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Abstract  

The Achilles tendon is the strongest, yet most commonly injured tendon in the human 

body.  Repeated or sustained loading of the Achilles tendon during exercise could induce 

transient changes in gross mechanical and morphological properties that impact on 

muscle-tendon performance and tissue homeostasis, and may therefore be important in 

the context of tendon injury and adaptation.  Characterising the immediate effect of 

commonly performed exercise routines on these properties would broaden our 

understanding of exercise-induced tendon adaptation and lead to more targeted exercise 

interventions. The aim of this thesis was to use freehand three-dimensional ultrasound to 

investigate the mechanical and morphological properties of the human Achilles tendon 

complex in healthy young adults and characterise the change in these properties 

immediately after eccentric exercise.  Chapter 3 established that freehand three-

dimensional ultrasound can be used to provide accurate and reliable estimates of free 

Achilles tendon morphology in vivo at rest and during a submaximal isometric 

contraction.  In Chapter 4, three-dimensional ultrasound was used to provide the first in 

vivo data that describe the regional three-dimensional morphology and deformation of 

the human free Achilles tendon during an isometric plantar flexion muscle contraction.  

The results of this study suggest that when lengthened the free Achilles tendon 

experiences a complex change in three-dimensional shape that is characterised by an 

inverse and proportional biaxial transverse strain and ‘twisting’ of the tendon that peaks 

within the mid-portion.  Findings from the systematic review in Chapter 5 concluded that 

the mechanical and morphological properties of the human Achilles tendon complex are 

responsive to acute exercise; however the effects are confined to high intensity and long 

duration interventions and appear consistent with cycle and/or time dependent tendon 

fatigue.  Consistent with these conclusions, Chapter 6 showed that isolated eccentric 

exercise induced an immediate increase in length and longitudinal strain of the free 

Achilles tendon, with no change in relative stiffness, and no change mechanical 

properties of the proximal Achilles tendon or whole Achilles tendon.  The changes were 

consistent with mechanical creep and indicate that the free Achilles tendon experienced 

low level mechanical fatigue in response to the exercise intervention. Chapter 7 revealed 

that the changes in free Achilles tendon mechanical behaviour after eccentric exercise 
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were coupled to changes in transverse morphology, and characterised by reduced cross-

sectional area strain in the mid-proximal region that was primarily driven by a reduced 

anteroposterior strain, with no change in mediolateral strain.  The findings of this thesis 

highlight the complexity of exercise-induced changes in Achilles tendon mechanical and 

morphological properties, the potential vulnerability of the free Achilles tendon to 

mechanical fatigue, and the value of freehand three-dimensional ultrasound for 

examining regional Achilles tendon properties in vivo. 
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Chapter 1 

1 
 

CHAPTER 1  
General Introduction 

1.1 Background 

The Achilles tendon (AT) forms a dynamic link between the calf muscles and heel bone 

and is the largest and strongest tendon in the human body (Jozsa and Kannus, 1997, 

Maffulli, 1999).  Despite this, the AT is one of the most commonly injured tendons, 

prevalent in both athletic and sedentary populations (Maffulli and Kader, 2002), with the 

distal free tendon (free AT) being most affected.  Repetitive or sustained loading of the 

AT during exercise is believed to cause damage to tendon fibrils and collagen cross-links 

that accumulates faster than can be repaired leading to degenerative changes within the 

tendon (Galloway et al., 1992, Ker, 2007, Wang et al., 2006).  Short-term disruption of the 

tendon microstructure in response to an exercise bout could alter the gross mechanical 

and morphological properties of the tendon and have consequences for tendon function 

and injury risk.  Characterising the immediate effect of commonly performed exercise 

routines on the gross mechanical and morphological properties of the AT would broaden 

our understanding of exercise-induced tendon adaptation and lead to more targeted 

exercise interventions.  While the long-term effects of exercise on the gross mechanical 

and morphological properties of the human AT in vivo are well documented, the short-

term effects have received less attention. 

 

Identifying short-term changes in the gross mechanical and morphological properties of 

the AT complex after an exercise bout may be important for a number of reasons.  

Repeated bouts of exercise that induce tendon creep or reduce tendon stiffness could, 

without adequate recovery, increase the risk of strain-induced injury during subsequent 

exercise (Andarawis-Puri and Flatow, 2011, Andarawis-Puri et al., 2009) and/or alter the 

normal length-tension relationship of the gastrocnemius muscles impacting on muscle 

performance and movement economy (Lichtwark and Wilson, 2008, Kay and Blazevich, 

2012).  Because tendon creep and reduced stiffness, are considered indicators of 

mechanical fatigue, identifying changes in these properties after an exercise may also 

provide insight into the short-term fatigue potential of specific exercise modes 
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(Andarawis-Puri and Flatow, 2011, Fung et al., 2010, Fung et al., 2009).  Finally, exercise 

modes known to induce long-term adaptation on healthy and injured tendons, such as 

eccentric training, may elicit unique changes in tendon properties and provide insight into 

the mechanisms underlying their effectiveness (Grigg et al., 2009, Grigg et al., 2012).   

 

Eccentric exercise has emerged as a popular intervention for the management of chronic 

AT injury, and despite variable success rates of clinical trials, continues to represent the 

most viable conservative treatment option (Kingma et al., 2007, Wasielewski and Kotsko, 

2007, Woodley et al., 2007, Rees et al., 2009b, Cook et al., 2002, Sussmilch-Leitch et al., 

2012).  When compared to concentric exercise, eccentric exercise results in superior 

clinical outcomes in participants with symptomatic Achilles tendinopathy (Mafi et al., 

2001, Niesen-Vertommen et al., 1992) and significantly greater long-term adaptation in 

healthy AT mechanical and morphological properties (Morrissey et al., 2011).  While the 

mechanisms underlying the long-term benefits of eccentric exercise remain elusive, 

recent in vivo evidence suggests short-term changes in AT mechanical and/or 

morphological properties may be important (Grigg et al., 2009, Grigg et al., 2012, 

Wearing et al., 2013).  For example, transient reductions in thickness of the free AT 

immediately after eccentric exercise have been suggested to reflect changes in fluid 

distribution that could alter the mechanical and biological tendon environment and may 

therefore represent an important indicator and/or stimulus for adaptation (Grigg et al., 

2009).  While acute changes in diameter of the free AT have been well reported, no 

studies have examined whether such changes are coupled to changes in other tendon 

dimensions (e.g. cross-sectional area (CSA) or width), or the mechanical properties of the 

free AT, proximal AT or whole AT.  Exercise-induced changes in regional CSA, in particular, 

could have implications for the magnitude and distribution of tendon stress during 

subsequent exercise and be important for understanding rupture mechanisms, as well as 

long-term structural adaptation. Furthermore, given the importance of tensile strain 

magnitude in determining long-term tendon adaptation (Arampatzis et al., 2007a, Smith 

et al., 2013, Wang et al., 2013), and the potential effect acute changes in tendon 

mechanical properties may have on tendon strain patterns during subsequent exercise, 

there is need to better understand the effects of eccentric exercise on the mechanical 
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properties and 3D morphology of the AT complex, with an emphasis on characterising 

changes to the free AT. 

 

2D ultrasonography (2DUS) has become an established tool for investigating human AT 

mechanical and morphological properties in vivo and has been used to quantify 

adaptations in response to ageing (Narici et al., 2008, Stenroth et al., 2012), tendinopathy 

(Arya and Kulig, 2009, Fredberg et al., 2008), neurological conditions (Gao et al., 2011, 

Zhao et al., 2009, Barber et al., 2012), and exercise (Kjaer and Heinemeier, 2014).  While 

2DUS has advanced our understanding of AT structure and function in vivo, 

measurements are typically acquired from single transverse or sagittal images acquired 

from pre-defined locations and therefore do not provide a 3D representation of tendon 

morphology; nor account for measurement error when structures or landmarks of 

interest move out of the image plane during muscle contraction (Fredberg et al., 2008, 

Cronin et al., 2011, Seynnes et al., 2015).  Furthermore, the narrow field of view of 

conventional ultrasound probes prevent simultaneous visualisation of key anatomical 

structures of interest, such as the muscle- and osteo-tendinous junctions (Kjaer et al., 

2009, Fredberg et al., 2008, Seynnes et al., 2015), thereby limiting simultaneous 

measurement of the mechanical properties of the proximal Achilles tendon and free AT.   

 

Freehand 3D ultrasound (3DUS), which combines conventional 2DUS imaging with 3D 

motion capture in order to generate 3D reconstructions of anatomical structures, could 

be used to overcome the limitations of conventional 2DUS providing a robust and cost 

effective method to evaluate mechanical properties of the proximal Achilles tendon and 

free AT, and 3D morphology of the free AT. While 3DUS has been successfully applied to 

in vivo measures of muscle morphology (Barber et al., 2009, MacGillivray et al., 2009), the 

application in human tendons has been limited to measures of tendon length and CSA 

(Farris et al., 2013, Gao, 2010).  3D characterisation of the distal free tendon morphology, 

including regional tendon width, thickness and CSA, would lead to improved monitoring 

of tendon adaptation and differentiation between healthy and injured tendons.  

Furthermore, because 3DUS can be acquired under different static loading conditions, 

the method could also be used to examine the 3D deformation and transverse strain 
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patterns of the free AT during an isometric plantar flexion contraction.  Such information 

could provide insight into the stress distribution along the free AT that may be important 

in understanding region-dependent injury and adaptation, and when creating and 

validating subject-specific computational models of the human AT (Shim et al., 2014).  

3DUS could also be used to identify previously unreported regional adaptations in the 

mechanical behaviour of the proximal AT and free AT, and the 3D morphology and strain 

of the free AT, immediately following exercise, which may be important in understanding 

the effect of exercise on AT injury and adaptation.  

1.2 Statement of the problem 

Our current understanding of how the human AT in vivo responds to acute exercise has 

been based on 2DUS imaging techniques, and as such, is limited to: 1) changes in 

mechanical properties of the whole AT (measured from the level of the gastrocnemius 

muscle-tendon junction), with no distinction between changes in the proximal AT or free 

AT; and 2) changes in 2D morphology of the free AT measured in an unloaded state from 

a single location in the mid-tendon. In view of the high rates of exercise-related injury of 

the free AT, the continued reliance on eccentric exercise for the management of these 

injuries, and the potential role short-term changes in regional stress-strain patterns could 

have on the local mechanical environment, there is a need to examine the acute effects 

of exercise on the mechanical and morphological properties of the AT complex, with an 

emphasis on characterising changes to the free AT following isolated eccentric exercise.  

1.3 Thesis aims 

The general aim of this thesis was to use freehand 3DUS to investigate the mechanical 

and morphological properties of the human AT complex in healthy young adults and 

characterise the change in these properties immediately after eccentric exercise. 

 

The specific aims of this thesis were to: 

1. Evaluate the accuracy and reliability of freehand 3DUS measurements of free AT 

morphology during passive and active loading in vivo (CHAPTER 3). 

2. Use freehand 3DUS to examine the 3D morphology and strain of the free AT 

during a submaximal isometric plantar flexion contraction (CHAPTER 4). 
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3. Conduct a systematic review to examine the immediate effect of exercise on AT 

properties in vivo to establish a consensus regarding the magnitude and direction 

of effect that different exercise modes and doses have on AT properties, and 

identify areas for future research (CHAPTER 5). 

4. Use the freehand 3DUS to examine the immediate effect of a single bout of 

eccentric heel drop exercise on: 

a. The mechanical properties of the free AT, proximal Achilles tendon and 

whole AT (CHAPTER 6). 

b. The 3D morphology and strain of the free AT (CHAPTER 7). 

