Fratzl (2008):  

FR =  𝑘𝑘0 + 𝑘𝑘1𝑒𝑒−𝑡𝑡/𝜏𝜏1 +  𝑘𝑘2𝑒𝑒−𝑡𝑡/𝜏𝜏2     (eq 3.1) 

Where 𝑘𝑘0 characterizes the percentage stress at the equilibrium state of the relaxation 

process and 𝜏𝜏1 and 𝜏𝜏2 are the short and long term time constants, respectively. The 

variables were determined from the fitted curve. 

B. Ramping Stiffness (k1) 

The ramping stiffness was calculated as the linear slope (k) of the high-strain regions 

of the force-displacement data. The end of the linear region was identified 

automatically by the algorithm as follows: a linear regression was employed to fit the 

first strain data subset (that with the highest stress) and the coefficient of variation (R2) 

was calculated for a linear fit. If the R2 values exceeded a cut-off threshold value of 

0.99, then the following lower-strain value was added to the subset. This process of 

adding the following lower-strain data point was repeated until R2 declined below the 

cut-off threshold value of 0.99. The final data point that dropped the overall R2 below 

the determined threshold was selected as the initial transitional point between the 

exponential region and the linear region. This method was adopted as it was consistent 

with (Rainis, 2007; Drury, 2008). 
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C. Maximum Load (ML) 

The ML was defined as the peak load value which corresponded to maximum stress. 

3.4.2 Cyclic Loading Variables 

A. Loading Stiffness (k2) 

The loading stiffness was calculated as the slope of the end of the linear portion fit of 

the load-displacement curve in the cyclic phase of testing. It was calculated according 

to the piecewise method described above (ramping stiffness). As a result, there were 

two calculations of stiffness for each of the cycle blocks. 

 

B. Energy Dissipation (Hysteresis, h) 

Since the tendons were viscoelastic, some of the energy stored during loading of the 

strained groups was lost during unloading or the recoil from the stretch. The amount 

of this lost energy is known as hysteresis. This energy dissipation (hysteresis area) was 

calculated as the area between the loading and unloading force-displacement curves 

in cyclic tensile testing (Freedman et al., 2014; Freedman et al., 2015; Connizzo et al., 

2016) (See Figure 3.3). In each cycle of a dynamic tensile test, area 𝑎𝑎1 was found by 

stretching the tendon and area 𝑎𝑎2 was recovered in the subsequent unloading recoil. 

The percentage energy dissipation is given as (eq 3.2): 

 

 ℎ = 100(𝑎𝑎 
1 − 𝑎𝑎 

2)/ 𝑎𝑎 
1      (eq 3.2) 

 

A larger h area calculated for a specific tendon sample reflected a lower recoil ability 

of this tendon sample (Butler et al., 1978; Taylor et al., 1990). 
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Figure 3.3. A demonstration of the repeated cyclic loading phases and the analysed 

variables (hysteresis and loading stiffness). The expanded figure B shows the load 

outputs for 70+ cycles. The expanded figure C shows the representative stress-strain 

curve for one cycle of loading and unloading. From this the hysteresis was calculated. 

3.5 Macroscale Structural Variables 

A. Qualitative Macrostructural Variables 

i. GAG Content 

GAG concentration and distribution have been suggested to contribute to the 

mechanical behaviour of the tendons ( Merrilees & Flint, 1980; Koob & Vogel, 1987; 

Koob, 1989; Vogel & koob, 1989; Kannus et al., 1992; Paavola et al., 2002; Smith et 

al., 2002). The GAG content was estimated by assessing Alcian blue-stained slides 

(obtained from conventional histological images). The slides were stained with Alcian 

blue (pH 2.5 %)/periodic acid-Schiff (AB/PAS) for detection of GAG-rich areas to 

assess GAG content (more detail is given in Appendix 4). The degree of staining was 

assessed using a semi-quantitative score based on a validated four-point scoring 

system (Maffulli et al., 2000; Svensson et al., 2005; Gagliano et al., 2013) which is a 

modification of the scoring systems of Movin and Kartus (Movin et al., 1997; Movin, 

1999; Kartus et al., 2000), where: 
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1. No alcianophilia: no staining seen between collagen fibres 

2. Slight alcianophilia: slight staining between the collagen fibres 

3. Moderate increase in alcianophilia: moderate staining 

4. Markedly increased alcianophilia: strong staining forming blue lakes 

This is a scale of 1–4, where 4 represents very strong staining and 1 represents no 

staining. Three sections were selected randomly from each tendon specimen and were 

assessed by two independent examiners and the average scores were used for 

comparison. 

ii. Fibre Structure 

The fibre structure was described according to a validated scoring system used by 

Chen et al. (2011), Svensson et al. (2005), Gagliano et al. (2013) and Maffulli & Kader 

(2000) who have used a modification of the scoring system of Movin and Kartus 

(Movin et al., 1997; Movin, 1999; Kartus et al., 2000). (More details on the scoring 

system are in Appendix 5) 

 

1. Severely fragmented fibres: strongly discontinuous and separated fibres 

showing major gaps along the fibre longitudinal axis 

2. Moderately fragmented fibres: a mix of continued and discontinued long fibres 

but with fibres that were moderately separated from each other with larger gaps 

along their axis 

3. Slightly fragmented fibres: packed continuous long fibres but with fibres 

slightly separated from each other with some minor gaps along their 

longitudinal axis 

4. Non-fragmented fibres: packed continuous long fibres with no gaps between 

the fibres along their longitudinal axis 

 

This is a scale of 1–4, where 4 represents a continuous, long fibre, and 1 represents a 

severely fragmented fibre. (More detail on the scoring system is given in Appendix 

5.) These variables were used to assess the histological changes induced by mechanical 

load on the different loading and unloading groups. 
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Three sections were selected randomly from each tendon specimen and were assessed 

by two independent examiners and the average scores were used for comparison. 

iii. Fibre Arrangement and Orientation 

Fibre orientation and arrangement were described according to a validated scoring 

system used by Chen et al. (2011) and Maffulli & Kader (2002) who have used a 

modification of Aström’s (1995) system, and according to another system by Movin 

(Aström et al., 1995; Movin et al., 1997; Movin, 1999). 

 

1. Severely abnormal appearance: moderately loose and wavy, fibres crossing 

each other with an unidentified pattern.  

2. Moderately abnormal appearance: increasingly loose and wavy, and fibres 

cross each other  

3. Slightly abnormal appearance: slightly loose and wavy 

4. Normal appearance: compacted, parallel, regular and well-ordered  

 

This is a scale of 1–4, where 4 represents a normal appearance and 1 represents a 

severely abnormal appearance. (More detail on the scoring system is given in 

Appendix 5.) Multiple sections were randomly selected from each sample. 

 

iv. Tenocyte morphology 

Tenocyte morphology was described according to a validated scoring system used by 

Chen et al. (2011) and Maffulli et al. (2000) who have used a modification of the 

system by Movin et al. (Movin et al., 1997; Movin, 1999; Kartus et al., 2000). 

 

1. Normal appearance: long spindle-shaped cells  

2. Slightly abnormal appearance: slightly rounding nuclei 

3. Moderately abnormal appearance: moderately rounding nuclei 

4. Severely abnormal appearance: severely rounding nuclei 

 

This is a scale of 1–4, where 4 represents a normal appearance and 1 represents a 

severely abnormal appearance. (More detail on the scoring system is given in 

Appendix 5.)  
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Three sections were selected randomly from each tendon specimen and were assessed 

by two independent examiners and the average scores were used for comparison. 

B. Quantitative Macrostructural Variables 

i. Tenocyte Morphology 

It has been reported that change in cell morphology of equine tendon fibres subjected 

to cyclic loading in vitro from a spindle shape to a round shape is accompanied by 

matrix damage (Thorpe et al., 2015). Tenocyte morphology was assessed using the 

tool kit “Circularity” (an ImageJ-plug-in) in the widespread image analysis software 

ImageJ (NIH, MD) as previously reported (Schochlin et al., 2014). For the analysis of 

extracted image cell shapes, “analyse particle” was applied and the following three 

measurements for analysis were used: 

• Circularity: defined as: 4*π *area/perimeter2 

• Aspect ratio: defined as major_ axis / minor_ axis 

• Solidity: defined as area/ convex_ area 

 

Briefly, the greyscale /8-bit or 16-bit CA image was opened (See Figure 3.4A). A copy 

of the image was made by applying Image>Duplicate. 
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Figure 3.4A. The extracted image of the cell for shape analysis 
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Figure 3.4B. A binary image created by applying Image>Adjust>Threshold options 

 

This copy was used to create a binary image. A binary image was created by applying 

the Image>Adjust>Threshold options (See Figure 3.4B) to highlight all of the 

structures in the image (fibres and cells). The binary image was highlighted either by 

the sliders, or the “set” button was used to type in a known range of pixel intensities. 

To subtract the “noise” or background pixels that were highlighted and not wanted, 

applying Process>Subtract background with rolling helped keeping only the targeted 

elements highlighted in the image (the cells). This created a binary version of the 

image with only two-pixel intensities: black = 0 and white = 255 (See Figure 3.4B). 
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To avoid all the intensity values from the binary image being read as 255, the 

Analyse>Measurements option was applied and the Redirect to line was set to the 

name of the copy of the image that was still grayscale. The binary image (See Figure 

3.4B) was clicked to select it, then Analyse>Analyse Particles was applied (See Figure 

3.4C). As for quantifying the different tenocyte shapes within each image, tendon cells 

were classified based on factor values, representing the cell shapes, and sorted into 

four categories: 

• Cat 4: Spindled, circularity values > 0–0.35  

• Cat 3: Elongated, circularity values ≥ 0.35–0.6  

• Cat 2: Oval, circularity values ≥ 0.6–0.8 

• Cat 1: Round, circularity values ≥ 0.8–1.0 

 

as previously described (Schochlin et al., 2014). 

The form factor 1.0 represented a perfect circle and 0 represented a straight line. 

 

 
 

 

  



116 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4C. The quantification of different tenocyte shapes within each image. 

Shapes were classified as elongated based on a factor value (circularity values 0.35–

0.6). 
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ii. Fibre Crimp Frequency 

The crimp frequency is the number of occurrences of a repeating periodic wave 

formation. The waviness characteristic of collagen bundles in the tested groups was 

quantified according to methods used by (Rezakhaniha et al., 2012). Briefly, in three 

different regions of interest (ROI) of each CA image (See Figure 3.5), the distance 

between the visible endpoints of a collagen bundle (L0), the length of the fibre bundle 

(LF) and the thickness were calculated using the tool kit “NeuronJ” (an ImageJ-plug-

in) from the widespread image analysis software ImageJ according to methods 

described previously (Abràmoff et al., 2004; Meijering et al., 2004; Meijering, 2010). 

This plug-in was designed for neurite tracing and analysis (Meijering et al., 2004). The 

plug-in traced the fibres on a 2D image and provided the output the fibre length (LF) 

in addition to the coordinates of the endpoints. Most fibre bundles were larger than the 

field of view (50 Microns), therefore, these parameters were measured for the portion 

of the fibre bundle seen in the field of view. 

 

Figure 3.5. A demonstration of the defined parameters and length (LF) and the straight 

length (SL) connecting the ends of the measured fibre bundle. To quantify the waviness 

of fibres, the straightness parameter (SP) is defined as, SP = SL/LF (1). SP was confined to 

between 0 and 1. The lower the value of SP, the higher the waviness of the fibre. A bundle 

with SP = 1 indicates a completely straight fibre. SP approaches zero when the fibres become 

highly wavy. 

 

iii. Fibre orientation and anisotropy 

The fibre anisotropy is the property of the fibre bundles being directionally dependent as seen 

and well-ordered fibres in the CA images. The orientation and anisotropy of fibres structures 

50 µm 
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in CA images were analysed using the tool kit “FibrilTool” (an ImageJ-plug-in) in the 

widespread image analysis software ImageJ (NIH,MD) (See figure 3.6). 

 

This tool was validated to study the collagen orientation and anisotropy previous studies [25, 

26]. More specifically, FibrilTool concept is based on the nematic tensor, to quantify the main 

orientation of fibre structures in CA images and measure their alignment.  Briefly, this tensor 

was calculated by computing the pixel intensity level in a specific region of interest (ROI) in 

the CA image. The gradient of intensity level permits the characterization of a tangential unit 

vector to fibres. The smoothing step was unrequired when using this tool since it basically 

included only a first derivative and it was less sensitive to noise.  

 

To extract quantified information, circular statistics from the FibrilTool software were 

utilised, which were adapted to directional data, to analyse the properties of the tangent 

direction over the ROI.  The average orientation in this region (fibre orientation) and the score 

assessing whether the fibres were well ordered (fibre array anisotropy) were both defined by 

the tangent’s circular average and variance directions respectively.  The anisotropy score was 

defined as the following scoring scale: 0 for no identifiable pattern (purely isotropic fibres) 

and 1 for parallel, regular and well-ordered fibres (purely anisotropic fibres). 
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Figure 3.6. A demonstration of the FibrilTool plug-in the image analysis software ImageJ. A) The image is opened in ImageJ. (B) The 

circle tool is used to mark the ROI. (C) A ROI is selected by a circle tool, avoiding saturating pixels. (D) The FibrilTool plug-in appears 

as a striped square in the toolset. (E) The FibrilTool dialogue box allows channels to be selected and a multiplying factor for the length of 

the line segment that was drawn on the image to be chosen (visualising the anisotropy of the array) and a decision as to whether the ROI 

number is to be shown or not. F) Output from FibrilTool: A red segment appears, its orientation corresponds to the average orientation of 

fibres in the image, whereas its length is proportional to a number (termed anisotropy) that quantifies how parallel the fibres were in the 

ROI. (G) A log file collects the quantifications, notably including the average orientation and anisotropy of the fibre.
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3.6 NanoStructural Variables 

A. Quantitative Nanostructural Variables 

i. Fibril D-periodicity 

The cryosections parallel and perpendicular to the tendon surface were suitable for 

AFM imaging. Tendon specimens were sectioned and the cutting plane was set to be 

parallel with the long axis of the tendon. Random locations on the samples were 

imaged by AFM in search of fibril bundles. From each section, a minimum of five 

3.5 µm by 3.5 µm ROI were analysed. For each ROI, 10–15 individual fibrils were 

randomly identified for analysis within each fibril bundle and different fibril bundles 

in each location were analysed. For each analysed fibril, a line of analysis was selected 

on the long axis of the fibril in the x–y imaging plane, and the two-dimensional profile 

in the z-axis was plotted (See Figure 3.7). 10 D-Periodicities were averaged to provide 

the D-Peridoicity length measurement for each fibril. The D-periodicity was 

calculated from the plot obtained from the Nanoscope software (Wallace et al., 2010; 

Fang et al., 2012; Erickson et al., 2013) to reveal the periodic banding frequency ( See 

Figure 3.7). 
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Figure 3.7. A schematic representation of the D-periodicity measurements of Type I collagen from Achilles tendons. (A) AFM amplitude 

image of tendon fibrils. The D-periodicity is observed as striped patterns perpendicular to the fibril axis. (B) A two-dimensional profile 

of the three lines. In (B) the 2D profile from inset (A) is presented to show the correspondence of fibril D-periodicities. 



 
 

To examine the D-periodicity distribution of the mid-substance across tendon strain 

conditions (3%, 6%, and 9% strain groups), all D-periodicity lengths of measured 

collagen fibrils within a given tendon were pooled. The reference D-periodicity length 

in the tendon was determined. The control group (from Study 1A) was used as a 

reference for statistical comparison for elongation or strain. Therefore, all D-

periodicity lengths were accordingly normalised to the control D-periodicity length to 

calculate the D-periodicity spacing strain. For any within-fibril-bundle (WFB) and 

between-fibril-bundle (BFB) variations of same and different regions, multiple regions 

along the axial direction of a fibril bundle (fibre) (20–50 μm distance) were 

investigated. (See Figure 3.8). 

 

 

Figure 3.8. An AFM image depicting the height images of collagen fibrils within their 

bundles. Two fibres within 3.5 μm × 3.5 μm ROI were labelled by sequence (A, B, C, 

D and E) and covered on the 10 μm scan. The D-periodicity spacing was calculated 

by examining five regions (A1–E1) at Fibre 1 (noted as Fibre 1) while five other 

regions (A2–E2) were similarly examined at Fibre 2 and again at Fibre 3 (A3–E3). 
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Table 3.1. The mechanical and macro- and nanoscale structural variables assessed by 

different instruments and technical procedures. 

 

 

 

 

 

 

Scale  
Variables Instrument/Technique/Software 

used for Investigation 

M
ac

ro
sc

al
e 

Stress/strain curves (h, ML, k) Mechanical instrument (Instron) 

 

Fibre structure 

Qualitative histological scoring 

according to modified Movin and 

Kartus scoring systems 

 

GAG content 

Qualitative histological scoring 

according to modified Movin and 

Kartus scoring systems 

Fibre crimp frequency CA/Image J 

Fascicle orientation and anisotropy CA/Image J 

Shape of tenocytes CA/Image J 

N
an

os
ca

le
 

WFB and BFB D-periodicity  
 

AFM 
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3.7 Experimental Protocols 

A. Study 1A 

i. Tendon Collection and Preparation – Mechanical Loading 

In total, 45 full-length Achilles tendons, including the bone-tendon and tendon-muscle 

junction were dissected from the hind limbs of 10–20 week-old, 2–4 kg, female and 

male euthanised New Zealand white rabbits (Oryctolagus cuniculus). All tendons 

were obtained approximately 20 minutes after the euthanising of the rabbits and were 

immediately frozen at –20°C. 

 

ii. Thawing and Anatomical Preparation 

Tendons were defrosted overnight in a refrigerator at 4°C and on the day of testing, 

the tendons were thawed to room temperature. The samples consisted of the Achilles 

tendon, and part of the gastrocnemius muscle proximally and the calcaneum distally. 

Preparation of the tendons involved the removal of all accessory tendon insertions and 

extra muscle tissue by sharp dissection. 

 

iii. Fluorescent Staining 

Tendons were stained with fluorescent acridine orange (AO); a cationic selective 

nucleic acid dye used widely for imaging including cell nuclei tracking during 

mechanical testing visualised under the confocal microscopy (Screen et al., 2003, 

2004). As a permanent fluorophore under the 488 nm excitation wavelength, AO 

offers high contrast images of the cell nucleus by binding to fragments and nucleic 

acids. Acridine orange solution (Eugene, Oregon, USA), was used at optimal staining 

duration and concentration (0.3 g/L for 45 mins) in order to provide maximum contrast 

and image resolution; this was followed by three repeated washings with phosphate-

buffered saline (PBS) to remove the excess stain. At higher concentrations (> 0.3 g/L), 

the staining became non-specific and stained the matrix and collagen constituents. 

 

iv. Cross-Sectional Area 

A digital Vernier caliper (accuracy to ± 0.01 mm) was employed to measure each 

tendon’s diameter twice at its narrowest point. The distance between grips was 
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measured with the digital caliper and was defined as the initial length. After 

preconditioning, the distance between the grips was measured again with the digital 

caliper and was defined as the preload length. The strain was calculated based on the 

preload lengths or the baseline status after pre-conditioning. Then the tendons were 

preloaded with ~5 N and underwent the designed interventions (3%, 6%, and 9% strain 

for one, two, three and four hours). 

 

v. Tendon Fixation for Instron 

Both ends of each tendon were placed in the lower and upper freezing micro-grips 

(See Figure 3.9) with 16 mm to 30 mm gauge lengths. The two freezing grips were 

serrated and tightened by two screws, securing a connection. In the experimental 

design, both freezing grips had a thermoelectric cooler to cool the outer gripping 

surface. The thermoelectric cooler was isolated electrically from the outer gripping 

surface of the freezing grips. The outer surface of the freezing grips contained an 

unfixed jaw plate that included an outer unique surface appropriate for the gripping of 

various sizes of tendon tissues. 

 

Fascicle orientation and alignment were checked under CA to confirm that fibres were 

aligned with the direction of loading (vertical). The angle of the grips was changed to 

minimise the degree of twisting of the gross tendon. The gripping surfaces were then 

cooled and the tissue neighbouring the gripping surface was frozen within the 

thermoelectrically cooled (TEC) grips as described by (Hayes, 2017). The frozen parts 

of both of the tendon’s ends were clamped by the freezing grips with an applied load 

sufficient to hold the tissue while tolerating the compression forces of the freezing 

grips with minimal deformation. The tissue neighbouring the gripping area was also 

frozen, thus the grip’s clamping load was distributed equally among the tendon’s gross 

tissues and potential tissue damage was decreased. 

 

The freezing grips assisted in testing the mechanical properties of the tendon without 

damaging and breaking its tissue at the gripping site. No slippage was observed, 

neither during the mechanical testing, nor when inspecting the clamped parts upon test 

completion. A controller was electrically attached to the Laird thermoelectric liquid 
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cooler to control the temperature and the cooling rate of the outer gripping surface of 

the freezing grips. 

 

 

Figure 3.9. An image of the micro freezing grips coupled electrically to a temperature 

control system and power supply. The upper grip was connected to the actuator of the 

testing machine via a 2 kN load cell of custom design. 
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3.8 Macroscale Mechanical Protocol 

A. Mechanical Preconditioning 

The test protocol consisted of consecutive sets of SR loadings after a consistent 

preconditioning protocol. Each tendon was preconditioned for 720 cycles at a 

specific strain (3%, 6% and 9%). Then each strain was used for the subsequent 

cycles over one mechanical cycle sequence. (See Figure 3.10A). 

 

B. Cyclic Loading 

The mechanical loading for each tendon was predominantly a cyclic loading model. 

After the preconditioning of each tendon, the length of each tendon was remeasured 

to recalibrate the strain (and hence load). However, to facilitate confocal images to be 

taken at both zero and maximal strain levels, the cycles were blocked with a static hold 

for 60-s periods at zero strain (StrainZero) and maximum strain (StrainMax) (see Figure 

3.10B). These relaxation periods were required to allow for confocal imaging to be 

conducted in the last ten seconds of this imaging phase and this is consistent with the 

protocol by Wenger et al. (2007) and Thorpe et al. (2013). This relaxation period has 

previously been shown to be sufficient time for significant if not complete SR to have 

occurred (Cheng & Screen, 2007; Thorpe et al., 2013). The first mechanical cycle 

loading sequence is composed of consecutive blocks as described below. Block 1 of 

loading includes a 60 s hold at the at zero strain (StrainZero) (see Figure 3.10C) and is 

followed by Block 2 – a 1 s rise time considered as a ramp, followed by Block 3 where 

the tendon was strained to maximum strain (StrainMax) at a constant displacement rate 

and held for another 60 s to allow further imaging (see Figure 3.10D). 
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Figure 3.10. Schematic representation depicting the strain and imaging protocol during 

the cyclic loading of the tendon over one, two, three or four hours of repeated cyclic 

loading under three strain levels (3%, 6%, or 9 %). The mechanical cyclic loading was 

240 cycles at 1 Hz/cycle for four minutes. A) preconditioning; (B) relaxation period 

(StrainZero) – CA imaging was undertaken at the end of each SR period for one minute 

at zero load; (C) ramp testing; (D) maximum hold (StrainMax) – another 60 s of CA 

imaging at was then stored to disc with a timestamp; (E) ramp testing; (F) cyclic 

loading of 240 cycles at 1 Hz/cycle for 4 min. These data provided 240 high-resolution 

images (60 per hour) of the macroscale damage due to cyclic fatigue loading. 

 

The tendon was then exposed to another 1-s decline time (Block 4), a 1-s hold time 

(Block 5) considered as a relaxation time (see Figure 3.10 E) and followed finally by 

a cyclical tensile loading for 240 cycles (Block 6) at a frequency of 1 Hz/cycle with a 

sine waveform at the set strain for 4 min. Following this, Blocks 1–5 are repeated. 

This sequence was repeated for periods of one-hour blocks resulting in a total dose for 

each hour such that the tendon received 2,400 cycles (one hour), 4,800 cycles (two 

hours), 7,200 cycles, (three hours), or 9,400 cycles (four hours). 

 

Prolonged mechanical interventions in repeated loading protocols (as used in our 

study) are likely to cause excessive fluid exudation from the tested tendons. Therefore, 

it was essential to compensate for the excessive fluid exudation by keeping the tendons 

within physiological ambient conditions by spraying the tested tendons with saline 

repetitively and intermittently throughout the fatigue loading intervention.  
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Spraying the tendons with saline occurred throughout the preparation and during the 

cyclic loading repetitive test (particularly at zero and maximum strain). This, perhaps, 

has increased the loading stiffness repetitively and intermittently reflected as the rough 

fluctuating line in the curve (for example, figures for loading stiffness under appendix 

10). However, the spraying effect was minimal during the static loading repetitive test 

since the spraying times during this resting period were minimised. 

 

3.9 Macroscale Structural Protocol 

Within each cycle sequence, the static hold block of 60 s at StrainZero and another 60 

s block at StrainMax allowed a static period for confocal imaging. The confocal 

arthroscope (Optiscan Pty Ltd., Melbourne, Australia) comprised a Φ 6.3 mm × 

150 mm imaging probe with 7 μm axial and 0.7 μm lateral image resolution for three-

dimensions (See Figure 3.11A). At an axial imaging step of 4 μm, the screening of the 

macrostructure of the tendons was clear and images were obtained. 

 

The imaging probe lightly contacted the surface of the tendon. Various parts of the 

mid-substance region were considered and assessed by CA (See Figure 3.11B); 

imaging was undertaken after every 240 cycles (according to the protocol described 

in Figure 3.10) and images were stored to disc in a.jpg file with a time stamp. These 

data provided 240 images (40 per hour) of the macroscale damage due to cyclic fatigue 

loading. An imaging scanning rate of 0.7 frames per second was employed to obtain a 

volume of images at 475 μm × 475 μm fields of different parts of the mid-substance 

region. 

 



130 
 

 

Figure 3.11. The imaging probe of the CA showing its attachment to the tendon’s 

surface. As seen in the circle, the imaging probe (A) of the arthroscope is fixed and 

pointed to the surface of the mechanically tested tendon (B) to allow imaging during 

the SR and zero load periods.  

 

An illumination laser with a 488-nm excitation wavelength was used for the confocal 

arthroscopic imaging in order to provide maximum contrast and image resolution. The 

microscope has been manufactured to have an imaging depth range from 0 mm to 250 

μm but in this study, a depth between 40 μm and 60 μm was used. 

 

• Data Analysis 

Data analysis allowed definition of the stability of the CA images over time in the 

control group and also allowed the definition of the susceptibility to rupture of tendons 

on extreme load and dose. Each tendon was recorded and identified so that the sections 

were able to be linked back to the macroscale findings. All samples were imaged 

enabling the accurate visualisation of cell nuclei by a fixed CA. Groups of nuclei 

within the body of the fascicle were identified for imaging. Structural changes were 

examined with CA. 

 

A B 
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• Histology 

At the end of each mechanical testing dose, the tendons were removed from their grips, 

post-fixed in 4% paraformaldehyde (PFA) overnight and placed into PBS for rinsing 

(two rinses of 15 min each). Then, each of the tendons were further grossly cut in half 

and were separated into two groups. The first group was kept overnight in 70% ethanol 

for further histological assessments. 

 

All histological preparations of parrafix wax for macrostructural assessments were 

carried out in the CELLCentral Histology facilities at The University of Western 

Australia (further detail in Appendix 4). After cutting the tendons from the mid-portion 

area for both the control and strained groups (3%, 6%, and 9%), the tissue samples 

were fixed in formalin overnight, washed three times with PBS, dehydrated with 

graded alcohol, cleaned with xylene and embedded in paraffin blocks. Histological 

sections were cut on a microtome and stained with Haematoxylin and Eosin (H&E) 

and Alcian blue. The sections were cut from the mid-tendon of both the control and 

strained groups (3%, 6%, and 9%). Blind general histological scoring was performed 

by two individuals. All histological protocols employed including paraffin processing, 

cutting of wax sections and H&E staining procedures (Drury & Wallington, 1967; 

Luna, 1968; Bancroft & Gamble, 2008) and Alcian blue (Gagliano et al., 2013), were 

used at the CELLCentral (more detail in Appendix 4). 

 

The Scanscope H&E and PAS/AB (pH 2.5%) histological images were acquired using 

the tiling function within the Aperio ImageScope software (Leica Microsystems Pty 

Ltd). The images were fixed approximately at the field of the view corresponding to 

the CA images from the Scanscope histological image to score the morphological 

changes of the three assessed domains in the tendon specimen and to compare CA 

images with traditional histology. 
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Figure 3.12. Scanscope H&E (A) and Periodic acid-Schiff/Alcian blue (AB/PAS) (pH 

2.5%) (C). The Scanscope histological image was acquired by the Aperio Scanscope 

XT scanner with a 60× objective lens (B). Histological images acquired by using the 

tiling function within the Aperio ImageScope software. 

 

B. Study 1B 

Study 1B was the same as Study 1A in the aspect of the mechanical intervention; 

however, the structural analysis was undertaken at the nanoscale level using AFM. 

Study 1B combined the macroscopic mechanical loading of tendons from Study 1A 

with a morphometric nanoscale assessment of longitudinal and cross-sectional 

collagen fibril responses to load. The AFM assessed the nanostructural variables (see 

Section 3.6) in cryosections and then compared them with the tendon’s mechanical 

and macrostructural changes in the strained groups. The sections from the control 

group were compared with the sections from the strained groups. 
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i. Sample Preparation – AFM Variables 

This study used the endpoint of dose assessments of each tendon from Study 1A. Each 

tendon was recorded and identified so the sections were able to be linked back to the 

macroscale findings. The samples were then removed from PBS and placed overnight 

into 30% sucrose solution made up in PBS. Overnight, samples were placed into pure 

optimal cutting temperature (OCT) compound to remove any sucrose and stored at –

80°C until they were cryosectioned for further nanostructural assessment by AFM. 

 

 Cryosections were prepared from all groups using a cryomicrotome (Leica Cryostat 

CM3050). The tendons initially were cut at the midsection and embedded with OCT 

fluid and then cut longitudinally into slices of from 5 µm to 50 µm thickness. Finally, 

the prepared cryosections were numbered and mounted on glass slides, left to dry in 

the air and frozen at –18°C to be observed and examined later via AFM. 

 

ii. Nanoscale Imaging Protocol – AFM 

Under the AFM, a group of cryosections (prepared as described above) from both the 

control and strained groups (3%, 6%, 9%) were examined to detect the nanostructural 

properties (the variables as listed in Table 3.1). Tissue specimens were imaged in air 

using a Dimension FastScan AFM in tapping mode as described in Appendix 6 in 

greater detail. 

 

C. Study 2 

This study combined the macroscopic structural and mechanical characteristics with a 

morphometric nanoscale assessment of the longitudinal and cross-sectional collagen 

fibril response to load of GAG-depleted fibrils. This study was undertaken to examine 

the chemical depletion model following mechanical loading. 

 

i. Tendon Collection and Preparation 

A separate set of 20 tendons (10 treatment and 10 controls) were collected, frozen, 

thawed and prepared using the same procedures as applied to the tendons in Study 1A. 
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The GAG-depletion solution consisted of 50 mM Tris, 60 mM sodium acetate buffer, 

0.2% bovine serum albumin (all from Sigma-Aldrich) at pH 8 with 1 unit/ml of Ch-

ABC (Sigma-Aldrich, Catalogue number 3667). Ch-ABC enzymatically detaches 

GAG chains from their proteoglycan (PG) core protein (Koob, 1989) to reduce the 

number of PG GAG sidechains (Woo et al., 1993; Puxkandl et al., 2002; Screen et al., 

2004). Control tendons (n = 10) were incubated in buffer alone (50 mM Tris, 60 mM 

sodium acetate buffer, 0.2% bovine serum albumin (BSA), pH 8). 

a Dimethylmethylene Blue (DMMB) GAG Quantification 

• Assay Optimisation Part 1 

To ascertain if Ch-ABC digestion of tendon pieces would deplete sulfated GAGs, 

several optimisation experiments were performed. The first experiment was a proof of 

principle. One tendon was freeze-dried, two portions were divided equally and 

weighed, and placed in a 1.5 ml microfuge tube. Samples were treated with either 1 

ml of buffer only (50 mM Tris, 50 mM sodium acetate buffer, 0.2% BSA) or in 1 ml 

of buffer containing 1 unit of Ch-ABC. Tendon samples were left overnight at 37°C 

with agitation. The tendon samples were then removed from the solution, rinsed in 

distilled water and digested with equal volumes of 0.2% collagenase Type I in RPMI 

media overnight at 37°C with agitation. Following clarification, treated and control 

tendon supernatants were tested using the DMMB assay, along with chondroitin 

sulfate (Ch-SO4) standards. The amino acid concentration of each sample was also 

assessed using absorbance at 260 nm. 

 

Initial experiments using isolated tendons revealed that overnight incubation at 37°C 

using 1 unit/ml of Ch-ABC was sufficient to achieve a 30–40% reduction in GAG 

content, as measured by the 1,9-dimethylmethylene blue (DMMB) assay (see below) 

(Figure 3.13). 

 

• Assay Optimisation Part 2 

The next experiment involved assessing the ability of Ch-ABC to deplete GAGs from 

a whole tendon, with the muscle attachments still present; as this format was required 

for the mechanical testing. For this experiment, two tendons (left and right) from a 
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single rabbit were obtained. One tendon was chosen as the control tendon and was 

immersed in 10 ml buffer (50 mM Tris, 50 mM sodium acetate buffer, 0.2% BSA) 

whereas the tested (depleted) tendon was isolated from the muscle attachment using 

dialysis tubing (see Figure 3.13A). Buffer (1 ml) containing 1 unit of Ch-ABC was 

placed inside the dialysis tubing, and the entire tendon was then immersed in buffer. 

In this way, the tendon was in contact with Ch-ABC whereas the rest of the material 

was not. 

 

Following overnight incubation 37°C, the tendons were rinsed in distilled water and 

the muscle attachments removed by a surgical blade. The tendons were weighed (wet 

weight) before being digested overnight at 37°C in 0.2% collagenase Type I, then 

clarified and the Ch-SO4 content measured using the DMMB assay. As the wet weight 

is not as accurate as dry weight, the amino acid concentration of each sample was also 

assessed using absorbance at 525 nm and these data used to calculate relative GAG 

concentrations between control and depleted samples. Samples were tested neat and 

diluted 1:2. The neat and diluted samples fell in the linear range of the assay and gave 

the same results. Thus, only the values for the neat samples are shown. Following this, 

the GAG concentration of the depleted sample was adjusted to account for the relative 

amount of starting material (as indicated by amino acid concentration); and was 

calculated using the following equation: (2.988/2.028) x 0.009 (see table 4.6). 

Following this, the GAG concentration of the depleted sample was adjusted to account 

for the relative amount of starting material (as indicated by amino acid concentration). 

This is required as the tendon pieces analysed for control vs GAG-depletion varied in 

size due to the amount of sample available for analyses. The whole tendon treated with 

Ch-ABC was found to have approximately 60% of the GAG content of the control 

tendon (i.e. a 40% reduction); consistent with the data obtained for the small tendon 

pieces. 

 

ii. GAG Depletion in Tendons Undergoing Mechanical Testing 

Whole tendons for mechanical testing were prepared for GAG depletion as described 

above. Only one control and one test tendon were prepared each time, and 

mechanically both were strained at 6% over two hours according to the mechanical 

protocol. The left tendon was used as the control and the right tendon as the depleted 
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sample for the optimisation assay (part 2) experiment. This was to streamline sample 

processing and analysis. 

 

Mechanical testing was undertaken with the tendon fully intact of 10 control and 10 

GAG depleted tendons.  No systematic allocation of Left or Right tendons was made 

to either group.  Each tendon of the treatment group was carefully encased in 

SnakeSkin dialysis tubing (35 mm diameter, 10 kDa molecular weight cut-off, Thermo 

Fisher). A 10 cm length of dialysis tubing was submerged in buffer alone and the 

tendon threaded into the tubing. One end of the tubing was secured with a string knot 

around one of the insertion sites of the tendon. A small amount of the buffer solution 

was added into the tubing to test if there was leakage of the solution from the tied end. 

The buffer was then removed, and 1 ml of the Ch-ABC solution was added. The open 

end was then securely tied with a knot around the remaining insertion site of the 

tendon. In this way, the Ch-ABC solution was in contact only with the tendon of the 

test sample. Finally, the tendons from the depleted and control groups were placed 

into a plastic container with buffer only (Figure 3.13A) and incubated overnight for 

16 hours at 37°C. In this way, controls and treated tendons received identical treatment 

apart from the enzyme, and any differences in mechanical testing should be due to 

GAG depletion. 
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Figure 3.13. An image showing the tendons incubated overnight for 16 hours at 37°C 

in a plastic container with an adjusted buffer solution at pH 8. The treatment tendon 

(A) is incubated inside the SnakeSkin dialysis tubing with the Ch-ABC solution. The 

control tendon (B) is only incubated in the buffer solution. 

iii. Fluorescent Staining 

Tendons were stained with fluorescent AO using the same procedures as described in 

Study 1A. It has been demonstrated that AO can stain the highly negatively charged 

proteoglycans in a more expanded state (Brandes & Reale, 1990). This can impact the 

measurement of GAG via the 1,9-dimethylmethylene blue (DMMB) assay by 

affecting the absorption spectrum of the DMMB dye (Farndale et al., 1986). Therefore, 

the superficial parts of the tendons (the medial and lateral heads of the gastrocnemius 

muscle) were not stained with AO but kept moist throughout the mechanical testing 

protocol and the deeper-lying part of the tendon composed of the superficial flexor 

digitorum muscle was stained with AO (Figure 3.14) according to the staining 

protocols used in Study 1A. 

 
Figure 3.14. A representation of the stained and unstained tendon parts. Image (A) 

shows the superficial part of the tendon that is composed of the medial and lateral 

heads of the gastrocnemius muscle and is not stained with AO. The underneath deeper-

lying part of the tendon composed of the superficial flexor digitorum muscle was 

dipped in the AO staining solution according to the staining protocols described in 

Study 1A. Image (B) shows the deeper-lying part of the tendon after staining with AO 

and image (C) shows the unstained superficial part separated from the stained part 

with a waterproof surgical pads. 
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iv. Tendon Fixation for Instron and Macroscale Mechanical Protocols 

The ends of each tendon were placed in the lower and upper freezing micro-grips and 

fixed according to the procedures described above. The tendons from both groups 

received the same mechanical cyclic loading interventions and protocols as in Study 

1. However, both groups were subjected only to a repeated cyclic loading strain of 6% 

for two hours (4,800 cycles). 

v. Glycosaminoglycan (GAG) Assay 

Following the repeated cyclic testing, tendons were collected and the GAG content 

was measured by a spectrophotometric GAG assay (Farndale et al., 1986; Burkhardt 

et al., 2001; Screen et al., 2005; Fessel & Snedeker, 2009; Fessel & Snedeker, 2011; 

Rigozzi et al., 2011; Legerlotz et al., 2013). Briefly, the treated and control tendons 

(Farndale et al., 1986) were weighed and then fully digested overnight at 37°C in 0.2% 

collagenase Type I (Sigma-Aldrich, C0130) in Roswell Park Memorial Institute 

(RPMI) tissue culture media (Life Technologies). The solutions were clarified by 

centrifugation (1,000 G, 5 min) and the supernatant transferred to a fresh tube. The 

undigested component was minimal. 