1.4 Thesis organisation 

This thesis is comprised of eight chapters, the contents of which are as follows: 

 

Chapter 1 provides a general introduction to the thesis. 

 

Chapter 2 is a review of the literature that provides an overview of the functional 

anatomy of the human AT complex, the current methods used to quantify AT properties 

in vivo, the role of exercise induced mechanical loading on the long-term and short-term 

adaptation of the AT and the role of eccentric exercise for the management chronic AT 

injuries. 

 

Chapter 3 describes the findings from a study that evaluates the reliability and accuracy 

of freehand 3DUS-based measurements of free AT length, volume and cross-sectional 

area (Specific Aim 1).  The methods evaluated in this chapter formed the foundation for 

data collection and analysis in subsequent chapters.   

 

Chapter 4 describes the findings from a study that used freehand 3DUS to examine the 

3D morphology and strain of the free AT during a submaximal isometric plantar flexion 

contraction (Specific Aim 2).  The methods developed and evaluated in this chapter were 

used in Chapter 7 to examine changes in 3D morphology and strain of the free AT 

immediately after a single bout of isolated eccentric heel drop exercise. 
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Chapter 5 describes the findings from a systematic review of the literature that examined 

the immediate effect of exercise on the mechanical and morphological properties of the 

human AT in vivo.  This review aimed to establish a consensus regarding the magnitude 

and direction of effect that different exercise modes and doses have on AT properties 

(Specific Aim 3).  The review also highlighted a number of important gaps within the 

literature regarding, in particular a lack of studies examining the immediate effect of 

eccentric exercise on AT mechanical properties and 3D morphology of the free tendon. 

The limitations identified within this review provided a sound rationale for the 

experiments described in Chapters 6 and 7.  

 

Chapter 6 describes the findings from a study that used freehand 3DUS to examine and 

compare the immediate effect of the eccentric heel drop exercise on the mechanical 

properties of the free AT, proximal AT and whole AT in healthy young adults (Specific Aim 

4a). 

 

Chapter 7 describes the findings from a study that used freehand 3DUS to examine the 

immediate effect of the eccentric heel drop exercise on the 3D morphology and strain of 

the free AT in healthy young adults (Specific Aim 4b). 

 

Chapter 8 summarises the results of each study and highlights the significance and 

innovation of the findings within the context of the relevant literature.  Methodological 

considerations arising from each experiment are summarised and discussed in relation to 

future directions for recommended research.    
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CHAPTER 2  
Literature Review 

The following literature review begins with an overview of the functional anatomy of the 

human Triceps Surae muscle-tendon unit, with specific reference to in vivo mechanical 

and morphological properties of the AT.  A review of current imaging techniques and 

methods used to quantify AT properties in vivo is presented.  The role of exercise induced 

mechanical loading on the long-term and short-term adaptation of the AT is explored, 

followed by a discussion on the immediate effects of exercise on AT mechanical and 

morphological properties in vivo.  The review concludes with a discussion of the use of 

eccentric exercise for the management Achilles tendinopathy and proposed 

biomechanical theories underlying the positive effects of eccentric exercise over other 

modes of exercise in promoting tendon adaptation. 

2.1 Morphological and mechanical properties of the Achilles tendon 

The AT is the largest tendon in the human body and provides a dynamic link between the 

Triceps Surae muscle group and the calcaneus.  Tendon aponeuroses of the Triceps Surae, 

consisting of the Medial Gastrocnemius (MG), Lateral Gastrocnemius (LG), Soleus, and 

inconsistently the Plantaris muscles, merge to form the conjoined AT (Paavola et al., 

2002, O'Brien, 2005). Together, the Triceps Surae and AT act as the primary plantar flexor 

of the ankle and provide the majority of propulsive power for human locomotion. 

2.1.1 Triceps Surae morphology 

The Gastrocnemius is the largest of the Triceps Surae muscles and is comprised of a 

medial and lateral head, the fibres of which are predominately type II fast twitch and 

arranged in a fusiform pattern (O'Brien, 2005, Edgerton et al., 1975).  The medial head 

arises from the popliteal surface superior to the medial femoral condyle and posterior to 

the medial supracondylar line and adductor tubercles, while the shorter lateral head 

originates from the posterolateral surface of the lateral femoral condyle extending to the 

most distal aspect of the linear aspera (Doral et al., 2010, O'Brien, 2005).  The muscle 

bellies of the gastrocnemius heads merge to form a common aponeurosis that narrows 

distally uniting with the Soleus aponeurosis to form the conjoined AT.    Compared to MG, 
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the LG muscle is smaller in volume, shorter in length with longer fascicle lengths and 

smaller fascicle pennation angles (Gump et al., 2013, Albracht et al., 2008).  The large 

difference in fibre lengths between the Gastrocnemii heads implies that force production 

is a priority in the design of MG, whereas LG is more suited to higher velocity of 

shortening (Fornage, 1986).  Together MG and LG act as a strong plantar flexor of the 

ankle and weak flexor at knee.  

 

The Soleus muscle lies deep to the gastrocnemius muscle and is a broad pennate muscle 

composed predominantly of slow twitch type I fibres and originates from the medial 

border of the tibia extending laterally to the posterior surface of the fibula shaft and head 

(Edgerton et al., 1975, O'Brien, 2005). Soleus is the largest of the Triceps Surae muscles 

and when compared to MG has a larger muscle volume, physiological cross-sectional 

area, shorter fibre length and larger fibre pennation angle and is suited to the production 

of tension at the expense of shortening velocity (Gump et al., 2013, Fukunaga et al., 1992, 

Albracht et al., 2008).  The majority of the multi-pennate fibres are located between two 

aponeurotic lamellae and insert onto the posterior aponeurosis which is located parallel 

and anterior to the Gastrocnemius deep aponeurosis (O'Brien, 2005). The aponeurosis of 

the Soleus continues distal becoming thicker and narrower, before merging with 

Gastrocnemius tendon to form the AT.  Because of its morphology the Soleus is generally 

considered the primary force producing plantar-flexor of the ankle joint and has a critical 

role in the maintenance of upright posture and balance (Loram et al., 2009, Fukunaga et 

al., 1992).  

 

The Plantaris muscle is a small, vestigial muscle that originates from the popliteal surface 

of the lateral femoral condyle and is considered a weak plantar flexor of the ankle joint.  

It has a small muscle belly, approximately 5 to 10 cm in length, with a thin long tendon 

that extends distally between the Gastrocnemius and Soleus before inserting into the 

medial border of the AT.     

2.1.2  Tendon morphology and mechanics 

Tendons are comprised primarily collagen (30%) and elastin (2%) imbedded in an 

extracellular matrix (68%) composed of predominately water and various types of 
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proteoglycans and specialised cellular elements  (Wang, 2006).  Type I collagen accounts 

for approximately 95% of the collagen mass, 65% of the dry mass and is responsible for 

providing tendons with their tensile strength, while elastin contributes to the recovery of 

tendon crimp following stretch (Butler et al., 1978).  The remaining collagen mass is 

composed primarily of type III, V and XII collagen, all of which play an important role in 

the maintenance of collagen fibres (Wang, 2006).  Tenocytes account for approximately 

90-95% of the cellular elements of tendons, with the remaining 5-10% comprised of 

variable concentrations of chondrocytes and vascular, synovial and smooth muscle cells 

(Doral et al., 2010).  Tenocytes are located between and parallel to collagen fibre bundles 

and are responsible for the production of the extracellular matrix that includes collagen, 

fibronectin, and proteoglycans.  As such, tenocytes play a critical role in the maintenance 

of tendon homeostasis and repair of tendons in response to mechanical loading, and are 

sensitive to both tensile and compressive forces (Wang, 2006, Smith et al., 2013).   

 

Tendon structure is characterised by parallel bundles of collagen fibrils arranged in a 

hierarchical order, such that collagen fibrils combine to form a collagen fibre, collagen 

fibres combine to form the primary (subfascicle) and secondary fibre bundles (fascicle), 

which combine to form tertiary fibre bundles that make up the tendon proper (Figure 1) 

(Doral et al., 2010, Wang, 2006).  Tendon subfascicles, fascicles and fibres are surrounded 

by a highly elastic loose connective tissue mesh, the endotenon, which loosely secures 

the bundles together allowing some inter-fascicular movement.  Bundles of fascicles are 

grouped together by a similar connective tissue structure called the epitenon, which is 

turn surrounded by a third connective tissue layer, called the paratenon, which protects 

the tendon proper, reduces friction with adjacent structures and is highly vascularised. 

The area between the epitenon and paratenon is referred to as the peritendinous space. 

In most tendons, the structural elements are arranged approximately parallel and 

longitudinal with the long axis of the tendon, making tendons ideally suited to storing and 

transmitting tensile loads (Wang et al., 2012b).  
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Figure 1. Hierarchical structure of tendon.  Adapted from (Doral et al., 2010, Wang, 2006). 

 

2.1.3 Achilles tendon morphology 

The AT commences at the level of the MG and LG muscle-tendon junction; the 

aponeuroses of which merge together with the Soleus aponeurosis to form a common 

tendon that inserts distally onto the posterior surface of the calcaneus.  The tendon 

originates as a broad flat tendon that gradually narrows, reaching a minimum thickness, 

width and cross-sectional area at approximately 80% of the length of the whole AT (i.e. 

~2-6 cm proximal to the calcaneus).  This region of the AT represents the area of greatest 

tendon stress, least vascularity and the most common location for injury (Magnusson et 

al., 2003a, Apaydin et al., 2009, Maffulli and Kader, 2002).  Cross-sectional area is 

typically measured at the level of free AT, but varies according to the measurement site 

and  the individual’s age, gender, loading history and injury state (Alfredson et al., 2009, 

Magnusson et al., 2003a).  Similarly, the length of the AT is dependent on an individuals’ 

height, however, a mean length of approximately 16 cm is commonly reported in the 

literature (O'Brien, 2005, O'Brien, 1992, Doral et al., 2010).  The relative contribution of 

the Gastrocnemius and Soleus portions to the total length of the AT ranges from between 

11 to 16 cm, and 3 to 11 cm, respectively (O'Brien, 2005).  Muscle fibres from the Soleus 

insert onto the anterior surface of the AT up to approximately 3-8 cm proximal to the 

calcaneal insertion.  The region of the AT extending distal from the Soleus muscle-tendon 

junction to the calcaneal insertion is devoid of muscle tissue and referred to as the ‘free 

AT’ (Magnusson et al., 2003b, O'Brien, 2005).  The region of the AT extending proximally 
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from Soleus muscle-tendon junction through to the MG and LG muscle-tendon junctions 

is referred to as the ‘proximal AT.  Together the free AT and proximal Achilles tendon in-

series comprise the ‘whole AT’ (Figure 2).  Distinction between free AT and proximal 

Achilles tendon is important on the basis that the morphological and mechanical 

properties differ considerably between regions (Magnusson et al., 2003b, Farris et al., 

2013), and the vast majority of injuries occur at the level of the free tendon, specifically 

within the mid-portion of the free AT (Jarvinen et al., 2005).  Approximately 1.2 to 2.5 cm 

proximal to the calcaneus the free AT flattens to form a delta shaped fibrocartilaginous 

attachment site that inserts onto the mid-posterior region of the calcaneus (O'Brien, 

2005).    

 

Figure 2. Sagittal reconstructed ultrasound image of the human Achilles tendon (AT) featuring the 

‘free Achilles tendon’ that extends from the Soleus muscle-tendon junction to the calcaneus and 

the ‘proximal Achilles tendon’ that extends from the Soleus muscle-tendon junction to the medial 

(or lateral) Gastrocnemius muscle-tendon junction. Together, the proximal Achilles tendon and 

free Achilles tendon in-series represent the whole Achilles tendon. MG – medial gastrocnemius; 

SOL – soleus; Cal – calcaneus.  

 

In the majority of individuals, tendon fibres from the MG, LG and Soleus constitute the 

composition of the AT in roughly equal proportions and form three anatomically and 

functionally distinct tendon fascicles (O'Brien, 2005, Doral et al., 2010, Szaro et al., 2009).  

In vitro studies demonstrate that the fascicles of the AT rotate about the longitudinal axis 

by approximately 90° before inserting onto the calcaneus, such that the Soleus and 

Gastrocnemius fascicles insert onto the posteromedial and posterolateral aspects of the 

calcaneus, respectively (Doral et al., 2010, Szaro et al., 2009, White, 1943).  The spiral 

arrangement of tendon fascicles also determines the cross-sectional composition of the 
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AT such that the anteromedial, anterior, lateral and posterior tendon borders are 

composed of fibres from the Soleus, LG and medial and lateral parts of the MG, 

respectively (Figure 3) (Szaro et al., 2009).  

 

Figure 3. Transverse section of the left AT approximately 1cm proximal to the calcaneus, featuring 

the regional contribution of tendon fibres from the Soleus, lateral Gastrocnemius (LG) and medial 

and lateral parts of the medial Gastrocnemius (MG) muscles.  Adapted from (Szaro et al., 2009). 

 

The degree of fascicle rotation varies between individuals and is highly dependent on the 

level of fusion of the two muscles, with a more distal fusion point associated with greater 

fascicle rotation, but may also be related to degree of tibial torsion (Szaro et al., 2009, 

Arnoczky et al., 2002).  It is thought that the spiral arrangement of the AT is important for 

biomechanical coupling between the subtalar and tibiotalar, and results in less fibre 

buckling when the tendon is unloaded, less tendon elongation when loaded and 

enhanced energy return following stretch, and is therefore critical to strength and 

function of the AT (Jozsa and Kannus, 1997, Alexander and Bennet-Clark, 1977, Arnoczky 

et al., 2002, van Gils et al., 1996).  Paradoxically, the unique fascicular arrangement of the 

AT  may also contribute to non-uniform stress distribution and compromised blood flow 

within the mid-portion of the  free AT, which could be important in explaining the higher 

incidence of partial ruptures and overuse injuries to this region of the free AT (Alfredson 

et al., 2011).  While the degree of torsion of the AT has been examined in human AT ex 

vivo, no studies have confirmed its existence in the in vivo human AT, or the degree to 

which the torsion changes during tensile loading.   

2.1.4  Mechanical properties of the Achilles tendon 
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Tendons are viscoelastic structures that demonstrate rate and time-dependent 

properties when stretched, including force-relaxation, creep and mechanical hysteresis 

(Maganaris et al., 2008).  As a consequence of their viscoelasticity, tendons are more 

deformable at low strain rates, absorb more energy, but are less effective in transferring 

contractile energy.  Similarly, at high strain rates tendons are assumed to become stiffer 

and are therefore more suited at transferring contractile forces (Figure 4B) (Jozsa and 

Kannus, 1997).  The viscoelastic behaviour of tendons is influenced by their mechanical 

properties, which can be characterised using force-elongation and stress-strain curves 

typically acquired from in vitro or ex vivo mechanical testing.  The stress-strain curve 

represents the tendon force-elongation normalised to the resting CSA and length of the 

tendon, respectively, and provides an estimate of the material properties of a tendon.  

The typical stress-strain relationship for the AT resembles that of other human tendons 

and includes four distinct regions (Figure 4A) (Wang, 2006).  Region I, the ‘toe region’, is 

associated with non-damaging forces or strains (i.e. < 2%) and is attributed to the 

straightening out of crimped collagen fibres.  Region II, the ‘linear region’, involves 

stretching of already straightened collagen fibres with forces and equivalent strains of 

less than 4-6%.  The slope of the force-elongation in the linear region provides an index of 

tendon stiffness.  The stiffness of a tendon not only determines its functional properties, 

but also the operational range of attached muscle fibres and thus is critical to the 

function of the whole muscle tendon unit (Fukunaga et al., 2001, Peltonen et al., 2013, 

Lichtwark and Wilson, 2007, Lichtwark and Wilson, 2008). When applied to the stress-

strain curve, the slope of region II is known as the Young’s modulus and reflects the 

material properties of the tendon, irrespective of its dimensions and ranges between 1 

and 2 GPa for human tendons (Maganaris et al., 2008, Ker, 2007).  Forces and strains that 

exceed region II, into region III, cause microscopic tearing of tendon fibres, consistent 

with tendon damage and fatigue, followed by complete tendon failure (Region IV) when 

stress or strain exceeds ~100 MPa (i.e. ultimate stress) or ~ 8-10% (i.e. ultimate strain), 

respectively (Wang, 2006, Maganaris et al., 2008, Bennett et al., 1986, Andarawis-Puri 

and Flatow, 2011).  The mechanical hysteresis of a tendon can be estimated by including 

the unloading phase to the force-deformation or stress-strain to form a loop (Figure 4B).  

The area of the loop represents the amount of energy lost as heat during the stretch-
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shorten cycle and is usually expressed as a percentage of the work done by the tendon 

during stretching (Maganaris et al., 2008).  Hysteresis values of approximately 10% are 

reported for most human tendons in vitro. The mechanical properties of the human AT in 

vitro approximate the above generic values of human tendon hysteresis, Young’s 

modulus, ultimate stress and ultimate strain (Wren et al., 2003).  

 

 

Figure 4. (A) Typical stress-strain curve and (B) load-relaxation (hysteresis) curve for human 

tendon.  Note the effect loading rate on the steepness of the tendon force-elongation curve. 

Adapted from (Wang, 2006, Maganaris et al., 2008). 

 

The measurement of human tendon mechanical properties using isolated-material 

testing of specimen in vitro or ex vivo introduces a number of important limitations that 

question whether such findings can be used to infer in vivo tendon function (Maganaris et 

al., 2008, Maganaris and Paul, 2002). These concerns have led to the development of 

non-invasive measurement techniques for estimating the mechanical properties of 

human tendons in vivo.  Ultrasound-based estimates of normal human AT mechanical 

properties in vivo vary across the literature and are highly dependent on the age, gender 

and injury state of the population studied, as well as the methods used to track and 

measure tendon elongation, compute stiffness/modulus and control for tendon 

conditioning (Maganaris et al., 2008, Pearson and Onambele, 2012, Maganaris and Paul, 

2002, Maganaris, 2003b, Morse, 2011, Stenroth et al., 2012, Child et al., 2010, Arya and 

Kulig, 2009). For example, reported estimates of AT stiffness, modulus and hysteresis in 

healthy adults have ranged from 17-760 N.mm-1, 0.3-1.4 GPa and 11-19%, respectively 

(Maganaris et al., 2008).  AT stiffness and Young’s modulus are known to be reduced in 
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children compared to adults (Grigg et al., 2013), elderly compared to young adults (Kubo 

et al., 2007, Stenroth et al., 2012), females compared to males (Kubo et al., 2003), 

tendinopathy compared to healthy controls (Arya and Kulig, 2009, Wang et al., 2012a).   

 

In addition to population based differences, there is growing evidence that the 

mechanical properties of the free AT and proximal AT measured in vivo are different.  

Findings from both Magnetic Resonance Imaging (MRI) and ultrasound-based methods 

suggest that the free AT is more compliant than the proximal AT and that some regions 

within the proximal AT may actually shorten during muscle contractions while other 

regions lengthen (Farris et al., 2013, Finni et al., 2003, Magnusson et al., 2003b, Lieber et 

al., 1991).  It is therefore difficult to compare reported values of stiffness, Young’s 

modulus and hysteresis when studies have derived AT elongation measurements using 

different anatomical landmarks and thus different regions of the tendon.  However, 

regardless of the inter-study variation the majority of in vivo estimates of AT mechanical 

properties reported fall within the range of values described previously for excised 

tendons tested in vitro (Ker, 2007, Maganaris and Paul, 2002, Maganaris and Paul, 1999, 

Peltonen et al., 2013).  Furthermore, the findings from longitudinal and cross-sectional 

studies on AT mechanical properties in vivo appear consistent with in vitro studies that 

demonstrate load/exercise dependent adaptation in tendon stiffness and Young’s 

modulus (Morrissey et al., 2011, Hansen et al., 2003, Kubo et al., 2002b, Kubo et al., 

2001a, Wang et al., 2012b, Wren et al., 2000). While it is problematic to directly compare 

in vitro and in vivo tendon mechanical data, there appears to be sufficient external 

validity to support the measurement of AT mechanical properties in vivo using 

ultrasonography (Maganaris et al., 2008).  

2.1.5  Measurement of AT morphological and mechanical properties in vivo 

Ultrasonography has become an established tool for investigating the morphological 

properties of the human AT in vivo.  Brightness mode (B-mode) ultrasound, in particular, 

is widely used to quantify the length, thickness and CSA of the AT and is considered 

superior to MRI for visualising structural changes in degenerative Achilles tendinopathy 

(Fredberg et al., 2008). Unlike MRI, conventional ultrasound measurements of tendon 

morphology are limited to a single plane (i.e. 2D) and cannot provide a complete 
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geometric or volumetric profile of the tendon.  As a consequence, ultrasound-based 

assessment of AT diameter and cross-sectional area in vivo are often limited to a few pre-

defined regions, typically between 2 and 6 cm proximal to the calcaneal insertion, and 

therefore, may not detect regional adaptation outside these measurement sites (Kjaer et 

al., 2009).  MRI overcomes these limitations and provides a complete 3D reconstruction 

of the AT that allows investigation into the regional variations in tendon diameter and 

cross-sectional area across the length of the tendon as well as providing volumetric data 

that are important in evaluating the effect of treatment in Achilles tendinopathy (Shalabi 

et al., 2005, Kjaer et al., 2009).  Unfortunately, MRI can be prohibitively expensive, 

difficult to access, requires a substantial scan time and has limited application to the 

assessment of tendon morphology under load and hence there is a need for a cost 

effective, convenient and equally robust alternative.    

 

Since the mid 1990’s, B-mode ultrasonography combined with dynamometry, and more 

recently 3D motion capture, has provided reliable and valid estimates of human tendon 

mechanical behaviour in vivo (Gerus et al., 2011, Maganaris et al., 2008, Fukashiro et al., 

1995, Muraoka et al., 2002, Lichtwark and Wilson, 2005, Kongsgaard et al., 2011). 