The GAG content was measured using a spectrophotometric method based on mixing 

the clarified supernatants with DMMB solution. The DMMB solution was prepared 

by dissolving 16 mg DMMB (Sigma-Aldrich, catalogue number 341088) in 1 L water 

containing 3.04 g glycine, 1.6 g NaCl and 95 ml of 0.1 M Acetic Acid (all from Sigma-

Aldrich). The solution was then filtered through Whatman® 3MM paper and stored in 

the dark at 4°C. DMMB is a thiazine chromotrope agent that depicts a change in the 

absorption spectrum as a result of the induction of metachromasia when attached to 

sulfated GAG, facilitating the rapid detection of GAG in solution (Farndale et al., 

1986). The sulfated GAG content of each tendon supernatant was determined by 

adding 5 µl, 10 µl or 20 µl of sample to the well of a 96-well plate. If 5 µl or 10 µl 

was used, the volume was adjusted to 20 µl using RMPI (to match the base solution 

of the tendon supernatants). A standard curve was prepared for each assay by serial 

dilution of bovine chondroitin-4-sulfate (Sigma-Aldrich, catalogue number: C9819) 

prepared in RPMI. Concentrations tested were from 1 mg/ml to 0.0078 mg/ml, with a 

final volume of 20 µl per well. Next, 200 µl of DMMB solution was added to each 

well containing the standard curve, test samples or buffer only and the absorbance of 

each sample was immediately measured at 525 nm using an EnSpire plate reader 
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(Perkin Elmer). The background absorbance (0.17) observed in buffer-only wells was 

subtracted from the absorbance of standards and samples, the standard curve was 

graphed and the linear range of the curve determined for each assay. For the linear 

range of the assay, a line of best fit was determined, and this equation was used to 

calculate the GAG concentration in the control and GAG-depleted samples. The GAG 

concentration for each sample was normalised relative to the starting weight of each 

tendon before digestion. (Greater details of the GAG assay (Farndale et al., 1986; 

Whitley et al., 1989; Coulson-Thomas, 2014) are in Appendix 3). 

vi. Nanoscale Imaging Protocol, Nanostructural Variables and Mechanical 
Variables 

Under the AFM, a group of cryosections from the control and GAG-depleted tendon 

groups were imaged and the above quantitative nanostructural variables were assessed 

according to the AFM imaging protocols described in Appendix 8. The AFM analysis 

assessed the changes in the nanostructural variables in cryosections (described above 

for Study 1B) and then compared them with GAG content and the tendon’s mechanical 

changes in the GAG-depleted groups. The sections from the control group were 

compared with sections from the strained group of the study where GAG had been 

enzymatically depleted using Ch-ABC prior to mechanical testing. The mechanical 

variables (as described above) of the GAG-depleted strained tendons were calculated 

from the stress-strain curves and compared with the mechanical profiles of the control 

group. The GAG content in each of the H&E slides prepared from the control and 

GAG-depleted strained groups, was estimated by assessing the Alcian blue-stained 

slides according to methods described above (more detail is in Appendix 4). 

3.10 Statistical Analysis and Investigation Model 

This study design was based on the context of the literature in assessing tendon 

structure and function. Within the literature, there are a number of observational 

studies (i.e. morphology, and associations) describing the anatomical structure and 

there are a number of quantitative studies that address mechanical function. Among 

all of this literature, concurrent multiscale assessments of tendons are rarely 

undertaken. Furthermore, the mechanical studies often select a single cycle load to 

failure or a series of repeated loading cycles. The cyclic research is often controlled 

by maintaining the amount of force (stress) resulting in increased elongation (strain). 
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Less commonly, studies maintain the amount of strain resulting in a declining degree 

of force (stress). 

 

 

 

The investigation model chosen for this thesis was one that considered the following 

design parameters: 

• A high number of repetitions of loading will be assessed where concurrent 

mechanical (stress-strain) assessments are made with observational assessments 

of morphology. 

• Mechanical variables will include the usual dynamic assessments but also an SR 

(static) assessment. 

• The design will be able to demonstrate the internal repeatability of the 

mechanical variables. 

• Observations will be continued well past the number of cycles usually reported 

in observational studies. 

• Observations will continue even as the sample size declines due to destructive 

sampling of the tendon cohort. 

• Three strain levels will be used for cohort comparisons. 

The research design selected in this thesis, therefore, utilises a hybrid model of both 

quantitative and observational analysis examining structure and function at multiple 

scales. 

The main disadvantage of the current design is the sequential destruction of a 

proportion of the samples as the multiscale assessments are undertaken. As a result, 

the sample size declines as the loading progresses and consequently the inferential 

statistical power of the study declines with the loss of sample size. Therefore, data 

collected at three to four hours were primarily considered observational in the results 

and discussion. 
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A. Data Presentation – Inferential vs Observational 

The trajectories of the changes over four hours for all variables were plotted. Where 

applicable, data for mechanical testing were normalised after preconditioning. The 

differences between time points and strain groups were assessed for the first three 

(hourly) time points. The fourth-hour trajectory was only considered as an 

observation. Statistical pairwise comparisons were only taken at the end of each hour, 

not at every data point, to minimise repeated comparisons. The graphs (Chapter 4) 

show all the data in a trajectory pathway. 

i. Timepoint comparisons 

The data were considered in pairwise comparisons for effect size at the 95% level of 

confidence. Unless otherwise stated, each sample point in the data represents the 

median of adjacent samples (n-1, n, n+1). 

ii. Effect-size changes 

The effect size (d) was determined by the difference in the mean divided by the 

pooled standard deviation (SD) (eq 3.3). 

 

      (eq 3.3) 

 

www.polyu.edu.hk/mm/effectsizefaqs/effect_size_equations2.html (accessed Jan 

2020). 

 

 Where the pooled SD is calculated by eq 3.4): 

    (eq 3.4) 

A bias factor (Hedges correction) was undertaken to calculate the standard effect size. 

      (eq 3.5) 

Equation adapted from Hedges and Olkin (2014)(p.81). www.polyu.edu.hk/mm/ 

(accessed Jan 2020). 

http://www.polyu.edu.hk/mm/effectsizefaqs/effect_size_equations2.html
http://www.polyu.edu.hk/mm/
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The 95% confidence limits were calculated using 1.96 times the standard error. 

Statistical significance was recorded for effect size 95% confidence intervals that did 

not include zero. 

For normalised data (all values calculated at time zero) the effect size was determined 

using a 0.1% variance from time zero. This equates to a conservative 95% CI change 

from the 100% normalised value. Although effect sizes are used, there is no discussion 

on the clinical significance of these effects size such as is found in Cohen et al. (1988). 

That stated, the comparisons of the percentage of the non-overlap of the compared 

cohorts is shown in Table 3.2. 

Table 3.2. The interpretation of Cohen's d as the difference between the means, M1 – 

M2, divided by the standard deviation, s, of either group. Cohen argued that the 

standard deviation of either group could be used when the variances of the two groups 

are homogeneous. The effect sizes are "small, d = 0.2," "medium, d = 0.5," and "large, 

d =0.8", and Cohen states that "there is a certain risk in inherent in offering 

conventional operational definitions for those terms for use in power analysis.” 

(Cohen; 1988) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cohen's Standard 
Effect Size Percentile 

 Standing 

 Percent of 

Non-overlap 

 

 2.0 97.7 81.1% 

 1.8 96.4 77.4% 

 1.6 94.5 73.1% 

 1.4 91.9 68.1% 

 1.2 88 62.2% 

 1.0 84 55.4% 

Large 0.8 79 47.4% 

 0.6 73 38.2% 

Medium 0.5 69 33.0% 

 0.4 66 27.4% 

Small 0.2 58 14.7% 

 0.0 50 0%  
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iii. Alpha Level and Multiple Comparisons 

The 95% confidence limits were set for all statistical levels of confidence. Since there 

were multiple comparisons and a blend of qualitative and quantitative review of the 

data, only the first full two hours of cyclic loading were considered in the inferential 

statistics of significance. That said, the calculations were still undertaken for the third 

hour. No alpha-level adjustments were made for repeated comparisons. Declining 

numbers in each time period with a generally small sample size did not allow a 

multivariate analysis to be undertaken. 

 

B. Reliability, Research Design and Assessments 

When observations were made on structural classifications, the subjective assessments 

of these were tested in a double-blind protocol as described below. This is the first 

study found on the repeatability of the classifications of cell morphology and structural 

breakdown reported in the literature. The validity of the subjective classifications 

undertaken in this study is based on the descriptions within the current literature. 

 

The testing protocols were difficult to run concurrently so Study 2 was undertaken that 

addressed the impact of GAG depletion on tendons. The testing protocol repeated a 

subset of dose (6% strain for two hours) for a control group and GAG-depleted tendon 

groups. The outcomes for the control group in the second study can be compared with 

the main study tendons with the same loading profile. As a result, unlike any other 

study in the literature, this model was able to compare the reliability of all variables 

for this loading profile. 

 

C. Tests of Association/Correlation 

Pairwise comparisons of the continuous variables were plotted in x–y plots as % 

change in the normalised variables. In cases where both variables declined, the axes 

were placed to have the data represented in the 3rd quadrant of the x–y plot (see Figure 

3.15). 
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Figure 3.15. A representation of the x–y plots that were presented using quadrant III 

when both variables declined. 

Pearson correlation coefficients were calculated (Excel 2016) and best-fit curves were 

used to assess the form of the association. In most cases, the primary fit was linear 

unless a second-order polynomial fit increased the increased the total coefficient of 

determination (R2) by more than 10%. This was particularly important when the 

pattern of the association was observed across multiple strains and conditions. 

Furthermore, associations were made for the full data set and the endpoint data was 

representative of a smaller sample size. Therefore, the linear fit was most commonly 

used to describe the general observation of the pattern of the association. The reporting 

of the p-value was an inferential comparison with no association (R = 0) being 

detected, the magnitude of the association was reflected in the coefficient of the 

determination (R2). 

 

D. Sample Size and Power – A priori Calculations 

The number of tendons used in the study is substantial when compared to other studies 

in the literature using animal models. For each strain level, there were initially 12 

samples. Since the expectation was that the level of strain and also the number of 

cycles would be a strong mediator of change, the a priori power estimates were 

undertaken using a one-sided comparison. 

 

For independent between-group comparisons, the study was 95% (alpha) certain of 

detecting a change of 1.2 (SD) with a power of 90% (beta) in the first hour. For the 

second hour (n = 9) to maintain the same statistical power an effect size of 1.4 SD was 
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necessary. The within-group comparisons had similar power modelling. It was 

expected that the effect-size changes for these mechanical tests would be substantially 

larger (> 1.2 SD) than this modelling. Tests at three and four hours had sample sizes 

too small to validly estimate the power and variance. 

 

At the longer-hour durations, smaller numbers of samples were available due to the 

destruction of the tendons for histological assessments. All hypotheses were set, but 

statistical differences for the comparisons after two hours are obviously less powered. 

The third and fourth hour of the mechanical intervention were modelled to be 

qualitative or observational. 

E. Reliability and Agreement Assessments 

Reliability represents the distinguishable extent to which the variables can differ from 

each other, regardless of measurement errors; it links the measurement error of the 

derived variable of the domains to the normal variability of the population (De Vet et 

al., 2006; Kottner et al., 2011). The agreement refers to the extent at which a 

measurement can measure the same derived variable of the domains on varying 

occasions. 

 

To date, there are no studies that report the reliability of the many different measures 

of observational classification of tendon structures. It would seem that the validity of 

the descriptions in the literature (Svensson et al., 2005; Gagliano et al., 2013) is used 

to validate the proposed model and therefore infer robustness. This is a major 

weakness in the literature. Therefore the observed variables used in this study used the 

same protocols as described in the literature for validity but there is also an 

independent reliability assessment to establish the full robustness of the following 

variables. 

 

For classification of data, Kappa and % agreement for test-retest were generated on 

the following domains: fibre arrangement and orientation, fibre structure and tenocyte 

roundness. These domains were determined using a semiquantitative scoring system 

similar to a system based on a validated four-point scoring system of Movin and 

Kartus (Movin et al., 1997; Kartus et al., 2000) used by Svensson et al. and Gagliano 
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et al. (Svensson et al., 2005; Gagliano et al., 2013) as described above (see Appendix 

5 for representative images and definitions). 

 

Briefly, a sample of images representing the quality of tissue were sent to an 

independent researcher who randomly selected 58 images. These images were then 

replicated and renamed using a random code. In the replicated sample the images were 

manipulated to further reduce the chance of a visual memory of the image. This 

included at least two of the following three digital image manipulations: rotation ± 90° 

or 180°, reflection and change to image contrast (± 20%). The tester was not aware of 

the digital manipulations and thought that 116 images were selected from the originals 

submitted. The images were then assessed in order of presentation without returning 

to previously assessed images. This was undertaken on two occasions one week apart. 

On the second assessment, the names of the images were altered. In 116 cases, to test 

recall bias of the image names, different images had their names swapped (all 116 

images were concordant even with the change of names). The result of the subjective 

classification was sent to the second researcher and decoded to match the paired 

results. This provided a within-sessions and between-sessions reliability assessment 

of the classification undertaken by the assessor. Also, image-name recall was assessed 

for recall bias. 

 

A second independent assessor (not associated with the research team) also scored the 

images to generate a between-assessor reliability. Comparisons between percent 

agreements for test-retest of the first and second assessors was made to detect any 

differences between the resulting paired contingency tables on the categorical 

classifications for the variables. 

 

From these paired results of the classification (ordinal data), a contingency table of 

concordance was used to derive weighted Kappa statistics. The Kappa-value points to 

the observed agreement as the agreement percentage that is anticipated only by chance. 

A value of 1 represents a perfect agreement and a value of 0 shows no agreement 

(Ashby, 1991). 
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F. Reliability Results and Summary 

i. Observational Classification of Tendon Morphology 

Tables 3.3 and 3.4 show the test-retest contingency for all the observation paired data 

between weeks. The within-test blind repetitions were consistent with the between-

sessions assessments. The inter-tester reliabilities for within-session and between-

sessions were all greater than 0.93. The Kappa statistical result shows an excellent 

level of inter-rater and a very good intra-rater reliability for the measured domains: 

fibre arrangement and orientation, fibre structure and tenocyte roundness (the inter-

reliability was > 0.93 and the intra-reliability was >0.70). Full results on the inter- and 

intra-reliability for fibre arrangement and orientation and fibre structure are in 

Appendix 11. 

Table 3.3 shows the contingency for the four categorical assessments (tenocyte 

morphology) undertaken on two occasions, one week apart by the same rater. The 

weighted Kappa score was 0.9849 (95% CI = 0.956 to 1.00). 

Table 3.3. Cohen’s weighted Kappa values for pairwise comparison of the inter-tester 

for between-sessions for qualitative evaluation of tenocyte morphology. 

 

   Week 2.    

 
Category*  I II III IV 

 
I 30 0 0 0 

Week 1 II 1 58 0 0 

 
III 0 0 17 0 

 
IV 0 0 0 3 

 

*Weighted Kappa 0.8274, Standard Error 0.0509, 95% CI = 0.9555 to 1.000 

 

Table 3.4. Cohen’s weighted Kappa values for pairwise comparison of the intra-

tester for qualitative evaluation of tenocyte morphology. 
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   Week 2.    

 
Category*  I II III IV 

 
I 2 0 0 0 

Week 1 II 1 17 0 0 

 
III 0 1 52 6 

 
IV 0 0 12 24 

 

*Weighted Kappa 0.8274, Standard Error 0.0509, 95% CI = 0.6579 to 0.8575. 

 

Table 3.5. The mechanical and macro- and nanoscale structural variables assessed by 

different instruments and technical procedures. 

Scale  
Variables Instrument/ Technique/ 

Software used for 

Investigation 

M
ac

ro
sc

al
e 

Stress/strain curves (h, ML, k) Mechanical instrument (Instron) 

 

Fibre structure 

Qualitative histological scoring 

according to modified Movin 

and Kartus scoring systems 

 

GAG content 

Qualitative histological scoring 

according to modified Movin 

and Kartus scoring systems 

Fibre crimp frequency CA/Image J 

Fascicle orientation and anisotropy CA/Image J 

Shape of tenocytes CA/Image J 

N
an

os
ca

le
 WFB and BFB D-periodicity  

AFM 

 

Fibril structure AFM 

Fibril arrangment and orientation AFM 



 
 

 

CHAPTER FOUR:  

RESULTS 
4.1 Mechanical Loading Outcomes (Study 1) 

A. Macromechanical Loading Outcomes   

i. Preconditioning 

The experimental protocol consisted of consecutive sets of repetitive cyclic loadings 

leading to a repeated stretching of the tendon sample to a sub-failure load (see Chapter 

3). Preconditioning is a standard protocol for assessment and comparison of 

mechanical testing and has been shown to improve the baseline variability of the 

stress-strain data. Preconditioning can potentially provide tendons with a consistent 

loading history from a completely unloaded resting state.  

 

Figure 4.1. The repeatable stress-strain curve of preconditioned tendons demonstrating 

a consistent loading history.   

In this study the preconditioning included 720 cycles; a steady state was reached for 

all tendons of all three strain groups (3%, 6% and 9%). Each group was preconditioned 

with a constant number of cycles but at the strain set for each of the groups.   
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Preliminary studies showed that the preconditioning impacted on the mechanical 

characteristics of the tendons. This was important as the study protocol was controlled 

by strain. Figure 4.2 shows the raw data of a tendon conditioned to a 3% strain for 

720 cycles from rest (A) and after preconditioning then having the starting length 

reassessed to re-establish the 3% strain (B). Following the preconditioning, the stress-

strain curve is more representative of the literature (Figure 4.2 B). As a result, the 

starting point of every mechanical testing protocol in this study used the 

preconditioned status of the tendon. 

 

 
 

Figure 4.2. Stress-strain curves of the unpreconditioned tendon (A) and the 

preconditioned tendon (B). 

ii. Dynamic Testing 

a Loading Stiffness (k2) 

There were two stiffness measures (k1 and k2) taken during the experimental protocol 

that used similar methods to assess stiffness. The assessments occurred at two different 

windows during the repeated loading (see Chapter 3). The first was known as ramping 

stiffness (k1) and this was a stiffness assessment at the beginning of the sustained or 

stress relaxation (SR) testing protocol. The loading stiffness (k2) was undertaken at 

the beginning of the cyclic loading profile. All the data for loading stiffness (k2) 

assessments were found to be highly correlated with ramping stiffness (k1) (R2 = 0.86–
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0.97, P < 0.0001). The replication of associations for the loading stiffness (k2) are 

placed in Appendix 7. Therefore, all data on stiffness is nominated as k. 

 

b Hysteresis (h) 

• Observational differences 

Figure 4.3 illustrates the relative change in h for tendons tested over four hours (9,600 

cycles) at three different strain levels. The h declined over time (cycles) with greater 

changes associated with the level of strain. At 4,800 cycles (two hours), the h 

decreased by 36%, 45% and 56 % in the low- (3%), moderate- (6%) and high-strain 

(9%) groups respectively. By the end of an additional 4,800 cycles (at 9,600 cycles – 

four hours), the decline reached 40%, 60% and 73% respectively, demonstrating the 

interactive dose effect of repetitions and strain levels.  

• Statistical differences 

Figure 4.3 shows the points at which the h significantly varies between the strain 

groups (P < 0.05). In all groups, h declined over time, this was significant for all time 

points. The differences were significant (P < 0.05) in the 9% group from the beginning 

of testing to each time point (hour) and from the first to the second hour. For all groups 

the differences were nonsignificant from the second to the third hour. 
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Figure 4.3. The normalised hysteresis (h) of tendons from the 3%, 6%, and 9% strain groups over 1, 2, 3 and 4 hours of repetitive loading.  

(Asterisks indicate a p-value < 0.05, NS denotes nonsignificant.) 
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iii. Static testing   

a Stiffness (k) 

• Observational differences 

The k of tendons of each strain group (3%, 6%, and 9%) is reported in Figure 4.6A.  

The data demonstrates a greater decrease in k with higher strain levels for all time 

points. By the end the first hour, a 25% decrease in k in the 9% group, and a 15% 

decrease in the 6% group was observed, while a decrease of only 9% was observed in 

the 3% group for the same time point. By the end of fourth hour, a 46 % decrease was 

observed in the 9% group, while only 20% and 29% decreases were observed in the 

3% and 6% groups respectively. 

• Statistical differences 

Figure 4.6 A shows the points at which the k significantly varies between the strain 

groups (P < 0.05). In all groups, k declined over time, this was only significant for the 

6% and 9% groups between the first and second hours. The normalised k-value decline 

from the beginning of testing to each time point (hour), and from the first to the second 

hour was significantly different for the 6% and 9% groups (P < 0.05). This difference 

was nonsignificant for the 3% group.  From the second hour to the third hour for all 

groups the differences were nonsignificant. Despite the observed decrease in k in the 

9% group at all time points, there were significant differences between 9% and the 3% 

groups over the first, second and third hours.   
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b Maximum Load1 

• Observational differences 

The maximum load (ML) curves from the tendons of each strain level (3%, 6% and 

9%) are shown in Figure 4.6 B. There is a greater ML for tendons of higher strain 

levels over one, two, three and four hours of repetitive loading. By the end of first 

hour, the average decrease in ML was 29% in the 9% group compared to less than 

13% and 19%, in the 3% and 6% groups, respectively.   

 

Despite a considerable decrease in the 9% group compared to the 3% and 6% groups, 

there was a greater difference in ML between the 9% group and the other two groups 

by the end of the fourth hour.  ML decreased by 62% in the 9% group compared to 

25% and 48%, in the 3% and 6% groups, respectively.  

• Statistical differences 

Figure 4.6 B shows the points at which the ML significantly varies between the strain 

groups (P < 0.05). In all groups, ML declined over time. The normalised ML declines 

from the beginning of testing to each time point was significantly different for all 

groups (P < 0.05). However, this was nonsignificant from the first to the second hour 

for the 3% group and from the second to the third hour for all groups.   Despite the 

observed decrease in ML in the 9% group over four hours, there were significant 

                                                 
 

 

 

1 The stress relaxation (SR) is expressed as the decline in the stress over the static held 

length. The decline is represented as three different points during the 60 s maximum 

hold period (StrainMax) expressed as the max value at the start (SR1) then a decreased 

amount of relaxation at the middle (SR2) and at the end of the strain dose as (SR3) 

(Figure 3.2). For all tendons from Study 1 (Figure 4.5) and Study 2 (Figure 4.8) of 

static repetitive loading, the three cohorts (SR1, SR2 and SR3) are highly correlated 

(R2 = 0.87–0.99, P < 0.0001) (all correlations are shown in Appendix 7). Therefore, 

the decline of ML over time represents the SR. 
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differences between the 9% and the 3% groups and no significant differences between 

the 9% and the 6% groups by the end of the first, second and third hours. 
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Figure 4.5. The SR of tendons from the 3%, 6%, and 9% strain groups over one, two, three and four hours of static repetitive loading.  SR 

is expressed as the decline in the stress over the static held length. The decline is represented as three different points during the 60 S Max 

hold period (StrainMax) expressed as the max value at the start (SR1) then a decreased amount of relaxation at the middle (SR2) and at the 

end of the strain dose (SR3).  
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Figure 4.6. The normalised stiffness (k) [A] and normalised maximum load (ML) [B] of tendons from the 3%, 6% and 9% strained groups 

over one, two, three and four hours of static repetitive loading.  (Asterisks indicate a p-value < 0.05, NS denotes nonsignificant.) 
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4.2 Mechanical Loading Outcomes (Study 2) 

Introduction  

This section repeats the assessments from Study 1 with the GAG-depleted subgroup 

of tendons for comparison (Study 2). This pairwise comparison is undertaken only for 

the 6% strain profile for two hours (4,800 cycles).  

A. Macromechanical Loading Outcomes  

i. Dynamic testing 

a Loading stiffness (k2) 

All the data for loading stiffness (k2) assessments were found to be highly correlated 

with ramping stiffness (k1) (R2 = 0.95 – 0.98, P < 0.0001). The replication of 

associations for the loading stiffness (k2) are placed in the Appendix -7.   

 

b Hysteresis (h) 

• Observational and statistical differences 

Figure 4.7 illustrates the relative change in h over two hours (4,800 cycles) in two 

control2 groups and a GAG-depleted group and shows the significant differences at 

the 95% level of confidence. The differences were greater in the GAG-depleted group 

for all time points. The normalised declines in h from the beginning of testing to each 

time point were significantly different (P < 0.05) and from the first to the second hour 

were not significantly different for all groups. By the end of the first hour, the h 

decreased by 68% in the depleted group, compared to only 29% and 30% in the two 

control3 groups, showing significant differences between the control4 and the GAG-

                                                 
 

 

 
2, 3, 4 The second control group is the data from the Study 1. 
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depleted groups (P < 0.05). By the end of the second hour, the h decreased 71% in the 

depleted group; whereas it only decreased by 48% and 49% in both control groups. 

There were no significant differences between the controls. 
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Figure 4.7. The normalised hysteresis (h) in the control and a GAG-depleted groups over two hours of repetitive loading.  The GAG-

depleted and control samples are also compared with the data from Study 1(blue line) showing high concordance and replication of 

findings. (Asterisks indicate a p-value < 0.05, NS denotes nonsignificant.) 
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ii. Static testing  

a Stiffness (k) 

• Observational and statistical differences 

 Figure 4.9A illustrates the relative change in k over two hours (4,800 cycles) in two 

control groups and one GAG-depleted group and shows the significant differences at 

the 95% level of confidence, i.e., the points at which k significantly varies between the 

controls5 and the GAG-depleted group (P < 0.05). The control group data is again 

consistent with the other control data from Study 1. The differences in k were greater 

in the GAG-depleted group for all time points. The normalised declines in k from the 

beginning of testing to each hour and from the first to the second hour were 

significantly different (P < 0.05) for all groups. By the end of the first hour, the k 

decreased by 40% in the GAG-depleted group compared to only 19% and 16% in the 

two control6 groups, showing a significant difference between each of the control7 

groups and the GAG-depleted group (P < 0.05). By the end of the second hour, the k 

decreased 58% in the depleted group, whereas, it decreased 31% and 20% in the 

control8 groups showing significant differences between the control groups9 and the 

GAG-depleted groups (P < 0.05). 

                                                 
 

 

 

5, 6, 7, 8 and 9 The second control group is the data from Study 1. 
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b Maximum Load (ML) 

• Observational and statistical differences 

Figure 4.9B illustrates the relative change in ML over two hours (4,800 cycles) in two 

control groups and one GAG-depleted group and shows the significant differences at 

the 95% level of confidence, i.e. the points at which ML significantly varies between 

both control groups and the GAG-depleted group (P < 0.05). The control group data 

is again consistent with the other control data from Study 1. The differences were 

greater in the GAG-depleted group for all time points. The normalised declines in ML 

from the beginning of testing to each time point were significantly different (P < 0.05) 

and nonsignificant from the first to the second hour for all groups. 

  

By the end of first hour, the ML decreased by 39% in the GAG-depleted group 

compared to only 21% and 20% in the two control10 groups, showing a significant 

difference between the control11 and the GAG-depleted group (P < 0.05). By the end 

of the second hour, the ML decreased 48% in the depleted group; whereas it decreased 

by 32% and 30% in the control12 groups. However, there was only a significant 

difference between one control group13 and the GAG-depleted group (P < 0.05). 

 

 

 

                                                 
 

 

 
10 The first control group is the data from Study 1. 
11 The control group is the data from Study 2. 
12   The second control group is the data from Study 1. 
13  The control group is the data from Study 2. 

 

 
 

 
 

 



163 
 

 

 
 

Figure 4.8. The SR of tendons from control and GAG-depleted groups over two hours of static repetitive loading.  SR is expressed as the 

decline in the stress over the static held length. The decline is represented as three different points during the 60 s maximum hold period 

(StrainMax) expressed as the maximum value at the start (SR1) then a decreased amount of relaxation at the middle (SR2) and at the end 

of the strain dose as (SR3) (See Figure 3.2). 
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Figure 4.9. The normalised stiffness (k) [A] and maximum load (ML) [B] of control and GAG-depleted groups over two hours of static 

repetitive loading. The GAG-depleted and control samples are also compared with the 6% data from Study 1 ( blue line)  showing high 

concordance and replication of findings. (Asterisks indicate a p-value < 0.05, NS denotes nonsignificant.) 
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4.3 The Association Between Mechanical Loading Outcomes in 

Study 1  

The following sets of graphs show the association between the changes in the 

mechanical variables (k, h and SR). 

• Stiffness (k) and hysteresis (h)  

Figure 4.10 shows the concomitant changes in k with the corresponding h during three 

prolonged strains of different levels.  There is a decrease in k and h over the repeated 

testing cycle. The two variables are significantly associated with a linear correlation 

(R2 = 0.94, 0.97 and 0.94, P < 0.0001 for the 3%, 6% and 9% strain levels 

respectively).  

 

 

Figure 4.10. The change in the normalised k vs h. This graph shows the association 

for the three strain levels. 
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• Stiffness (k) and maximum load (ML) 

Figure 4.11 shows the changes in the normalised tendon k with the corresponding ML 

during prolonged testing of the three different strain levels.  There is a decrease in k 

and ML over the repeated testing cycle. The two variables are significantly associated, 

with a linear correlation (R2 = 0.94, 0.99 and 0.96, P < 0.0001 for the 3%, 6% and 9% 

strain levels respectively).  

 

Figure 4.11. The change in k vs ML. This graph shows the association for the three 

strain levels.   

• Maximum load (ML) and hysteresis (h) 

Figure 4.12 shows the changes in the normalised tendon ML with the corresponding 

h during prolonged testing at three different strain levels.  There is decrease in ML and 

h over the repeated testing cycle. The two variables are significantly associated with a 

linear correlation (R2 = 0.98, 0.99 and 0.99, P < 0.0001 for the 3%, 6% and 9% strain 

levels respectively).  
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Figure 4.12. The change in the normalised ML vs h. This graph shows the association 

for the three strain levels. 

4.4 The Association Between Mechanical Loading Outcomes in 

GAG-depleted Samples (Study 2) 

• Stiffness (k) and hysteresis (h) 

Figure 4.13 shows the changes in k with the corresponding h during the prolonged 

testing of three different strain levels.  There is a decrease in k and a decrease in h over 

the repeated testing cycle. The two variables are significantly associated, with a linear 

correlation (R2 = 0.98 for controls and 0.97 for GAG-depleted samples, P < 0.0001) 
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Figure 4.13. The change in k vs h. This graph shows the association for the three strain 

levels. 

 

• Stiffness (k) and maximum load (ML) 

Figure 4.14 shows the changes in k with the corresponding ML during prolonged 

testing at three different strain levels.  There is a decrease in k and ML over the 

repeated testing cycle. The two variables are significantly associated with a linear 

correlation (R2 = 0.98 for controls and 0.99 for GAG-depleted samples, P < 0.0001). 
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Figure 4.14. The change in k vs ML. This graph shows the association for the three 

strain levels. 

 

• Maximum load (ML) and hysteresis (h) 

Figure 4.15 shows the concomitant changes in the tendon ML with the corresponding 

h during prolonged testing at three different strain levels.  There is a decrease in ML 

and h over the repeated testing cycle. The two variables are significantly associated 

with a linear correlation (R2 = 0.97 for controls and 0.99 for GAG-depleted samples, 

P < 0.0001). 
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Figure 4.15. The change in ML versus h. This graph shows the association for the 

three strain levels.   
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4.5 Macro-morphological Outcomes During Mechanical Loading 

(Study 1) 

A. Semi-quantitative assessment - confocal and histological assessments 

Under the confocal arthroscope, the preconditioned tendon group demonstrated typical 

patterns that have been reported in the literature (Diamant et al., 1972; Cribb et al., 

1995; Khan et al., 1999; Franchi et al., 2007). These patterns consist of spindle-shaped 

tenocytes arranged in a columnar fashion between the collagen fibres. The patterns are 

highly aligned, parallel and bundled tightly with their wavy characteristic 

configuration (crimps).  Therefore, according to the literature, the vast majority of the 

preconditioned tendons were classified as Grade 1 in fibre structure, arrangement and 

orientation and in cell roundness (Section 3.5). 

 

The semi-quantitative confocal assessment of tendons undergoing a repetitive cyclic 

loading of low, moderate- and high- levels of strain (3%, 6% and 9%) over one, two, 

three and four hours allowed for three-dimensional (3D) imaging of the tendon 

microstructure.  The morphology clearly showed distinct different types of micro-

damage which were not observed in the nonloaded (preconditioned) tendons.   

 

Within the first hour of repeated loading, tendons subjected to the low-level loading 

(3%) demonstrated a slightly increased disruption of fibre arrangement and orientation 

that changed from parallel to slightly loose and wavy fibres exhibiting fibre kinks (FK) 

(see Figures 4.16 and 4.17:A1,1’), a slight separation and fragmentation of collagen 

fascicles without any evidence of fibre rupture (FaS) (see Figures 4.16 and 4.17:A1,1’) 

and slight tenocyte morphological changes from long spindle cells (1A) to oval-shaped 

cells (2A) (Figures 4.16 and 4.17:A1,1’). 

   

During the second and third hour of repetitive loading, the tendons exhibited 

progression of damage. For example, in the third hour increased separation, 

fragmentation and dissociation of fascicles and increased roundness of tenocytes were 

characterised. A significant widening of the interfibre space and dissociation of 

collagen fibres also became evident during the fourth hour (FS and FD in Figures 4.16 

and 4.17:A4, 4’). 
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The tendons were graded 1 for fibre structure, arrangement and orientation and in cell 

roundness in the first hour, whereas in these areas the tendons graded 2 for the second, 

third and fourth hours.    

 

The tendons that underwent a moderate level (6%) of repeated loading exhibited 

similar damage changes to those seen in the low-level group (3%), but the changes 

had a larger distribution. The changes were characterised by increased loose, 

irregularly and unequally crimped fibres with increased waviness that became evident 

from the first hour of repeated loading (Figures 4.16 and 4.17: B1, 1’, B2, 2’, B3, 3’ 

and B4, 4’). Fibre dissociation (FD) and interfibre space (FS) between fibres was also 

observed during the first hour (Figures 1 and 2: B1, 1’). For the first hour, fibre 

structure, arrangement and orientation and in cell roundness graded 2. Whereas, for 

second, third and fourth hour, the tendons graded 3 for these characteristics. 

 

Changes similar to those in the 6% group were also observed in the 9% group. 

However, these changes were seen earlier, in larger distribution and with increased 

severity of damage (Figures 4.16 and 4.17: C1, 1’, C2, 2’, C3, 3’ and C4, 4’). During 

the third and fourth hour, severe fibre disruption, loss of alignment, significantly 

increased roundness of tenocytes, fibre thinning and significantly increased 

fragmentation (FS) and dissociation (FD) and fibre rupture patterns (RUP) between 

fibres became more evident in the 9% group (FS, FD and RUP in Figures 4.16 and 

4.17: C3,3’ and C4,4’).  

 

Out-of-plane discontinuity was only found in tendons from the 9% group that were 

subjected to more than three hours of repeated loading (Figures 4.16 and 4.17: C4, 4’). 

For the 9% group, the distribution of damage areas continued to increase, and were 

microstructurally comprised of ruptured fibres that subsequently seemed to form a curl 

or kink pattern at the rupture sites (Figures 4.16 and 4.17: C3, 3’ and C4, 4’). For the 

first, second and third hours, fibre structure, arrangement and orientation and cell 

roundness graded 3. Whereas, the tendons graded 4 for the fourth hour. 
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Figure 4.16. CA images demonstrating the progression of morphological changes of 

the unloaded and fatigued tendons undergoing three strains (3%, 6% and 9%) over 

one, two, three and four hours. Original magnification 475 µm. 
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Similar findings in the thick bulk histological sections stained with periodic acid-

Schiff/Alcian blue (PAS/AB) and Hematoxylin and Eosin (H&E) (Figures 4.17: C3, 

C3’, C4 and C4’) describe a consistent pattern of structural change with increasing 

cycles and strain load. The Scanscope conventional histological images in Figure 4.17 

and 4.18 rule out any ruptured areas of blurry thinned fibre discontinuities seen in the 

images taken by CA.  

 

All of the assessments conducted for the confocal arthroscope and the Scanscope 

histological images representative of all group levels throughout the four-hour time 

frame were consistent at the end-points of each hour after the first hour.   

 

The Scanscope H&E (Figure 4.17) and PAS/AB (Figure 4.18) histological images 

below correspond with the confocal arthroscopic assessment (Figure 4.16) and were 

acquired by the Aperio Scanscope XT scanner with a 60× objective lens. 
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Figure 4.17. Scanscope H&E histological images demonstrating the progression of 

morphological changes of the unloaded and fatigued tendons undergoing three strains 

(3%, 6% and 9%) over one, two, three and four hours. Original magnification 475 µm. 
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Figure 4.18. Scanscope PAS/AB histological images demonstrating the progression of 

morphological changes of the unloaded and fatigued tendons undergoing three strains 

(3%, 6% and 9%) over one, two, three and four hours.  Original magnification 475 

µm. 
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The GAG content was estimated by assessing the PAS/AB stained slides (at pH 2.5) 

that were obtained from the conventional Scanscope histological images (Figure 4.18). 

A strong increase of total GAG content was observed in tendons subjected to higher 

strain and number of cycles of repetitive loading.  

 

The 3% group showed a moderate increase of alcianophilia between the collagen 

fibres only at the end-point of the fourth hour, whereas slight alcianophilia was 

observed at the first, second and third hours of the cyclic loading. In comparison, the 

6% group had a slight increase in alcianophilia in the first hour, and a moderate 

increased alcianophilia at the end points thereafter. The 9% group revealed a moderate 

increase in alcianophilia level in the first hour and a marked increase in alcianophilia 

between the collagen fibres at the end points thereafter. 

B. Semi-quantitative assessment - confocal assessments 

During loading, the strained groups demonstrated a progression in changes in tenocyte 

morphology, fibre structure and fibre arrangement and orientation. This section of the 

results shows the progressive categorical shifts that were affected by the mechanical 

intervention.  

 

i. Data Interpretation – Variance 

 

The data are reported graphically showing the proportion of cells identified in each 

category over time for each of the three strain rates. Note the study methodology 

means that a high level of repeated sampling is undertaken but the samples may be 

different visual fields of the same sample tendon. Furthermore, the sample size 

declines with each hour. As a result, there is variability towards the end of the sampling 

(due to a decrease in n) and cases where there are increases or improvements in the 

microstructure damage.  

 

Figure 4.19 shows the visual representation of the data sets subsequently presented – 

the changes in the proportion of cells in different categories over time.  

• Cat 4: Spindled, circularity values > 0–0.35  
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• Cat 3: Elongated, circularity ≥ 0.35–0.6  

• Cat 2: Oval, circularity ≥ 0.6–0.8 

• Cat 1: Round, circularity ≥ 0.8–1.0 

(For more information see Section 3.5B.) 

 

 

Figure 4.19. The dose and strain effect on the category shift of the morphological 

changes (from 1 to 2). Cat 4: long, spindle-shaped tenocytes; Cat 3: slightly rounded 

tenocytes; Cat 2: moderately rounded tenocytes; Cat 1: severely rounded tenocytes. 

A marked difference was observed in the progression of change from Cat 4 to Cat 3 

between the three strained groups (Figure 4.20). By the end of first hour and by 

30 minutes of repetitive loading, about 40% and 60% of the long, spindle-shaped 

tenocytes (Cat 4) had become slightly rounded (Cat 3) for the 3% and 6% strain 

groups, respectively. Whereas, as early as the end of the first 10 minutes about 80% 

of long spindle shape tenocytes (Cat 4) changed to slightly rounded (Cat 3) in the 9% 

strain group. No marked difference was observed for the progression of change from 

Cat 3 to Cat 2 and from Cat 2 to Cat 1 between the 3% and 6% groups during the 

second, third and fourth hour of repetitive loading. The tenocytes belonging to Cat 3 

and Cat 2 were predominant for both groups during the second and third hour.  