Ultrasonography is used to record displacement of an image landmark (e.g. muscle-

tendon junction) relative to an internal or external reference point to represent tendon 

elongation, during a ramped or staged voluntary isometric contraction-relaxation task or 

less commonly during one-legged hopping or passive stretching (i.e. passive testing) 

(Fukashiro et al., 1995, Gerus et al., 2011, Maganaris and Paul, 1999, Magnusson et al., 

2001, Muramatsu et al., 2001, Muraoka et al., 2002, Farris et al., 2012, Lichtwark and 

Wilson, 2005, Peltonen et al., 2010).  Measured external ankle joint torque is converted 

to tendon force using approximate tendon moment arm lengths and corrections for co-

contractions to enable the force-elongation relationship and thus stiffness of the whole 

AT to be determined.  When combined with measurements of tendon CSA and resting 

length, the force-elongation data can be used to generate stress-strain data used for the 

calculation of Young’s modulus.   
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A number of important methodological changes have been made over the past decade to 

improve the accuracy and validity of in vivo measurements of AT properties.  Earlier 

studies used displacement of intramuscular fascicular structures within the MG muscle to 

represent AT elongation. However, this does not truly represent elongation of the tendon 

per se, but rather the tendon and a portion of the muscle aponeurosis (Magnusson et al., 

2008, Fukashiro et al., 1995).  This problem can be overcome by using the displacement 

of a muscle-tendon junction, most commonly of the MG (Maganaris and Paul, 1999), but 

does not provide a measure of tendon length, only elongation, and thus tendon strain 

cannot be calculated.  Furthermore, such methods cannot account for inevitable 

movement of the calcaneal insertion during isometric testing and cannot be used during 

dynamic tasks, such as running or hopping.  These limitations led to the development of 

hybrid ultrasound and 3D motion capture methods that enable the position of the 

muscle-tendon junction to be transformed into the laboratory space and referenced to a 

marker on the calcaneus to provide a direct measure of AT length and elongation/strain 

(Peltonen et al., 2013, Farris et al., 2012, Gerus et al., 2011, Lichtwark and Wilson, 2005).  

The hybrid system represents the most valid method for the estimation of AT mechanical 

properties in vivo because it provides a direct (i.e. straight line) measurement of tendon 

length and accounts for proximal displacement of image reference point (e.g. muscle-

tendon junction) due to movement of the calcaneal insertion.  Unfortunately, these 

methods still rely on 2D measures of tendon length/elongation , and as such, cannot 

account for movement of the image reference point outside of the image plane, tendon 

curvature, or potential tracking errors associated with probe movement during 

contractions (Fredberg et al., 2008, Cronin et al., 2011, Maganaris, 2002).  Furthermore, 

the narrow field of view of conventional ultrasound probes, typically less than 60 mm, 

prevents visualisation of the whole AT and necessitates the use of an external marker to 

estimate tendon length and relative elongation, thereby introducing addition sources of 

measurement error (Kongsgaard et al., 2011).  The narrow field of view also prevents 

simultaneous measurement of length and elongation of the free AT and proximal AT 

(Magnusson et al., 2003b, Burgess et al., 2009, Kongsgaard et al., 2011).  The 

development of longer probes, extended field of view functions or the use of dual probes 

may circumvent these limitations and provide a single uniplanar image of the entire 
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tendon unit, but cannot represent the 3D geometry of the AT and therefore cannot 

account for tendon movement or image distortion out of plane (Stokes et al., 2010, 

Herbert et al., 2011, Kongsgaard et al., 2011).  A direct 3D representation of the AT that 

can be acquired under active or passive load and be inclusive of both the free and 

proximal regions would overcome many of the imaging-based limitations of current 

methods used to measure human AT mechanical and morphological properties in vivo. 

 

Freehand 3DUS combines conventional user operated B-mode ultrasound imaging with 

motion analysis in order to generate 3D reconstructions of anatomical structures in vivo.  

Briefly, the method involves the creation of a stack of B-mode images that are spatially 

transformed and re-oriented relative to a global (i.e. laboratory) coordinate system.  The 

resultant stack of images can be manually digitised to create a 3D reconstruction of the 

anatomical structure of interest that can be viewed in multiple planes simultaneously, 

greatly improving the accuracy of identifying and tracking image landmarks, such as the 

muscle-tendon junction.  The application of 3DUS to the AT would allow for direct 

measurement of tendon diameter and cross-sectional area along the entire length of 

tendon and provide a method to evaluate tendon volume; both of which cannot be 

achieved using current 2DUS techniques.  Furthermore, the ability to re-create the 3D 

morphology of the whole AT, including the free AT and proximal Achilles tendon, during 

staged isometric contractions or passive stretching of the Triceps Surae would enable 

simultaneous measurement of regional AT mechanical properties (Peltonen et al., 2010, 

Farris et al., 2013, Kongsgaard et al., 2011).  3DUS would obviate the need to use an 

external reference marker for the measurement of the tendon length or elongation and 

improve the accuracy and reliability of AT mechanical measures.  Finally, when coupled 

with estimates of joint torque and tendon elongation, direct measures of tendon 

diameter and CSA along length of the tendon using 3DUS would allow computation of 

true tendon stress and transverse strain behaviour that would significantly contribute to 

our understanding of AT mechanical behaviour under load and its relation to exercise and 

injury. 
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To date, freehand 3DUS has been successfully applied to the measurement of human 

muscle volume and length in vivo and has demonstrated excellent intra-observer 

reliability and external validity when compared to MRI (Delcker et al., 1999, Barber et al., 

2009).  In vivo application of 3DUS for the human AT has been limited to measurements 

of tendon length, CSA and longitudinal strain (Farris et al., 2013, Hansen et al., 2002).  

Currently, no studies have used freehand 3DUS for the measurement of free AT volume 

or regional morphology or strain in vivo. Furthermore, the reliability of in vivo measures 

of free AT CSA and volume, and free AT and proximal AT length during different loading 

conditions (e.g. passive stretch or muscle contraction) is yet to be established.   

2.2 Effect of exercise on human AT properties in vivo 

There is evidence that human tendons are metabolically and mechanically responsive to 

acute exercise and that such changes may be important in determining adaptation 

following long-term exercise training (Narici and Maganaris, 2006, Langberg et al., 2007, 

Wang et al., 2012b).  Appropriate mechanical loading during exercise has the capacity to 

enhance tendon anabolism, strength and healing, in the same way excessive loading or 

disuse can promote tendon catabolism and lead to matrix degradation and reduced 

tensile strength (Wang et al., 2012b).  The tensile strength of a tendon is dependent upon 

its collagen fibre content, fibre length and orientation and cross-link density (Wren et al., 

2000).  In vivo studies on the human AT using microdialysis techniques have shown that 

an acute bout of exercise can cause an immediate decrease, followed by a marked 

increase in type I collagen synthesis in healthy tendons, suggesting disruption of the 

tendon microstructure(Langberg et al., 1999, Langberg et al., 2001).  These authors also 

demonstrated that collagen synthesis and degradation both increase during the early 

stages of a training program (i.e. first 4 weeks) however there is a clear shift towards net 

collagen synthesis during the latter stages (i.e. ~ 11 weeks) (Langberg et al., 2001).  

Modulation of tendon metabolic activity in response to exercise is most likely due to 

stimulation of mechanically sensitive tenocytes (or fibroblasts) that control extracellular 

matrix gene and protein expression, and tendon stem cells which differentiate into 

tenocytes (Kjaer et al., 2009, Wang et al., 2012b). Importantly, the mechanical regulation 

of these cells appear to be dose sensitive, with the magnitude and rate of cyclic strain 

identified as critical determinants of collagen synthesis, degradation and re-organisation 
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(Kerr et al., 2009, Lavagnino et al., 2008, Wang, 2006, Zhang and Wang, 2010, Edman et 

al., 1978, Maeda et al., 2009).  Despite these findings, it is still not known to what extent 

changes in metabolic activity and collagen morphology, as a consequence of exercise, 

translate and are responsible for the changes in tendon structure and function over the 

long-term (Kjaer et al., 2009).  To further understand these relationships it will be 

necessary to investigate exercise modes known to induce tendon adaptation with specific 

emphasis on quantifying the acute changes in tendon mechanical and morphological 

properties after exercise. 

 

It has been well documented that AT mechanical and morphological properties measured 

in vivo change over time in response to habitual exercise or long-term training (Table 1).  

Consistent with in vitro studies, these changes appear to be dependent on inherent 

differences in the tendon strain characteristics (i.e. magnitude, rate, duration and 

frequency) between exercise modes and doses (Arampatzis et al., 2007a, Lavagnino and 

Arnoczky, 2005, Arampatzis et al., 2010, Kjaer et al., 2009, Wren et al., 2000, Wren et al., 

2003, Edman et al., 1978).  Until recently, it had not been possible to measure tendon 

mechanical loads non-invasively during exercise in vivo.  While AT loads have been 

directly measured in vivo during dynamic exercise with the use of imbedded buckle 

transducers and optical fibres, these methods are impractical for most applications in 

human movement (Finni et al., 1998, Komi et al., 1992).  Recent advances in 2DUS 

acquisition and image post-processing, including speckle tracking and optical flow 

analysis, combined with 3D motion analysis have enabled researchers to quantify whole 

and regional in vivo tendon strain during static and dynamic exercise (Arampatzis et al., 

2007a, Arampatzis et al., 2010, Lichtwark and Wilson, 2005, Lichtwark and Wilson, 2008, 

Chernak and Thelen, 2012, Slane and Thelen, 2014).  Using these techniques, it has been 

shown that the magnitude of tensile strain is critical and propose that exercise-induced 

strain must exceed a minimum threshold of approximately ~3.5-4.5% for structural (e.g. 

increased CSA) and functional (e.g. increased stiffness and modulus) adaptation of the AT 

(Arampatzis et al., 2009, Arampatzis et al., 2007a).  Furthermore, recent evidence from 

mechanical testing of isolated rabbit tendons have suggested an optimal strain range of 

between 3 and 6% for the maintenance of tendon tissue homeostasis, where strains 
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above or below this range may under or overload the tendon, respectively (Edman et al., 

1978). These findings may explain why certain modes of exercise training, for example 

maximal isometric (strain ~ 5-9% (Magnusson et al., 2001, Muramatsu et al., 2001, Grigg 

et al., 2013)) are associated with long-term tendon adaptation, whereas running (strain < 

5% (Farris et al., 2012, Lichtwark et al., 2007) ) and static ankle stretching (strain < 4% 

(Gee et al., 2004, Muraoka et al., 2002)) have little or no effect.  

 

Table 1. Training induced changes in AT properties measured in vivo using 

ultrasonography 

Exercise Mode 

Cross-

sectional 

area 

Active 

stiffness* 

Young’s 

modulus 

Hysteresis 

Endurance athletes (Arampatzis et al., 2007b, Hansen 

et al., 2003, Kongsgaard et al., 2005, Magnusson et al., 

2003a, Rosager et al., 2002) 

↑→ᶧ →   

Jumping athletes (Kongsgaard et al., 2005) ↑    

Sprinting athletes (Arampatzis et al., 2007b, Kubo et 

al., 2000) 

 ↑→ᶧ   

Static stretching (Mahieu et al., 2007, Kubo et al., 

2002a) 

 →  ↓ 

Ballistic stretching (Mahieu et al., 2007)  ↑ ↑  

Isometric training      

55% MVIC (Arampatzis et al., 2007a) → → →  

90% MVIC (Arampatzis et al., 2007a) ↑ ↑ ↑  

100% MVIC (Burgess et al., 2007)  ↑   

Eccentric only training (Morrissey et al., 2011, Mahieu 

et al., 2008) 

 ↓ᶧ↑ ↑  

Concentric only training (Morrissey et al., 2011)  → →  

Isotonic training (Kubo et al., 2002b, Kubo et al., 2010)  ↑  ↓ 

Plyometric training (Foure et al., 2010, Foure et al., 

2012) 

→ →   

*Measured from force-elongation curve obtained during voluntary isometric contractions 

 



Chapter 2 

22 
 

In order to understand the role of exercise induced strain on long-term adaptation on AT 

mechanical and/or morphological properties, it is also necessary to examine the 

immediate effect of specific exercise modes on these properties. This is important for 

several reasons. Firstly, cycle and/or time dependent fatigue of a tendon in response to 

exercise induced load may be an important in determining long-term adaptation.  As 

discussed previously, exercise induced strains in excess of 4.5% are suggested to induce 

adaptation of the AT (Arampatzis et al., 2007a).  Strains of this magnitude are within the 

linear portion of the stress-strain relationship and when applied cyclically would be 

expected to induce tendon fibre damage and disruption of fibre cross-links that could 

accumulate and result in temporary changes in tendon mechanical and morphological 

properties (Arampatzis et al., 2010, Wang et al., 1995, Wren et al., 2003).  It is therefore 

reasonable that immediate changes in tendon mechanical and/or morphological 

properties may be used to identify exercise modes more likely to induce long-term 

tendon adaptation and provide insight into why certain exercise modes (e.g. eccentric 

exercise) are more effective than others in treating chronic tendon injury. Secondly, 

transient changes in tendon properties may expose the tendon to increased risk of strain 

injury (Arampatzis et al., 2010, Wang et al., 1995, Wren et al., 2003).  Having the same 

material properties, a more compliant (i.e. less stiff) and thin tendon following exercise 

would be expected to experience higher stress and strain for a given force and thus be 

more likely to be injured during subsequent exercise.  Finally, a transient increase in 

tendon compliance following an exercise bout may compromise the mechanical function 

of the muscle-tendon unit during subsequent exercise with possible implications for 

muscle performance and economy of human locomotion (Lichtwark and Wilson, 2007, 

Lichtwark and Wilson, 2008, Arampatzis et al., 2006, Lieber and Friden, 2000, Gregory et 

al., 2002, Gregory et al., 2007).   