 

A marked difference in the shift from Cat 2 to Cat 1 was observed in the three strain 

groups. For the tenocytes that belonged to 3% and 6% groups, a marginal shift (10%) 

of the moderately rounded tenocytes (Cat 2) became severely rounded (Cat 1).  
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This marginal shift only started at the end of one hour and 30 minutes and continued 

until the end of the third hour of repetitive loading. Whereas, the 9% group displayed 

about a 60% change from moderately to severely rounded tenocytes (from Cat 2 to 

Cat 1) by the end of fourth hour of repetitive loading. This shift started within the first 

hour and represented about 30% of tenocytes by the end of the third hour of repetitive 

loading.    
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Figure 4.20. The tenocyte morphology category shift of tendons subjected to 3%, 6% 

and 9% strain over one, two, three and four hours. Cat 4: long, spindle-shaped 

tenocytes; Cat 3: slightly rounded tenocytes; Cat 2: moderately rounded tenocytes; Cat 

1: severely rounded tenocytes. 
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The change in fibre arrangement and orientation is shown in Figure 4.21. Under the 

repetitive loadings, the 3%, 6% and 9% strain groups all demonstrated a progression 

change in fibre arrangement and orientation that moved from Cat 4 to Cat 1 over the 

one, two, three and four hours of strain ( Figure 4.21).  

 

A marked difference was observed in the change from Cat 4 to Cat 3 between the three 

strain groups (Figure 4.21). By the end of first 20 minutes of repetitive loading, about 

20%, 60% and 100% of the collagen fibres have shifted from Cat 4 to Cat 3 for the 

3%, 6% and 9% groups, respectively. The compacted, parallel, regular and well-

ordered fibres (Cat 4) changed to slightly loose and wavy (Cat 3). By the end of the 

first two hours, 50%, 70% and more than 95% of fibres shifted from Cat 3 to Cat 2 for 

the 3%, 6% and 9% groups, respectively. The slightly loose and wavy fibres changed 

to moderately loose and wavy and the fibres crossed each other (Cat 2).  

 

By the end of the third hour, no marked difference was observed between 3% and 6% 

groups for the shift from Cat 2 to Cat 1. Only 20% of the moderately loose, wavy 

fibres became fibres with no identifiable patterns (Cat 1).  Whereas, more than 50% 

of the fibres in 9% group changed to Cat 2 by the end of the third hour. More than 

95% of the fibres changed to Cat 1 by the end of the fourth hour for all groups 

respectively.   
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Figure 4.21. The fibre arrangement and orientation category shift of tendons subjected 

to 3%, 6% and 9% strain over one, two, three and four hours. Cat 4: compacted, 

parallel, regular and well-ordered fibres; Cat 3: slightly loose and wavy fibres; Cat 2: 

moderately loose, wavy fibres; Cat 1: fibres with no identifiable patterns. 
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A marked difference was observed in the progression of change in fibre structure from 

Cat 4 to Cat 3 between the three strained groups (Figure 4.22). Within the first hour 

for all groups, about 25%, 90% and 100% of fibres changed from Cat 4 to Cat 3 for 

the 3%, 6% and 9% strain groups, respectively. The long continuous fibres changed 

from slightly wavy fragmented and separated (Cat 4) to increasingly wavy, fragmented 

and separated fibres (Cat 3). In comparison with the 3% and 6% groups, these changes 

occurred earlier in the 9% group.  

 

By the end of the second hour, a moderate severity of waviness, separation and 

fragmentation (Cat 2) became evident with a shift from Cat 3 to Cat 2 in about 50% 

and 60% of the fibres in the 3% and 6% groups respectively. Whereas, more than 90% 

of these fibres shifted to Cat 2 at the beginning of the second hour of the intervention 

for the 9% strain group. 

 

Until the end of the third and fourth hours, no marked difference was observed 

between fibres from the 3% and 6% strain groups in the shift from Cat 2 to Cat 1. 

About 20% of fibres in the 3% group and 50% in the 6% group shifted from Cat 2 to 

Cat 1 after the second hour and became severely separated and fragmented. While by 

the end of the third and fourth hours, 60% and 80% of the fibres, respectively, were 

severely separated and fragmented in the 9% strain group.  

 

During the second and third hour for the 3% and 6% strain groups, the majority of the 

fibres ranged between increased and moderate separation and fragmentation, while the 

majority of fibres in the 9% group ranged between moderate and severe fragmentation 

and showed a complete loss of structure.     
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Figure 4.22. The decreasing progression of categorical shift in fibre structure of 

tendons subjected to 3%, 6% and 9% strain over one, two, three and four hours. Cat 

4: slightly wavy fragmented and separated fibres; Cat 3: increasingly wavy, 

fragmented and separated fibres; Cat 2: moderate waviness, separation and 

fragmentation; Cat 1: severely separated and fragmented fibres.
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C. Quantitative assessment - confocal assessments 

 

i. Tenocyte shape, fibre waviness and anisotropy 

The 3%, 6% and 9% strain groups demonstrated a progression change in tenocyte 

roundness and fibre waviness characterised by marked decreasing categorical shifts 

(Figures 4.23–4.28). With fatigue loading, a marked decrease was observed in the 

progression of tenocyte morphology and fibre waviness category shifts in tendons 

subjected to low, moderate and high levels of strain (3%, 6% and 9% strain) and 

loading over one, two, three and four hours, whereas the anisotropy of fibres did not 

demonstrate any marked changes. In the 3%, 6% and 9% strain groups, the changes 

that were observed in tenocyte roundness can be categorised into Cat 4 (circularity 

values 0.00–0.35): long spindle-shaped tenocytes; Cat 3 (circularity values 0.35–0.60) 

slightly rounded tenocytes; Cat 2 (circularity values 0.60–0.80): moderately rounded 

tenocytes; Cat 1 (circularity values 0.80–1.00): severely rounded tenocytes.  (For more 

information see Section 3.5B.) 

 

There was a linear decrease in the number of tenocytes in Cat 4 through the first two 

hours for the 3% strain group (changing from 60% to 30% Cat 4 tenocytes). The other 

three categories (Cat 3, 2, and 1) concomitantly increased during the loading and no 

change was observed between these categories over the four hours.  
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Figure 4.23. The effect of fatigue loading on tendon tenocyte shape in the 3% strain 

group over the first, second, third and fourth hour of repetitive loading. Cat 4: long 

spindle-shaped tenocytes; Cat 3: slightly rounded tenocytes; Cat 2: moderately 

rounded tenocytes; Cat 1: severely rounded tenocytes. 

 

In the 6% strain group by the end of the second hour, a rapid decline in spindle 

tenocytes (Cat 4) (from 60% to 25%) occurred, with the tenocytes changing to become 

slightly rounded (Cat 3). No marked changes were observed during the third and fourth 

hours. The other three categories (Cat 3, 2, and 1) concomitantly increased with a 

greater increase in Cat 3 after the first hour.  

 
Figure 4.24. The effect of fatigue loading on tendon tenocyte shape in the 6% strain 

group over the first, second, third and fourth hour of repetitive loading. Cat 4: long 

spindle-shaped tenocytes; Cat 3: slightly rounded tenocytes; Cat 2: moderately 

rounded tenocytes; Cat 1: severely rounded tenocytes. 

In the 9% strain group, a sharp rapid decline in spindle tenocytes (Cat 4) (from 68% 

to 10%) occurred by the end of the second hour, the tenocytes changing to Cat 3. No 

marked changes were observed during the third and fourth hours. The other three 

categories (Cat 3, 2, and 1) concomitantly increased with a marked increase in Cat 1 

after the first hour. There was also greater noise in the image analysis.  
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Figure 4.25. The effect of fatigue loading on tendon tenocyte shape in the 9% strain 

group over the first, second, third and fourth hour of repetitive loading. Cat 4: long 

spindle-shaped tenocytes; Cat 3: slightly rounded tenocytes; Cat 2: moderately 

rounded tenocytes; Cat 1: severely rounded tenocytes. 

  

Figure 4.26 shows the points at which the tenocyte morphology significantly varied 

between the strain groups (p < 0.05). The tenocyte morphological change in the three 

strain groups demonstrated significant differences over the first, second, third and 

fourth hours.  The spindle tenocytes (Cat 4) declined over time (cycles) with greater 

changes associated with the level of strain. Although the differences between the three 

prolonged strained groups (for 3%, 6% and 9%) were nonsignificant at the first hour, 

the normalised changes from start to each hour and from the first to the second hours 

were significantly different (p < 0.05). Further, the change was significant for all 

groups from the first to the second hours and nonsignificant from the second to the 

third hours. 
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Figure 4.26. The differences in the effect of fatigue loading on tendon tenocyte shape. 

The percentage of cells in Cat 4 in the 3%, 6% and 9% strain groups over the first, 

second, third and fourth hour. (Asterisks indicate a p-value < 0.05, NS denotes 

nonsignificant.) 

 

Figure 4.27 illustrates the relative change in the fibre waviness for tendons over four 

hours (9,600) cycles at the three different strain levels and the points at which the fibre 

waviness has significantly varied between the strain groups (p < 0.05). The waviness 

increased over time (cycles) with greater changes associated with the level of strain. 

This was significant for all groups at all-time points. The differences were significantly 

(P < 0.05) greater in the 9% group at the first, second and third hour of loading. The 

normalised changes from the beginning to the first hour, from the first to the second 

hour, and from the second to the third hour were significantly different for the 3%, 6% 

and 9% strain groups (p < 0.05). 
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Figure 4.27. The differences in the effect of fatigue loading on fibre waviness between 

the 3%, 6% and 9% strain groups over the first, second, third and fourth hour. 

(Asterisks indicate a p-value < 0.05, NS denotes nonsignificant.) 

 

In Figure 4.28, significant differences in fibre anisotropy can be observed between the 

3% strain group and the other groups over the first, second, third and fourth hour of 

the mechanical intervention (p < 0.05).  No significant differences were observed 

between the 6% and 9% strain groups for all time points. For all groups, no significant 

differences were observed from the start to each of the time points. All the differences 

between the 6% and 9% groups existed during the preconditioning of the samples. 
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Figure 4.28. The differences in the effect of fatigue loading on fibre anisotropy 

between the 3%, 6% and 9% strain groups over the first, second, third and fourth hour.  

(Asterisks indicate a p-value < 0.05, NS denotes nonsignificant.) 

 

4.6 The Association Between Mechanical and Macro-

morphological Changes Over Time 

The following sets of graphs show the changes in the mechanical profiles14 (declining) 

with the corresponding changes in cell morphology for the prolonged strain testing of 

the tendons under three different strain levels. All the tendons start with almost all of 

cells identified as spindle-like and over time the proportion of spindles declines with 

an increase in the proportion of roundness in the remaining cells. 

• Tenocyte Roundness (3%) 

Figure 4.29A shows the declining proportion of cells in the samples that are spindle-

like (Cat 4) as the stiffness declines, demonstrating a significantly linear association 

between the two variables (R2 = 0.97, P < 0.0001). The corresponding proportional 

increase in the three remaining categories of roundness (Cat 3, Cat 2 and Cat 1) as 

stiffness declines is shown in Figure 4.29B. Each of these have a linear association R2 

> 0.88, P < 0.0001. 

                                                 
 

 

 
14 The loading stiffness (k2) was measured at the beginning of the cyclic loading 

profile.  All the data for stiffness assessments were found to be highly correlated 

(R2 = 0.84–0.97, P < 0.0001 for the 3%, 6% and 9% strain groups).  The replication 

of the associations for k2 are in Appendix 8.  
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Figure 4.29. Changes in k vs tenocyte roundness in the 3% strain group over four hours 

of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with k decline. B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with k decline. 

 

Figure 4.30A shows the declining proportion of Cat 4 cells as h decreases, 

demonstrating a significantly linear association between the two variables (R2 = 0.96, 

P < 0.0001). The corresponding proportional increase in the three remaining categories 

of roundness (Cat 3, Cat 2 and Cat 1) is shown in Figure 4.30B. Each of these have a 

linear association R2 > 0.87, P < 0.0001.  
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Figure 4.30. Changes in h vs tenocyte roundness in the 3% strain group over four hours 

of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with h.  B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with h. 

Figure 4.31A shows the declining proportion of Cat 4 cells as ML declines, 

demonstrating a significantly linear association between the variables (R2 = 0.97, 

P < 0.0001). The corresponding proportional increase in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) is shown in Figure 4.31B. Each of 

these have linear associations R2 > 0.86, P < 0.0001. 
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Figure 4.31. Changes in ML vs tenocyte roundness in the 3% strain group over four 

hours of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with ML.  B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with ML. 

• Tenocyte Roundness (6%) 

The following graphs show the concomitant changes in the tendon k (declining) with 

changes in cell morphology. Figure 4.32A shows the declining proportion of Cat 4 

cells as the stiffness declines, demonstrating a significantly linear association between 

the variables (R2 = 0.88, P < 0.0001). The corresponding proportional increase in the 

three remaining categories of roundness (Cat 3, Cat 2 and Cat 1) is shown in Figure 

4.32B. Each of these have linear associations R2 > 0.90, P < 0.0001.  
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Figure 4.32. Changes in k vs tenocyte roundness in the 6% strain group over four hours 

of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with k decline.  B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with k decline. 

 

Figure 4.33A shows the declining proportion of Cat 4 cells as h declines, 

demonstrating a significantly linear association (R2 = 0.91, P < 0.0001) between the 

variables. The corresponding proportional increase in the three remaining categories 

of roundness (Cat 3, Cat 2 and Cat 1) is shown in Figure 4.33B. Each of these have a 

linear association R2 > 0.93, P < 0.0001.  
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Figure 4.33. Changes (h vs tenocyte roundness) in the 6% strain group over four hours 

of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with h.  B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with h. 

 

Figure 4.34A shows the declining proportion of Cat 4 cells as the ML declines, 

showing a significantly linear association (R2 = 0.88, P < 0.0001). The corresponding 

proportional increase in the three remaining categories of roundness (Cat 3, Cat 2 and 

Cat 1) is shown in Figure 4.34B. Each of these have a linear associations R2 > 0.88, 

P < 0.0001. 
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Figure 4.34. Changes in ML vs tenocyte roundness in the 6% strain group over four 

hours of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with ML.  B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with ML. 

• Tenocyte Roundness (9%) 

Figure 4.35A shows the declining proportion of Cat 4 cells as the k declines, 

demonstrating a significantly linear association (R2 = 0.95, P < 0.0001). The 

corresponding proportional increase in the three remaining categories of roundness 

(Cat 3, Cat 2 and Cat 1) is shown in Figure 4.35B. Each of these have a linear 

association R2 > 0.84, P < 0.0001. 
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Figure 4.35. Changes in k vs tenocyte roundness in the 9% strain group over four hours 

of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with k decline.  B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with k decline. 

 

Figure 4.36A shows the declining proportion of Cat 4 cells as the h declines, 

demonstrating significantly linear association (R2 = 0.91, P < 0.0001). The 

corresponding proportional increase in the three remaining categories of roundness 

(Cat 3, Cat 2 and Cat 1) is shown in Figure 4.36B. Each of these have a linear 

association R2 < 0.79, P < 0.0001. 
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Figure 4.36. Changes in h vs tenocyte roundness in the 9% strain group over four hours 

of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with h.  B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with h. 

 

Figure 4.37(A) shows the declining proportion of Cat 4 cells as the ML declines, 

showing a significantly linear association between the variables (R2 = 0.94, 

P < 0.0001). The corresponding proportional increase in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) is shown in Figure 4.38B. Each of 

these have a linear association R2 > 0.83, P < 0.0001. 
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Figure 4.37. Changes in ML vs tenocyte roundness in the 9% strain group over four 

hours of cyclic loading. A shows the proportion of cells with a spindle shape (Cat 4) 

compared with ML.  B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with ML. 
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The following graphs show the changes in the mechanical profile15 with the 

corresponding changes in fibre waviness for the prolonged-strain groups (3%, 6% and 

9%) over the four hours of mechanical intervention.   

• Waviness (3%) 

Figure 4.38 shows the increased proportion of fibres (up to around 50%) in the samples 

that are wavy as the k declines (by around 30%). A rapid decrease in k with a slight 

increase in waviness exists at the beginning, followed by a greater increase in 

waviness. The two variables are significantly associated, with a polynomial correlation 

(R2 = 0.92, P < 0.0001).  

 

Figure 4.38. Changes in k versus waviness in the 3% group over four hours of cyclic 

loading. 

Figure 4.39 shows the increased proportion of fibres (up to 50%) that are wavy as the 

h decreases (by around 40%). A rapid decrease in h with a slight increase in waviness 

                                                 
 

 

 
15 All the data for stiffness assessments were found to be highly correlated. (R2 = 0.93, 

0.85 and 0.91, P < 0.0001) for the 3%, 6% and 9% strain groups respectively. The 

replication of the associations for loading stiffness (k2) are in Appendix 8.   
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exists at the beginning followed by a greater increase in waviness. The two variables 

are significantly associated, with a polynomial correlation (R2 = 0.80, P < 0.0001).  

 

Figure 4.39. Changes in h versus waviness in the 3% strain group upon four hours of 

cyclic loading. 

Figure 4.40 shows the increased proportion of fibres (up to around 50%) that are wavy 

as the ML declines (by around 30%). A rapid decrease in ML with a slight increase in 

waviness exists at the beginning followed by a greater increase in waviness.  The two 

variables are significantly associated, with a polynomial correlation (R2 = 0.84, P < 

0.0001).  

 

Figure 4.40. Changes in ML versus waviness in the 3% strain group upon four hours 

of cyclic loading. 
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• Waviness (6%) 

 Figure 4.41 shows the increased proportion of fibres (up to 70%) that are wavy as the 

k declines (by around 40%). The two variables are significantly associated, with a 

linear correlation (R2 = 0.97, P < 0.0001).  

 

Figure 4.41. Changes in k versus waviness in the 6% strain group upon four hours of 

cyclic loading. 

Figure 4.42 shows the increased proportion of fibres (up to around 70%) that are wavy 

as the h decreases (by around 70%). The two variables are significantly associated 

with a linear correlation (R2 = 0.99, P < 0.0001). 
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Figure 4.42. Changes in h versus waviness in the 6% strain group upon four hours of 

cyclic loading. 

Figure 4.43 shows the increased proportion of fibres (up to around 70%) that are wavy 

as the ML declines (by around 60%). The two variables are significantly associated, 

with a linear correlation (R2 = 0.97, P < 0.0001). 

 

 

Figure 4.43. Changes in ML versus waviness in the 6% group upon four hours of cyclic 

loading. 

• Waviness (9%) 

Figure 4.44 shows the increased proportion of fibres (up to 95%) in the samples that 

are wavy as k declines (around 50%). The two variables are significantly associated, 

with a linear correlation (R2 = 0.97, P < 0.0001). 
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Figure 4.44. Changes in k versus waviness in the 9% strain group upon four hours of 

cyclic loading. 

Figure 4.45 shows the increased proportion of fibres (up to 96%) in the samples that 

are wavy as h decreases (by around 82%). The two variables are significantly 

associated, with a linear correlation (R2 = 0.94, P < 0.0001). 

 

 

Figure 4.45. Changes in h versus waviness in the 9% strain group upon four hours of 

cyclic loading. 

Figure 4.46 shows the increased proportion of fibres (up to 90%) in the samples that 

are wavy as the ML decreases (by 70%). The two variables are significantly 

associated, with a linear correlation (R2 = 0.93, P < 0.0001). 

 

 

Figure 4.46. Changes in ML versus waviness in the 9% strain group upon four hours 

of cyclic loading.
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Table 4.1. The correlation (R values) between changes in tenocyte roundness classification (spindle to roundness) and changes in 

mechanical characteristics for the different three strain levels (3%, 6% and 9%) over four hours of cyclic loading.  

Variable 
Cat 4 

(0.00–0.35) 

Cat 3 

(0.35–0.60) 

Cat 2 

(0.60–0.80) 

Cat 1 

(0.80–1.00) 

 Long spindle Slightly rounded Moderately rounded Severely rounded 

k       

3% strain 0.9742  0.8915  0.8820 0.9081 

6% strain 0.8778  0.9399  0.9085 0.9101 

9% strain 0.9594  0.8411  0.9264 0.9640 

h     

3% strain 0.9616 0.9279  0.8727 0.9109 

6% strain 0.9111 0.9534  0.9338 0.9337 

9% strain 0.9141 0.7932  0.9328 0.9260 

ML     

3% strain 0.9789  0.8893  0.8740  0.9477 

6% strain 0.8479  0.9567  0.8844  0.9087 

9% strain 0.9404  0.8322  0.9380  0.9414 
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Table 4.2. The correlation (R values) between changes in fibre waviness and changes 

in mechanical characteristics for the different strain levels (3, 6 and 9%) over four 

hours of cyclic loading. 

 

 

 

 

 

 

 

 

 

 

 

Variable        Waviness (0–1)  

  

k  

3% strain 0.9213 

6% strain 0.9767 

9% strain 0.9779 

 h  

3% strain 0.8083 

6% strain 0.9928 

9% strain 0.9498 

ML  

3% strain 0.8467 

6% strain 0.9762 

9% strain 0.9364 
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4.7 Macro-morphological Outcomes in GAG-depleted Tendons 

(Study 2) 

A. A semi-quantitative confocal and histological assessment of the 

observable structural changes in GAG-depleted tendons (6% strain for two 

hours)  

• DMMB GAG quantification 

• Assay Optimisation Part 1 (small tendon pieces) 

The Chondroitin sulfate (Ch-SO4) standards were graphed (concentration of standard 

vs absorbance at 525 nm) to create a standard curve (Figure 4.47B). The linear part of 

the curve was determined to be in the region between 0 mg/ml and 0.016 mg/ml Ch-

SO4. This region of the standard curve was regraphed (Figure 4.47A) and the linear 

equation of the line (eq 3.1) was obtained  

y = 6.2612x + 0.0148      (eq 3.1) 

 where y = absorbance and x = mg/ml Ch-SO4. This equation was then rearranged (x 

= [y – 0.0148]/6.2612) so that the unknown (x) concentration of the test samples could 

be obtained from knowing y (absorbance at 525 nm) (Table 4.3).  The final 

concentrations obtained from the equation were adjusted for the dilution factor (x 4 if 

a 20 µl sample was tested; x 8 if a 10 µl sample was tested). The percentage of GAGs 

remaining in the GAG-depleted samples was calculated relative to the control sample. 

A 40% reduction in GAG content was seen in the GAG-depleted samples. The control 

and two test samples were of equal dry weight in this experiment, so the final 

concentration of GAG did not have to be adjusted to reflect the amount of starting 

material. This was confirmed by measuring the absorbance of each sample at 260 nm 

for amino acid content. When using the 20 µl sample aliquots, the depleted samples A 

and B showed a similar reduction in GAG content, with GAG concentrations of 0.076 

mg/ml and 0.088 mg/ml, compared to the control sample at 0.121 mg/ml (i.e. 71% and 

73% compared to control). When using the smaller 10 µl aliquots, the variability was 

higher (72% and 58% compared to control). This may be due to the higher dilution 

(and thus higher multiplication factor). Overall, Ch-ABC depletion led to an 

approximately 27 – 42 % reduction in sulfated GAG content, as measured by the 

DMMB assay (Table 4.4). 
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Figure 4.47. Ch-SO4 standard curves (tendon pieces). A shows the linear range of the 

curve and the B shows the full standard curve. 
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Table 4.3. The Ch-SO4 standard (mg/ml) of the tested samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Absorbance       

      

 1 0.5 0.25 0.125 0.063 0.031 0.016 0.008 0.004 0.002 0.001 0 

Standard 1 0.481 0.475 0.472 0.472 0.44 0.349 0.29 0.232 0.207 0.196 0.187 0.192 

Standard 2 0.469 0.47 0.463 0.465 0.434 0.349 0.277 0.233 0.209 0.199 0.194 0.187 

Mean  0.475 0.473 0.468 0.469 0.437 0.349 0.284 0.233 0.208 0.198 0.191 0.19 

Minus Background 0.305 0.303 0.298 0.299 0.267 0.179 0.114 0.063 0.038 0.028 0.021 0.02 
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Table 4.4. The final concentration of Ch-SO4 in the control and GAG-depleted samples (small tendon pieces). 

 

 

 

 

 

 

 

Sample 
Absorbance 

(525 nm) 

Corrected for 

background 

absorbance 

(– 0.17) 

Ch-SO4 

concentration 

(mg/ml) 

Multiplied by dilution 

factor 

(x 4*; x 8**) 

Percentage 

GAG 

remaining 

   20 µl samples, diluted 1:4 

Control 0.349 0.179 0.030 0.121 mg/ml*  

Sample A 0.303 0.133 0.021 0.086 mg/ml*        71 % 

Sample B 0.306 0.136 0.022 0.088 mg/ml*        73 % 

    10 µl samples, diluted 1:8                                 

Control  0.278 0.108 0.016      0.134 mg/ml**      

Sample A  0.252 0.082 0.011      0.095 mg/ml**         71 % 

Sample B  0.241 0.071 0.009      0.079 mg/ml**         58 % 
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• Assay Optimisation Part 2 (whole tendon) 

The Ch-SO4 standard curves were obtained using similar procedures to those in Part 1 

(Figure 4.48, Table 4.5).  Samples were tested neat and diluted 1:2. Both the neat and 

1:2 diluted samples fell in the linear range of the assay and gave the same results – 

thus only the values for the neat samples are shown. The whole tendon treated with 

Ch-ABC was found to have approximately 57% of the GAG content of the control 

tendon (i.e. a 43% reduction in GAG content); consistent with the data obtained for 

the small tendon pieces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.48. The chondroitin sulfate (Ch-SO4) standard curves (whole tendon). A 

shows the linear range of the curve and B the full standard curve.  

y = 5.178x + 0.0056
R² = 0.9994

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

Ab
so

rb
an

ce
 a

t 5
25

 n
m

Concentration Of chondroitin 
sulfate (Ch-SO4) mg/ml

A 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.000 0.200 0.400 0.600 0.800 1.000

Ab
so

rb
an

ce
 a

t 5
25

 n
m

Concentration Of chondroitin 
sulfate (Ch-SO4) mg/ml

B 



212 
 

Table 4.5. The Ch-SO4 standard (mg/ml) of the tested samples (whole tendon). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Absorbance       

      

 1 0.5 0.25 0.125 0.063 0.031 0.016 0.008 0.004 0.002 0.001 0 

Standard 1 0.481 0.458 0.414 0.462 0.431 0.34 0.266 0.223 0.201 0.19 0.186 0.18 

Standard 2 0.475 0.481 0.476 0.463 0.432 0.346 0.266 0.225 0.203 0.194 0.19 0.174 

Mean  0.478 0.469 0.445 0.465 0.431 0.343 0.266 0.224 0.202 0.192 0.188 0.177 

Minus Background 0.301 0.292 0.268 0.285 0.254 0.166 0.089 0.047 0.025 0.015 1 0 
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Table 4.6. The final concentration of Ch-SO4 in the control and GAG depleted samples (whole tendon). 

 

 

 

 

 

 

 

 

 

 

 

Sample 
Absorbance 

(525 nm) 
Corrected for 

background 

absorbance 

(– 0.17) 

Ch-SO4 

concentration 

(mg/ml) 

Multiplied by dilution 

factor 

(x 4*; x 8**) 

    Percentage 

GAG 
remaining 

and depleted 

                                                              20 µl samples, diluted 1:4 

   

Control       0.304 0.127          0.024 2.988 mg/ml   
                                                                      

                                                              10 µl samples, diluted 1:8 

   

GAG-depleted        0.231 0.054 0.0010 2.028 mg/ml  57.8% 
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• GAG depletion in tendons undergoing mechanical testing 

Whole tendons for mechanical testing were prepared for GAG depletion as described 

in Section 4.7A. The whole tendon treated with Ch-ABC was found to have 57.7 –

73.3 % of the GAG content of the control tendons (i.e. a 26.7 – 42.3% reduction in 

GAG). 

 

 

 
Figure 4.49. The chondroitin sulphate (Ch-SO4) standard curves obtained from 

experiment involved assessing the ability of Ch-ABC to deplete GAGs from a whole 

tendon that underwent mechanical testing. Figure (A) represents the linear range of 

the curve and the figure (B) represents the full standard curve. Where x axis = 

concentration of standard and y = absorbance at 525 nm. 
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Table 4.7. The Ch-SO4 standard (mg/ml) of the tested GAG-depleted samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Absorbance       

 1.000 0.500 0.250 0.125 0.063 0.031 0.016 0.008 0.004 0.002 0.001 0.000 

Std Curve 1 0.58 0.56 0.50 0.53 0.47 0.43 0.32 0.27 0.26 0.23 0.21 0.20 

Std Curve 2 0.55 0.52 0.48 0.44 0.44 0.41 0.31 0.25 0.20 0.19 0.19 0.18 

Mean 0.56 0.54 0.49 0.48 0.46 0.42 0.31 0.26 0.23 0.21 0.20 0.19 

Minus Background 0.39 0.36 0.31 0.31 0.28 0.24 0.13 0.08 0.06 0.04 0.02  0.01 
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Table 4.8. The final concentration of ChSO4 in the tested GAG depleted samples. 

 

 
Sample Absorbance    

(525) 
Corrected for 
background 
absorbance 

(– 0.17) 

 ChSO4  mg/ml  
(mean of 
diluted 

20 and 10 µl  
Samples) 

Adjusted GAG 
content relative to 
AA concentration 

Percentage 
remaining 

1 0.586 0.409 0.137 0.0577 57.7 % 
2 0.362 0.185 0.081 0.0404 70.0 % 
3 0.353 0.176 0.069 0.0338 58.6 % 
4 0.359 0.182 0.066 0.0363 62.9 % 
5 0.328 0.151 0.052 0.0358 62.0 % 
6 0.305 0.128 0.044 0.0343 59.5 % 
7 0.438 0.261 0.112 0.0423 73.3 % 
8 0.407 0.230 0.100 0.0392 68.0 % 
9 0.396 0.219 0.075 0.0357 61.9 % 
10 0.429 0.252 0.078 0.0411 71.3 % 
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GAG-depleted and undepleted tendons were given a dynamic and static repetitive 

cyclic loading of moderate-level strain (6%) over two hours. The semi-quantitative 

confocal assessment allowed for three-dimensional (3D) imaging of the tendon’s 

microstructure. The tendon deformation that was induced by the repetitive loading was 

considered, in the same manner as shown in Section 4.3, to assess the cumulative 

progression of damage in GAG-depleted tendons. 

Figure 4.50. CA images demonstrating the progression of morphological changes of 

the unloaded and fatigued tendons that underwent 6% strain over two hours. Original 

magnification 475 µm. 

 

The assessment demonstrated strain- and time-dependent morphological changes of 

the tendon microstructure. The morphology clearly shows distinct microdamage in the 

GAG-depleted tendons (Figure 4.50) which was also observed in the undepleted group 

(Section 4.5). However, the morphology was characterised by a progressively 
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increasing intensity and severity of microstructural damage in the GAG-depleted 

tendons as compared to the undepleted tendons.  

 

Within the first hour of repeated loading (2,400 cycles), the GAG-depleted tendons 

demonstrated an increased disruption of fibre arrangement and orientation. The fibre 

orientation changed from parallel to a moderately loose and wavy orientation, and the 

fibres crossed each other and exhibited fibre kinks (FK in Figure 4.50:B1), a moderate 

separation and fragmentation of collagen fascicles and fibres (FaS and FD in Figure 

4.50: B1,) and tenocyte morphological changes from long spindle cells (1B) to 

moderately rounded (2B) (Figure 4.50: B1). Whereas the control group exhibited a 

lower disruption of fibre arrangement and orientation, changing from parallel to 

slightly loose and wavy fibres exhibiting fibre kinks (FK in Figure 4.50 B1’), a slight 

separation and fragmentation of collagen fascicles and fibres (FaS and FD in Figure 

4.50: B1’) and slight tenocyte morphological changes from long spindle cells (1B) to 

oval-shaped cells (2B) (Figure 4.50: B1’).  All of the above changes are consistent 

with Grade 4 in fibre structure, arrangement, orientation and cell roundness. 

 

During the second hour of repetitive loading, the GAG-depleted group had increased 

in severity compared to the undepleted tendons (FD in Figure 4.50: B2’). During the 

second hour, severe fibre disruption, loss of alignment, significantly increased 

roundness of tenocytes, fibre thinning and significantly increased fragmentation (FS) 

and dissociation (FD) and fibre rupture patterns (RUP) between fibres became more 

evident in the GAG-depleted tendons (FS, FD and RUP in Figure 4.50: B2). For fibre 

structure, arrangement and orientation and cell roundness, the tendons graded 3 and 4 

for the control and GAG-depleted groups respectively. During the second hour of 

loading, the distribution of damage areas continued to increase, and the damaged areas 

were microstructurally composed of ruptured fibres that subsequently seemed to form 

kinked patterns at the rupture sites (Figure 4.50: B2).   

 

Similar results were found in the thick bulk histological sections stained with AB/PAS 

and H&E (Figure 4.51: B1, 1’, B2, B2’).  The Scanscope conventional histological 

images in Figure 4.51 rule out any ruptured areas of blurry thinned fibre discontinuities 

seen in the images taken by confocal arthroscopy. For both the control and GAG-

depleted tendons, all assessments made for the CA and Scanscope histological images 
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throughout the mechanical intervention were consistent at the end-points of the two 

hours of cyclic loading. As shown in Figures 4.50 and 4.51, both the CA and 

Scanscope H&E histological assessments of fibre structure, arrangement and 

orientation and cell roundness, show that the GAG-depleted and control groups had a 

morphological grading of up to 3 for the first and 4 for the second hour of repetitive 

loading, indicating a moderate to severe damage effect. 

    
Figure 4.51. Scanscope H&E histological images of unloaded and loaded tendon 

groups demonstrating the progression of morphological changes of tendons underwent 

6% strain over two hours. Original magnification 475 µm. 

B. Quantitative confocal and histological assessment of the observable 

structural changes in GAG-depleted tendons  

• Tenocyte shape, waviness and anisotropy 

The controls and GAG-depleted samples both demonstrated a progressive change in 

tenocyte roundness and fibre waviness with fatigue loading characterised by a marked 
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decreasing categorical shift. However, the anisotropy of fibres did not demonstrate 

any marked changes.  

 

Figure 4.52 illustrates the relative change in tenocyte morphology over two hours in 

the control and GAG-depleted groups. In both groups, the spindle shape declined over 

time with greater changes in the depleted tendon groups at the first and second hours. 

By the end of the first hour, on average 60% and 70 % of spindle tenocytes (Cat 4) 

had changed to slightly rounded (Cat 3) in the control and depleted groups 

respectively. Whereas, by the end of the second hour, on average 75% and 85% of 

spindle tenocytes (Cat 4) had changed to slightly rounded (Cat 3) in the control and 

depleted groups respectively. 

  

 

Figure 4.52. The effect of fatigue loading (6% strain) on tenocyte roundness in control 

and GAG-depleted groups over two hours. (Asterisks indicate a p-value < 0.05, NS 

denotes nonsignificant.) 

 

There is a significant decline in the proportion of spindle-shaped tenocytes in both 

tendon groups (p < 0.05). The normalised changes from the beginning of the 

experiment to each hour and from the first to the second hour were significantly 

different in both groups (p < 0.05). There were significantly greater reductions in 

spindle-shaped tenocytes in the GAG-depleted tendons (p < 0.05) over the first and 

second hour.    
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Figure 4.53. The effect of fatigue loading (6% strain) on fibre waviness in control and 

GAG-depleted groups over two hours. (Asterisks indicate a p-value < 0.05, NS 

denotes nonsignificant.) 

 

Figure 4.53 illustrates the relative change in fibre waviness over the two hours (4,800 

cycles) in the control and GAG-depleted groups. In both groups the fibre waviness 

increased over time with greater changes in the GAG-depleted tendon groups at the 

first and second hour. By the end of the first hour, on average there was a 25% and 

60% increase in fibre waviness in the control and GAG-depleted groups, respectively. 

Whereas, by the end of the second hour, there was on average a 40% and 75% increase 

in fibre waviness in the control and GAG-depleted groups respectively. 

 

There was a significant increase in the proportion of fibre waviness in both tendon 

groups (p < 0.05).The normalised changes from the beginning of the experiment to 

each hour and from the first to the second hour were significantly different in both 

groups (p < 0.05). There was a significantly greater increase in wavy fibres in the 

GAG-depleted tendons (p < 0.05) over the first and second hour. 

 

Figure 4.54 illustrates the relative change in fibre anisotropy over two hours (4,800 

cycles) in the control and GAG-depleted groups. There are no significant differences 

in the proportion of fibre anisotropy in both tendon groups (p < 0.05) at all-time points. 

The normalised changes from the beginning of the experiment to each hour and from 

the first to the second hour were not significantly different in both groups. There were 

no significant differences in fibre anisotropy between both tendon groups over the first 
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and second hour. This demonstrates that all anisotropic changes in both groups 

occurred during preconditioning. 

 

 
 

Figure 4.54. The effect of fatigue loading (6% strain) on fibre anisotropy in control 

and GAG-depleted groups over two hours. (NS denotes nonsignificant.) 

4.8 The Association Between Mechanical and Macro-

morphological Changes Over Time (Study 2) 

A. Tenocyte Roundness for Controls 

The following graphs show the changes in mechanical profiles16 with the 

corresponding changes in cell morphology. All the tendons start with an average 100% 

of cells identified as spindle-like and over a time of repeated strain the proportion of 

spindles declines with an increase in the proportion of roundness in the remaining 

cells. 

                                                 
 

 

 
16 All the data for stiffness assessments were found to be highly correlated (R = 0.94 

for controls and 0.97 for GAG-depleted tendons, P < 0.0001). The replication of 

associations for of the loading stiffness (k2) is placed in the Appendix 9.  
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Figure 4.55A shows the decline in the proportion of spindle-shaped tenocytes (Cat 4) 

(on average 30%) as k declines (on average 30%), demonstrating a significant 

polynomial association (R2 = 0.92, P < 0.0001). The corresponding proportional 

increase in the three remaining categories of roundness (Cat 3, Cat 2 and Cat 1) is 

shown in Figure 4.55B. Each of these have an increase with a polynomial association 

(R2 > 0.13, all P < 0.0001).  

 

 
 

Figure 4.55. Changes (k vs tenocyte roundness) in the control group (6% cyclic loading 

over two hours). A shows the proportion of cells with a spindle shape (Cat 4) compared 

with k decline. B shows the increase in proportion of cells in the three remaining 

categories of roundness (Cat 3, Cat 2 and Cat 1) compared with k decline. 

 

Figure 4.56A shows the declining proportion of tenocytes that are spindle shaped (Cat 

4) (on average 30%) as h declines (on average 60%), demonstrating a significant 

polynomial association (R2 = 0.74, P < 0.0001). The corresponding proportional 

increase in the three remaining categories of roundness (Cat 3, Cat 2 and Cat 1) is 
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shown in Figure 4.56B. Each of these have an increase with a polynomial association 

(R2 > 0.21, all P < 0.0001).  

 

 
 

Figure 4.56. Changes (h vs tenocyte roundness) in the control group (6% cyclic 

loading over two hours). A shows the proportion of cells with a spindle shape (Cat 4) 

compared with h decline. B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with h decline. 

 

Figure 4.57A shows the declining proportion of cells in the samples (on average 30%) 

that are spindle-like (Cat 4) as the ML declines (on average 30%), demonstrating a 

significant polynomial association (R2 = 0.76, P < 0.0001). The corresponding 

proportional increase in the three remaining categories of roundness (Cat 3, Cat 2 and 

Cat 1) is shown in Figure 4.57B. Each of these have an increase with polynomial 

associations (R2 > 0.16, all P < 0.0001).  
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Figure 4.57. Changes (ML vs tenocyte roundness) in the control group (6% cyclic 

loading over two hours). A shows the proportion of cells with a spindle shape (Cat 4) 

compared with ML decline. B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with ML decline. 

B. Tenocyte Roundness for GAG-depleted Samples 

The following graphs show the declines in the mechanical profiles with the 

corresponding changes in cell morphology for the GAG-depleted samples. 

   

 Figure 4.58A shows the decline in the proportion of spindle-shaped tenocytes (Cat 4) 

(around 45%) for the GAG-depleted samples as k declines (on average 55%), 

demonstrating a significantly polynomial association (R2 = 0.98, P < 0.0001). The 

corresponding proportional increase in the three remaining categories of roundness 

(Cat 3, Cat 2 and Cat 1) is shown in Figure 4.58B. Each of these have an increase with 

a polynomial association (R2 > 0.42, P < 0.0001).  
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Figure 4.58. Changes (k vs tenocyte roundness) in the GAG-depleted group (6% cyclic 

loading over two hours). A shows the proportion of cells with a spindle shape (Cat 4) 

compared with k decline. B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with k decline. 