2.3 Eccentric exercise and Achilles tendinopathy 

2.3.1  Achilles tendinopathy 

Tendon injuries can arise from either a single acute overload that causes complete 

substance failure (i.e. rupture) or repetitive submaximal loading that leads to progressive 

damage accumulation, which is typical of overuse type injuries (Jarvinen et al., 2005).  



Chapter 2 

23 
 

The term ‘tendinopathy’ has been suggested to describe the clinical syndrome of tendon 

overuse injuries when the exact underlying pathological process affecting the tendon is 

not known (Maffulli et al., 1998). The AT is the most common lower limb tendon affected 

by tendinopathy.  Middle aged males who regularly participate in running and jumping 

sports are the most at risk of developing Achilles tendinopathy with incidence rates as 

high as 50% reported among elite male endurance runners (Kujala et al., 2005).  While 

Achilles tendinopathy is most prevalent in athletic populations up to one third of 

individuals with the condition are considered sedentary (Alfredson & Cook, 2007; Kingma 

et al., 2007; Rees et al., 2006).  

 

Clinical assessment of Achilles tendinopathy is characterised by insidious pain and 

swelling in or around the mid-portion of the free AT (i.e. 2 -6 cm proximal to calcaneal 

insertion) and impaired functional ability (Khan et al., 2002, Maffulli et al., 1998, Arya and 

Kulig, 2009).  In most cases ultrasonography is used to confirm the clinical diagnosis.  

Sonographic characteristics of Achilles tendinopathy include: diffuse or focal tendon 

thickening or calcification, irregular fibre hypertrophy, hypo-echoic intra-tendinous 

regions or cysts and increased vascularity and blood flow (Fredberg and Stengaard-

Pedersen, 2008, Ohberg et al., 2001).  At the microscopic level tendinopathic tendons 

demonstrate abnormal collagen fibre composition and structure, including increased 

concentration of type II collagen, increased ground substance and glycosaminoglycans 

content and increased number of abnormal tenocytes (Fredberg and Stengaard-

Pedersen, 2008).  Not surprisingly, tendinopathic tendons measured in vivo are 

characterised by altered morphological and mechanical properties, including greater CSA 

and hysteresis and lower stiffness and Young’s modulus (Arya and Kulig, 2009, Wang et 

al., 2012a) 

 

Chronic AT pain is a difficult condition to treat.  While conservative treatment is 

recommended for the majority of patients up to 25% of these individuals will require 

surgery and of those a further 20% may undergo re-operation (Alfredson, 2003).  

Conservative management aims to address presumed etiological factors (e.g. 

biomechanical factors, training errors, flexibility, weakness or equipment etc.), symptom 
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resolution (e.g. corticosteroids, non-steroidal anti-inflammatories, cold laser, heat, 

ultrasound etc.) or a combination of both.  While numerous conservative treatments are 

recommended, only a few have been evaluated in randomised controlled trials, including 

eccentric exercise, glyceryl trinitrate patches, electrotherapy, sclerosing injections and 

non-steroidal anti-inflammatory drugs (Alfredson and Cook, 2007).  Of these, eccentric 

exercise has received the most exposure, and despite variable levels of evidence, is 

generally considered superior to other forms of conservative treatment for 

tendinopathies and remains the first step in the management of the Achilles 

tendinopathy (Kingma et al., 2007, Rees et al., 2009a, Wasielewski and Kotsko, 2007, 

Woodley et al., 2007, Alfredson and Cook, 2007, Sussmilch-Leitch et al., 2012).  

2.3.2  Eccentric exercise programmes  

The majority of eccentric exercise programmes prescribed for the treatment of Achilles 

tendinopathy are based on the original protocols proposed by Stanish and Curwin (1986) 

and Alfredson et al (1998).  Both protocols are founded on progressive overload of the AT 

using the heel raise exercise (Figure 5), but differ in a number of important areas. Perhaps 

the most significant difference between the two protocols relates to method by which 

the AT is progressively ‘overloaded’. The ‘Stanish’ protocol relies on incremental increase 

in exercise speed to ‘overload’ the AT, whereas the ‘Alfredson’ protocol uses progressive 

increase in exercise load and maintains exercise speed slow and fixed throughout the 

programme (Alfredson et al., 1998, Stanish et al., 1986). While there is limited evidence 

supporting one protocol over the other, it is clear that eccentric phase of the heel raise 

exercise is critical to the therapeutic success of exercise-based interventions (Rees et al., 

2009b, Stasinopoulos and Manias). For example, when compared to the concentric heel 

raise the eccentric version results in superior clinical outcomes in Achilles tendinopathy 

and significantly greater adaptation in healthy AT mechanical and morphological 

properties (Morrissey et al., 2011, Mafi et al., 2001, Niesen-Vertommen et al., 1992).  

Despite these findings the mechanisms responsible for the differential effects of eccentric 

over concentric heel raises are difficult to determine and remain an area of continued 

debate.   In an attempt to understand these relationships research has focused on 

comparing the exercise modes with respect to: 1) the biomechanical characteristics of the 

exercise; and 2) the acute effects of a single exercise bout on AT properties. 
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Figure 5. Illustration of the typical ‘eccentric heel raise exercise’ that forms the foundation for the 

majority of therapeutic exercise programmes designed for treatment of Achilles tendinopathy. 

The exercise begins from a position of full plantar flexion and ends in a position of full 

dorsiflexion. Typically the contralateral leg is used to move back to the start position so that 

isolated eccentric exercise is performed by the target leg.  Three sets of 15 repetitions are 

completed with the knee extended (shown) and repeated with the knee flexed (not shown). 

Adapted from (Henriksen et al., 2009). 

 

There is evidence that the AT is loaded differently during eccentric compared to the 

concentric exercise and that such differences may lead to more optimal conditions to 

stimulate tendon healing and remodelling, reduce neovascularisation and enhance pain 

habituation (Henriksen et al., 2009, Henriksen et al., 2011, Rees et al., 2008, Maffulli et 

al., 2010, Screen, 2008).  Recent studies have demonstrated mode-dependent differences 

in regional tendon strain (i.e. free AT vs. proximal Achilles tendon), tendon force 

frequency and neuromuscular activation patterns that may help explain the positive 

effects of the eccentric exercise over concentric exercise.  Using a controlled isokinetic 

protocol, Sugisaki et al (2005) demonstrated that the free AT experienced proportionally 

greater elongation relative to the proximal AT during maximal eccentric, but not 

concentric contractions, which could reflect mode-dependent differences in transverse 

strain of the proximal AT (Farris et al., 2013).  Rees et al (2008) compared AT forces 

during eccentric and concentric heel raises and suggested differences in force frequency, 

rather than magnitude, may explain the beneficial effect of eccentric exercise for the 

treatment of Achilles tendinopathy.  Henriksen et al (2009) confirmed these findings and 
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found that the eccentric phase of the heel raise exercise was characterised by a higher 

ground reaction force content in the 8-12 Hz range and no difference in peak GRF 

between the two modes. 

 

In addition to biomechanical differences, recent studies have suggested eccentric 

exercise could induce unique and short-term changes in AT morphology, with 

implications for the local tendon mechanical environment (Grigg et al., 2009, Grigg et al., 

2012, Shalabi et al., 2004a, Wearing et al., 2008).  With the exception of Shalabi et al 

(2004a) whom reported AT volume using MRI, the remaining studies have all investigated 

the effect of exercise on AT anteroposterior (AP) diameter (i.e. thickness) using 2DUS. 

From these studies there is evidence that free AT diameter is reduced in response to a 

single bout of heel raise exercise and importantly this effect appears more pronounced 

following eccentric compared to concentric heel raises, and in tendinopathic compared to 

healthy tendons (Grigg et al., 2009, Grigg et al., 2012). These findings suggest that AP 

diametral changes may be an important stimulus or marker for tendon adaptation and 

may in part explain the superior results of eccentric training in the treatment of 

tendinopathies (Grigg et al., 2009, Grigg et al., 2012).  Unfortunately, these studies were 

limited to 2DUS measurements of AP diameter made at discrete points along the free AT 

and so it is not known whether these findings are indicative of changes beyond these 

measurement sites, or are coupled to changes in other tendon dimensions (e.g. CSA or 

ML diameter) or the mechanical properties of the free AT. This is particularly relevant in 

light of the findings of Shalabi et al (2004a) that AT volume increased following eccentric 

heel raise exercise in a similar population.  3DUS could be used to reconcile and extend 

the findings of these studies by providing a more comprehensive morphological profile of 

the AT that includes measures of regional CSA, biaxial diameter and strain, in addition to 

tendon volume.  It will also be important to examine concomitant changes in AT 

mechanical properties, when considering the implications of exercise-induced changes in 

AT transverse morphology with respect to tendon remodelling, injury risk or athletic 

performance.   
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2.4 Summary 

 Mechanical overload of the AT during exercise has been linked to acute and 

chronic injuries, with the distal free AT being most commonly involved. 

 Mechanical loading of the AT can stimulate short and long-term changes in 

tendon metabolic activity as well as mechanical and morphological properties. It is 

important to understand the acute effect of different exercise modes and doses 

on these properties.   

 There is evidence that eccentric exercise induces greater acute change in AT 

metabolism and morphology (i.e. diameter), compared to concentric exercise, and 

that such changes may be important for long-term adaptation of healthy and 

injured tendons. 

 No studies have examined whether changes in free AT diameter after eccentric 

exercise occur along length of the tendon, are coupled to changes in other tendon 

dimensions, or are associated with concomitant change in mechanical properties 

of the free AT, proximal AT or whole AT.  

 Freehand 3DUS provides an opportunity to investigate the regional mechanical 

and morphological properties of the AT complex in response to acute exercise, 

however, the reliability and accuracy of these measures must first be established.  
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3.1 Abstract 

This study investigated the accuracy of phantom volume and length measurements and 

reliability of in vivo AT volume, length and CSA measurements using freehand 3DUS.  