 

Figure 4.59A shows the decline in the proportion of spindle-shaped tenocytes (Cat 4) 

(around 45%) for the GAG-depleted samples as h declines (on average 70%), 

demonstrating a significantly polynomial association (R2 = 0.89, P < 0.0001). The 

corresponding proportional increase in the three remaining categories of roundness 

(Cat 3, Cat 2 and Cat 1) is shown in Figure 4.59B. Each of these have an increase with 

a polynomial association (R2 > 0.65, P < 0.0001).  
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Figure 4.59. Changes (h vs tenocyte roundness) in the GAG-depleted group (6% cyclic 

loading over two hours). A shows the proportion of cells with a spindle shape (Cat 4) 

compared with h decline. B shows the increase in proportion of cells in the three 

remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with h decline. 

 

 

Figure 4.60A shows the decline in the proportion of spindle-shaped tenocytes (Cat 4) 

(on average 45%) for the GAG-depleted samples as the ML declines (on average 

45%), demonstrating a polynomial association (R2 = 0.98, P < 0.0001). The 

corresponding proportional increase in the three remaining categories of roundness 

(Cat 3, Cat 2 and Cat 1) is shown in Figure 4.60B. Each of these have an increase with 

a polynomial association (R2 > 0.42, P < 0.0001).  
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Figure 4.60. Changes (ML vs tenocyte roundness) in the GAG-depleted group (6% 

cyclic loading over two hours). A shows the proportion of cells with a spindle shape 

(Cat 4) compared with ML decline. B shows the increase in proportion of cells in the 

three remaining categories of roundness (Cat 3, Cat 2 and Cat 1) compared with ML 

decline. 
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The following graphs show the changes in the mechanical profile17 with the 

corresponding changes in fibre waviness for the both control and GAG-depleted 

groups over the two hours of mechanical intervention.   

•  Waviness in Controls and GAG-depleted cells 

Figure 4.61 shows the increase in the proportion of fibres that are wavy (up to 45% 

and 80% for the control and GAG-depleted groups, respectively). This corresponds 

with the decline in k (of 30% and 50% for the control and GAG-depleted groups, 

respectively). The two variables are significantly associated with a linear correlation 

(R2 = 0.98, 0.97 and 0.97 for GAG-depleted, control (Study 2) and control (Study 1) 

respectively, P < 0.0001).  

 

 

Figure 4.61. Changes in k vs waviness in controls18 and GAG-depleted groups (6% 

cyclic loading over two hours). 

                                                 
 

 

 
17 All the data for stiffness assessments were found to be highly correlated (0.80 for 

controls and 0.99 for GAG-depleted samples, P < 0.0001). The replication of the 

associations for loading stiffness (k2) is in Appendix 9.  

18 One control group uses data from the GAG-depletion study, and another the data 
from the main study. 
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Figure 4.62 shows the increased proportion of fibres that are wavy (up to 45% and 

80% for control and GAG-depleted groups, respectively). This corresponds with a 

decrease in h (on average 50% and 70% for control and GAG-depleted groups, 

respectively). The two variables are significantly associated, with a linear correlation 

(R2 = 0.94, 0.87 and 0.99 for GAG-depleted, control (Study 2) and control (Study 1) 

respectively, P < 0.0001).  

 

 

Figure 4.62. Changes in h vs waviness in control and GAG-depleted groups (6% cyclic 

loading over two hours). 

 

Figure 4.63 shows the increase in the proportion of fibres that are wavy (up to 45% 

and for control and 80% for the GAG-depleted tendons). This corresponds with a 

decrease in ML (on average 30% for the control and 45% for the GAG-depleted 

samples). The two variables are significantly associated, with a linear correlation 

(R2 = 0.98, 0.97 and 0.97 for GAG-depleted, control (Study 2) and control (Study 1) 

groups respectively, P < 0.0001). 
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Figure 4.63. Changes in ML vs waviness in control and GAG-depleted groups (6% of 

cyclic loading over two hours).
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Table 4.9. The correlation (R) between the changes of the tenocyte roundness classification (spindle to roundness) and mechanical characteristics 

over two hours of cyclic loading for the two control groups (from the main and GAG-depletion studies) and the GAG-depleted group. 

 

Variable 
Cat 4 (0.00–0.35) Cat 3 (0.35–0.60) Cat 2 (0.60–0.80) Cat 1(0.80–1.00) 

 Long spindle Slightly rounded Moderately rounded Severely rounded 

k     

GAG-depleted sample 0.9754 –0.4194 –0.8205 –0.8759 

Control (Study 2) 0.9189 –0.1258 –0.8848 –0.7927 

Control (Study 1) 0.8778 –0.9399 –0.9085 –0.9001 

h     

GAG-depleted sample 0.8944 –0.6524 –0.9168 –0.6837 

Control (Study 2) 0.7429 –0.2130 –0.6481 –0.5198 

Control (Study 1) 0.9112 –0.9534 –0.9338 –0.9338 

ML     

GAG-depleted sample 0.9867 –0.4213 –0.8407 –0.8780 

Control (Study 2) 0.7552 –0.1553 –0.6727 –0.5591 

Control (Study 1) 0.8480 –0.9567 –0.8844 –0.9087 
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Table 4.10. The correlation (R) between changes in waviness and the mechanical 

characteristics over two hours of cyclic loading for control and GAG-depleted groups.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable 
Waviness (0–1) 

  

  

k R2 

GAG-depleted sample 0.9806 

Control (Study 2) 0.9769 

Control (Study 1) 0.9767 

 h   

GAG-depleted sample 0.9495 

Control (Study 2) 0.8762 

Control (Study 1) 0.9928 

ML  

GAG-depleted sample 0.9890 

Control (Study 2) 0.9828 

Control (Study 1) 0.9762 
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4.9 Nano-morphological Outcomes in Strained Groups (3%, 6% and 9% 

strain) (Study 1) 

A. Qualitative assessment – AFM assessments of tendons undergoing loading at 

three tensile strains (3%, 6% and 9%) over four hours 

The qualitative AFM assessment of tendons that had been subject to dynamic and static 

repetitive cyclic loadings of low-, moderate- and high-level strain (3%, 6% and 9%) over one, 

two, three and four hours allowed for a three-dimensional (3D) imaging of tendon 

microstructure. Our study indicated that tendon deformation that is induced by cyclic loading 

can be studied to assess the cumulative progression of damage in tendons. Progressive 

increased intensity and severity of microstructural damage was observed as loading dose (both 

cycle and strain) were increased. 
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Figure 4.64. AFM images demonstrating the progression of morphological changes of tendons 

underwent strains (3%, 6% and 9%) over one, two, three and four hours of cyclic loading. 

Original magnification 5 µm. 
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The morphology clearly shows distinct different types of microdamage which are not observed 

in the nonloaded (preconditioned) tendons. Also, the assessment demonstrates a strain- and 

time-dependent effect on the morphological changes of the tendon’s microstructure. At the end 

of the first hour, tendons subjected to the low-level loading (3%) demonstrated a slightly 

increased disruption of fibril arrangement and orientation and a slight separation of collagen 

fibrils (FiS in Figure 4.64: A1’). At the end of the second and third hours of repetitive loading, 

the tendons exhibited a continued progression of damage, with an increased separation and 

fragmentation of fibrils. However, a significant widening of the interfibril space and an 

increased disruption of fibre arrangement and orientation, exhibiting fibril kinks (FK in Figure 

4.64:A3’, A4’) became more prominent and evident at the end of the fourth hour (FK in Figure 

4.64: A4’).  

 

Tendons from the moderate-level (6%) repeated loading group exhibited similar damage 

changes to those seen in the low-level group (3%) but in a wider distribution, with an increased 

magnitude of damage that became evident at lower number of repeated cyclic loading (Figure 

4.64: B1’, B2’, B3’ and B4’). For example, an increased fibril kink (FK) and interfibril space 

(FiS) between fibrils was more prominent at the end of the second hour in the 6% group (Figure 

4.64: B1’). Increased fibril kinks (FK) and fibril separation (FiS) with an increased disruption 

of fibril orientation that changed the direction of the fibrils from parallel to bended or twisted 

were observed after the first hour (Figure 4.64: B2’, B3’ and B4’). Marked areas of fibril 

ruptures (RUP) were prominent at the end of the fourth hour (Figure 4.64: B4).  

 

Similar changes were observed in the 9% group but in a larger distribution with an increased 

severity of damage (Figure 4.64: C1’, C2’, C3’ and C4’). Fibril kinks (FK) and fibril separation 

(FiS) with an increased disruption of fibril orientation that changed the direction of the fibrils 

from parallel to bended or twisted were observed as early as the end of the first hour (Figure 

4.64: C1’). In addition, increased fibre disruption, loss of alignment, increased fibril kinks (FK) 

and fibril separation (FiS) were prominent at the end of the second hour. Out-of-plane 

discontinuity was only found in tendons from the 9% group, which were subjected to more 

than 4,800 repeated loading cycles (Figure 4.64: C4’). The high-level repeated loading (9%) 

group had increased and severe fibril rupture patterns (RUP) between fibrils that became more 

evident at the end of the third and fourth hours (RUP in Figure 4.64: C3’, C4’). The distribution 

of damage continued to increase at the end of the third and fourth hour, microstructurally 

composed of ruptured fibrils that subsequently seemed to form a curl or kink pattern at the 
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rupture sites (Figure 4.64: C3’ and C4’). Severe fibril disruption, loss of alignment, increased 

fibril kinks (FK) and fibril separation (FiS) were more prominent at the end of the fourth hour 

of cyclic loading. 

  

B. Quantitative assessment – AFM assessment of tendons undergoing loading at 
three tensile strains (3%, 6% and 9%) over four hours 
 

The 3%, 6% and 9% strain groups demonstrated a progression change in fibril D-periodicities 

characterised by a marked increase observed in WFB and BFB D-periodicities in tendons 

during the mechanical intervention. 

 

Figure 4.65. The effect of fatigue loading on tendon nano-structural properties (WFB and BFB 

D-periodicities).  

The mean WFB D-periodicity of the native group was D0% = 67.43 ± 2.0 nm. At 3% strain 

the percentage change elongation of the WFB D-periodicity (from a starting periodicity of D3% 

= 75.50 ± 3.79 nm, P = 0.93), was 1.72%, 2.98%, 4.57% and 6.66% by the end of the first, 

second, third and fourth hour, respectively, corresponding to the toe region of the stress-strain 

curve (Table 4.10). The percent change elongation of the BFB D-periodicity (from a starting 

periodicity of D3%= 75.11 ± 3.76 nm, P = 0.93), was 1.49%, 2.80%, 4.51% and 6.36% by the 

end of the first, second, third and fourth hour, respectively, again corresponding to the toe 

region of the stress-strain curve. 
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At the 6% strain level, the percentage change of elongation of WFB D-periodicity (from a 

starting periodicity of D6% = 79.70 ± 6.1 nm, P = 0.98), was 1.20%, 2.14%, 3.53% and 5.24% 

by the end of the first, second, third and fourth hour, respectively, corresponding to the end of 

the toe region of the  stress-strain curve. The percentage change of elongation of BFB D-

periodicity (from a starting periodicity of D6% = 79.70 ± 6.1 nm, P = 0.98), was 1.22%, 2.16%, 

3.52% and 5.23% by the end of the first, second, third and fourth hour, respectively, 

corresponding to the end of the toe region of the stress-strain curve.  

At the 9% strain level, the percentage change of elongation of WFB D-periodicity (from a 

starting periodicity D9% = 87.36 ± 6.88 nm, P = 0.89) , was 1.74%, 2.81%, 3.84% and 4.72% 

by the end of the first, second, third and fourth hour, respectively, corresponding to the linear 

region of the stress-strain curve. The percentage change of elongation of BFB D-periodicity 

(from a starting periodicity D9% = 87.42 ± 6.90 nm, P = 0.89), was 1.74%, 2.82%, 3.88% and 

4.72% by the end of the first, second, third and fourth hour, respectively, corresponding to the 

linear region of the stress-strain curve. 

The WFB D-periodicities demonstrated highly significant differences between different strain 

groups at the fourth hour (P < 0.0001). There were no differences between the WFB and BFB 

D-periodicities for all groups at the fourth hour (P > 0.05). 
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Table 4.11. Summary of the structural characterisation of fibrils (WFB D-periodicities). Statistical differences between groups were 

calculated at the fourth hour (n = 12 for each of the strain groups and n = 9 for the native group).  

 

 

 

 

 

 

 

 

 

 

 

 

 

A, B, C, D statistically significant (P < 0.0001)

Target tendon strain 0 % (native 
group) 

3% 6% 9% 

 WFB WFB WFB WFB 

D-periodicity length 
increase at the 4th hour 

67.43 ± 2.0 A 75.50 ± 3.7B 79.70 ± 6.1C 87.36 ± 6.8D 

1st hour  3.5 nm 4.8 nm 10.6 nm 
2nd hour   6.0 nm 8.6 nm 17.0 nm 
 3rd hour   9.2 nm 14.2 nm 23.3 nm 
 4th hour   13.4 nm 21.2 nm 28.6 nm 

Total increase in D-
periodicity length 

over the 1st, 2nd, 3rd and 
4th hours 

 13.4 nm 21.2 nm 28.6 nm 

Fibril elongation % 
1st hour 

 1.72% 1.20 % 1.74 % 

2nd hour  2.98% 2.14 % 2.81% 
3rd hour  4.57% 3.53 % 3.84% 
4th hour  6.66% 5.24% 4.72% 

Total fibril elongation % 
over the 1st, 2nd, 3rd and 4th 

hours 

 15.93% 12.11% 13.11% 
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4.10 The Association Between Mechanical and D-periodicity 

Changes 

The following graphs show the changes in the mechanical profiles19 with the 

corresponding changes in D-periodicity (WFB and BFB) in the three prolonged strain 

groups (3%, 6% and 9%). In each of the figures, the starting D-periodicity length is 

different. The associations between the WFB and BFB D-periodicities are highly 

significant (P < 0.0001). The associations between the declines in mechanical profiles 

and the changes in D-periodicity (WFB and BFB) are close to linear with a rapid 

increase in D-periodicity length. The number of data points in the linear fit show that 

they are highly concordant in all cases (see Table 4.11). 

A. D-periodicity – 3% strain 

There is a linear association where a decline in k (of around 25%) correlates with an 

increase in D-periodicity (around 10 nm).   

                                                 
 

 

 
19 All the data for stiffness assessments were found to be highly correlated (R2 = 0.88 

for samples of BFB D-periodicities and R2 = 0.90 for samples of WFB D-periodicities, 

P < 0.0001). The replications of the associations for loading stiffness (k2) are in 

Appendix 9.   
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Figure 4.66. Changes in D-periodicity (WFB and BFB) versus k. The four clusters of 

data show the hourly measurements. 

 

The decrease in h (around 40%) correlates with an increase (around 12 nm) in WFB 

and BFB D-periodicities. 

 
 Figure 4.67. The change in D-periodicity (WFB and BFB) vs h. The four clusters of 

data show the hourly measurements. 
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The decline in ML (around 25%) correlates with an increase (around 12 nm) in WFB 

and BFB D-periodicities.  

 

Figure 4.68. The change in D-Periodicity (WFB and BFB) vs the ML. The four clusters 

of data show the hourly measurements. 

B. D-periodicity - 6% strain 

The decline in k (around 30 %) correlates with an increase (around 18 nm) in WFB 

and BFB D-periodicities.   

 

Figure 4.69. The change in D-periodicity (WFB and BFB) vs the k. The four clusters 

of data show the hourly measurements. 
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The decline in h (around 55%) correlates with an increase (around 18 nm) in WFB and 

BFB D-periodicities.  

 

Figure 4.70. The change in D-Periodicity (WFB and BFB) vs the h. The four clusters 

of data show the hourly measurements. 

 

The decline in ML (around 35%) correlates with an increase (around 16 nm) in WFB 

and BFB D-Periodicities.  

 
Figure 4.71. The change in D-periodicity (WFB and BFB) vs the ML.  The four 

clusters of data show the hourly measurements. 
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C. D-Periodicity - 9% Strain 

The decline in k (around 40%) correlates with an increase (around 20 nm) in WFB and 

BFB D-periodicities.  

 

Figure 4.72. The change in D-Periodicity (WFB and BFB) vs k. The four clusters of 

data show the hourly measurements. 

 

The decline in h (around 70%) correlates with an increase (around 20 nm) in WFB and 

BFB D-periodicities.  
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Figure 4.73. The change in D-Periodicity (WFB and BFB) vs h. The four clusters of 

data show the hourly measurements. 

 

The decline in ML (around 70%) correlates with an increase (around 20 nm) in WFB 

and BFB D-periodicities.  

 

Figure 4.74. The change in D-Periodicity (WFB and BFB) vs the ML. The four clusters 

of data show the hourly measurements. 
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Table 4.12. The coefficients (R) for correlation between changes in D-periodicity 

(WFB and BFB) and mechanical characteristics for the 3%, 6% and 9% strain groups 

over one, two, three and four hours of cyclic loading. 

 

 

4.11 Nano-morphological Outcomes in GAG-depleted Tendons 

(Study 2) 

A. Qualitative assessment – AFM assessments of tendons undergoing 

loading  

The semi-quantitative AFM assessment of tendons undergoing repetitive cyclic 

loading of 6% strain (in both control and GAG-depleted groups) over two hours 

allowed for three-dimensional (3D) imaging of the tendon’s nanostructure. Our study 

characterised the progression of nanostructural damage indicating that tendon 

deformation that is induced by repetitive cyclic loading can be used to assess the 

cumulative progression of damage in tendons at the nanoscale level.  

 

        Variable                                               D-periodicity 
 

 WFB  BFB 

 k   

3% strain –0.97185 –0.97095 

6% strain –0.88935 –0.88919 

9% strain –0.89901 –0.90153 

 h   

3% strain –0.81586 –0.80228 

6% strain –0.89405 –0.89868 

9% strain –0.93542 –0.93813 

ML   

3% strain –0.76138 –0.74766 

6% strain –0.85050  –0.85378   

9% strain –0.95874 –0.95978 
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Figure 4.75. AFM images demonstrating the progression of morphological changes in 

tendons that underwent 6% strain over two hours of cyclic loading. Original 

magnification 5 µm. 

 

At the end of the first hour of loading, the GAG-depleted group (Figure 4.75) 

demonstrated similar damage changes to those seen in the Study 1 9% group at the 

end of the second hour (see Figure 4.64). There was a marked widening of the 

interfibril space and an increased disruption of fibre arrangement and orientation. The 

latter changed to wavy fibrils exhibiting fibril kinks (FK in Figure 4.75: B1) that 

became more prominent and evident at the end of the second hour (FK in Figure 4.75: 

B2).  

 

By the end of the second hour, the GAG-depleted group (Figure 4.75) exhibited similar 

damage changes seen in the Study 1 9% group at the end of the third and fourth hours 

(see Figure 4.64).  Figure 4.75: B3 and B4 shows the damage in the GAG-depleted 

group, demonstrating a wider distribution and increased intensities of damage areas 

that are evident even with a lower number of repeated loadings (Figure 4.75: B1, B2). 
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For example, the GAG-depleted tendons show an increased fibril kink (FK) and the 

interfibril spaces (FiS) between fibrils are more prominent than those seen in the 6% 

group from the main study (Figure 4.75: B2, compared with Figure 4.64).   

 

Furthermore, an increased disruption of fibril orientation (that changed the direction 

of the fibrils from parallel to bended or twisted) was also observed and marked areas 

of fibril rupture (RUP) were prominent in the GAG-depleted group (Figure 4.75: B2).  

 

By the end of the first hour, the control group exhibited similar changes (Figure 4.75. 

B1) to those seen at the end of the first hour in the 6% group from the main study 

(Figure 4.64) but in a larger distribution. For example, an increased fibril kink (FK) 

and interfibril space (FiS) between fibrils was more prominent at the end of the first 

hour (Figure 4.75: B1, compared to Figure 4.64). However, at the end of the second 

hour of loading, the changes (RUP, FK and FiS) in the control group closely resemble 

the changes in the 6% group (from Study 1) that were seen at the end of the fourth 

hour (Figure 4.75: B2, compared with Figure 4.64).  

 

 

B. Quantitative assessment – AFM assessments of control and GAG-

depleted tendons undergoing loading (Study 2) 

 

The control and GAG-depleted groups demonstrated a progression change in fibril D- 

periodicities characterised by a marked increase in WFB and BFB D-periodicities over 

the period of mechanical intervention. However, there were no marked differences 

between the WFB and BFB D-periodicities over the two hours of cyclic loading. 
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Figure 4.76. The effect of fatigue loading on tendon nanostructural properties (WFB 

and BFB D-periodicities) in the control and GAG-depleted tendon groups.  

The mean WFB and BFB D-periodicities for the control group were D0% = 74.74 ± 

1.95 nm and 75.10 ± 2.22 nm respectively, P < 0.0001. For the GAG-depleted group, 

the means were DD% = 85.37 ± 1.82 nm, and 85.39 ± 18.47 nm respectively, P = 0.08. 

For the control group, the percentage changes of elongation for WFB and BFB D-

periodicities were 1.39% and 2.44%, and 1.37% and 2.28% by the end of the first and 

second hours, respectively. For the GAG-depleted group, the percentage changes of 

elongation for WFB and BFB D-periodicities were 4.05% and 4.88%, and 4.04% and 

4.88 % by the end of the first and second hours, respectively. This corresponds to the 

end of the toe region of the stress-strain curve.  

There were significant differences in the D-periodicities between the control and 

GAG-depleted groups (P < 0.0001) at the second hour. Also, there were no significant 

differences between the WFB and BFB D-periodicities for either groups at the second 

hour (P > 0.05). 
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Table 4.13. Summary of the structural characterisation of fibril (WFB D-periodicities). Statistical differences between groups were calculated at 

the second hour (n = 10 for each group).  

 

 

 

 

 

 

 

 

 

 

 

 

A and B denote statistical significance (P < 0.0001). 

 

 

 Control   GAG-depleted 

 WFB WFB 

D-periodicity length increase 
at the second hour 

74.74 ± 1.95 nm A 85.37 ± 1.82 nm B 

First hour  5.6 nm 16.3 nm 
 Second hour  9.8 nm 19.7 nm 

Total increase in D-
periodicity length 

over first and second hours  

15.4 nm 36.0 nm 

Fibril elongation %  
first hour 

1.39 % 4.05 % 

Fibril elongation %  
second hour 

2.44 % 4.88 % 

Total fibril elongation over 
first and second hours 

3.83% 8.93% 
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4.12 The Association Between Mechanical and D-periodicity 

Changes 

The following graphs show the changes in the mechanical profiles20 with the 

corresponding changes in D-periodicity (WFB and BFB) in the control and GAG-

depleted tendon groups. In each of the figures, the starting D-periodicity length is 

different. The associations between WFB and BFB D-periodicities are highly 

significant (P < 0.0001). The association between the declines in mechanical profiles 

and the changes in D-periodicity (WFB and BFB) seem to be polynomial with a rapid 

increases in D-periodicity length. The number of data points in the polynomial fit 

shows that they are highly concordant in all cases (see Table 4.14). 

A. D-periodicity - controls and GAG-depleted tendons 

In Figure 4.77, there is a polynomial association of the two variables where a decline 

in k correlates with an increase in D-periodicity. This increase in periodicity up to 

around 10 nm corresponds with a decline in k of around 20% for controls and around 

40% for GAG-depleted samples, respectively. 

 

                                                 
 

 

 

20 All the data for stiffness assessments were found to be highly correlated (R2 = 0.96 

for WFB D-periodicities and R2 = 0.96 for BFB D-periodicities, P < 0.0001). The 

replication of the associations for loading stiffness (k2) are in Appendix 9.   
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Figure 4.77. Changes in k vs WFB and BFB D-periodicity for 6% cyclic loading over 

two hours in both control and GAG-depleted tendons. The two clusters of data show 

the hourly measurements. 

In Figure 4.78, there is a polynomial association of the two variables where a decline 

in h around 45 % for controls and around 60% for the GAG-depleted samples 

correlates with an increase in D-periodicity (WFB and BFB) of up to around 15 nm 

over the repeated testing cycle.  

 

 
Figure 4.78. Changes in h vs WFB and BFB D-periodicity for 6% cyclic loading over 

two hours in both control and GAG-depleted tendons. The two clusters of data show 

the hourly measurements. 
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In Figure 4.79, there is a polynomial association of the two variables where a decline 

in ML of around 25% and 40% for controls and GAG-depleted samples respectively 

correlates with an increase in D-periodicity (WFB and BFB) of up to around 10 nm.  

 

 

Figure 4.79. Changes in ML vs WFB and BFB D-periodicity for 6% cyclic loading 

over two hours in both control and GAG-depleted tendons. The two clusters of data 

show the hourly measurements.
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Table 4.14. The correlation (R) between changes in D-periodicity (WFB and BFB) 

and changes in mechanical characteristics for controls (from Studies 1 and 2) and the 

GAG-depleted tendons over two hours of cyclic loading.  

 

 

 

 

 

 

 

 

Mechanical 

Characteristic  

Correlation with D-periodicity changes 

 WFB  BFB 

k   

GAG-depleted –0.6607 –0.6043 

Control (Study 2)  –0.6888 –0.6325 

Control (Study 1) –0.5524 –0.5643 

 

h 

  

GAG-depleted –0.8165 –0.8348 

Control (Study 2)  –0.9731 –0.9920   

Control (Study 1) –0.8670 –0.8633 

 

ML 

 
 

GAG-depleted –0.3938 –0.4427 

Control (Study 2)  –0.5002  –0.5107 

Control (Study 1) –0.2825   –0.2844   



 
 

4.13 Multiscale Association Between Macro- and Nano-

morphological Changes   

The following figures (4.80 to 4.82) show the association between the changes of 

tenocyte morphology (spindle shape) and fibre waviness with the corresponding 

changes in the WFB D-periodicities. In all of the figures, the starting D-periodicity 

length is different between all group samples. The associations between changes in 

WFB D-periodicities and changes in both the waviness and tenocyte morphology are 

highly significant (P < 0.0001). The association seems to be described well by a 

second-order polynomial (except for in the case of tenocyte morphology and fibre 

waviness vs WFB D-periodicity in the 3% strain group, which is a linear association) 

with a rapid increase in D-periodicity length. The number of data points in the 

polynomial fit shows high concordance in all cases (see Table 4.15). 

 

A. D-periodicity - 3% strain 

For the 3% strain group, Figure 4.80A shows the declining proportion of cells in the 

samples that are spindle-like as the WFB D-periodicity increases. Figure 4.80B shows 

the increasing proportion of fibre waviness in the samples as the WFB D-periodicity 

increases. It is clear that the figure shows a significant linear association between the 

variables (P < 0.0001). 
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Figure 4.80. Changes in tenocyte morphology (spindle shape) (A) and fibre waviness 

(B) vs the corresponding changes of the WFB D-periodicities of samples under a 3% 

strain cyclic loading. The four clusters of data show the hourly measurements. 

 

B. D-periodicity - 6% strain 

For 6% strain group, Figure 4.81A shows the declining proportion of cells in the 

samples that are spindle-like as the WFB D-periodicity of fibrils increases. Figure 

4.81B shows the increasing proportion of fibre waviness in the samples as the WFB 

D-periodicity increases. This figure shows significant polynomial associations 

between the variables (P < 0.0001). 
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Figure 4.81. Changes in tenocyte morphology (spindle shape) (A) and fibre waviness 

(B) vs the corresponding changes of WFB D-periodicities of samples under a 6% strain 

cyclic loading. The four clusters of data show the hourly measurements. 

 

C. D-Periodicity - 9% strain 

For 9% strain group, Figure 4.82A shows the declining proportion of cells in the 

samples that are spindle-like as the WFB D-periodicity increases. Figure 4.82B shows 

the increasing proportion of fibre waviness in the samples as the WFB D-periodicity 

increases. This figure shows a significant polynomial association (P < 0.0001). 
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Figure 4.82. Changes of tenocyte morphology (spindle shape) (A) and fibre waviness 

(B) with the corresponding changes of the WFB D-periodicities of samples under 9% 

strain cyclic loading. The four clusters of data show the hourly measurements. 

4.14 Multiscale Association Between Macro- and Nano-

morphological Changes in the Control and GAG-depleted Groups 

(Study 2) 

Figures 4.83 and 4.84 show the changes of tenocyte morphology (spindle shape) (A) 

and fibre waviness (B) with the corresponding changes in WFB D-periodicity of 

samples from the control and GAG-depleted groups. In all of the figures, the starting 

D-periodicity length is different between the controls and depleted samples. The 

associations between WFB D-periodicities and both the waviness and tenocyte 

morphology (spindle shape) are highly significant (P < 0.0001).  

The association between the changes in the morphological profiles (waviness and 

tenocyte spindle shape) and the changes in D-periodicity (WFB) seems to be linear 
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with a rapid increase in D-periodicity length. The number of data points in the linear 

fits shows that they are highly concordant in all cases (see Table 4.15). 

A. The control group  

Figure 4.83A shows the proportion of cells in the samples that are spindle-like as the 

WFB D-periodicity increases. Figure 4.83B shows the proportion of fibre waviness in 

the samples as the WFB D-periodicity increases. This figure shows significant 

associations between the variables (P < 0.0001).  

 

 
 

Figure 4.83. Changes of tenocyte morphology (spindle shape) (A) and fibre waviness 

(B) vs the corresponding changes of the WFB D-periodicities of the control samples. 

The two clusters of data show the hourly measurements. 

B. The GAG-depleted group  

Figure 4.84A shows the proportion of cells in the samples that are spindle-like as the 

WFB D-periodicity increases. Figure 4.84B shows the proportion of fibre waviness in 
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the samples as the WFB D-periodicity increases. The figure clearly demonstrates a 

significant association (P < 0.0001) between the variables.   

 

 

 
 

Figure 4.84. Changes in tenocyte morphology (spindle shape) (A) and fibre waviness 

(B) vs the corresponding changes of the WFB D-periodicities of the GAG-depleted 

samples. The two clusters of data show the hourly measurements. 
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Table 4.15. The multiscale correlation (R) between changes in WFB D-periodicities 

and tenocyte morphology (spindle shape) and fibre waviness for groups from Study 1 

and Study 2.   

 

 

 

 

 

 

 

 

         
   

Morphological variables   Tenocyte morphology     

(spindle shape) 

Fibre waviness 

   

        

D-Periodicity (WFB, Study 1)                                               

3% strain –0.9429 0.9938 

6% strain –0.7323 0.9546 

9% strain –0.8491 0.9806 

D-Periodicity (WFB, Study 2)                                              

Control group –0.9936 0.9540 

GAG-depleted group –0.9658 0.9543 
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CHAPTER FIVE:  

DISCUSSION 
5.1 Introduction 

The fatigue testing protocol developed in the current study is unique. This is the first 

study of the multiscale structural changes within the same non-viable intact/bulk 

tendon in response to prolonged cyclic and static loading protocols under controlled 

levels of strain. The examination of non-viable whole tendons is comparatively 

straightforward and has been reported to demonstrate the clearest data regarding the 

mechanical properties of tendons undergoing fatigue damage (Shepherd et al., 2013). 

This study is consistent with the literature in assessing the mechanical characteristics 

of tendons under repeated cyclic loading to three different strain levels (3%, 6% and 

9%). Strain levels of less than or equal to 4% have been considered physiological in 

nature (Curwin, 1994; Kirkendall & Garrett, 1997) and other authors have proposed 

that strain levels from 6% to 8% may be within the physiological limit (Mcgough et 

al., 1996; Sheehan & Drace, 2000; Muramatsu et al., 2001; Magnusson et al., 2003). 

Beyond 8% strain, macroscopic failure exists and the load-supporting capacity of the 

tendon is almost completely lost (Butler et al., 1978; O'brien, 1992) and further 

stretching leads to rupture of the tendon (Weiss & Gardiner, 2001; Wren et al., 2001; 

Wang, 2006). These incremental strains (3%, 6% and 9%) were used in this study to 

represent low, normal and supra-normal strain levels. 

 

The overall microstructural findings of this study concur with other controlled in-vivo 

studies that describe the stages of progression of micro- and nano- damage 

accumulation in response to repetitive loading (see Table 2.1). The novelty of this 

study is in demonstrating the evidence of strain and cycle-dependent mechanisms of 

tendon damage accumulation, including the progressive description of nano- and 

microstructural changes that are concurrently existing with changes in static and 

dynamic mechanical properties. 
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Tendinopathy is thought to be an originator of Achilles, patella and quadriceps tendon 

rupture. Indeed, cyclic loading and/or overuse is widely accepted to be a major cause 

of tendon failure. Most of the literature on in-vitro and in-vivo tendon loading consider 

models that focus on the relationship between the applied stress and the time or the 

number of cycles to failure (Backman et al., 1990; Archambault et al., 2001; Nakama 

et al., 2005; Fung et al., 2009; Fung et al., 2010; Andarawis-Puri et al., 2011; Neviaser 

et al., 2012). Furthermore, these studies have not quantified tendon damage, in part 

due to the lack of an accurate definition with a precise engineering context for tendons. 

 

Previous studies have associated tendinopathy with structural micro-damage initiated 

by mechanical load (Tallon et al., 2001; Maquirriain, 2011) and others have addressed 

damage in the tendon (Fung et al., 2009; Fung et al., 2010; Thorpe et al., 2014). 

However, this thesis is original in that it has undertaken a research protocol that 

incorporates multi-scale assessments of both mechanical and structural observations 

by correlating concurrent quantified structural image-based measures with the 

mechanical characteristics of tendons to repeated sub-rupture loading, including both 

the strain extensions and the number of cycles. Few studies have combined these 

assessments concurrently. 

 

The mechanical testing protocol included dynamic assessments of stiffness (k) and 

hysteresis (h) (Fung et al., 2009; Freedman et al., 2014; Thorpe et al., 2014; Freedman 

et al., 2015; Szczesny et al., 2018). Furthermore, this testing protocol also assessed 

changes of sustained static loading such as stress relaxation (SR) (Yamamoto et al., 

1999; Shepherd & Screen, 2013). In this aspect, this is the first study to be able to 

correlate concurrent changes in dynamic mechanical assessments (i.e. k and h) and 

static sustained SR protocols. 

 

The confocal assessment protocol used in this research program to examine tendon 

microstructure was similar to other research protocols such as that of Legerlotz et al. 

(Legerlotz et al., 2013; Shepherd et al., 2014). The variables derived from these are of 

interest within the literature and are commonly defined as the progression of change 

in cell morphology (spindle to round) (Matyas et al., 1994; Screen et al., 2003; Riley, 

2008; Wang et al., 2013; Schochlin et al., 2014; Thorpe et al., 2015), fibre waviness 



264 
 

(Fung et al., 2009; Fung et al., 2010; Andarawis-Puri et al., 2011; Shepherd et al., 

2014; Freedman et al., 2015) and fibre anisotropy (Wren et al., 2003; Screen et al., 

2004; Williams et al., 2008; Lujan et al., 2009; Wallace et al., 2010; Sereysky et al., 

2012; Szczesny & Elliot, 2014). 

 

Atomic force microscopy (AFM) assessments were used to examine tendon 

nanostructure, similar to many other studies (Rigozzi et al., 2011; Fang et al., 2012; 

Erickson et al., 2013; Rigozzi et al., 2013; Szczesny et al., 2018). The derived variable 

from the AFM assessment is commonly defined as the axial D-periodicity, and is used 

as the metric measure of the morphological characteristics of collagen fibrils (Wallace. 

et al., 2010; Fang et al., 2012; Erickson et al., 2013), and a function of fibril strain 

(Rigozzi et al., 2011; Rigozzi et al., 2013). The axial D-periodicity of fibrils is 

measured within fibril bundles (WFB) and between bundles of fibrils (BFB) (Fang et 

al., 2012; Erickson et al., 2013). 

 

With the viscoelasticity of tendons, the recovery of a tendon’s mechanical properties 

after loading can partially be possible (Duenwald et al., 2009; Maquirriain, 2011; 

Thorpe et al., 2014) and has also been part of investigations of tendon mechanical 

profiles. Previous studies quantified the mechanical response immediately after 

loading, without dissociating the permanent effects of change from time-dependent 

recovery (Thorpe et al., 2013; Kondratko-Mittnacht et al., 2015). With the use of our 

unique mechanical protocol, we have quantified the mechanical response of the tendon 

microstructure and clearly dissociated these changing effects by the evaluation of the 

effect of a one-minute resting period following 240 dynamic cycles of the loading 

protocol. In this sense, this is also a unique element of the full research testing protocol 

utilised in this study. 

 

Our loading protocol has demonstrated that the recovered strain of the loaded tendon 

was muted within the first 60 cycles of the following repetitive fatigue loading phase. 

Therefore, our loading protocols are damaging, and we believe that our measures of 

non-recoverable variables in our assessments are mechanical damaging metrics that 

are similar to those suggested by previous studies (Fung et al., 2010; Hansen et al., 

2010; Riggin et al., 2013). Further, our assessment of the progression in the tendon’s 

structural changes with fatigue loading provided a better description of mechanics than 
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other measures such as the damage area fraction used in previous studies (Fung et al., 

2009; Fung et al., 2010). The observed microstructural changes throughout the fatigue 

loading intervention were more dramatic compared to previous studies investigating 

degenerative changes of tissue under load (Parent et al., 2011; Shepherd et al., 2013).  

 

This study is unique as it is the first mixed-methods approach, assessing and mixing 

both quantitative and qualitative data in a series of connected studies. The derived 

variables of quantitative and qualitative nano- and microstructural change have been 

assessed in the same domains that were subjected to the mechanical intervention. 

Therefore, our mixed-methods research could potentially counterbalance the 

weaknesses and harness the strengths of both approaches, especially when addressing 

and interpreting the concurrent mechanical and complex hierarchical structural 

changes in the tendons that were subjected to cyclic loading. 

 

The research protocol for this thesis was undertaken over an extended period of time 

(four hours); however, the sample size was gradually depleted as the destructive 

testing protocols destroyed the tendons. The quantitative statistical analysis of the 

nano- and macro-changes was undertaken on effect sizes since the sample sizes were 

low during the third and fourth hour of the mechanical intervention. Therefore, the 

inferential statistics of the quantitative studies were primarily focused on the changes 

over the first two hours of loading. 

 

The complementary qualitative assessments were employed for the ongoing two hours 

(hours three and four) to provide a trend analysis and description of the estimated 

trajectory of tendon changes under such extreme loading cycles. Therefore, the usage 

of both approaches has provided comprehensive interpretations and conclusions about 

the progression of mechanical and hierarchical structural changes in tendons that were 

subject to such extreme loading cycles. 

 

A major aspect of this research was to repeat these mechanical and structural 

assessments from Study 1 in a set of glycosaminoglycan (GAG)-depleted tendons 

(Study 2). GAG depletion is a recognised experimental protocol commonly used to 

investigate the mechanisms of the GAG sidechains in regulating fibril load sharing. 

The protocol used Ch-ABC to perform enzymatic GAG depletion. 
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The structural response of the GAG-depleted and control groups was quantified by 

assessing the fibril D-periodicities (Rigozzi et al., 2011) and fibre structure (Lynch et 

al., 2003; Fessel & Snedeker, 2009; Rigozzi et al., 2009; Legerlotz et al., 2013) and 

the mechanical response was quantified by assessing k (Screen et al., 2005; Rigozzi et 

al., 2009; Svensson et al., 2011) and SR (Legerlotz et al., 2013) among the tested 

tendons from both groups. 