Participants (n=13) were scanned on consecutive days under active and passive loading 

conditions.  In vivo AT length was evaluated using a 2-point method, and an approach 

which accounted for AT curvature (centroid method).  3DUS provided accurate measures 

of phantom volume and length (Mean difference 0.05 ml and 0.2 mm, respectively) and 

reliable in vivo measures of AT volume, length and average CSA with all intra-class 

correlations coefficients greater than 0.98. The mean minimally detectable changes for in 

vivo AT volume, 2-point length and centroid length were 0.2 ml, 1.5 mm and 2.0 mm, 

respectively. The 2-point AT length underestimated the centroid AT length by 0.7 mm and 

suggests the effect of curvature on in vivo AT length is negligible. 

3.2 Introduction 

Ultrasonography has become an integral tool for investigating the morphological and 

mechanical properties of the human AT in vivo and has broadened our understanding of 

fundamental tendon mechanics (Fukashiro et al., 1995, Magnusson, 2002) and 

adaptations to ageing (Narici et al., 2008), neuromuscular disease (Barber et al., 2012, 

Zhao et al., 2009), exercise (Ohberg et al., 2004, Obst et al., 2013) and pathology (Arya 

and Kulig, 2009).  B-mode ultrasound, in particular, has been widely used to quantify the 

length, thickness and CSA of the AT and is generally considered superior to MRI for 

visualising structural changes in degenerative Achilles tendinopathy (Fredberg et al., 

2008).  While ultrasound offers a convenient, low cost and time-efficient alternative to 

MRI for the assessment of AT morphological properties, there are inherent limitations 

associated with characterising the geometry of the tendon using 2DUS such as the 

inability to measure volume, detect changes in length out of plane to the image and 

errors associated with transducer orientation (Fredberg et al., 2008, Cronin et al., 2011).   

 

Freehand 3DUS combines conventional user operated B-mode ultrasound imaging with a 

motion analysis system in order to generate 3D reconstructions of anatomical structures 

in vivo (Treece et al., 1999). The position and orientation of the transducer in 3D space is 
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recorded using a motion capture system, along with the 2D ultrasound images, as the 

transducer is moved or ‘swept’ over the area of interest to create a stack of arbitrarily 

oriented sequential 2DUS images (Treece et al., 2003).  The position of each sequential 

2D image is then transformed into a global coordinate system using a rigid body 

calibration method to create a reconstructed 3D volume, which is subsequently used for 

object segmentation, surface rendering and volumetric registration (Prager et al., 1998, 

Treece et al., 2003, Gee et al., 2004, Treece et al., 2000, Treece et al., 1999).   

 

Human muscle volume and length measures using 3DUS have been validated in vivo 

against MRI for the MG and rectus femoris muscles (Barber et al., 2009, MacGillivray et 

al., 2009) and in vitro using cadaveric hand muscles (Delcker et al., 1999).  Barber et al 

(2009) also demonstrated excellent repeatability of 3DUS measures, reporting intra-class 

correlation coefficients of 0.99 and 0.98 for in vivo muscle volume and length, 

respectively.  In vivo application of 3DUS in human tendons has been limited to AT length 

and CSA measurements (Farris et al., 2013, Gao, 2010).  3DUS has been reported to 

provide accurate measures of volume and length compared to objects or ‘phantoms’ with 

known dimensions (Barber et al., 2009, Ferrari et al., 2006, Riccabona et al., 1996) and 

valid and repeatable measurements of intra-tendinous lesion volumes in equine flexor 

tendons (Ferrari et al., 2006).  If in vivo measures of AT morphology were shown to be 

reliable, 3DUS could be a useful tool for evaluating the effect of ageing, disease and 

disuse on tendon structure, as well as monitoring the structural recovery of the AT 

following targeted interventions within the laboratory and/or clinical environment.  

Furthermore, the ability to accurately measure the absolute length of the AT under active 

and passive loads would enable 3DUS to be applied for the indirect measurement of AT 

mechanical properties in vivo (Maganaris and Paul, 2002, Peltonen et al., 2010). 

 

3DUS also allows for the effect of tendon curvature on tendon length to be evaluated. 

The length of the AT is typically estimated from the straight-line distance between the 

soleus muscle-tendon junction and its insertion onto the calcaneus (Magnusson et al., 

2003b, Stokes et al., 2010, Zhao et al., 2009, Farris et al., 2013) and so may underestimate 

the true curved length of the AT.  Previous work has shown that the curved length of the 
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MG tendon measured using reflective skin markers overestimated the straight line 

tendon length at the initial contact phase of hopping by a mean (SD) of 5.0 mm (1.3) 

(Stosic and Finni, 2011).  It is not known to what extent tendon curvature is an important 

consideration in estimating the length of the AT during passive and active ankle 

conditions.   

   

The primary aims of this study were to determine: (1) the accuracy of 3DUS volume and 

length measurements compared to phantoms of known volume and length; and (2) the 

within-session and between-session reliability of 3DUS measures of in vivo human AT 

volume, length and cross-sectional area acquired during three experimental conditions: 

15° passive dorsiflexion; 15° passive plantar flexion; and 70% maximal voluntary isometric 

contraction of the plantar-flexors in 15° plantar flexion.  These conditions were selected 

to represent ankle positions and/or loading conditions commonly used to evaluate AT 

morphological and mechanical properties in vivo (Maganaris and Paul, 2002, Shalabi et 

al., 2004a, Muraoka et al., 2002).  The secondary aim was to investigate the level of 

agreement between AT length measurements in vivo using a straight-line (i.e. 2-point 

length) or curved-line (i.e. centroid length) model.  

3.3 Methods 

3.3.1 Participants 

Thirteen participants (9 male and 4 female, age 30 ± 4.5 years, height 174 ± 10 cm) 

volunteered to participate in the study.  All participants were healthy university staff or 

students that provided written informed consent prior to participation in accordance 

with institutional guidelines.  Participant inclusion criteria were: 1) recreationally active 

and aged between 18 and 65 years; 2) absence of recent or recurrent AT or lower leg 

musculoskeletal injury and/or surgery or lower motor neuron disorders (e.g. cerebral 

palsy, muscular dystrophy). 

3.3.2 Experimental design 

Ultrasound scans of the left lower leg were performed on two consecutive days at 

approximately the same time of day.  Participants refrained from strenuous physical 

activity at least 24 h prior to the commencement of each testing session. Three scans of 
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the lower leg were performed for each of the following experimental ankle conditions: 1) 

15° passive dorsiflexion (DF); 2) 15° passive plantar flexion (PF); and 3) 70% maximal 

voluntary isometric contraction (MVIC) of the plantar-flexors in 15° PF (active PF).  Ankle 

joint positions were confirmed using a goniometer. The order of experimental conditions 

was randomised on day 1 and this order was repeated on day 2. For all conditions 

participants were positioned prone with their knee joint at 0° flexion and ankle secured 

to a foot plate with an in-built force transducer (Futek TFF600, Irvine, CA, USA) (Figure 6).  

The ankle was positioned such that the axis of rotation of the talocrural joint aligned with 

the axis of rotation of the force transducer. Prior to the ultrasound scans each participant 

completed five 3-5 s MVIC’s of the plantar-flexors to pre-condition the AT (Maganaris, 

2003b) and establish the target torque levels for the active PF trials.  All torque data were 

recorded at 1000 Hz using a custom LabView program (National Instruments, Austin, 

Texas) and USB data acquisition device (NI:USB-6259 BNC, National Instruments, Austin, 

Texas).  Visual feedback of torque with respect to time was provided to the participant 

for the active PF trials.  Participants were required to remain at rest (passive DF and 

passive PF trials) or maintain the target force (active PF trials only) for approximately 15-

20s to enable the ultrasound scans to be acquired. 
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Figure 6. The experimental setup showing a participant positioned prone with their left ankle in 

15° plantar flexion and secured to a custom foot plate with a built-in force transducer.  A 58 mm 

linear ultrasound transducer with four retro-reflective markers attached is positioned over the 

Achilles tendon (AT). Scans were performed as a single transverse sweeping ultrasound scan 

along the length of the AT during which ankle joint torque was recorded using the force 

transducer.  Five optical cameras (not shown) mounted to the ceiling tracked the position and 

orientation of the transducer via the retro-reflective markers. 

3.3.3 Freehand 3D ultrasound system 

The freehand 3DUS system consisted of a standard ultrasound machine (SonixTouch, 

Ultrasonix, BC, Canada) and a five camera optical tracking system (V100:R2, Tracking 

Tools v 2.5.2, Optitrack, NaturalPoint, OR, USA) with sub-millimetre tracking accuracy 

(Kertis et al., 2010) .  Each camera was rigidly mounted to the ceiling to prevent 

movement and optimise the optical field of view for data collection.  Ultrasound images 

were acquired using a 58 mm linear transducer (L14-5W/60 linear, Ultrasonix, BC, 

Canada) with a central frequency of 10MHz, sampling frequency of 40 Hz and 

standardised B-mode image settings (depth 40 mm, gain 50%, dynamic range 65 dB, map 

4, power 0).  A moulded thermoplastic casing affixed to the end of the transducer housed 

a 2 cm thick acoustic standoff pad (Ultra/Phonic Focus, Newark, NJ, USA) enhancing 

visualisation of the tendon cross-section.  The 3D position and orientation of four 

reflective markers rigidly fixed to the ultrasound transducer were recorded using the 
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optical tracking system.  The 2DUS images were subsequently transformed into the global 

coordinate system using a commercial software package (Stradwin1, version 4.4, 

Mechanical Engineering, Cambridge University, Cambridge, UK) on the SonixTouch  PC 

(Intel® Core™ 2 Duo, 1.80 GHz PC running Microsoft Windows XP, Microsoft Corporation, 

Redmund, WA, USA) to create a reconstructed 3D volume (Figure 7).  Prior to data 

collection, temporal and spatial calibration of the ultrasound transducer was performed 

in a water-bath (22°C) using a single wall phantom calibration according to the guidelines 

provided with the Stradwin software (Hsu et al., 2006, Prager et al., 1998, Treece et al., 

2003).  Following calibration, the coordinates of any pixel within a 2DUS image were 

transformed into 3D space with an error of ± 0.8 mm. 

 

 

Figure 7. Sagittal plane re-slice of the reconstructed 3DUS image of the whole AT (top) and 

superimposed 2D image stack (bottom).  The sagittal re-slice represents a plane orthogonal to the 

original sequence of 2DUS images. 

 

                                                      
1 http://mi.eng.cam.ac.uk/~rwp/stradwin  

http://mi.eng.cam.ac.uk/~rwp/stradwin
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All ultrasound scans were performed by a single investigator (SJO) experienced in the 

acquisition and analysis of freehand 3DUS of the AT.  Images were acquired using a single 

transverse sweeping scan performed at a steady speed (~ 1 cm.s-1) commencing over the 

posterior calcaneus and progressing proximally along the mid-line of the posterior leg 

until the MG or LG muscle was visualised in real time on the 2DUS image.  The duration of 

a single scan was approximately 15-20 s, which equated to an approximate between-

frame distance of 0.1 mm. A thin layer of hypoallergenic ultrasound transmission gel 

(Other-Sonic, Pharmaceutical Innovations Inc., NJ, USA) was applied to the participant’s 

skin to improve conduction and reduce friction of the standoff pad.   

 

The resultant stack of 2DUS images was subsequently segmented and volume rendered.  

The accuracy of 3D point cloud and length measurements using a similar 3DUS system 

have been reported to be ± 0.5 mm and ± 0.69 mm, respectively (Treece et al., 2003).  AT 

morphological parameters, with the exception of centroid AT length, were processed 

directly from the 3D reconstructed images using the measurement, segmentation and 3D 

rendering tools provided in Stradwin (Treece et al., 1999).  AT cross-sections were 

manually digitised at approximately 5-10 mm intervals along the length of the tendon 

commencing from the most distal part of the calcaneal notch through to the soleus 

muscle-tendon junction (Figure 8).  AT volume reconstructions (ml) were performed on 

the digitised cross-sections using the volumetric algorithms provided in Stradwin (Treece 

et al., 1999).  The 2-point AT length was measured using the in-built measurement tool in 

Stradwin and was defined as the straight line distance between the soleus muscle-tendon 

junction and the most distal part of the calcaneal notch (Figure 9) (Hawkins et al., 2009).  

The centroid AT length was defined as the length of the curved line that bisects the 

centroid of each manually digitised cross-section (Figure 9).  For the measurement of 

centroid AT length, ten 3D points that corresponded to the outline of each manually 

digitised tendon cross-section (as per the AT volume) were manually selected on the 2D 

transverse ultrasound image using the 3D landmark function provided in Stradwin.  The 

resultant 3D point cloud data of each segmented cross-section were then imported into 

Matlab (version R2012a, The Mathworks Inc.), interpolated using a cubic spline function, 

and averaged to represent the 3D centroid of each tendon cross-section.  Centroid AT 
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length was then computed as the cumulative sum of the distances between consecutive 

3D centroid points.  Average CSA of the AT was then determined by dividing AT volume 

by the corresponding centroid AT length. 

 

 

Figure 8. 3DUS reconstruction of the free Achilles tendon (AT) (white), proximal AT (yellow), 

soleus muscle (red) and soleus muscle-tendon junction (MTJ).  3DUS image reconstructions were 

created in Stradwin using manually digitised cross-sections (dotted white lines within inset) of the 

tendon segmented at approximately 10-15 mm intervals along the length of the tendon. 
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Figure 9. Sagittal plane re-slice of the reconstructed free Achilles tendon (AT) in the passive 

plantar flexion condition (taken from subject 6) illustrating the 2-point (top) and centroid 

(bottom) AT length measured from the soleus muscle-tendon junction (MTJ) to the calcaneal 

notch. The 2-point AT length is measured using the in-built measurement tool provided in the 

Stradwin software. The centroid AT length measurement used the manually digitised 3D point 

data of AT cross-sections using Stradwin’s landmark function and exported and analysed using a 

custom built Matlab programme.  

 

3.3.4 Ultrasound phantoms 

Eleven pre-cut acrylic tubes were filled with a gelatine mixture (15% gelatine, 2% psyllium 

hydrophilic mucilloid fibre) and allowed to set for 1 hr at 6° C before being removed and 

suspended in a second phantom solution (10% gelatine, 6% psyllium hydrophilic mucilloid 

fibre) following the methods described in detail by Bude and Alder (1995).  Phantom 

length and diameter were measured directly using precision digital calipers (accuracy ± 

0.02-0.03 mm) (Duratool-DC150, Premier Farnell UK Limited) and used to compute 

volume and cross-sectional area. The temperature of the phantom medium matched that 

of the water bath used in the temporal and spatial calibration of the 3D ultrasound 

transducer (~22°C).  Scanning and analysis of the ultrasound phantoms were performed 
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using the identical transducer set-up, calibration and image settings and data analysis 

methods described for the in-vivo AT volume and length measurements.   

3.3.5 3D ultrasound measurements 

All image data processing, with exception of the centroid length measurement, were 

performed using in-built measurement, segmentation and 3D rendering tools provided in 

the Stradwin software package (Treece et al., 1999). The 2-point (rectilinear) AT length 

was defined as the straight line distance between the soleus muscle-tendon junction and 

the most distal part of the calcaneal notch (Figure 9) (Hawkins et al., 2009).  The soleus 

muscle-tendon junction was defined as the most proximal transaxial image devoid of 

soleus muscle tissue and identified using both transaxial and reconstructed sagittal image 

slices.  The centroid (curvilinear) AT length was defined as the length of the curved line 

that bisects the centroid of each manually digitised cross-section.  Digitised cross-sections 

of the tendon were made at 5-10 mm intervals along the length of the tendon (Figure 9).  

The 3D point clouds of all manually digitised tendon cross-sections were selected using 

the landmark function in Stradwin and exported and analysed in Matlab (version R2012a, 

The Mathworks Inc. USA) for measurement of centroid AT length.  Volume 

reconstructions (ml) were performed using the 3D rendering algorithms provided in the 

Stradwin software and utilised the manually digitised cross-sections (Figure 8) (Treece et 

al., 1999).  Average CSA of the AT was determined by dividing the tendon volume by 

centroid AT length.  

3.3.6 Statistical analysis 

The limits of agreement method (Bland and Altman, 1986) was used to assess the level of 

agreement between: 1) Phantom volume obtained using 3DUS and through direct 

measurement using calipers; 2) Phantom length using 3DUS (2-point and centroid 

methods) and direct measurement using calipers; and 3) In vivo AT length using the 2-

point and centroid AT length methods obtained using 3DUS.  Within-session and 

between-session reliability for in vivo AT volume, length (2-point and centroid) and 

average CSA obtained using 3DUS were assessed using: 1) intra-class correlation 

coefficient, ICC (3,1 – two way fixed; 2) coefficient of variation of the root-mean-square 

difference between repeated measurements (CV); and 3) minimal detectable change at 
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95% confidence interval (CI) (MDC).  The MDC represents the minimum absolute change 

in a test score, either above or below, that would be considered ‘real’ and was calculated 

as a function of the standard error of measurement associated with repeated 

measurements as follows: MDC = SEM × √2 × 1.96 (Stratford, 2004). The mean of three 

trials was used for all between-session reliability measurements. Differences in ankle 

joint torque between trials and sessions for each condition were assessed using a two-

way full factorial ANOVA (trial × day) and the mean percentage differences (N∙m) and 

corresponding standard errors (SE) are presented. All statistical analysis was performed 

using SPSS Statistics software (version 20.0, SPSS Inc., Chicago, IL) and the significance 

level was set to 0.05. 

3.4 Results 

3.4.1 Accuracy of phantom measurements 

3DUS overestimated the ultrasound phantom volumes by a mean of 0.05ml (95% CI = 

0.07 ml) which corresponded to a mean percentage difference of 1.5% (95% CI = 3.0%).  

The 2-point and centroid length measurements overestimated the ultrasound phantom 

lengths by 0.2 mm (95% CI = 1.3 mm) and 0.1 mm (95% CI = 1.8 mm), which 

corresponded to a mean percentage difference of 0.2% (95% CI = 1.8%) and 0.07% (95% 

CI = 2.7%), respectively (Figure 10).   

 

 

Figure 10. Bland–Altman plots illustrating the mean difference (solid line) and 95% limits of 

agreement (dashed lines) for the freehand 3D ultrasound-based measurements of volume, 2-

point and centroid length versus the corresponding measurements for the 11 ultrasound 

phantoms.   

 

3.4.2 Reliability of in-vivo Achilles tendon morphology 
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The ICCs for within-session and between-session reliability for all dependent variables 

across all conditions were greater than 0.98. The corresponding CV (%) for both within-

session (Table 2) and between-session (Table 3) measurements of AT volume, length (2-

point and centroid) and average cross-sectional area were below 1.5%, 1.4% and 3.4%, 

respectively. The mean (SD) MDC for AT volume across all conditions and reliability 

comparisons was 0.2 ml (0.02) (range = 0.1-0.2 ml).  The mean (SD) MDC for AT 2-point 

and centroid length across all conditions and reliability comparisons was 1.5 mm (0.03) 

(range = 1.1-1.7 mm) and 2.0 mm (0.6) (range = 1.7-3.3), respectively.  

 

Table 2. Within-session descriptive and reliability statistics for Achilles tendon morphological 

properties. 

 
Trial 1 

Mean (SD) 

Trial 2 

Mean (SD) 

Trial 3 

Mean (SD) 

ICC 

(95% CI) 

CV (%) 

(95% CI) 
MDC 

AT volume (ml)  

Passive DF 4.2 (1.2) 4.3 (1.2) 4.3 (1.2) 0.997 (0.954-0.998) 1.2 (0.9-1.5) 0.2 

Passive PF 4.3 (1.2) 4.2 (1.2) 4.3 (1.2) 0.998 (0.956-0.998) 1.2 (0.9-1.4) 0.2 

Active PF 4.3 (1.2) 4.3 (1.2) 4.4 (1.1) 0.996 (0.993-0.998) 1.4 (1.1-1.7) 0.2 

2-point AT length (mm)  

Passive DF 59.8 (17.9) 59.7 (17.7) 59.7 (17.8) 0.999 (0.999-1.000) 0.7 (0.5-0.9) 1.3 

Passive PF 60.2 (17.7) 60.1 (17.5) 60.0 (17.4) 0.999 (0.999-1.000) 0.6 (0.5-0.8) 1.1 

Active PF 63.9 (17.4) 63.9 (17.1) 65.0 (16.6) 0.999 (0.997-0.999) 0.7 (0.5-1.0) 1.7 

Centroid AT length (mm)  

Passive DF 60.7 (17.8) 60.7 (17.4) 60.8 (17.6) 0.999 (0.997-0.999) 1.0 (0.7-1.4) 1.8 

Passive PF 60.7 (17.4) 60.4 (17.6) 60.6 (17.4) 0.998 (0.997-0.999) 1.0 (0.8-1.3) 1.9 

Active PF 64.5 (17.6) 64.4 (17.4) 64.6 (17.4) 0.999 (0.998-0.999) 0.4 (0.2-0.5) 1.7 

Mean AT CSA from centroid length (mm2)  

Passive DF 70.6 (12.8) 71.1 (12.8) 70.7 (13.3) 0.993 (0.985-0.997) 1.4 (1.1-1.7) 3.4 

Passive PF 70.7 (13.4) 70.8 (13.3) 71.0 (13.5) 0.990 (0.981-0.995) 3.3 (2.3-4.3) 3.5 

Active PF 66.2 (11.8) 66.9 (11.7) 66.6 (11.9) 0.989 (0.987-0.995) 1.7 (0.9-2.5) 3.6 

DF – dorsiflexion; PF – plantar flexion; CSA – cross sectional area; ICC – Intra-class correlation 

coefficient; CI – confidence interval; CV – root mean square coefficient of variation. 
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Table 3. Between-session descriptive and reliability statistics for Achilles tendon 

morphological properties. 

 
Day 1 

Mean (SD) 

Day 2 

Mean (SD) 

ICC 

(95% CI) 

CV (%) 

(95% CI) 
MDC 

AT Volume (ml)  

Passive DF 4.3 (1.2) 4.3 (1.2) 0.999 (0.997-1.000) 0.6 (0.3-0.9) 0.1 

Passive PF 4.3 (1.2) 4.3 (1.2) 0.996 (0.986-0.999) 1.4 (0.6-2.2) 0.2 

Active PF 4.3 (1.2) 4.3 (1.2) 0.998 (0.993-0.999) 1.0 (0.5-1.5) 0.2 

2-point AT length (mm)  

Passive DF 60.6 (18.3) 60.3 (18.7) 0.999 (0.996-1.000) 0.8 (0.1-1.4) 1.7 

Passive PF 60.9 (18.0) 60.9 (18.4) 0.999 (0.996-1.000) 0.7 (0.4-1.1) 1.7 

Active PF 64.5 (17.6) 64.9 (17.9) 0.999 (0.996-1.000) 0.6 (0.1-1.1) 1.6 

Centroid AT length (mm)  

Passive DF 61.4 (18.1) 61.6 (18.8) 0.995 (0.983-0.999) 1.3 (0.4-2.1) 3.3 

Passive PF 61.3 (13.8) 61.3 (18.3) 0.999 (0.995-1.000) 0.8 (0.4-1.3) 1.7 

Active PF 65.3(18.2) 65.4 (18.0) 0.999 (0.995-1.000) 1.1 (0.1-2.0) 1.7 

Mean CSA from centroid AT length (mm2)  

Passive DF 71.3 (13.9) 71.1 (13.2) 0.981 (0.930-0.995) 1.7 (0.6-2.8) 2.8 

Passive PF 71.3 (14.3) 71.6 (14.3) 0.992 (0.970-0.998) 1.5 (0.7-2.4) 3.2 

Active PF 67.0 (12.7) 66.8 (12.6) 0.992 (0.970-0.998) 1.1 (0.1-2.0) 2.6 

DF – dorsiflexion; PF – plantar flexion; CSA – cross sectional area; ICC – Intra-class correlation 

coefficient; CI – confidence interval; CV – root mean square coefficient of variation. 