 

5.2 Mechanical Loading Outcomes (Study 1) 

A. Dynamic and static cyclic loading: hysteresis (h), stiffness (k) and 

maximum load (ML) 

 

The response of all mechanical properties in the strain groups (3%, 6% and 9%) were 

consistent over the first, second, third and fourth hour of the mechanical intervention. 

The overall trend of the tendons from the three groups demonstrated a decline in k, h 

and ML throughout the entire period of loading. However, there was a rapid decline 

in h, k and ML within the first hour (see Figures 4.3 and 4.6). Consistent with previous 

reports, a significant change was observed in the mechanics with increasing cyclic 

loading and different levels of strain, demonstrating the interaction of dose and 

repetition (Devkota et al., 2007; Connizzo et al., 2013). For example, significant 

changes in k and h were observed among the high fatigue group (9%) (Fung et al., 

2009; Andarawis-Puri et al., 2011), and a decrease in h was evident among the groups 

with an increased number of cycles of fatigue loading throughout the mechanical 

intervention (Figures 4.3 and 4.6) (Freedman et al., 2014; Freedman et al., 2015). 

 

An increasing prevalence of observed ruptured fibres were observed in tendon samples 

with greater strain and number of repetitions (Figures 4.16 and 4.17). Since concurrent 

mechanical changes were recorded reflecting a similar model, then the mechanical 

findings (k, h and ML) of this study could be explained by a reduction in the number 

of load-bearing fibres. This is consistent with the hypothesis of Andarawis-Puri & 

Flatow (2011) and Fung et al. (2010) who attribute the changes in mechanical 

properties to the reduction in elasticity, decrease in the number of load-bearing fibres 



267 
 

and the increasingly obvious damage of fibres (Fung et al., 2010; Andarawis-Puri & 

Flatow, 2011).  

While the rupture of the Achilles tendon seem to be a sudden event, there is a cited 

contrastive hypotheses in the literature that also purports that the intact fibres develop 

pathology prior to rupture caused by a gradual micro-damage accumulation and 

degeneration that also reflected a decline in mechanical integrity and performance 

(Wren et al., 2003; Kongsgaard et al., 2005; Kujala et al., 2005; Wang, 2006). 

 

The rapid decrease in k, h and ML in both the 6% and 9% groups compared to the 3% 

group and observed within the first hour (Figures 4.3 and 4.6), concurs with the 

attribution suggested by Andarawis-Puri et al. (2011) and Fung et al. (2010). In line 

with this, in comparison to the 6% and 9% groups, the slow decrease in k, h and ML 

that was evident in the 3% group with no evidence of fibre ruptures (from confocal 

arthroscopy (CA) observations, Figure 4.16) is likely attributed to the higher number 

of load-bearing fibres. Furthermore, the evidence of some fibre rupture observed in 

the 6% and 9% groups has likely accounted for the poorer elastic response of fibre to 

load. This is likely attributed to the lower number of load-bearing fibres in the 6% and 

9% strain groups (Figures 4.20 and 4.22). 

 

The presented assessment of morphological changes during different strains over 

repeated loading supports the hypothesis of progression to damage accumulation 

(Fung et al., 2009; Fung et al., 2010; Andarawis-Puri et al., 2011; Ros et al., 2019). 

Any minor fluctuated increase and decrease in stiffness percentages between the 

assessments may describe the redistributed loads from damaged fibres (that cannot 

bear the applied load) to undamaged fibres. The concomitant morphological changes 

that occur during the mechanical intervention are discussed later in detail. 

 

The most sensitive measure to increasing strain and numbers of cycles was the decline 

in h (Figure 4.3). This highlights the importance of h in assessing tendon damage 

accumulation. Knowledge that the change in the measured h was larger compared to 

the measured k and ML (Figures 4.5 and 4.6) for the same number of cycles and strain 

level of the intervention is important. This demonstrates that assessing only tendon k 

and ML may return an incomplete characterisation of the mechanical properties of the 
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assessed tendons. The mechanical properties in this study were highly correlated, 

therefore, they are all interrelated to a common domain of mechanical function in the 

tendon. 

 

The presented results generated from three controlled levels of fatigue (low (3%), 

moderate (6%) and high (9%) level strain groups), provide insights at the 

macrostructural level into failure mechanisms and damage processes in tendons. 

Specifically, the results show which micro-damage accumulates and leads to a 

tendon’s deterioration and rupture, supporting a pathology that is caused by a gradual 

accumulation of micro-damage (Wren et al., 2003; Wang, 2006). 

 

The findings support those reported by Wren et al. (2003) and Schechtman and Bader 

(1997). For instance, Wren et al. (2003) have examined the effects of cyclic and static 

creep loadings on the mechanical characteristics of human Achilles tendons and 

reported that the initial strain (as measured at first loading to a predetermined stress 

level) is the best predictor of cycles or time to failure (Wren et al., 2003). The data in 

the current study appears to parallel this finding and also concurs with the suggestion 

that strain is the primary mechanical variable controlling the accumulation of tendon 

damage (Schechtman & Bader, 1997; Wren et al., 2003). 

5.3 Mechanical Loading Outcomes (Study 2) 

A. Dynamic and static testing – k, h and ML 

The outcomes for the GAG-depleted and control tendons are also compared with the 

data from Study 1 showing a high concordance and replication of findings. Consistent 

with previous studies and the main study, there was a rapid decline in k, h and ML 

within the first hour of testing of the GAG-depleted group throughout the fatigue 

loading test compared to the control groups (the controls from both Study 1 and Study 

2) (Figures 4.7–4.9) (Fessel & Snedeker, 2009; Rigozzi et al., 2009; Legerlotz et al., 

2013). Within the first hour, the GAG-depleted group demonstrated a change in 

mechanical adaptation to repetitive loading. The overall declining trends throughout 

the intervention demonstrated the interaction of the dose and frequency effect of cyclic 

repetitions, reflecting similar findings in another GAG-based study by Fessel & 

Snedeker (2009). 
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Both control and GAG-depleted groups initially experienced fibre elongation which 

is consistent with the literature that suggests that this is associated with fibre 

recruitment, crimp straightening and the alignment of these fibres (Abrahams, 1967; 

Diamant et al., 1972; Cribb et al., 1995; Hansen et al., 2002; Screen et al., 2004; 

Franchi et al., 2007). At 6% applied strain in the control and GAG-depleted groups, 

the sliding mechanism (as suggested previously) was then recruited to allow and 

facilitate further elongation of fibres (Screen et al., 2004; Bruehlmann et al., 2005; 

Provenzano & Vanderby, 2006; Cheng & Screen, 2007). 

 

By the end of the first hour of testing, it appears that the control group concurs with 

the literature on fibre elongation and sliding mechanisms. It seems that this group 

recruited a balance between fibre elongation and fibre sliding, resulting in better 

mechanical properties (higher k and h) compared to those in the GAG-depleted group. 

However, with the increased number of cycles (beyond the first hour), the balance 

between fibre elongation and sliding seems to be impaired in the control group, 

possibly by a change in the fascicles’ force-strain response (Screen et al., 2005) and 

irreversible damage (as inter-fibrillar sliding) occurred at the nanoscale level and 

resulted in altered k, h and ML (Krajcinovic, 1985; Lee et al., 2017). This possibly 

explains the decline observed by the end of the second hour in k, h and ML of the 

control group that is analogous to the main study group. 

 

Taking all comparisons between the GAG-depleted and control groups together, it 

appears that the findings of this study concur with the literature that purports that the 

fundamental role of GAGs is to control the elongation and sliding mechanisms 

between collagenous units at different hierarchal levels (fascicles, fibres and fibrils) 

(Minns et al., 1973; Ruggeri et al., 1984; Birk et al., 1989; Cribb et al., 1995; Sasaki 

& Odajima, 1996; Fratzl et al., 1998; Puxkandl et al., 2002; Raspanti et al., 2002; 

Redaelli et al., 2003; Scott, 2003; Screen et al., 2005; Vesentini et al., 2005; Screen et 

al., 2006; Liao & Vesely, 2007; Fratzl, 2008; Legerlotz et al., 2013). The presented 

findings do not concur with literature refuting the contributing role of interfibrillar 

GAGs in the elongation and sliding mechanisms (Screen et al., 2004; Bruehlmann et 

al., 2005; Screen et al., 2005; Provenzano & Vanderby, 2006; Cheng & Screen, 2007; 

Franchi et al., 2010). Compared to the control group, the depletion of GAGs seemed 

to influence both the elongation and sliding mechanisms in local and gross matrix 
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mechanical properties as observed by the outcomes from the first hour of testing of 

the GAG-depleted group (Study 2). 

 

However, previous biomechanical studies on fascicles from rat-tail tendon (Screen et 

al., 2005) and fascicles from the anterior part of human patellar tendon (Svensson et 

al., 2011) have reported higher stiffness outcomes than those measured in this study 

and a previous study by Rigozzi et al. (2009). This inconsistency in k measurements 

from our study and from Rigozzi et al. (2009) compared to those from the above 

counterintuitive cited studies is perhaps, partially, due to the experimental setup, the 

biomechanical testing machine used and the condition and heterogeneity of the treated 

tendon samples. 

 

One factor could be the differences in buffering techniques. For example, the 

experiment using fascicles from human patellar tendon was carried out in phosphate 

buffered saline solution (PBS) at 37°C using a mechanical micro-tensile tester while 

the other cited studies on rat-tail fascicles were carried out at room temperature and 

the tendon sprayed lightly with PBS using a custom-designed rig. However, the whole 

Achilles tendons used in our study and in the study by Rigozzi et al. (2009) were 

sufficiently moistened with PBS throughout the entire mechanical testing using 

universal testing machines. 

 

Interestingly, our findings and those reported by Rigozzi et al. (2009) have indicated 

that removal of 40% and 50% of the total GAG from whole Achilles tendons results 

in a significant loss (about 50% and 46%) in k, respectively. Whereas, the other reports 

by Svensson et al. (2011) and Screen et al. (2005) have reported no differences in 

fascicle stiffness when about 90% of GAG was removed from the tested fascicles 

(Screen et al., 2005; Svensson et al., 2011). The GAG content of the tendons in this 

study and the aforementioned studies was measured by a spectrophotometric GAG 

assay as described by Farndale et al. (1986). Therefore, the differences are not likely 

to be due to differences in the GAG assay methods. 

 

The absolute assessment of the effect of GAG removal from whole or a small 

specimen of tendon on the mechanical behaviour of the tested tissue appears to be 

muddied by the fact that the GAG depletion is typically incomplete (ranging from 40% 
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to 90% in the aforementioned studies). Consequently, an argument could be made that 

depleted tissue samples with higher percentages of remaining GAGs would be 

sufficient to sustain the tissue mechanics. However, the inconsistencies in the 

mechanical outcome between studies using whole tendon (this study and Rigozzi et 

al. (2009)) and those studies that have used only fascicles in their GAG assays are, 

perhaps, due to the heterogeneity of the mechanical response of different hierarchies 

(tendon vs fascicle). For example, it has been reported previously that tensile stiffness 

of a whole tendon is lower than that of a small specimens of tendon (Stouffer et al., 

1985; Butler et al., 1987). Furthermore, the increased fascicle stiffness could also be 

attributed to the decreased amount of areolar connective tissue in smaller tendon 

specimens (Danylchuk et al., 1978; Yahia & Drouin, 1988). 

 

Danylchuk et al. (1978) has previously suggested that the relative contributions of 

connective sheaths and collagen fasciculi should be included in calculations to rule 

out the different tissues contributing to the whole tissue mechanical characteristics 

(Danylchuk et al., 1978). 

 

However, similarly to the findings of the current study, a study by Legerlotz et al. 

(2013) has reported a significant increase in SR of fascicles that had 77% of their 

GAGs removed (Legerlotz et al., 2013), contradicting the findings by Svensson et al. 

(2011). Consequently, it seems that the role of hierarchical heterogeneity between the 

depleted tendon and fascicle on the mechanical response of the tested tissue does not 

explain the inconsistency between the reports supporting or rejecting the role of PG 

and GAG in the mechanical properties of tendons. 

 

 Interestingly, several studies on the same hierarchy in ligaments and tendons 

suggested different concentrations of GAGs between the mid and insertion zones may 

alter the mechanical characteristics of tendons (Merrilees & Flint, 1980; Koob & 

Vogel, 1987; Vogel & Koob, 1989; Kannus et al., 1992). However, one study has 

shown that cultured tendon fascicles with greater GAG concentrations have increased 

stiffness (Abreu et al., 2008). This warrants further investigation on the role of the 

concentration and distribution of GAGs in contributing to the mechanical 

characteristics of the tendon. 
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Although there was a consistent decline in the mechanical characteristics when there 

was evidence of GAG depletion, few studies have documented the level or magnitude 

of GAG depletion precisely. Therefore, future research is required to understand if 

there is a linear decline in mechanical behaviour related to the amount of depletion of 

GAG in a tendon. 

 

Other studies have suggested that tissue hydration during testing may mediate the role 

of decorin (Koob, 1989; Paavola et al., 2002). For example, increased stiffness has 

been observed in rat-tail tendon fascicles after the removal of GAG (Screen et al., 

2006), indicating that GAG may have a lubricating effect. It is likely that the buffer 

used has reduced the swelling of the fascicles, leading to an increase in stiffness to the 

level seen under ambient conditions. Therefore, this possibly explains why the effect 

of buffer on stiffness was not observed in other studies in which the buffer swelling 

effect was controlled by polyethylene glycol (Fessel & Snedeker, 2009). Reconciling 

the results found in another study (Lujan et al., 2009) with our results, is difficult since 

the swelling in their study was not successfully controlled or fixed. 

 

The buffer used in our study for the control group reflected closely the in-vivo 

environment. All tendons from the control group that were incubated in the buffer 

compared with the data from the main study have shown high concordance and 

replication of trends for k, h and ML that were similar to the 6% group in Study 1 (see 

Figures 4.7 and 4.9) . This likely indicates that the buffer did not affect the mechanics 

of the tendon samples in either study. 

 

 

5.4 The Association Between Mechanical Loading Outcomes in 

Strained, Control and GAG-depleted Groups 

 

This study has demonstrated that the mechanical variables are strongly associated with 

each other. This is reflected in all strain levels across a wide range of cycles. Therefore, 

in general, all the mechanical values are assessing a similar domain or characteristic. 

This was found to be true in the GAG-depleted groups, therefore GAG depletion 
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would seem to have an overall impact on all the mechanical properties. In summary, 

independent of strain and the GAG-depletion effect, the results have demonstrated a 

strong significant linear correlation between k, h and ML (P < 0.0001) (see Figures 

4.3, 4.6, 4.7 and 4.9). Although this study assessed multiple variables we note 

consistency with previous studies that have shown strong correlations between k and 

h (Fung et al., 2009; Farris et al., 2011; Foure et al., 2012; Neviaser et al., 2012; 

Freedman et al., 2015). 

 

The significant linear correlation between all mechanical variables in both studies may 

be attributable to the increase in fibre disorganisation followed by damage (see Figures 

4.16 and 4.50) that resulted in decreased k, h and ML (see Figures 4.3, 4.6, 4.7 and 

4.9). Shepherd et al. (2014) would argue that the strong relationship between h and 

ML may be attributed to the microstructural rearrangement that may have facilitated 

a stress redistribution (Shepherd et al., 2014). This would also seem plausible for the 

findings in this study. 

 

It has been reported that SR is larger when larger portions of the tendon are loaded 

(Atkinson et al., 1999). In this context, our findings in the strain (6% and 9%), control 

and GAG- depleted groups show a dramatic decrease in ML with higher strain and 

number of cycles (see Figures 4.6 and 4.9). It seems that at strains or doses applied to 

pre-conditioned tendons that have been preconditioned, the strength differences of 

different fascicles or fibre locations are exposed during the increase in SR. This may 

suggest that during the SR, there is a differential loading and elongation of the fibres 

within the tendon. As some fibres elongate, the internal stressors may be transferred 

to other fibres over time. There are relatively new clinical hypotheses that stress 

shielding may be a mechanism of sustained tendinopathy in humans after repeated 

cyclic loading (Orchard et al., 2004). It could be that loading in different ranges or 

sustained holds may be a methods of altering the overall loading profile.  

 

The variables incorporated in this study are comprehensive compared to other studies 

and also have been studied concurrently. In addition, the significant correlations (see 

Figures 4.10, 4.11, 4.12, 4.13, 4.14, and 4.15 & see Tables 4.2, 4.3, 4.9 and 4.10) 

between the mechanical properties clearly show that these are dependent on each 

other, suggesting that such metrics should be considered and incorporated in any 
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fatigue loading assessment to provide a complete investigation of tendon behaviour. 

Additionally, since these properties are all related, measuring only a couple of them 

could be sufficient to get a general view. But equally so, this may provide an avenue 

for future investigations in examining if these are similarly correlated when tested in 

in-vivo or in rehabilitation settings. 

 

Such strong correlations between the mechanical properties may provide a better 

understanding of mechanisms to improve the functional behaviour of the muscle-

tendon complex (MTC) for improvement in movement performances (Bosco et al., 

1982; Bosco & Rusko, 1983). 

 

5.5 Macro-morphological Outcomes in Undepleted Tendons 

A. Quantitative and qualitative - confocal and histological assessments 

 

There are a limited number of observational (i.e. morphology) (Fung et al., 2009; Fung 

et al., 2010; Shepherd et al., 2013) and quantitative studies (Freedman et al., 2014; 

Freedman et al., 2015) in the area of the mechanical assessment of tendons. Therefore, 

the present research was designed to utilise a hybrid model of both quantitative and 

qualitative  analysis to investigate the effect of cyclic loading on the tendon’s structural 

and mechanical properties at the microscale level. This thesis has described tendon 

response to repetitive loading using different variables and how these variables are 

correlated, with the intent to increase the understanding of the early stages of 

tendinopathy. 

 

The subjective and objective assessments in the same domains accurately showed 

reproducible morphological changes during the mechanical intervention. Although 

there were minor differences in the proportional category shifts in each of three 

structural domains during all time points of the loading test, all results from both 

subjective and objective assessments have demonstrated similar progressive category 

changes in tendon structural morphology (see Figures 4.16, 4.17, 4.20, 4.21, 4.22, 

4.26, 4.27). Subjective assessments of categorisation of tenocyte shapes and other 

fibre characteristics have been limited in the literature. The subjective classifications 
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used in the quantitative scoring system were valid and reproducible with the 

classification of objective observation described in the current study. 

 

The test re-test reliability results as weighted Kappa showed an excellent level of inter-

rater reliability and a very good intra-rater reliability for the measured domains: fibre 

arrangement and orientation, fibre structure and tenocyte roundness (The inter-rater 

reliability was > 0.82; 95% CI > (0.87 to 1.00) , the intra-rater reliability was > 0.76; 

95% CI > (0.65-0.90). The observational assessment on Scanscope conventional 

histological images has validated and ruled out any ruptured areas of blurry fibre 

discontinuities seen in the images taken by CA. 

 

All CA and conventional histological assessments were consistent and reproducible. 

The histological images in this study (see Figures 4.18) are consistent with previous 

studies that reported a significant change in the GAG amounts with a change in 

magnitude of the load (Devkota et al., 2007), and an increased GAG concentration in 

tendons that were subjected to cyclic loading (Abreu et al., 2008).  

 

The progressive damage seen as morphological changes in the histological and 

confocal morphological findings (see Figures 4.16 and 4.17), (such as fibre kink 

deformation, separation, fragmentation and dissociation of collagen fibres) are 

consistent with those histological findings in previous studies (Fung et al., 2009; Fung 

et al., 2010; Andarawis-Puri et al., 2011). Furthermore, these observations are parallel 

to the pathohistological observations in human tendons including fibril denaturing, 

stretching, fraying, fragmenting, splitting of the collagen fibrils and fibre and finally 

resulting in rupture as reported by others (Kastelic & Baer, 1980; Kannus & Jozsa, 

1991; Sonnabend et al., 2001; Jarvinen et al., 2004; Fung. et al., 2009; Sereysky et al., 

2012). 

 

Quantitative analysis of the low (3%), moderate (6%) and high (9%) level strain 

groups demonstrated a progression change in tenocyte morphology (roundness) and 

fibre waviness and no change in anisotropy (see Figure 4.28). The changes in the 

structural domains (except for anisotropy) clearly exhibited distinctive levels of micro-

damage in the tendon which were not observed in the nonloaded (preconditioned) 

tendons. The results obtained are consistent with the presented hypothesis that there is 



276 
 

a sequential dose and strain effect on the variables of the examined macroscale 

domains in the loaded tendons. 

 

The strong quantitative relationships in the current study between a broad range of 

microstructural measures and mechanical properties (see Tables 4.1 and 4.2) have not 

been reported previously, with the exception of one study by Freedman et al. (2015). 

In that study, significant relationships between crimp amplitude and both strain (R = 

0.53) and laxity (R = 0.72–0.89) were reported (Freedman et al., 2015). The vast 

majority of previous studies have demonstrated qualitative relationships between 

structural and mechanical changes (Fung et al., 2009; Fung et al., 2010; Ros et al., 

2013; Thorpe et al., 2014). Furthermore 

 

Further, the structural changes found in the present study are in line with those reported 

by Parent et al. (2011) that showed that changes progressed non-linearly, increased 

rapidly and preceded rupture (Parent et al., 2011). 

 

Shepherd et al. (2014) have suggested that the early fatigue micro-damage occurs at 

the weakest point – the inter-fascicle space. In this study, this was observed in the 

early period (first hour) of the lowest strain (3%) in the absence of other evidence of 

damage (see Figures 4.16 and 4.17). Therefore the findings of this study seem to 

support the observations of Shepherd et al. (2014). 

 

The level of additional micro-damage observed, particularly by the end second hour 

in the 6% group (see Figures 4.16 and 4.17), is consistent with various previous reports 

(Järvinen et al., 1997; Waterston et al., 1997; Woo, 2000; Maffulli & Kader, 2002; 

Hamilton et al., 2008). Sivaguru et al. (2014) commented on these studies and 

suggested that all of these changes are markers of lateral tension or tertiary structure 

loss (Sivaguru et al., 2014). The current study supports this inference in that the loss 

of mechanical integrity was observed as the frequency and extent of the micro-damage 

increased. The fatigue damage represented by fibre waviness has been related to a 

specific mechanism by various authors (Fung et al., 2009; Andarawis-Puri et al., 2011; 

Neviaser et al., 2012). This mechanism is suggested to result from the stretching of a 

small group of fibres into their plastic deformation range (Pingel et al., 2014). Then 

upon unloading, they are compressed and kinked due to the shortening of the parallel 
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elongated elastic fibres (Herod & Veres, 2018). The formation of such micro-damage 

allows a further elongation with consequent repeated loading on both groups. The 

presented findings supports the studies by Maytas et al. (1994) and Screen et al. (2003) 

who found a correlation between strain and nucleus deformation of tenocytes, in which 

they found that the nuclei became thinner and longer in the viable loaded tendon 

fascicles (Matyas et al., 1994; Screen et al., 2003).  

 

The quantitative assessment demonstrated a progressive change in tenocyte 

morphology from spindle to slightly round with a higher strain and an increased 

number of cycles of mechanical loading. This category shift was found mainly in 

regions where micro-damage was seen generally in the form of kinked (wavy) fibres, 

fibre dissociation and fascicle widening (see Figures 4.16 and 4.17). This appears to 

supports the view that the change in cell morphology is a secondary physical effect 

following the loss of integrity of the fibrous matrix. 

 

Since 1995, the volume and shape of the chondrocyte nucleus has been reported to be 

sensitive to changes induced by compression (Guilak, 1995). However, it was not until 

2002 that the nuclei of rat-tail tendon tenocytes were first seen to be responsive to 

strain (Arnoczky et al., 2002). Interestingly, our findings are not congruent with those 

reported by Ros et al. (2019) on progressive change in tenocyte morphology. They 

reported that tenocyte morphological changes were less disrupted with the progressed 

structural damage in higher strain groups when compared with lower damage in lower 

strain groups, and did not increase in severity with increased cycle numbers. The 

inconsistency is, perhaps, attributed to the significant lower levels of strain (3%, 6% 

and 9% vs 0.5%, 1.0%, 1.5% and 2.5%) and the number of cycles (up to 9,600 vs 500 

cycles only ) used in the assessments. It seems that the strain level and number of 

cycles in the study by Ros et al. did not reach the threshold at which significant change 

in tenocyte morphology may occur. Our data shows that this threshold was seen by 

the end of the first hour for all strained groups (see Figure 4.26). 

 

These changes are consistent with other qualitative studies, which have observed 

tenocytes having more round nuclei in overloaded and tendinopathy tendons and 

ligaments (Matyas et al., 1994; Tallon et al., 2001; Sharma & Maffulli, 2005; Scott et 

al., 2007; Hamilton et al., 2008; Magra & Maffulli, 2008; Riley, 2008; Fung et al., 
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2009; Shepherd et al., 2013; Thorpe et al., 2015) and suggest that matrix change is 

usually seen along with cell change (Shepherd et al., 2013). The change from spindle 

shape (Cat 4) to slightly round (Cat 3) was the most obvious change for all groups 

over all time points. All significant changes for spindle shape (Cat 4) occurred within 

the first two hours (see Figure 4.26). The other three categories (Cat 3, 2, and 1) all 

increased during the loading (see Figures 4.23, 4.24, and 4.25) and were not 

definitively different across the different forms of differentiation.  

 

Clearly, in terms of association with other obersved and mechcncial profiles changes 

the utility of the 4 categories as widely reported by (Schochlin et al., 2014) is limited. 

The predictive value in the tenocyte shape is the early loss of the spindle stucture to 

reflect roundness, rather than degrees of roundness ( Cat 3,2 &1). Since the objective 

assessments of the spindle shape using Image-J was derived from work with cancer 

cells  (Schochlin et al., 2014) then future research clearly needs to determine if the 

(0.0-0.35) threshold for roundness could be improved to validate mechanical changes 

and pathology. 

 

Not only are the microstructural changes in the three strained groups generally 

consistent with those in fatigue models in the literature, the presented findings also 

concur with the findings by Szczesny et al. (2017; 2018) and Chao & Tseng (2014) 

who observed other structural changes (e.g collagen fibre kinking and molecular 

denaturation) to precede tenocyte morphological changes (Chao & Tseng, 2014; 

Szczesny et al., 2017; Szczesny et al., 2018) and that fibre waviness may affect the 

mechanical and structural behaviour of tenocytes (Szczesny et al., 2018). For example, 

proportional changes in fibre waviness were higher and occurred earlier with lower 

strain levels than the proportional changes seen in tenocyte morphology. The findings 

of this study may also be useful for fibre recruitment models (Peltz et al., 2010) for 

the modelling of the response of tendons to fatigue loading. 

 

In contrast to our findings, Lavagnino et al. (2017) found waviness in tendons to be 

reflected by cellular tension and governed, in part, by the contraction mechanism of 

the cells (Mehdizadeh et al., 2017). The force that induced the cellular contraction 

mechanism that can alter the crimp or waviness of the tendon (Lavagnino et al. 2017), 
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is miniscule compared to the applied load to the tendons in this study. The contraction 

mechanism may work as a reset of cyclically loaded induced loss of waviness. 

 

Further, the contradiction between the presented work and the findings of Lavagnino 

et al. (2017) is perhaps due to the variability between the continuous and categorical 

variables used in the current study. Since the waviness is a continuous variable (0-1) 

and tenocyte morphology is a categorical value (Cat 4, Cat 3, Cat 2, Cat 1), it may not 

be the proportional change of both domains but the sensitivity of having a categorical 

classification for tenocyte roundness that perhaps caused the contradiction between 

the contradictive findings. Therefore, the loss of spindle shape seems a very sensitive 

measure and one must consider that the four categories of morphology may warrant 

further research, although there is a systematic change in the level of roundness during 

the loading phases. It is also noted that the roundness categories had greater variability 

and noise in the assessment, especially in the higher strain cohorts (see Figures 4.23, 

4.24, and 4.25). Given that the loss of the spindle characteristic is the key observation 

then this is a critical marker for morphological changes in tendons following micro-

damage and is likely related to the failure of the integrity of specific associated fibres 

causing reduction in the mechanical properties. Future research may wish to examine 

if there are sub-categories of spindle like thresholds that reflect  mechanical impact on 

tenocytes than the threshold use in this study. After all, the threshold of loss of spindle 

like Cat 4 was based on a cancer research model and used for the first time in tenocyte 

methodology. 

 

Although tenocytes are known as mechanosensitive (Lavagnino et al., 2015; Wang et 

al., 2018), the governing mechanisms that change the cell strain environment and 

disturb the cell-matrix interactions are still unclear. However, the sensitivity of 

tenocytes to mechanical stimuli may have triggered the structural changes and 

behaviour in tenocyte morphology from spindle to round shape as a response to 

loading. Findings of changes in tenocyte morphology with fatigue loading may have 

vital implications about local cell behaviour for clinical studies, providing justification 

for alterations in gene expression and cell imaging observed in other studies. 

 

Future research may examine live cells to determine if these structural changes 

mediate the failure of tenocyte mechano-transduction in the cell-matrix interactions 
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under different loading protocols. Furthermore, this study highlights the significance 

of the tenocyte morphological characteristics and their contribution to important 

information associated with the mechanisms of tendinopathy. Fatigue micro-damage 

may play a vital role in the initial tenocyte response to damage as the tenocyte category 

changes. Therefore, understanding the interactions between tendon cells, fibres and 

the surrounding matrix and the fatigue damage mechanisms by which these are 

influenced warrants further investigation. 

 

For the entire period of the mechanical intervention, there was no difference in fibre 

anisotropy between any of the strain groups. No marked difference was observed 

between all groups for all time points. All the differences in fibre anisotropy existed 

during the preconditioning of the samples. This warrants a specific discussion on the 

role of preconditioning. 

 

Firstly, the anisotropy of fibres slightly declined in the three groups during 

preconditioning. However, as expected, the anisotropy for the 3% group was twice as 

high as both the 6% and 9% groups for all time points (see Figure 4.28). This is 

attributable to the excessive loading (Wren et al., 2003; Sereysky et al., 2012) and 

higher strain levels that can cause disruption to collagen fibres and their anisotropy, 

which then can adversely affect the mechanical behaviour of the bulk tendon. 

However, our results are not in line with previous reports (Lujan et al., 2009; Miller et 

al., 2012; Thomas et al., 2012) and suggest that anisotropy is likely a non-significant 

metric for any fatigue damage in tendons that undergoes prolonged loading regimes. 

For example,  Ros et al ((Fung et al., 2010; Ros et al., 2019) did a study of 500 cycles 

whereas the preconditionong of this study was 720 cycles. 

 

The current findings are not consistent with the work by Fung et al. (2010) that 

reported more anisotropic fibres in the high-level damage group and a statistically 

significant correlation between anisotropy and high levels of damage (Fung et al., 

2010). It seems that differences in anisotropy among groups are only remarkable in 

stress-mediated and not strain-mediated repeated loading. Early changes may happen 

but unless the stress is increased then the differences in anisotropy in the different 

groups remains unchanged. 
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The current findings concur with a previous report on the role of preconditioning in 

explaining the realignment of fibres (becoming anisotropic) reporting that most of the 

collagen realignment seem to be caused by preconditioning (Miller. et al., 2012). This 

may explain the lack of anisotropic differences between all groups observed in the 

preconditioned and highly aligned three groups. Consistent with the suggestion by 

Miller et al. (2012), this indicates a tissue structural response to load that can occur 

after applying a small amount of load and not due to a large number of cycles. 

 

 

5.6 Macro-morphological Outcomes in GAG-depleted Tendons 

During Mechanical Loading (Study 2) 

A. Quantitative and qualitative - confocal and histological assessments 

 

It was difficult to run reliable GAG-depletion and nondepletion testing protocols 

concurrently so this thesis undertook a second study that addressed the impact of 

depletion of GAG from tendons. The testing protocol repeated a subset of dose (6% 

strain for the two hours) for control and GAG-depleted tendon groups. The control 

group in the GAG-depleted study was compared with the Study 1 tendons with the 

same loading profile. As a result, this model was able to compare the reliability of all 

variables for this loading profile. This contributes significantly to the robustness of the 

data and shows the repeatability of the overall testing protocol. 

 

Data generated from the quantitative assessments demonstrated structural changes that 

seem broadly consistent with changes observed in tendinopathic tendons reported by 

previous GAG- depletion-based studies (Lynch et al., 2003; Fessel & Snedeker, 2009; 

Rigozzi et al., 2009; Legerlotz et al., 2013). Similarly to the qualitative and 

quantitative outcomes in the main study, the results obtained are consistent with the 

presented hypothesis that there is a sequential dose change effect on the tested derived 

variables of the examined macroscale domains in the fatigue-loaded GAG-depleted 

tendons. 
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This is the first study that has quantified the relationship between microstructural 

characteristics (waviness, tenocyte morphology and fibre anisotropy) and broad 

viscoelastic mechanical measures (ML, h and k) in GAG-depleted tendons. The 

quantitative relationships between microstructural and mechanical measures have 

been reported previously in only one previous study (Robinson et al., 2004). 

Interestingly, the work of Robinson et al. (2004) demonstrated GAG content as a 

strong marker for mechanical properties and showed that it was strongly correlated 

with mean collagen fibril diameter and tendons collagen content. Although they have 

shown strong correlations between structural and mechanical measures, the structural 

measure (fibril diameter) used was not within the scope of our tested structural 

domains. This may warrant further investigation. 

 

However, only a few studies have examined the qualitative structural relationships of 

GAG-depleted tendons with (Screen et al., 2005; Screen et al., 2006; Svensson et al., 

2011) and without their mechanical properties (Franchi et al., 2010). In the current 

study, the quantitative analysis of the GAG-depleted group and the control group 

demonstrated a progressive change in tenocyte morphology (roundness) and fibre 

waviness. These changes clearly exhibited distinctive levels of damage in the GAG-

depleted tendons and their controls (see Figures 4.52 and 4.53), whereas there were 

no marked changes in the anisotropy of fibres, in agreement with the findings of Study 

1. 

 

The 6% strain group and the control group were very similar in their structural and 

mechanical changes (see Figures 4.7, 4.9, 4.32, 4.33, 4.34, 4.55, 4.56, 4.57, 4.61, 4.62 

and 4.63). Removal of the GAG from tendons impacted on both the form 

(morphology) and function (mechanics) of the tendons. The control group replicated 

the data from the matched tendon from Study 1 and therefore this suggests that these 

changes are specifically related to the GAG depletion. The GAG-depleted tendons had 

damage profiles that were significantly increased in magnitude compared to the 

control tendons and these changes happened at earlier time points. This parallels the 

observations of tendons exposed to a greater strain (i.e. 9%) in the main study. 

 

This damage suggests that the balance between fibre elongation and sliding was more 

impaired in the GAG-depleted group than the control group, possibly due to the 
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removal of the GAG cross-linkages. This supports the literature which suggests the 

important role of GAGs in the tendon’s structural integrity, and their mechanical 

function as nano-connecters in transferring the load across adjacent fibrils (Screen et 

al., 2005). With an increased number of repetitive loadings, by the end of the second 

hour, the damage in the GAG-depleted group  (see Figures 4.76, 4.77, 4.78, 4.79) was 

in line with the suggestions reported by Krajcinovic (1985), Lee et al. (2017) and 

(Screen et al., 2005) and may be explained by the proposed model that this reflects 

more irreversible damage (as inter-fibrillar sliding) at the nanoscale level 

(Krajcinovic, 1985; Screen et al., 2005; Lee et al., 2017). 

 

It is proposed that with the increased response of the GAG-depleted fascicles to load 

and the consequential impact on the macroscopic properties, the mechanical properties 

of the tendon may be more heavily impacted in the GAG-depleted group than the 

control group (Screen et al., 2005). Although there were and a significant decrease in 

h, k and ML in the control and GAG-depleted groups (see Figures 4.7 and 4.9), the 

damage intensities and damage fractions seen in the GAG-depleted group were greater 

by the end of all time points. This would suggest that the structural damage in the 

control group did not affect the tensile characteristics of the fibres. Therefore, the 

increased waviness and inter-fibre space seen in the disorganised collagen fibres 

existing in the control group was perhaps governed by other mechanisms. However, 

the increased intensities and damage fractions seen in the GAG-depleted group would 

suggest that these were caused by the removal of GAGs from the tendons. Further, the 

increase in damage seen for the GAG-depleted groups might be largely caused by 

lower inter- and intrafascicular water content following their removal. And to some 

extent the effects of decreased water content may have been exacerbated by not 

conducting testing in solution. 

 

The clinical literature attributes similar patterns of damage to be governed by 

degeneration and repair with repeated loading. This is sometimes related to an acute 

inflammatory response, and also to an imbalance existing between the degeneration 

and repair cycle. There is limited objective data showing such multiple-scale changes 

in a clinical setting and therefore it is unclear if clinical observations are consistent 

with in-vivo or ex-vivo models. The current study paradigm opens an opportunity to 

examine such models to validate this assumption in the clinical context. 
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Taking all comparisons between the GAG-depleted and control groups together, the 

current findings support the suggestion in the literature that GAGs play a fundamental 

role in controlling the elongation and sliding mechanisms between collagenous units 

at different hierarchal levels (fascicles, fibres and fibrils) that consequently influence 

both local and gross matrix mechanical properties (Minns et al., 1973; Ruggeri et al., 

1984; Cribb et al., 1995; Sasaki & Odajima, 1996; Fratzl et al., 1998; Redaelli et al., 

2003; Screen et al., 2005; Liao & Vesely, 2007; Legerlotz et al., 2013) and facilitate 

the structural integrity of the collagen matrix. These observations are supported by the 

results from the current AFM-based study (more detail in Section 5.8) that showed 

higher levels of strain (elongation) expressed as higher D-periodicity values in fibrils 

(≥ 10 nm) were seen in the GAG-depleted group compared to the control group (see 

Figures 4.76, 4.77, 4.78, 4.79). 

 

With the increased damage magnitude and distribution as observed by the end of the 

first hour in the GAG-depleted group, a significant rapid decrease in h and k was 

observed as early as the end of the first 30 min. During this stage, there seemed to be 

a change in the mechanical adaptation that had been impacted by the removal of 

GAGs. It is clear that h was the most sensitive measure to GAG depletion.  

 

The transverse network of fibrillar linkages that are likely to facilitate the transfer of 

load to the neighbouring fibres (Scott, 1988), may be adversely influenced by a heavily 

impaired load-sharing mechanism. The removal of the GAG crosslinks, may heavily 

impair the redistribution of local strain among various portions of fibres to other fibre 

portions in the tendon. This perhaps leads to the dramatic changes observed in the 

mechanical properties. 

 

Quantitative assessment has demonstrated a progression change in tenocyte 

morphology from spindle-shaped to slightly round in both the GAG-depleted and 

control groups (see Figures 4.55, 4.56, 4.57, 4.58, 4.59 and 4.60). The changes in the 

control group are consistent with the changes seen in the moderate (6%) strain group 

in the main study thereby asserting that the measurements were repeatable.  

Significant progressive categorical shifts were observed in tenocyte morphology (from 

spindle to round) in the control groups with an increased number of cycles of 
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mechanical loading (see Figures 4.52, 4.55, 4.56, and 4.57). The findings in this study 

concur with the findings by Szczesny et al. (2017, 2018) and Chao & Tseng (2014) 

who observed other structural changes (e.g collagen fibre kinking and molecular 

denaturation) to precede tenocyte morphological changes ( Chao & Tseng, 2014; 

Szczesny et al., 2017; Szczesny et al., 2018). For example, the proportional change in 

fibre waviness was higher than proportional change in tenocyte morphology for both 

control and GAG-depleted groups (see Figures 4.52 and 4.53). However, the 

proportional changes of the same domains were greater and occurred earlier in the 

GAG- depleted group for all time points. 

 

These findings concur with the literature on the remodelling activities of tenocytes 

(Riley, 2008; Spiesz et al., 2015). Based on this, our findings, perhaps, are attributed 

to GAG depletion slowing the timescale of remodelling activities of the tenocytes. 

These remodelling activities may be influenced by the impaired load transfer between 

adjacent fibrils. The removal of GAGs may lead to an impaired pericellular integrity 

and cell-matrix interaction. This, therefore, can impact the ability of the resident 

tenocytes to interact with and respond to their native tissue environment, impacting 

the ability of these tenocytes to trigger reactive tendinopathy (Cook et al., 2009) and 

tissue remodelling through mechanotransduction pathways (Screen et al., 2003). This, 

however, is hypothetical in the fact that this study is undertaken on non-viable tendons 

and therefore the changes in GAGs in the biological recovery and repair models also 

warrants further investigation. 

 

Taking into account the vital role of facilitating the load transfer between adjacent 

fibrils and preserving the tissue integrity of the loaded tendons in the control group, 

the GAGs role perhaps has assisted the resident tenocyte activities in their native tissue 

environment. Consequently, the assistance of tenocytes may lead to loading at the 

microscale rather than over-stimulating the matrix (Lavagnino et al., 2006; Arnoczky 

et al., 2007; Hakimi et al., 2017; Mehdizadeh et al., 2017) causing later changes in the 

mechanical properties compared to the GAG-depleted group. It may be conjecture, but 

possibly the GAG in biological tissue may be a mechanism to transfer or mediate load 

to other parts of the tendons and therefore future research may examine how these 

loading profiles may alter when GAG depletion occurs unevenly within the full tendon 

structure. 
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5.7 Nano-morphological Outcomes in Study 1 

A. Quantitative AFM assessment 

 

The highly accurate morphometric imaging of AFM, together with the experimental 

approach used in this study allowed precise imaging of the strained fibrils in their 

nanostructural network. This provided a unique insight into the effect of load-bearing 

on the tendon’s fibrils. To assess fibril elongation, the axial D-periodicity of collagen 

fibrils was assessed after different loading protocols. To the best of our knowledge, 

this work is novel, being the first to quantify the relationship between the nano-

morphological changes (D-periodicity changes) and the macro-mechanical 

viscoelastic properties of tendons. 

 

As hypothesised based on the prior work of others (Sasaki & Odajima, 1996; Puxkandl 

et al., 2002; Gupta et al., 2010; Rigozzi et al., 2011; Connizzo et al., 2014; Connizzo 

et al., 2015), this study demonstrated that there is a sequential dose and strain change 

effect on the D-periodicity values. The D-periodicity increased under strain with 

statistically smaller D-periodicities observed in lower strain groups compared to 

higher strain groups with a lower number of repetitive loadings (see Figures 4.65 and 

4.53 and see Table 4.11).  

 

The strain modulation protocol used showed that strain is an overall driver for D-

periodicity changes. The strain remaining constant also means that after a while the 

load is significantly reduced and yet the D-periodicity still continued to change (Figure 

5.1). Our findings also concur with previous reports that the overall fibre strain is 

higher than the overall fibril strain (Misof et al., 1997; Fratzl et al., 1998; Puxkandl et 

al., 2002).  
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Figure 5.1. The change in D-Periodicity as a function of the macroscopic strain in the 

3%, 6% and 9% strain groups at the first, second, third and fourth hour of repetitive 

cyclic loading. (A) The macroscopic applied load for the whole tendon. Modified from 

(Józsa & Kannus, 1997; Arnoczky et al., 2007). (B) The measured length of WFB and 

BFB D-periodicities. At 6% and 9% strains, the increase in the WFB and BFB D-

periodic length is statistically significant (asterisks indicate a p-value < 0.0001, NS 

denotes non-significant). No significant differences were found between the 0% 

(control) and each of the three strained groups 3%, 6% and 9% over the duration of 

loading.  

 

Collagen fibres are composites, consisting of stiff fibrils embedded in a soft matrix of 

hydrated PGs and their associated GAG side chains including chondroitin sulfate and 
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dermatan sulfate. The GAGs, which are mainly dermatan sulfate (DS) in tendons 

(Minns et al., 1973; Ruggeri et al., 1984; Koob & Vogel, 1987; Cribb et al., 1995; 

Sasaki & Odajima, 1996; Fratzl et al., 1998; Redaelli et al., 2003; Screen et al., 2005; 

Liao & Vesely, 2007; Legerlotz et al., 2013) is attached covalently to the core protein 

decorin , demonstrating an orthogonal structure aligning relative to the collagen fibrils 

(Weber et al., 1996) supporting the notion that GAGs are considered to be extended 

chains connecting the neighbouring fibrils and acting mainly as a shear load 

transmitter from one fibril to its neighbouring fibrils (Scott, 1992; Cribb et al., 1995; 

Redaelli et al., 2003; Liao & Vesely, 2007). Therefore, these crosslinks between the 

fibrils of the low strain group (3%), may facilitate the inter-fibrillar sliding suggesting 

that the tissue’s resistance to load is derived mainly from inter-fibril elongation and 

sliding mechanisms (Puxkandl et al., 2002; Silver et al., 2002) protecting fibrils from 

overstrain. The inelastic deformation assists the tendon to elongate further at higher 

hierarchies without provoking complete failure of the fibrils. 

 

This is in line with a previous attribution of this behaviour as the macroscopic crimp 

elongation that seem to disappear almost after 5% strain in tendon fibres (Misof et al., 

1997; Fratzl et al., 1998). The tendon structure in this study in the 6% group seemed 

to be complete under load and a rapid decline was observed afterwards in k, h and ML 

in both the 6% and 9% groups over the first, second, third and fourth hour of repetitive 

cyclic loadings (see Figures 4.3 and 4.6). Concomitantly, the fibrils began to 

incrementally bear the increased number of repetitive cyclic loadings over the same 

duration of mechanical loading. This is attributed by the incrementally significant 

increase seen in the WFB and BFB D-periodicities at 6% and 9% targeted strains 

(Figure 5.1B) and by the increased density and severity of kink patterns of local fibrils, 

and increased marked areas of fibril rupture and recoiling evident from AFM images 

of the 6% and 9% groups (Figure 4.64). These nanostructural and mechanical 

concomitant changes are likely attributed to an exceeded physiological strain limit 

(Józsa & Kannus, 1997; Arnoczky et al., 2007) (Figure 5.1A) and to the loss of load-

bearing capacity (Fung et al., 2010; Ros et al., 2019) among various portions of fibril 

bundles. Critically however, the loading protocol was a controlled strain protocol; 

therefore, the damage relates to the transfer of stress across the tendons sub-units in 

combination with the number of cycles. Since fibrils slide past one another (Mosler et 

al., 1985; Folkhard et al., 1987; Sasaki & Odajima, 1996; Puxkandl et al., 2002; Silver 



289 
 

et al., 2002) some fibrils are bearing increased nonuniform stress concentrations, 

inducing abnormal/higher load concentrations (Maffulli, 2011) and a higher number 

of overloaded fibrils in the loading areas in the 6% and 9% groups. 

 

As a protection mechanism from overstrain, the contribution from fibrillar sliding is 

represented as a relative stretching of tropocollagen molecules and a change in the 

length of the gap zone. With increased number of cycles in both 6% and 9% groups, 

parts of or complete GAG sidechains have become detached from the fibrils and are 

therefore inactive (Figure 5.2). The remaining load transmitters continue to transfer 

load from one fibril to its neighbouring fibril, until complete macroscopic failure 

occurs, when load descends to zero instantly. Figure 5.2 shows this proposed model 

of deformation as a schematic illustration. 

 

This is in good agreement with results reported in our study that the AFM analysis 

demonstrates higher intensity and severity of damage in the 9% group as larger WFB 

and BFB D-periodicities are concomitant with a greater density and severity of kink 

patterns in local fibrils, increased marked areas of fibril rupture and recoiling than seen 

in the 6% group (Figure 4.64). 

 

The damage progression demonstrated here is similar to the fibre-reinforced 

composite behaviour, where failure exists from the formation of concentrated stresses 

at the local aggregations of fibre rupture (Okabe et al., 2001). 
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Figure 5.2. A schematic representation of the deformation and failure model at the 

fibrillar level. (A) Two unloaded fibrils connected with GAG side chains (black 

zigzag pattern). (B) Elastic linear region (< 5 % strain) – sliding of fibrils and the 

removal of kinks in the molecular gap regions. (C) Inelastic linear region (> 5% strain) 

– tropocollagen molecules start to slide past one another. Strained cross links (GAGs) 

are attached to the fibrillar surface via their core protein Decorin at the D-periodicity 

molecular gap zones). 

 

The number of cyclic loadings was a significant factor in increasing the WFB and BFB 

D-periodicities in all strained groups (Figure 5.1). As tendons were strained 

dynamically to 3%, 6% and 9% of the stress-strain curve (Figure 5.1A), these strained 

groups demonstrated a statistically significant increase in the WFB and BFB D-

periodicity length with the increased duration of repetitive cyclic loading (see Figure 

4.65 and Table 4.11) (P < 0.0001). 

 

These findings are in line with the clinical literature that states that similar patterns, 

governed by repetitive accumulation of microtrauma, may lead to an imbalance in the 

equilibrium between the cellular rate of repair and the rate of damage (Archambault, 

2003; Archambault et al., 2005; Maffulli, 2011). There is limited objective data 

showing such changes in the clinical setting and therefore it is unclear if these clinical 

observations are being influenced by in-vivo or ex-vivo models. The current study 

paradigm opens the opportunity to examine such models to validate this assumption 

in the clinical context. 

 

 Our findings also concur with previous reports on the difference between fibril strain 

and applied strain at the macroscale level where the overall fibre always seems to have 

a higher strain than the individual fibril (Fratzl et al., 1998; Puxkandl et al., 2002; 

Rigozzi et al., 2011) suggesting the occurrence of relative movements within the 

matrix. Beyond 5% strain, the elongation of D-periodicity is suggested to explain 

nearly 40% (Puxkandl et al., 2002) and 50% (Fratzl et al., 1998) of the measured 

elongation of the applied fibre strain. Similarly, the findings in this study (Figures 

5.1B and Table 4.11) also suggests that the WFB and BFB D-periodicities 

significantly increased at 6% strain. However, the increase in WFB and BFB D-

https://context.reverso.net/translation/english-arabic/zigzag
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periodicities accounted for ~31% (in the current study) and 20% (in Rigozzi et al., 

2011) of the incrementally applied tendon strain. 

 

The differences between our findings and those of Rigozzi et al. (2011) compared to 

those by Puxkandl et al. (2002) and Fratzl et al. (1998) are likely attributed to the 

various applied methodological approaches used to quantify strain under mechanical 

load (Brodsky et al., 1980; Sasaki et al., 1999; Kukreti & Belkoff, 2000; Franchi et al., 

2010). For example, the studies of Puxkandl et al. (2002) and Fratzl et al. (1998) were 

based on a stress modulation and employed scattering X-ray spectroscopy for 

measurement. Whereas the current study and that of Rigozzi et al. (2011) are based on 

a strain modulation and use AFM for measurement. 

 

Furthermore, the differences in study outcomes are likely attributed to the different 

hierarchical complexity between the tested whole tendons used in our study and that 

of Rigozzi et al. (2011) and the isolated fascicles used in other studies (Screen et al., 

2005; Svensson et al., 2011). Therefore, the mechanism by which the structural 

hierarchy in tendons is related to the variation in mechanical strain warrants further 

investigation. 

 

Statistical analysis in previous reports suggests that the D-periodicity distribution is 

10 nm at the bundle level (Wallace. et al., 2010; Fang et al., 2012; Erickson et al., 

2013); however, another recent study has suggested a smaller distribution, only 2.5 

nm (Su et al., 2014). However, the singular D-periodicity value of 67 nm is broadly 

established as the normal D-periodicity value. If the large range of distribution is true, 

it can challenge the widely accepted knowledge about collagen. But, the distribution 

of the D-Periodicity populations varies in the literature – +/-10nm  (Erickson et al., 

2013) to 2.5nm (Su et al., 2014) . For example, several detailed Type I collagen models 

of fibrils and their sub-content in various tissues are based on the singular D-

periodicity value of 67 nm (Piez & Trus, 1981; Holmes et al., 1998; Orgel et al., 2001; 

Orgel et al., 2006). Importantly, the studies that suggest the large distribution of D-

periodicities did not consider the technical error resulting from thermal drifts in 

imaging. 
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However, other important potential and technical factors may result in a larger 

variation in the D-periodicity values including the hydration of the scanned sample, 

the resolution of an image and different scanning angles of the image (Su et al., 2014). 

A recent conflicting work by Erickson et al (2013) has shown that thermal drift and 

various angles of image scanning are negligible as reflecting a minimal variation of 

only 2 nm between different fibrils scanned at different angles (Erickson et al., 2013). 

Their work suggested that a large distribution of D-periodicity values (up to 10 nm) 

existed in different tissues that did not undergo any mechanical intervention (Erickson 

et al., 2013). 

 

The hypothesised difference between the WFB or BFB D-periodicities was not 

supported by the results of this study. The inconsistency between our findings and 

those that reported a large D-periodicity distribution (up to 10 nm) among different 

fibre bundles existing in different tissues (teeth, bone, tendons and skin) (Wallace et 

al., 2010; Fang et al., 2012; Erickson et al., 2013) is likely attributed to effects of 

repetitive loading on the non-uniformity of the fibrils of the loaded tendons. These 

fibril bundles are likely to demonstrate a non-uniform (Arndt et al., 2012; Slane & 

Thelen, 2014) regional strain behaviour during passive elongation, with the maximum 

strain found in the superficial layer (Bogaerts et al., 2016). In line with this, the fibril 

bundle distribution in the current study was larger with a higher level of strain and 

number of cycles among the three groups. In other words, the differences in the WFB 

and BFB D-periodicity would be expected to significantly increase with higher strain 

levels and larger amount of repeated cyclic loading. However, there were no 

differences observed between the WFB and BFB D-periodicities among all groups. 

This is likely attributed to the maintained preconditioning effect. It is possible that the 

preconditioning in our mechanical protocol, prior to the prolonged mechanical 

intervention, may have reduced the overall non-uniform strain distribution across the 

structural hierarchies of the tendon and therefore, affected the non-uniform behaviour 

of fibrils. This concurs with the previous suggestion by Miller et al. (2012) and Quinn 

et al. (2012) that the realignment (anisotropy) of the fibrils and the fibril bundles may 

occur in the loading direction through a progressive fibril or fibril bundle recruitment. 

The anisotropy data in the current study clearly shows that all the changes occurred in 

the preconditioning stage. 

 



293 
 

Therefore, it appears that the fibrils from the same fibre bundle and others from 

different bundles have deformed homogeneously and behaved uniformly (a 

continuous increase in D-periodicities among higher strain levels with higher number 

of cyclic and static fatigue loading). This is further supported by previous studies that 

have shown significant changes in the transverse morphology (e.g. the antero-posterior 

diameter of the tendon) following contractions in non-preconditioned Achilles tendons 

(Fahlstrom & Alfredson, 2010; Grigg et al., 2012; Wearing et al., 2013) while other 

reports have shown minimal or no effect (e.g. in the cross-sectional area) when the 

tendons were preconditioned (Farris et al., 2012; Lichtwark et al., 2013; Obst et al., 

2016). 

 

 Realignment is the main mechanism of preconditioning, explaining the increased 

tendon stiffness observed after preconditioning in the highly ordered fascicles and 

fibres of the tendon (Connizzo et al., 2013). This indicates that tendons may 

structurally respond after applying a minimal amount of load. However, this response 

seems to be associated with communication between fibrils where they play a vital 

role in controlling the load transfer process across tendon structural hierarchies. The 

non-uniformity of different fibre/fascicle bundles is influenced by preconditioning. 

The ability of fibrils to rearrange and reorient themselves somehow indicates a 

connection between them, whether through hydrostatic forces or friction between 

them or their attached GAG chains (Connizzo et al., 2013). Our data on the anisotropy 

of the three strained groups that shows only non-significant differences between these 

groups over the entire course of mechanical intervention, clearly supports the 

rearrangement of the fibril bundle non-uniform behaviour. 

 

Qualitative AFM assessment 

 

Three-dimensional (3D) AFM imaging of the tendon’s microstructure allowed 

qualitative assessment of the tendons (see Figure 4.64). The morphology clearly 

showed distinct types of damage which were not observed in the non-loaded 

(preconditioned) tendons. The progression of markers of observed damage that were 

associated with changes in the mechanical properties may provide a better 

understanding of the physical progression from overused tendons to tendinopathy at 

the nanoscale level. 
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As expected, in the first hour of loading the 3% strain group did not show any damage, 

in agreement with the lack of significant changes in the mechanical properties (k, h 

and ML) of this group in the first hour. This is evidenced by the AFM images that 

demonstrated highly aligned collagen fibrils with no fibril kinks except a few minor 

occurrences of fibril separation (see Figure 4.64). This indicates that this loading is 

within the elastic linear region and is in line with the suggestion that strain levels less 

than or equal to 4% are physiological in nature (Curwin, 1994; Kirkendall et al., 1997). 

 

As expected, after four hours of loading, the 3% group showed cycle-dependent 

damage with concomitant increased changes in the mechanical properties. The 

damage is evidenced by the AFM images that demonstrated increased fibril kinks (see 

Figure 4.64). The 6% and 9% strain groups showed strain-dependent severity of 

damage when the nano-damage was compared to that seen in the 3% group. 

Furthermore, cycle number-dependent damage was also evident in the 6% and 9% 

groups (see Figure 4.64). 

 

For the 6% group, the cycle number-dependent damage is evidenced by the increased 

accumulation of fibril kinks and fibril separations seen by the end of the first hour and 

the increased severity and damage area with the higher number of cycles (as seen by 

the end of the second, third and fourth hours) with some ruptured areas by the end of 

the fourth hour (see Figure 4.64). Evidence of kink accumulation and increased fibril 

separations suggest that some fibril sub-sets are unloaded and other subsets are 

overloaded (Bojsen-Møller et al., 2019). The fibril kinks had disruptions seen as 

localised points, similar to those reported previously by Herod and Veres (2018). 

Mostly, these disruptions at the fibril kinks did not seem to have discrete plasticity 

patterns as seen over the whole fibril length. These findings are similar to disruptions 

seen in previous studies (Veres & Lee, 2012; Veres et al., 2013, 2014). For the 9% 

group, the damaged area, density and severity were larger than for the 6% group for 

all time points. The increased serial density of kinks seen as severe kink patterns on 

locally damaged fibrils with the disappearance of D-periodicity was evident by the 

end of the second and third hours. The increased groups of elastic recoil of damaged 

fibrils were also observed at the ruptured sites by the end of the fourth hour. 
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In comparison with the 3% group, the increased damage area, density and severity 

seen in the AFM for the 6% and 9% groups corresponded with significant changes in 

mechanical properties. This indicates that prolonged over-loading of the 6% and 9% 

groups that caused nano-damage can be attributed to an exceedance of the 

physiological strain limit that is concomitant with the damage and rupture seen at the 

macroscale level in the main study. Critically however, the loading protocol was one 

of controlled strain. Therefore, the damage relates to the transfer of stress across the 

tendon sub-units through the number of cycles. 

 

This study demonstrates that structural changes, mechanisms of fatigue damage, and 

the increased intensity and severity of nanostructural damage accumulation in Achilles 

tendon are all dependent on the strain level and number of cycles. Since the elongation 

changes in fibres are dependent on the changes in the fibre kink, our results propose 

that the nanoscale kink changes were both cycle- and strain-dependent. The strong 

changes in stiffness with the corresponding increase in density, severity and area of 

damage of fibrils, reflects that mechanical outputs (function) are a manifestation of 

these changes in structure (form). 

 

Early kink formation and increased interfibril spacing as observed in the 3% group are 

indicative that some fibrils are loaded and others are not. The 3% group had minimal 

nanostructural changes – non-disrupted collagen fibrils with only minimal widening 

of the interfibril space (see Figure 4.64) and the existence of a low density of fibril 

kinks with the concomitant mechanical decline – and these are likely attributed to the 

redistribution of load from damaged to undamaged fibril bundles at the microscale 

level (Thornton et al., 2003).  

 

However, nanostructural changes (increased density and severity of kink patterns of 

local fibrils, increased marked areas of fibril rupture and recoiling) as observed in the 

6% and 9% groups with the concomitant significant mechanical decline, are likely 

attributed to a loss of load-bearing capacity (Fung et al., 2010; Ros et al., 2019) among 

various portions of fibril bundles.  

 

Since fibrils are sliding past one another, some fibrils are bearing high local strain 

leading to severe deformations and ruptures. This is supported by the fact that in the 
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6% and 9% groups with an increased number of cycles, the severity of damage 

increases, with a higher number of fibril kinks and some complete rupture of fibrils 

seen by AFM (see Figure 4.64). The increased severe damage associated with the 

increased number of cycles may cause higher stress concentrations in the loading areas 

or impair localised cells outside these damage areas. The damage progression 

demonstrated here is similar to fibre-reinforced composite behaviour, where failure 

exists from the formation of concentrated stresses at the local aggregations of fibre 

rupture (Okabe et al., 2001). 

Our results provide evidence of the novel strain- and cycle-dependent mechanism of 

damage accumulation in fibrils including nanostructural characterisations of density 

and severity of damaged areas and the corresponding mechanical changes. 

5.8 Nano-morphological Outcomes in GAG-depleted Tendons 

(Study 2) 

A. Quantitative AFM assessment 

 

Our previous quantitative assessment on the macroscale level shows the importance 

of the role and contribution of PG-GAGs to tendon mechanical and microstructural 

properties. Here we use AFM and enzymatic GAG depletion using Ch-ABC to 

investigate the mechanisms by which GAG sidechains regulate fibril load sharing. The 

nanostructural response of the GAG-depleted and control groups was quantified by 

assessing the fibril D-periodicities among different fibre bundles (BFB) and WFB. 

 

The observed structural differences generated from our data, measured as differences 

in D-periodicities between the GAG-depleted and control groups, are likely 

attributable to the functional differences resulting from differences in GAG content 

between both groups. The control and GAG-depleted groups demonstrated a 

progressive change in WFB and BFB D-periodicities characterised by marked 

increases in length over the periods of mechanical intervention (see Figure 4.76 and 

Table 4.13). However, there were no marked differences between the WFB and BFB 

D-periodicities over the two hours of the intervention. 
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The GAG-depleted group had ~40% fewer GAGs than the control group. Our results 

show that by the end of the second hour, there are significant higher D-periodicity 

values (higher fibril strain ~10 nm) in the GAG-depleted group than in the control 

group. Our findings are in the line with others that have demonstrated that fibril 

elongation and sliding contributed 10–40% of the full macroscopic elongation 

(Diamant et al., 1972; Misof et al., 1997; Fratzl et al., 1998; Puxkandl et al., 2002; 

Birch, 2007; Rigozzi et al., 2011). This percentage reflects the higher D-periodicity 

values in fibrils (≥ 10 nms) from the GAG-depleted group compared to the lower D- 

periodicities found in the control group that experienced the same mechanical 

intervention (Figure 5.3). Clearly the GAG-depleted group had significantly increased 

D-periodicity after the preconditioning. As a result, studies that have various GAG 

depletion levels would need to consider if the preconditioning is actually a 

standardisation or in some circumstances increases the variance across sample cohorts. 
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Figure 5.3. The change in D-Periodicity as a function of the macroscopic strain in the 

control and GAG-depleted groups at the first and second hour of repetitive cyclic 

loading. (A) The macroscopic applied load for the whole tendon. Modified from (Józsa 

& Kannus, 1997; Arnoczky et al., 2007). (B) The measured length of WFB and BFB 

D-periodicities. 

 

 In each of the two groups, the increase in the WFB and BFB D-periodicity is 

statistically significant from the first to the second hour (P < 0.0001). In both WFB 

and BFB, there are significant differences between the control and GAG-depleted 

group at the first and second hour (P < 0.0001). No significant differences were found 

between WFB and BFB D-periodicities in either of the two groups at the first and 

second hour of loading (P > 0.05).  

 

Beyond 5% strain, the elongation of D-periodicity is suggested to explain nearly 40% 

(Puxkandl et al., 2002) and 50% (Fratzl et al., 1998) of the measured elongation of 

fibres. However, the increase in WFB and BFB D-periodicity lengths accounted for 

only nearly 29% of the applied tendon strain in our study and 20% in the study of 

Rigozzi et al. (2011). 

 

The relatively lower increase of percentages in D-periodicity strains measured in both 

the current work and the work by Rigozzi et al. (2011) is likely attributed to the 

different methods used in measuring the fibril strain in our experiments (AFM) and 

the methods used in other studies (X-ray diffraction) (Fratzl et al., 1998; Puxkandl et 

al., 2002). Furthermore, the tendons assessed in our study and those by Rigozzi et al. 

(2011) have a more complex structure than those assessed in the study by Puxkandl et 

al. (2002) since the use of fibres mirrors a less realistic supposition of tendon 

homogeneity. Therefore, the difference is also likely attributed to different hierarchical 

level that was measured for the gross strain of tissue, presented as whole tendon in the 

current work and work by Rigozzi et al. (2011), and as measured fibres in the work by 

Puxkandl et al. (2002). This is supported by the suggestion that the fibrils, fibres and 

fascicles slide relative one to the other (Puxkandl et al., 2002; Screen et al., 2004; 

Thorpe et al., 2012; Ahmadzadeh et al., 2013; Szczesny & Elliot, 2014) and therefore, 

the total strain of each hierarchal level is different. Clarifying how the structural 
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hierarchies in tendons are related to the variation in mechanical strain of these 

hierarchies warrants further study. 

 

Our findings are in agreement with the suggestion in the literature that the GAGs of 

the PG decorin play a vital role as mechanical connectors facilitating the load transfer 

between the fibrils (Minns et al., 1973; Ruggeri et al., 1984; Cribb et al., 1995; Sasaki 

& Odajima, 1996; Fratzl et al., 1998; Redaelli et al., 2003; Screen et al., 2005; 

Provenzano & Vanderby, 2006; Liao & Vesely, 2007; Legerlotz et al., 2013).  

 

Our findings also support the suggestion in the literature that GAGs have a hydrophilic 

role in facilitating fibril sliding and probably protecting fibrils from overstrain (Koob, 

1989; Kannus, 2000; Screen et al., 2006), and that the tissue’s resistance to load is 

derived mainly from inter-fibril elongation and sliding mechanisms (Puxkandl et al., 

2002; Silver et al., 2002). This is further supported by the observations in this study 

(and consistent with Rigozzi et al. (2010)) that lower GAG concentrations in the GAG-

depleted group are positively and strongly related with reduced stiffness. Furthermore, 

this relationship was also seen with h and ML in the current study. 

 

It seems that GAGs facilitate the shear load transfer across the fibrillar network. This 

is directly supported by the fact that depleting the GAG from the fibrillar network has 

clearly led to an increase in the WFB and BFB D-periodicities in the GAG-depleted 

group compared to control groups (Figure 5.3), although the fibrils from both groups 

bore the same strain (6%) and the same increased number of repetitive cyclic loadings 

over the first and second hour of mechanical loading. 

 

In both variables, the WFB and in BFB D-periodicities, there are significant 

differences between the control and GAG-depleted groups at the first and second hour 

(P < 0.0001) (see Figures 4.76 and Table 4.13). These findings are in line with the 

notion of GAG as an extended chain of the binding decorin core protein, allowing the 

fibrils to assume an orthogonal structure, aligning relative to each other and bridging 

with the neighbouring fibrils (Scott, 1992; Cribb et al., 1995; Weber et al., 1996; 

Redaelli et al., 2003). With the removal of these structures from the core proteins, the 

fibrils in the GAG-depleted groups perhaps lost their viability in connecting and 

transferring forces to their neighbouring fibrils (Figure 5.4). 
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Figure 5.4. Schematic representation of the theoretical force transmission mechanism. 

Unloaded fibrils with their core protein decorin and attached glycosaminoglycan 

(GAG) (CS/DS) (A). Representation of force transmission via GAG (CS/DS) (B). One 

fibril is strained and started to slide in the direction of force (right fibril); through non-

covalent interactions the connecting GAG transmits the force to the neighbouring 

fibril. (C). The GAG-depleted fibrils have loss of connectivity and are deformed with 

increased elongation in their D-periodicities (right fibril) with increased repetitive 

cyclic loading. 

Since fibrils slide past one another (Mosler et al., 1985; Folkhard et al., 1987; Sasaki 

& Odajima, 1996; Puxkandl et al., 2002; Silver et al., 2002) as a protection mechanism 

from overstrain, the GAG-depleted fibrils would lose their connectivity or force 

transmission and the hydrophilic properties required to facilitate their sliding process 

as a result of the removal of the force transmitting-structures (GAGs). Consequently, 

these GAG-depleted fibrils bear more friction forces and increased nonuniform stress 

concentrations inducing abnormal or higher load concentrations (Maffulli, 2011) and 

a higher number of overloaded GAG-depleted fibrils in the loading areas. This may 

explain the higher severity of deformations and ruptures that existed in the GAG-

depleted group. 

These findings are supported by the fact that with an increased number of cycles, the 

AFM analysis showed a greater intensity and severity of damage in the GAG-depleted 
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group (demonstrated as larger WFB and BFB D-periodicities compared to the control). 

These fibril length changes were concomitant with a greater density and severity of 

kink patterns in local fibrils, and increased marked areas of fibril rupture and recoiling 

than seen in the control group (Figure 4.75).  

 

The number of cyclic loadings was a significant factor in increasing the WFB and BFB 

D-periodicities (Figure 5.3). As tendons were strained dynamically to 6% of the stress-

strain curve (Figure 5.3), all groups demonstrated a statistically significant increase in 

the WFB and BFB D-periodicities from the first to the second hour (P < 0.0001). 

However, the WFB and BFB D-periodicity lengths in the GAG-depleted group were 

significantly longer (≥ 10 nm, P < 0.0001) at both the first and second hour of 

repetitive cyclic loading.  

 

 

From the nano-morphological changes of the GAG-depleted tendons, we can 

confidently conclude that our findings support previous studies (Koob, 1989; Paavola 

et al., 2002; Screen et al., 2006) on the vital role of GAGs in force transmission, and 

the hydrophilic role of GAG, facilitating fibril sliding and probably protecting fibrils 

from overstrain. Therefore, the mechanical properties of different hierarchical tissue 

structures (fibres and fascicles) are likely to depend on the GAG content as it regulates 

the fibril sliding mechanism (Minns et al., 1973; Ruggeri et al., 1984; Cribb et al., 

1995; Sasaki & Odajima, 1996; Fratzl et al., 1998; Redaelli et al., 2003; Screen et al., 

2005; Liao & Vesely, 2007; Legerlotz et al., 2013). 

 

B. Qualitative AFM assessment 

As expected, both the control and GAG-depleted groups (6% strain) have shown a 

strain and cycle-dependent severity and area of damage as observed in the AFM 

images (see Figure 4.75). The nanostructural changes observed were similar to those 

seen in the main study. However, there was increased severity and intensity of 

damaged areas for the GAG-depleted tendons. Furthermore, the damage in the GAG-

depleted group concurs with the generalised mode of fibril damage observed in 

previous studies (Veres & Lee, 2012; Veres et al., 2013). 
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A generalised mode of fibril damage was evident with increased serial density of kinks 

in the GAG-depleted tendons seen as severe kink patterns on local damaged fibrils. 

Also, the disappearance of the D-periodicities was evident and increased groups of 

elastic recoil of damaged fibrils were observed at the ruptured sites by the end of the 

second hour. In comparison with the control group, in the GAG-depleted group 

increased damage area, density and severity was seen under the AFM that showed 

concomitantly significant changes in mechanical properties (see Figure 4.75). 

 

In addition to the increased density and severity of kink patterns of local fibrils, and 

recoiling, the nanostructural changes exhibited the focal damage mode as increased 

marked areas of fibril breakages and ruptures that are similar to the changes reported 

by Provenzano et al. (2005) (Provenzano et al., 2005). The focal damage observed 

with the concomitant decline in mechanical properties, is in line with a previous report 

by Ros et al. (2019) on the bearing capacity of fibres. The loss of load-bearing capacity 

among various portions of fibres means that load is likely to be redistributed to other 

healthy fibre portions in the tendon. Together, tendon assessments using CA (as in 

Study 1) and AFM (as in Study 2) on the role and contribution of PG-GAGs in 

mechanical and structural properties, provided new insights into the progression 

mechanisms of accumulation of damage in fatigue-loaded Achilles tendons. 

 

The patterns and associations between the observed and mechanical profiles were 

similar to Study 1 but with a greater magnitude of decline in function (mechanics) and 

a concomitant decline in form (structure). Hence GAGs are important in in the 

maintenance of form and function in tendons. 

5.9 The Association Between Mechanical and Macro-morphological 

Changes in Strained and GAG-depleted Tendons 

Study 1 

For the 3%, 6% and 9% strain groups 

For all strains, the declining proportion of cells that are spindle-like and the increasing 

fibre waviness demonstrated a highly significant correlation with all mechanical 

properties (k, h and ML) (see Figure 4.80, 4.81, 4.82).  
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The non-linearity in waviness changes observed in the 3% group (see Figures 4.38, 

4.39 and 4.40) is likely attributed to the existence of crimp angles that may influence 

the straightening rate of crimp and fibre recruitment (Screen et al., 2003). This 

suggests that the straightening rate of crimp and fibre recruitment were higher in the 

6% and 9% groups since both groups have demonstrated a linearity in waviness 

changes during all-time points.  

 

The changes in fibre waviness and tenocyte roundness properties observed in this 

study throughout the mechanical intervention were more dramatic than previous 

reports evaluating structural changes of tendon tissue with fatigue loading (Fung et al., 

2010; Parent et al., 2011; Shepherd et al., 2013). Our study demonstrated a stronger 

association between these variables than other studies. For example, the correlations 

between the mechanical properties and the structural domains were highly significant 

regardless of the different magnitude of strain or duration (see Tables 4.1 and 4.2). 

This may be associated with the significant pre-conditioning undertaken in this study. 

 

Possibly, the assessment of changes in fibre waviness and tenocyte roundness with 

fatigue loading mechanics in tendons offers a better mechanistic description than other 

measures reported previously, such as the damage area fraction (Fung et al., 2010). 

This is probably because our study mediated the load by strain not stress (to rupture). 

The strong relationship between the observed structural and mechanical changes in 

tendons demonstrates the significance of the use of k, h and ML as parameters for 

modelling the response of Achilles tendons to fatigue loading. Also, it shows the 

significance of the use of the structural changes as indicators for tendon failure 

progression. Future in-vivo research may examine if there are biological markers (e.g. 

ultrasound markers) that correlate with these changes to consider if these could be 

markers for specific damage and progression of injury (Torriani & Kattapuram, 2003; 

Hodgson et al., 2012; Purohit & King, 2015).the using 

 

Study 2 

For all control and GAG-depleted groups, the declining proportion of cells in the 

samples that are spindle-like and the increasing proportions of fibre waviness, 

demonstrated a highly significant correlation with all mechanical properties (k, h and 
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ML) regardless of the different magnitudes of strain and dose (see Tables 4.9 and

4.10).

The lag effect of the detection of the spindle change and mechanical drop off may be 

partly explained by the category measurement and the threshold of the decision to 

change from Cat 4 (spindle tenocyte) to Cat 3 (slightly round). This may suggest that 

a more objective assessment of spindle shape may provide some improvement in the 

threshold of mechanical failure. Dropped percentages perhaps reflects the maladaptive 

mechanical loading that the damage (as the categorical shift from Cat 4 to Cat 3) is 

progressed through. Biological models as described by Archambault (2003) have 

suggested that damage accumulation progressed through a maladaptive loading and/or 

non-equilibrium between the driven rate of cell repair and the rate of damage 

(Archambault, 2003). It is unclear if the changes in the mechanical profile would also 

be reflected by changes in spindle tenocyte prevalence. 

Furthermore, all the correlations between the mechanical properties (k, h and ML) and 

roundness categories Cat 3, 2 and 1 were not clearly linear (polynomial) and showed 

weak associations for both the controls and GAG- depleted groups (see Figures 4.55, 

4.56, 4.57, 4.58, 4.59 and 4.60). However, the GAG-depleted group showed stronger 

associations than those seen in the control group. It is likely that there is a threshold 

in the number of tenocytes that shift from spindle to round, at which the shift plays a 

prominent role in influencing adversely the pericellular matrix surrounding tenocytes. 

The number of rounder cells (particularly severely round cells (Cat 1)) were higher in 

the GAG-depleted group, and seems that this threshold was reached faster in the GAG-

depleted group, due to the effect of the removal of GAG on both the elongation and 

sliding mechanisms that consequently affected the local and gross matrix mechanical 

properties. As more cells may become rounder, they may play a larger role in 

facilitating a larger damage distribution to the integrity of associated fibrils and fibres 

causing more significant changes in the mechanical properties. However, it is unclear 

if the changes in the mechanical profile would also be caused by changes in spindle 

tenocyte prevalence. 
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5.10 The Association Between Mechanical and Nano-morphological 

Changes (D-periodicity Changes) in Study 1 and Study 2 

 

As hypothesised, all mechanical properties (k, h and ML) for the 3%, 6% and 9% 

strain, GAG-depleted and control groups have exhibited statistically significant 

correlations with the D-periodicity changes (WFB and BFB) regardless of the different 

magnitude of strain and dose (see Tables 4.12 and 4.14). For the 3%, 6% and 9% strain 

groups, the correlations have been linear. However, both the control and GAG-

depleted groups demonstrated polynomial associations with the mechanical 

properties. In all groups, there was a significant decline in mechanical properties with 

increased strain and dose and a rapid increase in D-periodicity (WFB and BFB). 

 

The strong correlation between the tendon nanostructure and the mechanical 

properties of the macro-structure indicates that the main facilitation of tendon 

mechanics and damage in fibres and fascicles occurs at the fibril scale. Our findings 

are consistent with the theories reported previously by Szczesny & Elliot (2014) and 

Lee et al. (2017) that the structural nanoscale (in fibril) damage is related to the 

changes in microscale (in fibre and fascicle) mechanical properties. Furthermore, 

nanoscale sliding mechanisms suggested in the literature and representing shear 

between nanoscale structures (fibrils and sub-fibrils), are likely associated with both 

loading (Szczesny & Elliot, 2014) and tissue damage (Lee et al., 2017) mechanisms at 

fascicle and fibre scales. The strong relationship between the nanostructural and the 

mechanical changes in our study demonstrates the significance of the use of k, h and 

ML as parameters for modelling the response of the Achilles tendon to fatigue loading. 

Also, it shows the significance of the use of the structural changes in the tendons as 

an indicator of the progression of tendon failure. 

 

Taking together all the above mechanical and multiscale structural strong correlations, 

this is the first study to be able to correlate concurrent changes in a broad dynamic and 

static sustained mechanical assessments (i.e. k, h, and ML) with macro- and 

nanostructural changes (i.e. tenocyte spindle shape, fibre anisotropy and waviness and 

fibril D-periodicity) in tendons from strained, control and GAG-depleted groups. 
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The SR in this study is expressed as the decline in the stress over the static held length 

at three different points (SR1, SR2 and SR3). The SR at the maximum load was used 

to represent the total SR since these three cohort points (maximum, halfway and end) 

were highly correlated (R2 = 0.87–0.99, P < 0.0001) for all tendons from all groups at 

all-time points. More detail is in Appendix 7. Since the maximum load SR was highly 

correlated with all macro- and nanostructural changes, this may provide an avenue for 

future investigations to examine whether SR is similarly correlated with nano- and 

macrostructural changes in tendons when tested in an in-vivo or ex-vivo static 

mechanical intervention. 

 

5.11 The Multiscale Association Between Macro and Nano-

morphological Changes 

The WFB strains observed at the nanoscale level and measured for the 3%, 6% and 

9% strain, GAG-depleted and control groups demonstrated a strong significant 

correlation with fibre waviness and tenocyte morphology (Cat 4) (see Figures 4.80, 

4.81, 4.82, 4.83, 4.84 & see Table 4.15). For all groups, the WFB strains increased 

with increasing and declining proportions of fibre waviness and spindle-like shape 

(Cat 4), respectively. Most of the nano- and macro-morphological variables were 

associated in a linear pattern for all groups. In the strained groups, the strong 

correlations (R2 = 0.74–0.91, P < 0.0001) demonstrate the strong relationship between 

the nano- and the macrostructural changes, consistent with our hypothesis that 

nanostructural changes in the three strain groups contribute to the macrostructural 

changes in Achilles tendons that were subjected to four hours of repetitive loading. It 

seems that the structural changes occur concurrently at multiple scales. The 

macroscale changes (as increased fibre waviness and change in tenocyte spindle 

shape) that affected tendon mechanical properties were influenced by changes at the 

nanoscale level (as changes in fibril D-periodicities that were used as a function for 

fibril elongation).  

 

 Our study demonstrated the interfibrillar structural damage as fibril kinks and 

discontinuities seen after applying fatigue loading. This is inconsistent with a previous 

study suggesting that the first stage of damage caused by inter-fibrillar sliding is not 
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related to fibril damage (Lee et al., 2017). Our findings parallel others of Fung et al. 

(2010) and Veres et al. (2013). In their studies, tendons were also subjected to lower 

applied strains and lower numbers of cyclic loadings. Damage of fibrils is likely to 

follow after interfibrillar sliding damage, when the interfibrillar network cannot bear 

any more load and cannot transmit the shear loads. This is clearly seen in the AFM 

images that show fibril damage (a high density and severity of fibril kinks, localised 

fibril rupture and recoiling of ruptured fibrils at the rupture sites)  that were observed 

at higher strains (6% and 9%) with higher number of cycles (beyond the second hour). 

These AFM findings mirror the macro-damage observed by CA at the fascicle and 

fibre levels for the same strain levels and number of cycles. These observations of 

tendon damage support the purported mechanism that damage first exists by 

interfibrillar sliding followed by irreversible intrafibrillar sliding and damage in 

fibrils. 

A recent report has suggested that sub-rupture nano-changes observed as the repetitive 

fibril kinking exists at distinct repeated intervals on the fibril surface (Veres et al., 

2013). These nano-changes are in line with changes in waviness seen at the fibre and 

fascicle levels in the different strain groups in the current study. Therefore, this 

provides support that fatigue loading induced changes concurrently at multiscale 

structural levels in tendons. The correlations between the nano- and macroscale 

parameters were similar in GAG-depleted (R2 = 0.91, P < 0.001) and the control 

groups (R2 = 0.87, P < 0.001) even though the GAG-depleted group had a much greater 

decline in both structure and function. This maintains the association between these 

two domains further proving the strong role of the GAG matrix network in the function 

of tendons. This highlights integrating both the form and function of the tendon. In 

other words, the association between changes in the structural domain (observations) 

and the changes in the mechanical domains (stiffness etc) are maintained independent 

of the GAG depletion or not. That said the rate of these changes under different strain 

and cycle loading are protected by the GAG matrix.   This is observed in the increased 

density and severity of nano- and macro-changes and damage seen in the GAG-

depleted group, which results from the removal of GAG from fibrils. GAG is 

suggested to contribute to the integrity of fibres by connecting adjacent fibrils (Scott, 

1992; Cribb et al., 1995). Such merging of the inter-fibrillar structure is important for 

preserving the collagen fibrils and therefore keeping the triple helices in a tight 

cohesive structure (Redaelli et al., 2003; Vesentini et al., 2005). Since the mechanisms 
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of elongation and sliding of the collagen triple helices do not occur concurrently 

(Folkhard et al., 1987), it seems that the nanostructural response to load has a 

sequential process beginning with uncrimping, then elongation (observed as an 

increase in fibrillar D-periodicities), then the sliding of fibrils. 

 

For example, in both controls and GAG-depleted tendons, no significant D-periodicity 

increase was detected until 6% applied strain, which corresponded to the loss of 

collagen fibre crimping at the macroscale (Misof et al., 1997). Nevertheless, higher 

levels of fibril strains (measured as increased D-periodicities) in the GAG-depleted 

tendons were observed compared to control groups. This perhaps suggests the effect 

of removing of GAG on the elongation and sliding mechanisms in fibrils. Thus, the 

removal of these GAGs from the tendons, perhaps, led to weakening of the localised 

fibrils that could not bear the excessive loads. Consequently, impairment of the load 

transfer across to adjacent fibrils occurred resulting in the impaired integrity of fibres 

and consequently fibre damage. 

 

Consistent with our hypothesis, the significant relationship in the GAG-depleted group 

between nano- and macrostructural measures indicated that macroscale mechanically 

induced changes (observed as higher percentages of fibre waviness and rounder 

tenocytes) affected the tendon stiffness (observed as higher percentages of changed 

mechanical properties). These macrostructural and mechanical changes in the GAG-

depleted group were driven by changes at the nanoscale level, observed as broader 

changes in WFB D-periodicities compared to the control group. 

 

 

 

 

 



 
 

CHAPTER SIX: 

LIMITATIONS 
 

This study was an ambitious program of research that examined multiscale levels of 

change (using objective and subjective assessments) during cyclic loading across three 

strain levels and four different durations of loading. Additionally, a 

glycosaminoglycan (GAG) depletion study was performed. The study was undertaken 

using harvested rabbit tendons and therefore the generalisations and conclusions are 

limited within this parameter. Following the basic principle of maximising the 

repeatability of the research methods and research integrity, the following section 

provides a clear narrative of methodological issues for the replication of the work 

undertaken in this thesis. On this basis, the following limitations are acknowledged: 

7.1 Tissue samples 

Examining non-viable whole tendon tissue in in-vitro testing, as used in this study, is 

relatively direct and allows for the clearest information regarding the mechanical 

properties of tendons undergoing fatigue damage. For instance, this study uncovered 

the importance of strain as the main mechanical measure controlling the accumulation 

of tendon damage. Although in-vitro testing can demonstrate the natural course of 

tendon damage due to mechanical loading, it cannot demonstrate the matrix processes 

of tissue healing and remodelling that occur at many biological substrate levels and 

across different timelines. The difference between ex-vivo and in-vivo testing models 

is acknowledged as a limitation of the generalisability of the results. Therefore, the 

multiscale form (morphology) and function (mechanics) assessments within this thesis 

set up a basis for future in-vivo research to consider the biological implications and 

the direct clinical implications for tendinopathy and the management of conditions 

within the therapeutic setting. 

7.2  The testing instrumentation 

A multiscale analysis of the structure of the Achilles tendon and its response to 

mechanical loading required an assessment of the tissue using different devices 

(Instron, confocal arthroscopy (CA) and atomic force microscopy (AFM)). This has 
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created some technical limitations due to the fact that each device has its own 

assessment methodology, outcome specialty and scale limitations (from macro to 

nanoscales). This may affect the multiscale assessment of the tested samples in terms 

of correlating the outcomes of each device with each other. 

 

CA and AFM assess different levels of damage. CA allows assessment of tendon 

structure at the microscale while AFM is at the nanoscale (molecular-scale) level. This 

means that a tissue that is observed to have no damage or change in the structure by 

CA will not necessarily be observed to be undamaged in the AFM observation and 

vice versa. It is likely that before structural damage is observed in CA, the tissue will 

show damage at the level of AFM. 

 

Clearly, there is an interaction between the scale of magnification and the field of view 

of each instrument. Since damage may not be homogeneous especially in the early 

loading phase, tracing similar morphological characteristics of the tested variables by 

CA with AFM and vice versa was labour intensive and time-consuming. As a result, 

there was a trade-off between the repeated sampling frequency and the total number 

of tendons used in the study. 

 

It is now clear from this study that tendon damage happens at different scales and 

therefore the literature needs to be reviewed in the context of the scale of the 

assessments that have been undertaken. Some commentary in the literature refers to 

presumptions of damage at scales other than those that were actually measured. This 

is a general limitation in the literature review, since to criticise the narrative within the 

tendinopathy literature with this repeated caveat makes writing the literature review 

difficult. The reader should therefore consider this a limitation within the narrative. 

A. Confocal Arthroscopy (CA) 

The first experiment used the arthroscope probe to take images of the tissues 

mechanically loaded by the Instron. During the course of the experiment, the presence 

of image artefacts adversely impacted some images. The images taken by the probe of 
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the arthroscope during the mechanical tensile testing may have some technical 

resolution issues due to common artefacts affecting the quality of images. 

 

Unfortunately, in order to reveal the images, the coverslip glass of the probe has to be 

in contact with the targeted tissue surface at various angles to the surface of the tissue. 

Obtaining the best imaging angle of the probe against the surface was a challenge due 

to the short imaging time allowed in the experimental protocol (one minute at zero 

strain). Some poor-quality images possibly contained artefacts including residual 

contrast agents and water droplets that accumulated on the coverslip of the probe, or 

the quality may have been reduced by hand vibration and/or motion of the probe 

during the acquisition of the image. 

 

It was also challenging to overcome these problems during the repetitive image 

acquisition at zero strain stages for the long periods of tensile testing by the Instron 

(from one to four hours). To minimise this limitation multiple photos were taken on 

each testing window (up to 10). 

 

Contrasting fluorophore agents such as the fluorophore sodium fluorescein stain 

tenocytes as negative images which can make it very challenging to distinguish the 

cells from the collagenous components in CA images. A major complication with 

fluorophores is that they may irreversibly fade when exposed to exciting light. 

Although this process is poorly understood, it is thought in some cases that the 

fluorophore molecule reacts with oxygen and/or oxygen radicals and changes to 

become non-fluorescent (Wang & Wolfbeis, 2014). The reaction can occur after a 

fluorophore molecule changes from the single excitation to the triple excitation state. 

This can cause a significant photo-bleaching. 

 

Furthermore, most confocal microscopes require 0.1–1 s to produce a single image. 

This rate may be too slow for various dynamic processes, specifically if three-

dimensional stacks of images are needed. Even for a single two-dimensional image, 
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slow frame rates translate into long exposure periods of the sample to intensive laser 

light, which may also cause damage or photo-bleaching. 

Suitable contrasting agent fluorophores (acridine orange (AO) or sodium fluorescein) 

were selected for the best penetration of the tendon tissue as this controls the 

penetration capacity of CA. Sodium fluorescein is approved for direct systemic 

application in human and animal tissues and AO, a common contrast fluorescent in 

animal assessments, can distinguish specific RNA and DNA in the cytoplasm and 

nuclei. However, another issue is the potential hazard that may exist using these 

fluorophores. Also, the combination of the potential fluorophore toxicity and intense 

light illumination of the laser may cause tissue damage that is interpreted as 

mechanical in origin during tensile testing. 

B. Atomic force microscopy (AFM)

A disadvantage of AFM was the single scan image size. AFM can only image a 

maximum height of 10–20 µm and a maximum scanning area of about 150 × 150 µm. 

The scanning speed of the AFM was also an issue. Traditionally, an AFM scans 

relatively slowly and requires four to six minutes for a typical scan. The relatively 

slow scanning rate during AFM imaging often caused image drifts that showed some 

distortion and resulted in moved, elongated or compressed images. This drift is an 

unavoidable and common factor that introduces technical errors into AFM 

measurements (Ricci & Braga, 2004; Mokaberi & Requicha, 2006; Rahe et al., 2010). 

The AFM scanner’s piezoelectric ceramic is subtle for the AFM environment, and 

even minimal changes in temperature can introduce drift on the images. According to 

(Ricci & Braga, 2004; Mokaberi et al., 2006; Rahe et al., 2010; Su et al., 2014), the 

drift effect could be due to either thermal (internal or external) or instrumental reasons 

(hysteresis of the piezoelectric material and crosses between the x, y, and z axes). 

Similarly to any other imaging technique, image artefacts are possible, which could 

be prompted by poor operating procedures and conditions or an unsuitable AFM tip. 

Different methods are often applied to reduce the effect of image drifts, such as 

increasing the scanning rate or adjusting the AFM environmental conditions. 
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Since the effect of drift on the slow scanning axis (y) is comparatively clear, the fast 

scanning axis (x) was adapted in all AFM assessments. Therefore, when the D-

periodicities were measured, the scanning angle was fixed to allow the tip to scan 

along the fast scanning x-axis to reduce errors and to produce much more precise D-

periodicity values. Consequently, the D-periodicity values of the measured fibrils from 

images with the drifting effect were within the range of ± 2 nm and exhibited very 

small to negligible imaging effects 

C. Strain mediation and preconditioning 

The findings of this study on the impact of repeated loading may not necessarily match 

other research protocols because this study set the fatigue control variable as strain. 

This means that the tendons were elongated to a set strain on each cycle. This resulted 

in a declining force loading of the tendon over time. Other studies have used stress 

(force) as the control parameter. Such studies load the tendon to the same amount and 

as the tendon fails the strain increases to a point of rupture. Also, a limitation of the 

current study is that each tendon cohort had a preconditioning of 720 cycles at the 

strain level of the cohort. This had an effect particularly on the anisotropy 

measurement, which was clearly mediated by stress and for which all the major 

changes occurred in the preconditioning phase. 

D. Stress relaxation represented as maximum load 

The stress relaxation (SR) in this study is expressed as the decline in the stress over 

the static held length at three different points (Max, halfway and End). The ML were 

considered to represent the SR since these three cohort points were highly correlated 

(R2= 0.87-0.99, P<.0001) for all tendons from all groups at all-time points. Greater 

details are under appendix 7. Since the Max load was highly correlated with all macro 

and nanostructural changes, this may provide an avenue for future investigations in 

examining if (SR) is similarly correlated with nano and macrostructural changes in 

tendons when tested in an in-vivo/or ex-vivo static mechanical intervention. 

 

E. Repeatability of observed classifications of tendon morphology 

While the literature has a number of papers reporting methods for the identification of 

tendon morphology from observations, few, if any, follow valid statistical models. For 
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example, the ordinal classification of cell type or fibre disruption is indeed ordinal and 

therefore calculating the statistical inferential parameters such as mean and standard 

deviation suggests that there are a few statistical assumptions being made. 

Furthermore, there are no studies published reporting the blind test-retest reliability of 

the observer and although the protocols describing the classification are well reported, 

these address the validity of the assessments, not the source of errors of bias or 

reliability. The current study incorporated a test-retest between and within 

observations of the tester who was blind to the conditioning of the imaged tendons. 

This thesis, therefore, is the only reported case where the reliability of the assessments 

has been quantified. This study also reported intra-tester reliability. The limitation of 

the study is that the assessment of the histological slides was not validated in any way. 

The frameworks of the observed slide characteristics were discussed with other 

colleagues but like many histological research papers, they are somewhat descriptive 

in nature. 

F. Statistical analysis 

As described in the statistical section in Chapter 3 the research design used in this 

study was undertaken as an observational (qualitative) study of trends as much as the 

inferential (quantitative) statistical analysis. The duality of the method raises 

limitations in both the statistical alpha level and the statistical power. 

 

 First, only the results of the data points at each hour were assessed in the paired 

comparison. The data, however, were plotted for all assessments to create a trend and 

observational changes. The sample sizes were small and declined at each destructive 

sample period for the histology and nanoscale assessments. All the variables proposed 

in the study have been reported. The loading stiffness (stiffness assessed at the first 

cycle of the repeated loading cycle) had a duplicate assessment at the start of the static 

one-minute hold. This was removed from the detailed analysis because it was highly 

correlated (R2 > 0.96) with the ramping stiffness. The results are in the appendices for 

clarity. These two assessments demonstrated a very high level of reliability across the 

testing protocol. 
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G. Effect size calculations provided – no alpha-level adjustments 

The inferential statistics were kept simple and the effect sizes reported. The a priori 

estimates of the sample size were made for the first two hours of assessment with the 

intention of providing the third and fourth hour as observational assessments only. 

However, our a priori estimates underestimated the actual effect size, and therefore 

the third hour was reported. No alpha level adjustments were made. That said, the 

discussion and narrative of the conclusion were mostly associated with common 

outcomes of the overall domains and not a single strain, hour, or variable. 

 

The primary limitation of this is that the discussion reflects on the changes in the 

domains of assessments and the associations between the variables. The p values for 

any individual paired difference should not be considered in isolation. Finally, the use 

of the effect size comparison has limited clinical interpretation; however, it can be 

used for future researchers as a basis for the future optimal research design. 

  



316 
 

CHAPTER SEVEN:  

CONCLUSION AND THE AREAS 

OF FUTURE RESEARCH 
 

From the literature review and research in this thesis, the following conclusions and 

suggestions for areas for future research are made: 

 

• This study provides a robust assessment of the testing protocol by replicating 

the mechanical and morphological changes in two control groups (from the 

glycosaminoglycan (GAG)-depletion study (Study 2) and Study 1). Moreover, the 

inter- and intra-tester observational damage classification was shown to be reliable. 

 

• Both strain and cycles impact on the mechanical and morphological changes 

in tendons. In this study the differential strains (3%, 6%, and 9% strain) reflected 

significant differences across most derived variables over the first , second , third and 

fourth hour of the mechanical intervention.  

 

• Static mechanical changes are highly correlated with dynamic mechanical 

changes (for example, maximum load vs stiffness) throughout the repeated loading 

protocol. 

 

• Hysteresis was the most sensitive mechanical assessment to increased strain 

and numbers of cycles. This highlights the importance of hysteresis in assessing 

tendon damage accumulation. 

 

• By two hours of strain-mediated mechanical loading all significant changes 

had occurred. Therefore, any future research validating the outcomes for stress-

mediated loading protocols would warrant restricting the duration of the cycles under 

a strain-mediated model. This would allow reallocation of testing time and resources 

to increase sample size and research design. 
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• Tenocyte spindle morphology change is a sensitive marker for mechanical 

and other morphological changes. The loss of spindle shape, rather than just increasing 

roundness, is the key marker. The predictive value in the tenocyte shape is the early 

loss of the spindle stucture to reflect roundness, rather than degrees of roundness ( Cat 

3,2 &1). The lag effect between the detection of the spindle change and the mechanical 

drop off may be partly explained by the categorical measurement and the threshold of 

the boundary between changes from Cat 4 to Cat 3 (from spindle-shaped to slightly 

rounded tenocytes). Since the usage of Image J on cell shape categories was derived 

from work on cancer cell morphology, then future research clearly needs to determine 

if the (0.0-0.35) threshold of roundness could be improved to validate mechanical 

failure or structural damage. Future in-vivo research may warrant the examination of 

biological markers for shape change and concurrent mechanical decline. 

 

• The depletion of GAGs resulted in increased damage and mechanical failure 

compared with matched control tendons. This clearly shows that GAGs provide an 

improved mechanical and structural elasticity. 

 
• The association between the mechanical and morphological changes 

remained relatively constant whether measured in control or GAG-depleted tendons. 

Therefore, this study shows that mechanical and morphological changes in tendons 

happen concurrently. 

 

• Not only are the microstructural changes in the three strained and GAG-

depleted tendon groups generally consistent with those in fatigue models reported in 

the literature, but in our findings these. These changes have also been revealed to, 

however precede tenocyte morphological changes, supporting the theory that fibre 

waviness can affect the mechanical and structural behaviour of tenocytes. 

 

• The form and function of tendons is highly correlated at multiple hierarchical 

scales. This is reflected by the very strong associations between the mechanical 

variables and the observations of structural damage. For instance, fibril elongation is 

a tendon damage mechanism that contributes to changes in mechanical properties at 

the macroscale level of the tendon. Furthermore, mechanical changes – especially in 

hysteresis – reflect structural damage at different scales.  Future research would be 
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warranted to examine if stress-mediated fatigue loading would maintain these strong 

associations. 

• After repeated loading, damage occurs concurrently at the nano- and

macroscale (i.e. nano and macrostructural changes). There are strong correlations

between tendon nanostructure (as changes in D-periodicity) and mechanical properties

of macrostructure (fibre waviness and tenocyte roundness).

• Mechanical changes at low numbers of cycles and amounts of strain were

observed in the absence of gross morphological changes (i.e. high density and severity

of fibril kinks, localized fibril rupture and recoiling of ruptured fibrils at the rupture

sites). At higher cycles and strains the damage at the fibril level increased. This

supports the construct that initially intra-fibrillar sliding occurs followed by

irreversible inter-fibrillar sliding and clear damage in fibrils.



 
 

APPENDIXES 

Appendix 1 

The origin of D-Periodicity variability 

Non-mechanical factors  

Intracellular determinants 

 

In these studies, the reversal of the weak acid buffers – used to break down the collagen 

linkages - have demonstrated that the reconstructed repeated Tc depict the same D-

periodicities as in tissue fibrils (Kadler et al., 1996; Canty et al., 2004). The self-

assembly structure, however, results in a semi-rigid gels that differ from fibrils as they 

have unspecific orientation. This suggests cellular involvement in vivo modulates the 

orientation and serial alignment of the collagen subunits.  Therefore, the formation of 

collagen fibrils is likely controlled by the molecular intrinsic characteristics, however, 

also mediated by cell regulation mainly in developing or healing tissues (Kadler et al., 

1996).  

 

Although there are competing theories on the formation of fibril bundle in 

fibrillogenesis models, the observations from EM proposed a nucleation, growth and 

coalescence (NGC) sequential formation of collagen fibrils and fibril bundles. For 

example, in chick embryonic tendon, single or small clusters of fibrils were found in 

membrane projections near the surfaces of the fibroblast, known as fibripositors 

(Trelstad & Hayashi, 1979; Canty & Kadler, 2005). Based on their findings, it is 

suggested that nucleation and axial growth of the fibrils occur in these fibripositors. 

Tip-to-tip joining (Graham et al., 2000; Kadler et al., 2008) and side-to-side joining 

(Birk & Trelstad, 1986; Prockop &, 1994; Canty & Kadler, 2005) of fibrils has also 

been reported, which could explain the formation of the D-Periodicity bundle. This is 

consistent with the strong evidence demonstrating that genetic intracellular 

information can modulate the fibril function and therefore the  D-Periodicity (Wallace 

et al., 2011).  
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Environmental determinants 

Although AFM based studies have reported the importance of dehydration in changing 

the D-Periodicity (Habelitz et al., 2002; Kemp et al., 2012), there is inconclusive 

evidence that dehydration can impact on the D-Periodicity distribution reported in the 

literature. For instance, Habelitz and his co-workers (2002) reported that the reduced 

D-Periodicity may be due to a dehydrated structure resulted from a disorder and

diminished crystallinity and suggested a narrow D-Periodicity distribution (67-68 nm

in hydrated fibrils) and a division of the D-Periodicity distribution into three groups at

67, 62, and 57 nm in dehydrated fibrils (Habelitz et al., 2002). In contrast, another

AFM based study by Erickson et al (2013) did not find any significant correlation

between the average of fibril D-Periodicity of hydrated (62.2 ± 2.0 nm ) and the

dehydrated (63.1 ± 1.9 ) imaged fibrils (Erickson et al., 2013).  Although the averages

in D-Periodicity may be affected by surface dehydration, still the averages of both

refuting studies do not explain the full range of D-Periodicity distribution (60 and

70nm) that are frequently found in tissues which suggests that this distribution does

not seem to be as an artefact of surface dehydration.

Measurement artefact has also been considered in the assessment of D-Periodicity 

using AFM to investigate the systematic errors which may be caused by thermal drift 

and scanning angle. Erickson et al (2013) studied thermal drift beam angulation and 

scan rates and found a variation in D- periodicity of individual fibrils less than 2 nm 

showing no systematic changes in D-Periodicity (Erickson et al., 2013). They also 

have found that the thermal drift would have an insignificant impact on D-Periodicity 

even at a slower rate of 0.5 Hz during a single scan and the systematic errors which 

may be caused by thermal drift and scanning angle do not seem to influence the 

measurements of D-Periodicity. Su et al (2014) have refuted this conclusion and 

suggested a variation about 2nm and an impact of thermal drift that was found more 

obviously on the slow scanning axis (Su et al., 2014). 

The non-consensus between the two studies on the effect of thermal drift visualised 

on the slow scanning axis is possibly attributed to the difference between tested 

samples that been used as tissue samples or collagen fascicles (Erickson et al., 2013) 



321 

and single collagen fibrils on mica (Su et al., 2014). Further, these samples are affected 

by different impacts of thermal drift and scanning angle on both samples that may lead 

to the systematic errors. In the images of collagen fibrils on mica, it is noticeable that 

the surface of substrates are not parallel to the surfaces of collagen fascicles (Fang et 

al., 2012). When curved collagen surfaces were imaged, there were fewer points to 

measure that were parallel to the x–y plane. Such measurements can increase the 

measured D-Periodicity variation. Further studies are needed to clarify the difference 

of measured D-Periodicity values between within fibrils and between fibrils of same 

and different fibril bundles taking into consideration the impacts of thermal drifts on 

the D-Periodicity variation. Kemp et al (2012) investigated whether the relationship 

between the morphology and mechanics can change the phenotype of the diseased 

tendons (Kemp et al., 2012). This study has shown the dried Brtl/+ fibrils with higher 

mean differences of D-Periodicity accompanied by significant increases in elastic 

modulus (MPa), adhesion force and decreased indentation depth (nm) in compared to 

WT group that shown the D-Periodicity were not accompanied by any nanoscale 

mechanical changes.  

 

The inconsistency on the suggested potential sources and mechanisms for the 

variability in the D-Periodicity in reviewed previous studies may be attributed to 

variations in the tissue samples and/or dehydration-dependent artefacts from tissue 

sample preparation (Bear, 1944; Brodsky et al., 1980; Stinson & Sweeny, 1980; 

Eikenberry et al., 1982; Habelitz et al., 2002), the method of analysis, experimental 

procedure and calibration of the instrument used in the assessment (Wallace et al., 

2010; Erickson et al., 2013; Su et al., 2014). However, these potential sources for the 

variability do not seem to solely explain the D-Periodicity distribution (+/- 10nm) 

within and between collagen fibril bundles. To date few studies have examined 

sequential changes during experiments.  

 

Biological determinants  

 

Some aspects of the literature suggest that variations of collagen fibril D-Periodicity 

is associated with some diseases (Wallace et al., 2010; Wallace et al., 2011; Fang et 

al., 2012; Hammond et al., 2014). This is evident in bone diseases where variation on 

D-Periodicity has been associated with alterations in nano/microstructure of collagen 
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(Bear, 1944; Brodsky et al., 1980; Fraser et al., 1983; Fraser et al., 1987; Odetti et al., 

2000; Reed & Iozzo, 2002). An AFM based study has reported a 63–73nm distribution 

of D-Periodicity in the mice bone, dentin and tendon by using a 2D Fast Fourier 

Transform (FFT) (Wallace et al., 2010). This study has shown that this distribution of 

D-Periodicity was present without the existence of cellular, mineral origin or

anatomical location or mechanical function. However, the distributions measured

from samples of mice bone were statistically indistinctive.

Similar results have reported alterations in type I collagen nanomorphology in an 

ovariectomy-induced estrogen depletion study on Sh and OVX ovine radius bone and 

skin (Wallace et al., 2010; Fang et al., 2012). It was found in these studies that the 

percentage of OVX bone and dermis collagen fibrils with D-periodicities below 64 

nm existed about four times higher than fibrils in the Sh groups. There is evidence that 

genetic modifications identified with known pathological phenotypes can alter the D-

Periodicity. Osteogenesis Imperfecta (OI) phenotypes are predominantly related to 

mutant genes encoding the a1 or a2 chains of type I collagen or proteins related in type 

I collagen intracellular trafficking and post-translational modification(Cundy, 2012). 

A recent study by Wallace et al (2011) used a heterozygous (Brtl/+) mouse model of 

type IV (OI) to quantitatively analyse the D-Periodicity of type I collagen fibrils in 

fermora from heterozygous (Brtl/+) mice (Wallace et al., 2011). The distribution of 

D-Periodicity values was distinctive between the two genotypes. Their results have

shown that this bone disease has a well-characterized changes in the col1a1 allele

resulted from Glycine 349 to Cysteine substitution in one col1a1 allele and led to a

characterized more heterogeneity of D-Periodicity distribution (56-75 nm) compared

to wild type (WT) animals (63-74nm). The change in D-periodicities in dried Brtl/+

fibrils from tendon have shown different results (Kemp et al., 2012). However, the D-

Periodicity mean of Brtl/+ fibrils was shifted downward versus WT when imaged wet,

(Brtl/+ wet: 67.5 ± 1.4 nm versus WT wet: 68.2 ± 1.2 nm). This downward shift was

driven by a greater number of fibrils with shorter D-periodicities. 30% of Brtl/+fibrils

had D-periodicities less the mean minus 1 standard deviation of the WT group. The

difference could be due to the difference in tissue used, the existence or absence of

mineral or animal age between the studies. Such studies have shown statistically

significant variations in the D-Periodicity distributions in the presence of OI bone,
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proposing the biological importance of the D-Periodicity distribution (Wallace et al., 

2010; Wallace et al., 2011; Fang et al., 2012). These studies suggest that such 

distribution values may be a marker at the nanoscale level that is associated with bone 

pathology. 

 

Intrafibrillar determinants 

 

Intra and inter fibril variation of D-Periodicity is rarely documented in the literature. 

This is critical in understanding the sequential development of ultrastructural damage 

in the presence of pathology or acute injury. There is some evidence that variant 

intrafibrillar interactions such as crosslinks on hydroxylysines (Hyl) and Hyp, 

hydrophobic and electrostatic interactions and hydrogen bonding may contribute to 

the D-Periodicity variations at the bundle level. This contribution may take place when 

Hyl sites are joined between neighbouring fibrils during an enzymatic reaction at the 

cross-links that leads to an overlapping between gap and overlap zones (Orgel et al., 

2011). 

 

It was further expressed that non-enzymatic glycation (NEG) that take place with 

aging and diabetes (Vashishth et al., 2001) is independent of collagen fibril D-

Periodicity using in vitro D-ribose ovine bones (Fang et al., 2012). In the light of 

fibrillogenesis models that offered views on the formation of fibril bundle, other 

researchers have suggested that the mechanistic pathways for the nucleation, growth 

and coalescence (NGC) and Liquid Crystalline (LC) models are consistent with the 

results of their study on the relationship between fibril D-Periodicity and bundle 

ultrastructure (Fang et al., 2012). Comparable conclusions are provided by Odetti and 

co-workers(Odetti et al., 2000). It is also possible that D-Periodicity distribution form 

the super twisting between the fibril’s constituents, supported by the assumption used 

to explain the 64 versus 67nm D-Periodicity in various tissues.  Moreover, Bozec et al 

(Bozec et al., 2007) exhibited intertwined rope characteristics of the digital tendon 

fibrils and suggested a rope-like model of fibril periodicity, that also accounted for 

fibril D-Periodicity variation within fibrils (69.6 ± 2.9 nm) regardless of fibril 

dimensions or overall topology. It is further added that D-Periodicity distribution 

within and between fibril bundles can be predicted by more developed theoretical 
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models such as (NGC) and Liquid Crystalline (LC) containing collagen molecular and 

microfibril assemblies. 
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Appendix -1 
                                                                                                  

                  

 

           Animal Ethics                                                                                                 

 Office of Research Enterprise 

   The University of Western Australia  
                 M459, 35 Stirling Highway  
                  Crawley WA 6009 Australia 

                T   +61 8 6488 2516 / 7887 
       F   +61 8 6488 8775 
       E    aeo@uwa.edu.au 

                  CRICOS Provider Code: 00126G 

 

 

Our Ref: RA/3/200/547                                                            27 April 2015 

Dr  Peter McFawn 
School of Anatomy, Physiology and Human 
Biology MBDP: M311 

 

Dear Doctor McFawn 

ANIMAL ETHICS TEACHING PROTOCOL AMENDMENT - APPROVED 

Physiology of cardiovascular and respiratory systems    PHYL3002 

Addition of multiple surgical support procedures 

On behalf of the Animal Ethics Committee (AEC), I am pleased to inform you that your 
application for an amendment to the above teaching protocol has been approved from the date of 
this letter to 01 April 2017.  

A copy of the approval will be circulated under separate cover. 

 
Approval Number: RA/3/200/547 
Approval Period: 08 April 2014 - 01 April 2017 
Authorised Personnel: Dr Peter McFawn 
 

Associate Professor Shane Maloney 
Dr  Gavin Pinniger 
Dr Anthony Bakker Ms Caroline Chi 
Mr Matthew Kenrick  
Dr Christina Bojarski  
Mr Nikitas Economou  
Mrs  Beatrice Birkner 

 
Species Name Approved 

Cane Toad 306 

Rabbit,  NZ  White  174 

The approval of this project is conditional upon you adhering to the conditions outlined in this 
letter and your continuing compliance with the Animal Welfare Act (2002) and the Australian 
code for the care and use of animals for scientific   purposes  (8th  edition 2013). 

mailto:aeo@uwa.edu.au
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Investigators must maintain records of the care and use of animals, and must provide to the 
AEC an Annual Report and State Government Annual Animal Use Report for an approved 
project, regardless of the duration of AEC approval for the project (see Australian Code 
clauses 2.4.32 and 2.4.34). Reports are due in January each year 

Special Conditions that Apply to this Amendment 

Thank you for extending a standing invitation to the AWO to attend any or all of the practical 
teaching sessions on this protocol. If you have any concerns regarding animal wellbeing or 
welfare, one of following must be notified immediately: 

Animal Welfare Officer  
awo@uwa.edu.au; 
T: (08) 6488 7882 M: 042 802 1529 
Veterinary Services  
staff-vetservices@uwa.edu.au;  
T: (08) 6488 4549 / 4700 / 6638 

Conditions of Approval Applicable to All Projects 

Any changes to the protocol must be submitted on an Amendment form and approved by the 
AEC before proceeding with changes. This includes any changes to: personnel, source of 
animals, animal numbers, location of animals and experimental procedures.  

The Amendment forms are available on the Animals and Research website at 
http://www.research.uwa.edu.au/staff/forms/animals .All cages/pens/tanks/paddocks used for 
holding animals must be clearly labelled with the Chief Investigator's name, approval number, 
title of project and cage/pen/tank number. A copy of this approval letter, together with all 
relevant monitoring records, must be kept in the facility where your animals are housed. All 
unexpected deaths or unplanned euthanasia must be reported immediately to the Animal 
Welfare Officer. This also refers to all animal deaths in field research projects and wildlife 
projects. Completion of a 'Notification of Unexpected Death or Unplanned Euthanasia' form is 
required. See http://www.research.uwa.edu.au/staff/forms/animals. It is a requirement of the 
Australian Code that when an animal dies unexpectedly, or is euthanized due to unforeseen 
complications, an autopsy should be performed by a person with appropriate qualifications 
and/or experience. All personnel working with animals must be named on the protocol and have 
a valid Permission to Use Animals (PUA). The AEC would like to remind all investigators 
using animals that while animal technicians are responsible for the daily care of animals,  and 
play  a  major  role  in  alerting  investigators  should  an  emergency  arise,  the  ultimate 
responsibility  for  animal welfare lies with the   investigator. 

Please contact the Manager, Animal Ethics should you require further information or 
clarification. Yours sincerely           

Emeritus Professor D'Arcy Holman 

Chair Animal Ethic Committee 

mailto:awo@uwa.edu.au
mailto:staff-vetservices@uwa.edu.au
http://www.research.uwa.edu.au/staff/forms/animals
http://www.research.uwa.edu.au/staff/forms/animals
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Appendix 3 
 

The processes were undertaken according to the bio-protocol lab processes (bio-
protocol.org) and are outlined as the following:  

Dimethylmethylene Blue Assay (DMMB) 

Materials and Reagents  

1. Dimethylmethylene blue (DMMB) (Sigma-Aldrich, catalog number: 341088) 
2. NaCl 
3. Glycine (Sigma-Aldrich, catalogue number: 410225) 
4. Glacial acetic acid (Sigma-Aldrich, catalogue number: S7653) 
5. Tris-Base (Merck KGaA, catalogue number: 648310) 
6. Bovine chondroitin 4-sulfate as standard (Sigma-Aldrich, catalogue number: C9819) 
7. DMMB reagent (see Recipes) 

Equipment  

1. Plate mixer (VWR International, catalogue number: 89202-332) 
2. Cover adhesive (R&D Systems, catalogue number: DY992) 
3. Microplate reader with 525 nm (BioTek Instruments, catalogue number: 11-120-531) 
4. 96 well microplate spectrophotometer with 525 nm filter set (Thermo Fisher 

Scientific, catalogue number: 51119200) 
5. Microplate shaker (VWR International, catalogue number: 97043-608) 

Procedure  

1. Prepare DMMB reagent and paper filter using Whattman® 3MM. The pH of this 
solution is around 3.0. To prepare 1 L dye solution, dissolve 16 mg DMMB in 1 L 
water containing 3.04 g glycine, 1.6 g NaCl and 95 ml of 0.1 M Acetic Acid. 

2. Prepare standard solution of chondroitin 4 sulphate (500 µg/ml in H2O). Prepare 
standard curve as stated in the table below. 

3. Pipet the standard stock solution and complete the volume to 20 µl with H2O into the 
96 well microplate. 

4. Pipet 20 µl of each sample into the microplate. 
5. Add 200 µl of DMMB to each sample and shake the plate of a plate shaker for 5 sec. 
6. Read the absorbance using a plate reader at 525 nm immediately. 
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Std (µg/ml) Vol (µl) of 500 µg/ml 
std vol H2O (µl) vol DMMB (µl) 

0 0 20 200 
1.25 2.5 17.5 200 
2.5 5 15 200 
5 10 10 200 

7.5 15 5 200 
10 20 0 200 

Recipes  

DMMB reagent 
Dissolve 16 mg DMMB, 3.04 g glycine, 1.6 g NaCl and 95 ml of 0.1 M acetic acid 
and complete the volume to 1 L 
Filter (0.45 μm) 
Protect from light 
Do not use if precipitate is present in the solution 
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Appendix 4 
 

The processes were undertaken according to the CELLCentral lab protocols at the 

School of Anatomy Physiology & Human Biology, University of Western Australia 

and are outlined as the following: 

1. Paraffin Processing  

1.1. Fixation of tissues 

The tissue fixed in buffered formalin was fixed at room temperature, For 2 - 24 hrs, 

the fixative were used 10 times to the volume of the specimen. 

1.2. Preparation of block 

Paraffin embedding was used. Once fixation has occurred, a representative area of 

approximately 5mm thickness was processed, along with an accompanying label, to 

infiltrate the tissue with wax.  This was performed on an automated tissue processor. 

1.3. Dehydration  

Dehydration was commenced by ascending concentrations of alcohols as using 70% 

ethanol, progressing to absolute alcohol. For example, 70%, 80%, 90%, 100% to avoid 

the sudden change from water to absolute ethanol that can lead to excessive shrinkage 

and hardening with subsequent problems in section cutting. 

1.4 Clearing  

Clearing agents used were xylene and toluene that tend to harden tissue if left in 

contact for extended periods. 

1.5. Wax infiltration  

A suitable paraffin wax MP 54-58°C was used. Tissue was kept in heated wax for the 

minimum time consistent with complete infiltration (2 to 4 hours). The wax was 

retained in a liquid condition below 60°C while tissue was infiltrated. 
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1.6. Embedding 

Following infiltration, tissues were cast in fresh wax in a mould. The blocks were 

labelled so that they could be identified. To make a complete bond between infiltrating 

and embedding wax, both were liquefied.  The solid block was hard and allows thin 

sectioning of the tissue. Rapid cooling of the mould on a cold block was applied. In 

order to make ribboning easy when cutting sections, the moulds were not left to cool 

for too long and so avoided to produce planes of crystallisation within the block that 

lead to cracking. 

1.7. Operation of an automated tissue processor  

The automated rotary tissue processor consists of 12 available solution stations. The 

fixed tissue was placed in baskets, which were then rotated at suitable time intervals 

through the dehydration and clearing agents and finally the waxes. Electronically, 

controlled agitation was employed in the machine with a keypad. The available 

solutions were moved into and out of the processing chamber, and the selection of 

heat, vacuum and pressure were allowed. The total number of solutions available was 

between 12 and 14. The pressure and vacuum replaced the need for agitation used in 

rotary processors. 

2. Cutting sections

2.1. Preparation of samples for Paraffin wax sectioning  

Paraffin wax sections were cut on a rotary microtome. Sections were usually cut at 20-

50 µm. 

2.1.1 Floating out sections 

Once ribbons were cut, they were floated out on a water bath heated to about 45°C 

and picked up onto slides. To assist the tissue section to adhere to the glass slide the 

slides were coated with wood glue (Araldite), gelatine dichromate or horse serum. 

Sections mounted on slides were incubated overnight in ovens set at 37-45°C and were 

ready for staining the following day.  
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2.2 Preparation of samples for cryo-sectioning 

Samples were fixed in BFS immediately. After appropriate fixation (about 24 hours) 

sample were placed into PBS for rinsing (x2 15 mins each).Samples were then 

removed from PBS and placed into 30% sucrose solution made up in PBS. When 

samples sunk to the bottom of the container they were adequately cryoprotected. Next, 

a 50:50 solution of 30% sucrose (in PBS) with OCT was made, samples were placed 

into solution. After a few hours or overnight, sample was placed into pure OCT to 

remove any sucrose. Samples were frozen on to specimen chuck and sectioning was 

carried out. 

3. Staining of sections  

3.1. Staining technique (Hematoxylin and Eosin for morphology)  

Sections are agitated 10 times in each of the Hematoxylin and Eosin solutions. For 

immersion times 2 minutes or longer, samples were agitated again before removing 

the slides. The slides were drained well, before placing into the next solution in order 

to avoid contamination in the following solutions. The complete staining protocol was 

applied at the CELLcentral histology at UWA according to standard procedures 

(Luna, 1968; Bancroft et al., 2008). 

 3.1.1. Dewaxing and Hydration of sections  

Before staining the sections, using aqueous stains they are dewaxed. This is achieved 

using toluene.  The sections were then “taken to water” using graded alcohols and 

were subsequently ready for staining. This involved steps 1 – 6 of the Haematoxylin 

and Eosin method. 

3.1.2. Water wash of sections  

The facility at UWA has two-tier washing system where freshwater flows into the top 

container and then makes its way into the lower container.  The slides are first rinsed 

using the lower container and then are washed efficiently using the top container. 

Water is flown at a moderate rate and all traces of haematoxylin in the bottom 

container are gone by the time the slides have had their last wash before dehydration.  
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If the water refused to obey gravity and flow down, the air bubble was removed by 

elevating the outlet tube a little until the water commences to flow. 

 

3.1.3. Dehydration and clearing of sections  

The instructions ‘dehydrate, clear and mount’ involve steps 13 and 15 – 21 of the H&E 

staining method.  Slides can be left in the final toluene before mounting without 

affecting the staining. Clearing refers to the action of these solutions to optically clear 

the sections making them transparent, due to the solutions high refractive index. 

3.1.4. Mounting of sections  

Sections are mounted using the smallest suitable sized coverslip and DPX to protect 

the section from damage and resolve the image under the microscope.  DPX is a plastic 

dissolved in xylene to a specific optical density, rather than viscosity. The DPX is 

dispensed from a small plastic bottle, located in the fume hood, onto a coverslip. 

3.1.5. Storage of sections  

Slides are appropriately labelled and then allowed to dry horizontally for at least a 

week before storing upright in trays, files or boxes for histological assessment. 

3.1.6. Histological assessment of sections  

Blind general histological scoring is performed by two individuals as previously 

described (Chen et al., 2011; Wang et al., 2013). The qualitative derived- variables 

included in the scale for the analysis of tendon macrostructure , are assessed using a 

scoring scale of 0–3, as described previously (Chen et al., 2011; Wang et al., 2013) . 

The average score of each parameter are used for comparison. Greater details are 

showed under appendix 5, Briefly, Cellularity: Scale of 0–3, 0 represents acellular, 

and 3 represents high density. Tenocyte morphology: Scale of 0–3, 0 represents 

Acellular, and 3 represents predominately spherical. Fibre structure: scale of 0–3, 0 

represents continue, long fibre, and 3 represents severely fragmented.  Fibre 

arrangement and orientation: scale of 0–3, 0 represents compacted and parallel, and 3 
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represents no identifiable pattern. Fibre Visibility: scale of 0–3, 0 represents highly 

fibrous, and 3 represents no fibres. 

 

3.2. Staining technique (Alcian blue for GAG and PG content)  

The total GAG and PG content are assessed by obtaining a specific stain for 

mucopolysaccharides (GAG and PG content) (Gagliano et al., 2013). The sections are 

stained with Alcian blue in sodium acetate buffer, pH 5.8 containing different MgCl2 

concentration in order to selectively stain different mucopolysaccharides. In 

particular, in 0.025M MgCl2 all acid mucopolysaccharides stain blue; using 0.3 and 

0.65g MgCl2, respectively, sulphated acid mucopolysaccharides and strongly 

sulphated acid mucopolysaccharides can be observed. The slides are examined under 

a light microscope. 

3.2.1. Storage of sections  

Slides are appropriately labelled and then allowed to dry horizontally for at least a 

week before storing upright in trays, files or boxes for histological assessment. 

3.2.2. Histological assessment  

The qualitative derived- variables included in the scale for the analysis of tendon 

macrostructure - total GAG and PG content, are assessed using scoring scale of 0–3, 

where 0 is normal and 3 severely abnormal and are analysed in blind by two different 

operators using a four-point quantitative scoring system as described by Gagliano et 

al (Gagliano et al., 2013), where 0 indicates normal appearance, 1 slightly abnormal 

appearance, 2 moderately abnormal appearance, and 3 markedly abnormal 

appearance. The degree of staining (The total GAG and PG content) is assessed using 

a similar quantitative score based on four-point scoring system, using scoring scale of 

0–3, where 0 is normal and 3 severely abnormal. Scale of 0–3, 0 represents very strong 

staining, and 3 represents faint staining. The results of the scoring system are 

expressed as means. The average score of each parameter is used for comparison. 
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HAEMATOXYLIN AND EOSIN STAINING 

Paraffin sections 
REAGENTS: 
Harris’ Haematoxylin   500ml 
Oxidant, add oxidant to haematoxylin then invert 6-8 times or use a magnetic stirrer 
for better mixing. Allow to stand for 8 hours prior to use. 
1% Acid Alcohol 

Alcohol 70 ml 
Distilled water 30 ml 
Hydrochloric acid  1 ml 

Alkaline rinse 
Tap water                 300 ml 
Strong ammonia  28%   3 drops OR Lithium carbonate approx. 0.15g Tap 
water 300 ml 

Eosin / Phloxine 
Stock Eosin 
Eosin Y 1.0 g 
Distilled water 100 ml 
Stock Phloxine 
Phloxine B 1.0 g 
Distilled water 100 ml 
Working solution 
Stock Eosin    40 ml 
Stock Phloxine 10 ml 
Ethanol             330 ml 
Distilled water    20 ml 
Glacial acetic acid   1.6 ml     

METHOD: 

DEWAXING 
1. Toluene, 2 min, drain.
2. Toluene, 2 min, drain.
HYDRATING
3. 100% Ethanol, Agitate 10 times, drain.
4. 100% Ethanol, Agitate 10 times, drain
5. 70% Ethanol, Agitate 10 times, drain.
6. Tap water wash, Agitate 10 times, drain.
NUCLEAR STAINING
7. Haematoxylin solution, 1.5 min, drain.
8. Rinse well in running tap water.
9. Dip, quickly into acid/alcohol, DON'T DRAIN.
10. Rinse in running tap water.

11. Alkaline rinse, agitate 10 times, drain.
12. Rinse well in running tap water.
DEHYDRATING 
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13. 70% Ethanol, Agitate 10 times, drain  
 
CYTOPLASMIC STAINING  
14. Eosin, 45secs    
DEHYDRATING 
15. 100% Ethanol, Agitate 10 times, drain. 
16. 100% Ethanol, Agitate 10 times, drain.  
17. 100% Ethanol, Agitate 10 times, drain.      
CLEARING 
18. Toluene, Agitate 10 times, drain. 
19. Toluene, Agitate 10 times, drain.  
20. Toluene, Agitate 10 times 
MOUNTING 
22. Mount and coverslip in DPX.       
RESULTS: 
Nuclei : blue 
Cytoplasm: various shades of pin
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Appendix 5 

Semi-quantitative four-point scoring system in Tendons 

(Movin et al 1997, 1998 and 2000, Svensson et al 2005, Kartus et al 2000, Chen et al 
2011, Meknas et al 2012, Wang et al 2013, Gagliano et al 2013) 

Blinded image scoring instructions 

The below system is the grading of the Confocal Arthroscopy (CA) images based on 
the following four main parameters: 

1) Fibre structure
2) Fibre arrangement and orientation
3) Tenocyte roundness

This scoring system aims to provide some quantifiable measure to assess the collagen 
damage induced by repeated cyclic loading and to provide a measure by which the CA 
images can be reasonably compared via an overall grading system to conventional 
histological assessment (according to the scoring methods adapted by the above-listed 
references). 

1. Fibre structure
A. Continuous  and long fibres with no interruption 4 
B. Slight separation and fragmentation of fibres , waviness 3 
C. Marked waviness , separated and fragmented fibres 2 
D. Increased waviness, separated and fragmented fibres 1 

2. Fibre arrangement and orientation
A. Compacted ,parallel , regular and well-ordered 4 
B. slightly loose and wavy 3 
C. Increased loose , wavy and cross to each other 2 
D. Moderately loose , wavy crossing each other with some
unidentified pattern 1 

3. Tenocyte roundness
A. Long spindle shape cells 4 
B. Slightly rounding 3 
C. Moderately rounding 2 
D. Severely rounding 1 

4= normal appearance, 3 = slightly abnormal appearance, 2= moderately 
abnormal appearance, 1 = severely abnormal appearance.  

Therefore, a perfectly normal tendon would score 12, and a maximally abnormal 
tendon would score 3.  
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Examples on the CA grading system: 

(A) Grade 1 : 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

      Acridine orange 0.5g/L at 30 mins. 475µm x 475 µm 

 
1) Fibre structure      4 
2) Fibre arrangement and orientation   4 
3) Tenocyte roundness    4 

Total:  12 
 

(B) Grade 2 : 

 
 

Acridine orange 0.5g/L at 30 mins. 475µm x 475 µm 

1) Fibre structure      3 
2) Fibre arrangement and orientation   3 
3) Tenocyte roundness    3 

   Total: 9 



338 

(C) Grade 3: 

 
         

    Acridine orange 0.5g/L at 30 mins. 475µm x 475 µm 

1) Fibre structure      2 
2) Fibre arrangement and orientation   2 
3) Tenocyte roundness    2 

            Total:  6 

(D) Grade 4: 

 
 

    Acridine orange 0.5g/L at 30 mins. 475µm x 475 µm 

1) Fibre structure      1 
2) Fibre arrangement and orientation   1 
3) Tenocyte roundness    1 

Total:  3 
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Appendix 6 
 

Nanoscale imaging protocol – AFM 

Tissue specimens were imaged in air using a Dimension FastScan AFM in tapping 

mode (TM). The topographic images were revealed by tapping the surface lightly with 

an oscillated probe tip. The Stage Controller, the Nanoscope V controller, and the HV 

Amplifier were all turned on and the Nanoscope software consequently started. The 

type of experiment was chosen through the first window seen. Then “Tapping mode” 

Followed by “Tapping in air” were chosen. The next window allowed the loading of 

the probe and aligning the optical beam deflection setup.  

Then, the probe was loaded by clicking the button “Change Probe”, then the scanner 

was removed after the High Voltage indicator on the head was turned off. The collagen 

fibrils, subfibrils, fascicles and fibres were imaged in air, using “Fast Scan-A” Bruker 

probes; silicon nitride cantilevers with nominal tip radius 8 nm, force constant 40 N/m, 

resonance frequency 800 – 2000 kHz). The probe was inserted into the right spot on 

the scanner head and then positioned in place with a tweezer. After the probe was 

loaded, the scanner was located back in its position. By clicking the focus control 

buttons, the camera was focused on the tip.  

 

• The laser was then quickly aligned by moving the laser spot with the arrows 

indicated in the window “Align Laser” or by double-clicking on the tip with the mouse 

courser in the camera image (See Figure 1). Optimisation of the Aligning Detector as 

well as the laser position can be achieved automatically by clicking “Auto-align 

Detector” or “Optimize Laser Position”.  

 

• The tip location was optionally specified, and therefore tuning of the 

cantilever was completed. Optimal resolution for images was achieved with very sharp 

probes. To avoid the damage of the specimen when the probe was scanned at a fixed 

height, the tip was adjusted to the specimen distance by using a feedback system which 

assisted the system to keep a constant force between the probe and the specimen.  

 

• A vertical piezoelectric scanner holds the cantilever and to maintain constant 

force. It moved the probe in the Z direction at the same time using another 



340 

piezoelectric block that scanned the specimen in the X and Y directions. The outcome 

was a topography represented by a map of the area S= F (X, Y). A small area scan was 

scanned only at the beginning of the imaging procedure (about 500 nm) and the 

feedback gain was set as ≤ 1.  

• The “Z Range” was set to its maximum value, as well as the “Deflection

Limit” and “Amplitude Range”. The probe moved slowly to the specimen surface.

However, at the stage, there isn’t any deflection since the tip and the specimen surface

were still apart. At large distances (the right of the image), weak attractive forces occur

between atoms at the apex of the probe and those at the surface of the specimen.

• The more the distance in the interatomic separation decreases the more

increase exists in the attractive force.

• The cantilever was positioned very near to its resonance frequency and the

amplitude of the oscillated stiff cantilever was set between 100-200 nm and was

generally large enough to overcome the tip - specimen adhesion that may occur in

contact mode (CM). At the time the probe was very close to the specimen, the

attractive surface tension force pulls the probe to the specimen surface. This continued

until the electrons of the atoms started to interact and repel each other electrostatically.

The repulsive force weakens the total attraction with further decrease in this separation

distance, until the forces reach a net force of zero (See Figure 2). At this stage, the

distance between the atoms was nearly the length of a chemical bond and on the order

of 2–3 Å. Finally the scanner was engaged and it started to scan the surface of the

specimen.

• The height of the cantilever above the specimen’s surface was controlled by

the AFM electronic servo usage of a piezoelectric actuator to keep particular

oscillation amplitude for the cantilever. The advantage of tapping the surface was a

better friction resolution on the samples. Friction forces such as drag, which is

common in CM, were drastically minimized since the tip that is in contact with the

surface, barely taps or touches the specimen for a small fraction of its tapping period.

Therefore, weakly adsorbed single fibrils were imaged. Furthermore, the energy loss

that causes specimen degradation was quite smaller (Putman et al., 1994; You & Yu,
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1999). It also reduced the degradation on the surface and the tip compared to the 

damage that may exist in the CM. Furthermore, TM was employed since it has a better 

resolution results(Putman et al., 1994; Hansma et al., 1995).    

 
 

 

Figure1. The van der Waals energy curve representing the main systems during probe 

approach and retraction (Wallace, 2012). 

 

• With lesser separation, the interactive forces became positive (repulsive). The 

repulsive force pulled away the probe from the surface and the retraction phase started 

when the probe was in a firm contact with the specimen’s surface. The atoms were 

described to be in contact. In the contact area, the slope of the curve is quite sharp.  

Hence, the repulsive forces balance nearly any forces pushing the atoms closer 

together. In the case of AFM, the cantilever deflected when the cantilever attempted 

to push the probe against the specimen. Therefore, the force was measured indirectly 

by calculating the deflection of the cantilever. However, this force was directly relative 

to the force applied to the cantilever. The type of specimen, operation modes and the 

surrounding environment decides the probe’s types. 

 

• There were a set of parameters and settings that been adjusted to obtain a high 

resolution of the image (See Figure 3). Initially, the specimens/line value was 

increased to its maximum level and then the amplitude setpoint was increased 

incrementally until the tip was no longer tracing the surface of the specimen.  This was 

noticeable when the retrace and trace lines were no longer placed over and appeared 
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as straight lines. The piezo moved up to its maximum height to remain in contact with 

the probe. Consequently the amplitude set point was lowered again until the tip has 

resumed tracking again. A good amplitude setpoint value was slightly lowered after 

the tip started tracking. This was to reduce the imaging force on the specimen. 

 

Figure 2. An AFM topography and amplitude images in tapping mode of collagen 

fibrils (measuring 6 x 6 µm) in the histological tendon sample of white New Zealand 

rabbits. Figure shows the circled bundles of collagen fibrils with their characteristic 

D-periodicity pattern. The fibrils form a network-like structure. Some of them overlap 

one another. The amplitude image (right) shows the fibril contours in more detail.   

 

• In order to retain a constant force between the specimen and the probe, a 

feedback controller was used with a third piezoelectric actuator. This actuator keeps a 

chosen set point force between the probe and the specimen by moving the specimen 

up or down (Bruker) . The triggered z-piezo by a voltage moved the probe away from 

or towards the surface, if the measured force was smaller or larger than this set point. 

This brought the force back to its chosen set point. Topographic images were produced 

when the probe scans or taps across the surface of the specimen in the X-direction. 

The cantilever on which the probe was mounted, measured the interaction force 

between the specimen and the probe. An array of photodiodes position detector 

(Bruker) measured interaction force between the specimen and the probe and finally 

then displayed the deflection of a laser beam from the back of the oscillated cantilever 

onto a computerised system ( See Figure 4). 
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Figure 3. A laser beam and photodiodes position detector used to measure the beam 

position (Vidal & Mello, 1984). During scanning, the tip was adjusted very close to 

the specimen surface. Since the cantilever acts like a linear spring, the force was 

determined from Hooke's Law (F=−KX, where K is the cantilever's spring constant 

and X, is the deflection). AFM can generate high atomic and molecular resolution 

images beyond the light diffraction limit. The images was done in air, conductive and 

non-conductive surfaces. The lateral resolution was controlled by the specific 

specimen conditions required. However, it ranged from 1nm to the molecular scale up 

to 100 nm which was controlled by the resolution of the XYZ scanner stage (Santos 

et al., 2011).    

 

• Modification of the Proportional and Integral gains has further improved the 

quality of the picture (See Figure 3). First, the Integral gain value was increased in 

small steps until the system resonated. The resonance was identified in the Amplitude 

window as an increased noise. The value dropped again to a set point where the system 

did not resonate any further. The same procedure was done with the Integral gain. As 

soon as the surface was properly tracked, the scan size was increased to several 

micrometres to obtain a general idea of the scanned fibre network and so the picture 

was captured. Next, a single fibre bundle area was zoomed into and high-resolution 

images were taken (See Figure 3) where one fibre bundle was oriented vertically in 

the software (along the slow scan axis) and the other bundles were tilted from it. The 
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fibre bundles are quite big structures compared to single fibrils, therefore, the 

engagement scanning was started at a random location. 

Appendix 7 

Main study (3, 6 and 9%): The association between the cohorts of the stress 

relaxation (SR) (SR1, SR2 and SR3) over time 

The following graph shows the association between the concomitant changes in the 

normalised SR1 with the corresponding SR2 and SR3 and the concomitant changes in 

the SR2 with the SR3 during prolonged 3% strain. The three variables are significantly 

associated with a linear correlation of (R2= 0.95, 0.97 and 0.97, P<.0001). 

Figure 4. The graph shows the association between the cohorts of the stress relaxation 

(SR) (SR1, SR2 and SR3) over time from the 3% strain group. 
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The following graph shows the association between the concomitant changes in the 

normalised SR1 with the corresponding SR2 and SR3 and the concomitant changes in 

the SR2 with the SR3 during prolonged 6% strain. The three variables are significantly 

associated with a linear correlation of (R2= 0.98, 0.95 and 0.97, P<.0001). 

 

Figure 5. The graph shows the association between the cohorts of the stress relaxation 

(SR) (SR1, SR2 and SR3) over time from the 6% strain group. 

The following graph shows the association between the concomitant changes in the 

normalised SR1 with the corresponding SR2 and SR3 and the concomitant changes in 
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the SR2 and SR3 during prolonged 9% strain. The three variables are significantly 

associated with a linear correlation of (R2= 0.97, 0.93 and 0.96, P<.0001). 

Figure 6. The graph shows the association between the cohorts of the stress relaxation 

(SR) (SR1, SR2 and SR3) over time from the 9% strain group. 

Main study (3, 6 and 9%): The association between mechanical and macro-

morphological changes over time 

Ramping and Loading stiffness 

The following graph shows the association between the concomitant changes in the 

tendon ramping stiffness with the corresponding loading stiffness during three 

prolonged different strains. Figure 1 demonstrates a decrease in ramping and loading 

stiffness over the repeated testing cycle. This corresponds with the decline around 30, 



347 

40 and 50% for 3, 6 and 9 % respectively. The two variables are significantly 

associated with a linear correlation of (R2 = 0.97, 0.86 and 0.90, P<.0001 for 3, 6 and 

9% respectively).  

 

 

Figure 7. The change in the normalised ramping stiffness versus loading stiffness, this 

shows the association for three strain levels.   

Loading stiffness and hysteresis  

The following graph shows the association between the concomitant changes in the 

normalised tendon loading stiffness with the corresponding hysteresis during three 

prolonged different strains.  There is a decrease in loading stiffness and hysteresis over 

the repeated testing cycle. At 3, 6 and 9 %, this corresponds with the average decline 

of 40, 70 and 90% respectively. The two variables are significantly associated with a 

linear correlation of (R2 = 0.93, 0.97 and 0.94, P<.0001 for 3, 6 and 9% respectively).  
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Figure 8. The change in the normalised loading stiffness versus hysteresis, this shows 

the association for three strain levels. 

Loading stiffness and maximum load 

The following graph shows the association between the concomitant changes in the 

normalised tendon loading stiffness with the corresponding maximum load during 

three prolonged different strains. In Figure 10, the figure demonstrates a linear 

decrease in loading stiffness and maximum load over the repeated testing cycle. At 3, 

6 and 9 %, this corresponds with the average decline of 50, 70 and 80% respectively. 

The two variables are significantly associated with a linear correlation (R2 = 0.94, 0.99 

and 0.96, P<.0001 for 3, 6 and 9% respectively).  
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Figure 9. The change in the normalised loading stiffness versus max load, this shows 

the association for three strain levels.   

 

The GAG depleted study (6% for 2 hours) :The association between the cohorts 

of the stress relaxation (SR) (SR1, SR2 and SR3) over time from the control and 

GAG depleted groups.  

 

The following graph shows the association between the concomitant changes in the 

normalised SR1 with the corresponding SR2 and SR3 and the concomitant changes in 

the SR2 with the SR3 during prolonged 6% strain of the control group. The three 

variables are significantly associated with a linear correlation of (R2= 0.97, 0.90 and 

0.93, P<.0001). 
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Figure 10. The graph shows the association between the cohorts of the stress relaxation 

(SR) (SR1, SR2 and SR3) over time from the control groups. 

  

The GAG depleted study (6% for 2 hours): The association between the cohorts 

of the stress relaxation (SR) (SR1, SR2 and SR3) over time from the control and 

GAG depleted groups.  

The following graph shows the association between the concomitant changes in the 

normalised SR1 with the corresponding SR2 and SR3 and the concomitant changes in 

the SR2 with the SR3 during prolonged 6% strain of the control group. The three 

variables are significantly associated with a linear correlation of (R2= 0.99, 0.87 and 

0.87, P<.0001). 
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Figure 11. The graph shows the association between the cohorts of the stress relaxation 

(SR) (SR1, SR2 and SR3) over time from the GAG-depleted group. 

 

The GAG depleted study (6% for 2 hours) : The association between mechanical 

Loading outcomes in control and GAG-depleted samples (6 % over 2 hours) 

 

Ramping and Loading stiffness  

 

The following graph shows the association between the concomitant changes in the 

tendon ramping stiffness with the corresponding loading stiffness during three 

prolonged different strains. There is a decrease in ramping and loading stiffness over 

the repeated testing cycle. For the control and GAG-depleted groups, this corresponds 
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with the decline by around 30% and 50% respectively. The two variables are 

significantly associated with a linear correlation of (R2 = 0.95 for controls and 0.98 

for GAG-depleted, P<.0001).  

Figure 12. The change in ramping stiffness versus loading stiffness, this shows the 

association for three strain levels.  

Loading stiffness and hysteresis 

The following graph shows the concomitant changes in the tendon loading stiffness 

with the corresponding hysteresis during three prolonged different strains.  There is a 

decrease in loading stiffness and hysteresis over the repeated testing cycle. For the 

control and GAG-depleted groups, this corresponds with the decline by around 50% 

and 70% respectively. The two variables are significantly associated with a linear 

correlation (R2 = 0.97 for controls and 0.97 for GAG-depleted, P<.0001). 
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Figure 13. The change in loading stiffness versus hysteresis, this shows the association 

for three strain levels.  

Loading stiffness and maximum load 

 The following graph shows the association between the concomitant changes in the 

tendon loading stiffness with the corresponding maximum load during three prolonged 

different strains. There is a decrease in loading stiffness and maximum load over the 

repeated testing cycle. For the control and GAG-depleted groups, this corresponds 

with the decline by around 30% and 40% respectively. The two variables are 

significantly associated with a linear correlation (R2 = 0.97 for controls and 0.97 for 

GAG-depleted, P<.0001). 

 

Figure 14. The change in loading stiffness versus maximum load, this shows the 

association for three strain levels.  
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Appendix 8 

Main study: The association between mechanical and macro-morphological 
changes over time 

Tenocyte Roundness (3%) – Loading Stiffness 

Figure 16.A shows the proportion of cells in the samples that are spindle-like Cat (0 

to 0.35). The figure demonstrates a linear decline from around 60% of cells to around 

30% of cells. This corresponds with the decline in loading stiffness over the repeated 

testing cycle. The two variables are significantly associated with a linear correlation 

of (R2 = 0.94, P<.0001). The corresponding proportional increase in the three 

remaining categories of roundness Cat I (0.35 – 0.60), Cat II (0.60 to 0.80) and Cat III 

(0.80 to 1.00) is shown in Figure 16.B. Each of these have a decline with polynomial 

associations of greater than R2 = 0.87, all P<.0001. 
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Figure 15. The scatter plots for changes (loading stiffness versus tenocyte roundness) 

in 3% group underwent of cyclic loading over 4 hours. Figure (A) represents the 

change in spindle shape [Cat 4 (0.00-0.35)] and figure (B) represents the changes in 

three remaining categories of roundness Cat 3 (0.35 – 0.60), Cat 2 (0.60 to 0.80) and 

Cat 1 (0.80 to 1.00). 

 

Tenocyte Roundness (6%) – Loading Stiffness 

 

Figure 17. A shows the proportion of cells in the samples that are spindle-like Cat (0 

to 0.35). The figure demonstrates a linear decline from around 60% of cells to around 

20% of cells. This corresponds with the decline in loading stiffness over the repeated 

testing cycle. The two variables are significantly associated with a linear correlation 

of (R2 = 0.84, P<.0001). The corresponding proportional increase in the three 

remaining categories of roundness Cat I (0.35 – 0.60), Cat II (0.60 to 0.80) and Cat III 

(0.80 to 1.00) is shown in Figure 17.B. Each of these have a linear decline with 

associations of greater than R2 = 0.89, all P<.0001. 
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Figure 16. The scatter plots for changes (loading stiffness versus tenocyte roundness) 

in 6% group underwent of cyclic loading over 4 hours. Figure (A) represents the 

change in spindle shape [Cat 4 (0.00-0.35)] and figure (B) represents the changes in 

three remaining categories of roundness Cat 3 (0.35 – 0.60), Cat 2 (0.60 to 0.80) and 

Cat 1 (0.80 to 1.00). 

Tenocyte Roundness (9%) – Loading Stiffness 

Figure 18.A shows the proportion of cells in the samples that are spindle-like Cat (0 

to 0.35). The figure demonstrates a linear decline from around 60% of cells to around 

20% of cells. This corresponds with the decline in loading stiffness over the repeated 

testing cycle. The two variables are significantly associated with a linear correlation 

of (R2 =0.93, P<.0001). The corresponding proportional increase in the three 

remaining categories of roundness Cat I (0.35 – 0.60), Cat II (0.60 to 0.80) and Cat III 
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(0.80 to 1.00) is shown in Figure 18.B. Each of these have a linear decline with 

associations of greater than R2 = 0.84, all P<.0001.  

 

Figure 17. The scatter plots for changes (loading stiffness versus tenocyte roundness) 

in 9% group underwent of cyclic loading over 4 hours. Figure (A) represents the 

change in spindle shape [Cat 4 (0.00-0.35)] and figure (B) represents the changes in 

three remaining categories of roundness Cat 3 (0.35 – 0.60), Cat 2 (0.60 to 0.80) and 

Cat 1 (0.80 to 1.00). 

 

Fibre waviness (3%) – Loading Stiffness 

 

The following figures show the concomitant changes in fibre waviness with the 

decline of tendon’s loading stiffness during three prolonged different strains. 

Figure 19 shows the proportion of fibres in the samples that are wavy like as the 

loading stiffness declines. The figure demonstrates an increase (around 50%) in the 

waviness of fibres. This corresponds with the decline in loading stiffness (around 
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30%) over the repeated testing cycle. The two variables are significantly associated 

with a linear correlation of (R2 = 0.93, P<.0001). 

 

 
Figure 18. The scatter plots for changes (ramping stiffness versus waviness) in 3% 

group underwent 4 hours of cyclic loading. 

 

Fibre waviness (6%) – Loading Stiffness 

 

The following figures show the concomitant changes in fibre waviness with the 

decline of tendon’s loading stiffness during three prolonged different strains.   

Figure 20 shows the proportion of fibres in the samples that are wavy like as the 

loading stiffness declines. The figure demonstrates an increase (around 50%) in the 

waviness of fibres. This corresponds with the decline in loading stiffness (around 

15%) over the repeated testing cycle. The two variables are significantly associated 

with a linear correlation of (R2 = 0.85, P<.0001). 
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Figure 19. The scatter plots for changes (loading stiffness versus waviness) in 6% 

group underwent 4 hours of cyclic loading. 

 

Fibre waviness (9%) – Loading Stiffness 

 

The following figures show the concomitant changes in fibre waviness with the 

decline of tendon’s loading stiffness during three prolonged different strains.   

Figure 21 shows the proportion of fibres in the samples that are wavy like as the 

loading stiffness declines. The figure demonstrates an increase (around 90%) in the 

waviness of fibres. This corresponds with the decline in loading stiffness (around 

50%) over the repeated testing cycle. The two variables are significantly associated 

with a linear correlation (R2 = 0.91, P<.0001). 

 

Figure 20. The scatter plots for changes (loading stiffness versus waviness) in 9% 

group underwent 4 hours of cyclic loading. 
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Appendix 9 

GAG-Depleted study: The association between mechanical and macro-
morphological changes over time 

Tenocyte Roundness (6%) - Control – Loading Stiffness 

Figure 21. A shows the proportion of cells in the samples that are spindle-like Cat (0 

to 0.35) as the loading stiffness declines. The data demonstrates a significant 

association (R2 = 0.94, P<.0001). The corresponding proportional increase in the three 

remaining categories of roundness Cat I (0.35 – 0.60), Cat II (0.60 to 0.80) and Cat III 

(0.80 to 1.00) is shown in Figure 21.B. Each of these have a decline with associations 

of greater than R2 = 0.15, all P<.0001.  

Figure 21. The scatter plots for changes (loading stiffness versus tenocyte roundness) 

in control group underwent 6% of cyclic loading over 2 hours. Figure (A) represents 

the change in spindle shape [Cat 4 (0.00-0.35)] and figure (B) represents the changes 



361 

in three remaining categories of roundness Cat 3 (0.35 – 0.60), Cat 2 (0.60 to 0.80) 

and Cat 1 (0.80 to 1.00). 

 

Tenocyte Roundness (6%)-Depleted – Loading Stiffness 

 

Figure 22. A shows the proportion of cells in the samples that are spindle-like Cat (0 

to 0.35) as the loading stiffness declines. The data demonstrates a significant linear 

association (R2 = 0.97, P<.0001). The corresponding proportional increase in the three 

remaining categories of roundness Cat I (0.35 – 0.60), Cat II (0.60 to 0.80) and Cat III 

(0.80 to 1.00) is shown in Figure 22.B. Each of these have a decline with associations 

of greater than R2 = 0.49, all P<.0001.  

 

Figure 22. The scatter plots for changes (loading stiffness versus tenocyte roundness) 

in GAG- depleted group underwent 6% of cyclic loading over 2 hours. Figure (A) 

represents the change in spindle shape [Cat 4 (0.00-0.35)] and figure (B) represents 

the changes in three remaining categories of roundness Cat 3 (0.35 – 0.60), Cat 2 (0.60 

to 0.80) and Cat 1 (0.80 to 1.00). 
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Fibre waviness (6%) – Depleted and Controls - Loading Stiffness 

 

The following figures show the concomitant changes in fibre waviness with the 

decline of tendon’s loading stiffness during three prolonged different strains.  

 

Figure 23 shows the proportion of fibres in the samples that are wavy like as the 

loading stiffness declines. The figure demonstrates an increase (around 50% for 

control and 80% for depleted) in waviness of fibres. This corresponds with the decline 

in loading stiffness around 30% for controls and around 50% for depleted samples 

over the repeated testing cycle. The two variables are significantly associated with a 

linear correlation (R2 = 0.80 for controls and 0.99 for GAG-depleted, P<.0001). 

 

Figure 23. The scatter plots for changes in loading stiffness versus waviness for 6% 
cyclic loading for 2 hours for control and GAG-depleted tendons.  

 

D-Periodicity (Within bundles and fibrils) 3%_Loading stiffness 

 

The following graph shows the association between the changes in the tendon loading 

stiffness (declining) with the corresponding changes in D-Periodicity within bundles 

and within fibrils from the 3% group. 
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Figure 24 shows the proportional changes in within bundles and fibrils as the ramping 

stiffness declines. The figure demonstrates a linear increase (around 12 nm) in bundle 

and fibril D-Periodicities. This corresponds with the decline in ramping stiffness 

(around 25%) over the repeated testing cycle. The two variables are significantly 

associated with a linear correlation (R2 = 0.88 for samples of within bundles D-

Periodicities and R2 = 0.90 for samples of within Fibrils D-Periodicities, P<.0001). 

 

 

Figure 24. The scatter plots for changes in D-Periodicity (within bundles and within 

fibrils) versus the loading stiffness. The association/XY plot is demonstrated as four 

clusters of data representing hourly change. 

 

D-Periodicity (Within bundles and fibrils) _ 6%_Loading stiffness 

The following graph shows the association between the changes in the tendon loading 

stiffness (declining) with the corresponding changes in D-Periodicity within bundles 

and within fibrils from the 6% group   

 

Figure 25 shows the proportional changes in within bundles and fibrils as the ramping 

stiffness declines. The figure demonstrates a linear increase (around 18 nm) in bundle 

and fibril D-Periodicities. This corresponds with the decline in loading stiffness 
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(around 30%) over the repeated testing cycle. The two variables are significantly 

associated with a linear correlation (R2 = 0.96 for samples of within bundles D-

Periodicities and R2 = 0.96 for samples of within fibrils D-Periodicities, P<.0001). 

Figure 25. The change in D-Periodicity (within bundles and within fibrils) versus the 

loading stiffness. The association/XY plot is demonstrated as four clusters of data 

representing hourly change. 

D-Periodicity (Within bundles and fibrils) _ 9%_Loading stiffness

The following graph shows the association between the changes in the tendon loading 

stiffness (declining) with the corresponding changes in D-Periodicity within bundles 

and within fibrils.  

Figure 26 shows the proportional changes in within bundles and fibrils as the loading 

stiffness declines. The figure demonstrates an increase (around 20 nm) in bundle and 

fibril D-Periodicities. This corresponds with the decline in loading stiffness (around 

40%) over the repeated testing cycle. The two variables are significantly associated 

with a linear correlation (R2 = 0.92 for samples of within bundles D-Periodicities and 

R2 = 0.92) for samples of within Fibrils D-Periodicities, P<.0001). 
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The figure 26. The change in D-Periodicity (within bundles and within fibrils) versus 

the loading stiffness. The association/XY plot is demonstrated as four clusters of data 

representing hourly change. 

 

D-Periodicity (Within bundles and fibrils) _ 6% Controls and GAG-Depleted _ 
Loading stiffness 

 

The following graph shows the association between the changes in the tendon loading 

stiffness (declining) with the corresponding changes in D-Periodicity (within bundles 

and within fibrils) from controls and depleted samples.  

The figure 27 shows the proportion of changes in D-Periodicity (within bundles and 

within fibrils) as the loading stiffness declines. The figure demonstrates an increase 

(around 12 nm) in D-Periodicity. This corresponds with the decline in loading stiffness 

around 20% for controls and around 35% for depleted samples over the repeated 

testing cycle. The two variables are significantly associated with a correlation (R2 = 

0.90 for control samples of within bundles D-Periodicities and R2 = 0.89 for GAG-

depleted samples of within fibrils D-Periodicities, P<.0001). 
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Figure 27. The scatter plots for changes in loading stiffness versus D-Periodicity 

(within bundles and within fibrils) for 6% cyclic loading over 2 hours for control and 

GAG-depleted tendons. The association/XY plot is demonstrated as two clusters of 

data representing hourly change.  
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Figure 28. The normalised Stiffness (k) [A] and Stress relaxation (SR) [B] of tendons 

from the depleted study underwent 6% strained group over 2 hours of dynamic 

repetitive cyclic loading. 

   

 
Figure 29. The normalised Loading Stiffness (LS) [A] and Hysteresis (H) [B] of 

tendons from the depleted study underwent 6% strained group over 2 hours of dynamic 

repetitive cyclic loading.  

 

 

Figure 30. The normalised Loading Stiffness (LS)  [A] and the normalised Hysteresis 

(h)  [B] of tendons from 3, 6, and 9% strained groups over 1, 2, 3 and 4 hours of 

dynamic repetitive cyclic loading.   
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Figure 31. The normalised Stiffness (k) [A] and normalised stress relaxation (SR) [B] 

of tendons from 3, 6, and 9% strained groups over 1, 2, 3 and 4 hours of static repetitive 

cyclic loading.  
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Appendix 11 
 

Reliability results and Summary  

Observational classification of tendon morphology 

 

The following two tables are the test-retest contingency tables for all the observation 
paired data between weeks. The within test blind repetition were consistent with the 
between sessions assessments. 

Table 1. Cohen’s weighted Kappa values for pairwise comparison of the inter-tester 
for within-session and between sessions for qualitative evaluation of fibre structure 
(A) and fibre arrangement and orientation (B). 

 

A   Week 2.    
 Category I II III IV 

 I 0 0 0 0 
Week 
1 II 

0 23 0 0 

 III 0 0 53 2 
 IV 0 0 0 37 

   
Weighted 

Kappa 
St 

Error 
Lower 
Limit 

Upper 
Limit 

0.9724 0.0193 0.9345 1 
 
 
 
B   Week 2.    
 Category I II III IV 

 I 0 0 0 0 
Week 
1 II 

0 22 0 0 

 III 0 0 57 0 
 IV 0 1 2 34 

   
Weighted 

Kappa 
St 

Error 
Lower 
Limit 

Upper 
Limit 

0.9314 0.03 0.8726 0.9902 
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Table 2. Cohen’s weighted Kappa values for pairwise comparison of the intra-tester 
for qualitative evaluation of fibre structure (A) and fibre arrangement and orientation 
(B).  

A 1st tester 
Category I II III IV 

I 0 0 0 0 
2nd tester II 0 25 0 0 

III 0 4 45 7 
IV 0 0 5 30 

Weighted 
Kappa 

St 
Error 

Lower 
Limit 

Upper 
Limit 

0.8245 0.0422 0.7419 0.9071 

B 1st tester 
Category I II III IV 

I 0 0 0 0 
2nd tester II 0 17 0 0 

III 0 4 52 9 
IV 0 0 6 28 

Weighted 
Kappa 

St 
Error 

Lower 
Limit 

Upper 
Limit 

0.7659 0.0514 0.6652 0.8666 
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