3.4.3 2-point versus centroid Achilles tendon length 

For all conditions combined, the 2-point AT length underestimated the centroid length by 

a mean of 0.7 mm (95% CI = 1.8 mm), which corresponded to a mean percentage 

difference of 1.2% (95% CI = 3.0%).  The corresponding mean percentage differences for 

the passive DF, passive PF and active PF conditions were 0.8% (95% CI = 1.9%), 0.5% (95% 

CI = 2.1%) and 0.6% (95% CI = 2.6%), respectively (Figure 11).   
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Figure 11. Bland–Altman plots illustrating the mean difference (solid line) and 95% limits of 

agreement (dashed lines) between the centroid and 2-point Achilles tendon length 

measurements for the passive dorsiflexion, passive plantar flexion and active plantar flexion 

conditions. 

 

3.4.4 Ankle joint torque  

Mean and standard deviation (SD) ankle joint torque for the MVIC trials was 99∙4 N∙m 

(29.4).  Mean (SD) ankle joint torque for passive DF, passive PF and active PF conditions 

was 9.6 N∙m (2.5), 2.4 N∙m (0.5); and 68.9 N∙m (19.6), respectively.  There was no 

significant interaction or main effect for trial or day on ankle joint torque measurements 

for any condition.  Mean (SE) differences between trials for passive DF, passive PF and 

active PF ankle torque were 0.3 N∙m (0.8), 0.08 N∙m (0.2) and 0.02 N∙m (5.8), respectively.  

Mean (SE) differences between the average passive DF, passive PF and active PF ankle 

torque between sessions were 0.04 N∙m (0.4), 0.05 N∙m (0.1) and 0.5 N∙m (0.6), 

respectively.   

3.5 Discussion 

This study demonstrated that freehand 3DUS provides accurate estimates of ultrasound 

phantom morphology and reliable estimates of AT volume, length and average CSA in 

vivo under active and passive load.  The main implication of these findings is that 

freehand 3DUS could be used to investigate differences in AT morphology under different 

static loading conditions within the clinical and/or laboratory environment.  Potential 

applications of 3DUS are widespread including the ability to examine differences in AT 

morphology between populations, and changes across the lifespan and in response to 

pathology, surgery, training or rehabilitation.   

3.5.1 Accuracy of ultrasound phantom measurements 
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3DUS overestimated the ultrasound phantom volumes by a mean of 0.05 ml (95% CI = 

0.01ml), which is similar to previously reported ultrasound phantom validations using a 

single plastic cylinder of a volume of 3.77 ml (mean = 0.01 ml) (Ferrari et al., 2006) and 

water filled balloons ranging from 26 -296 ml (mean = 0.9 ml) (Barber et al., 2009).  This 

study also demonstrated minimal differences in accuracy between the 3DUS length 

measurements when using the 2-point and the centroid method, with both methods 

overestimating the ultrasound phantom lengths by a mean of 0.1 mm (95% CI = 1.3 mm) 

and 0.2 mm (95% CI = 1.8 mm), respectively.  Our ultrasound phantom accuracy values 

equate to a percentage error of less than 0.25%, which is lower than previously reported 

for 3D ultrasound validations using water filled balloon ultrasound phantoms ranging in 

length from 1-10 cm (mean = 1.9 %) (Riccabona et al., 1996).  While the accuracy results 

of our 3DUS phantom measurements are not directly applicable to the measurement of 

AT properties in vivo, the results nevertheless indicate a high level of accuracy for 

measurements of volume and length using our 3DUS system.  

3.5.2 Reliability of Achilles tendon volume in vivo 

The within-session and between-session ICCs for AT volume across all experimental 

conditions were above 0.996, indicating high levels of repeatability and are comparable 

with other studies using similar methodology to assess muscle volume in vivo (Barber et 

al., 2009, MacGillivray et al., 2009). When expressed as a CV our values (range = 0.6-1.4%) 

are similar to in vitro testing of equine tendon lesion volume using 3DUS (CV = 0.54%) 

(Ferrari et al., 2010) and smaller than in vivo human AT volume using MRI (CV = 4.9%) 

(Shalabi et al., 2005).  Mean differences in AT volume of approximately 41% (~ 2 ml) have 

been reported in the symptomatic compared to the contralateral asymptomatic tendon 

(Shalabi et al., 2004b), and between 12% and 14% following short-term and long term 

eccentric exercise, respectively (Shalabi et al., 2004a, Shalabi et al., 2004b).  Our findings 

indicate a mean MDC of 0.2 ml, or approximately 4.5% of the mean AT volume, for 3DUS-

based measurements of AT volume in vivo. Together with the low error of our ultrasound 

phantom volume measurements, these findings demonstrate the feasibility of 3DUS for 

the detection of clinically relevant changes in AT volume, as a result of pathology or 

rehabilitation.   
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3.5.3 Reliability of Achilles tendon length in vivo 

The 2-point and centroid methods for measuring in vivo AT length demonstrated 

excellent within-session and between-session reliability, with ICCs above 0.995 across all 

experimental conditions.  Corresponding CV’s for repeated measures of AT tendon length 

from the present study ranged between 0.4 and 1.3% and are lower than previously 

reported for 2DUSmeasures of AT length (range = 2.4%-3.4% ) (Stokes et al., 2010) and 

elongation of the MG tendon (reported as high as 12%) (Maganaris et al., 2008).  The 

mean MDC for AT length (2-point and centroid) using 3D ultrasound was 1.8 mm, which 

corresponded to approximately 2.5% of the mean AT length in the passive DF condition 

(i.e. ~ 60 mm). An MDC of less than 1.8 mm or 2.5% for AT length measurements for the 

active PF condition would be considered within the limits for detecting a change in AT 

length from rest to a submaximal isometric plantar flexion contraction (e.g. ~ 3 mm or 

5.2% at 50% MVIC) (Farris et al., 2013) .  Together with the low error of length 

measurements demonstrated by ultrasound phantom testing, the reliability results of the 

present study support the application of 3DUS for measurements of AT length under 

active and passive loading conditions.  Although distinct from other ultrasound-based 

methods that quantify tendon mechanical properties based on digital signal and image 

processing (Aubry et al., 2013, Crevier-Denoix et al., 2009, Duenwald et al., 2011, Ophir et 

al., 1996, Pourcelot et al., 2005), length and CSA measurements obtained using 3DUS may 

be used in conjunction with tendon force measures to estimate AT stress and strain.  

3.5.4 2-point versus centroid Achilles tendon length 

Representing the length of the AT as a straight-line (2-point method) measurement led to 

an overall underestimation of the curved (centroid method) length by 0.7 mm (95% CI = 

0.2 mm). The direction of the mean difference in the 2-point tendon compared with the 

centroid length is consistent with previous work (Stosic and Finni, 2011).  The magnitude 

of the difference, however, is unlikely to have an effect on the absolute length of the AT.  

It is therefore reasonable to expect that the effect of 3D curvature on the length of the 

AT is minimal for the conditions evaluated and the 2-point method provides a valid 

estimate of the absolute tendon length.       

3.6 Limitations 
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The main advantage of 3DUS is the ability to measure AT geometry efficiently and 

accurately in the laboratory and clinical environment. There are, however, some 

limitations that must be considered.  The main limitation of 3DUS is that accurate 3D 

reconstructions can only be achieved when ultrasound images are obtained during static 

conditions and is therefore limited to the assessment of AT morphology at rest or during 

passive stretching or isometric contractions.  Dynamic behaviour of tendon including 

assessment of hysteresis is therefore not feasible using this approach.  Measurement 

errors would also be expected to be greater for long duration (e.g. fatiguing) or high 

intensity contractions.  The accuracy results presented are limited to the measurements 

of ultrasound phantoms and may not be representative of the accuracy of AT 

measurements in vivo and hence further validation of 3D ultrasound-based 

measurements of AT morphology in vivo compared to other imaging modalities, including 

MRI, is recommended. Finally, while this study demonstrated the reliability of 3DUS-

based measurement of AT length and volume in-vivo, caution is warranted in generalising 

the findings of the present study to other human tendons in vivo or AT measurements 

made by different examiners. 

3.7 Conclusions 

This study has demonstrated accurate volume and length measurements can be obtained 

using freehand 3DUS.  Furthermore, freehand 3DUS provides reliable measurements of 

human AT volume, length and CSA in vivo during different static loading conditions.  The 

3D curvature of the AT is not an important consideration when measuring length under 

passive and active load and can be adequately represented using a straight-line (2-point) 

model.  Freehand 3DUS may be used to investigate differences in AT morphology 

between populations, across the lifespan and in response to pathology, surgery, training 

or rehabilitation.   
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4.1 Abstract  

Freehand 3DUS was used to investigate longitudinal and transverse deformation and 

rotation of the free AT in vivo during a voluntary submaximal isometric muscle 

contraction.  Participants (n=8) were scanned at rest and during a 70% MVIC of the 

plantar flexors.  Ultrasound images were manually digitised to render a 3D reconstruction 

of the free AT for the computation of tendon length, volume, CSA, medio-lateral (ML) 

diameter, antero-posterior (AP) diameter and transverse rotation.  Tendon longitudinal 

and transverse (CSA, AP diameter and ML diameter) deformation and strain at 70% MVIC 

were calculated relative to the resting condition.  There was a significant main effect of 

contraction on tendon length and mean CSA, ML diameter and AP diameter (P <0.05), but 

no effect on tendon volume (P =0.70).  Group mean longitudinal tendon strain was 6.4 ± 

3.1%. Group mean transverse strains for CSA, ML diameter and AP diameter averaged 

over the length of the tendon were -5.5%, -8.7% and 8.7%, respectively. Peak CSA, ML 

diameter and AP diameter transverse strains all occurred between 40% and 60% of 

tendon length.  Transverse rotation of the free tendon was negligible at rest, but 

increased under load, becoming externally rotated relative to the calcaneal insertion.  

The relationship between longitudinal and transverse strains of the free AT during 

muscle-induced elongation may be indicative of inter-fascicle re-organisation.  The 

finding that transverse rotation and strain peaked in mid-portion of the free AT may have 

important implications for tendon injury mechanisms and estimation of tendon stress in 

vivo. 

4.2 Introduction 

2DUS is an established tool for investigating human AT morphology in vivo and can be 

used to quantify adaptations in response to ageing (Narici et al., 2008, Stenroth et al., 

2012), tendinopathy (Arya and Kulig, 2009, Grigg et al., 2012, Fredberg et al., 2008), 

neurological conditions (Gao et al., 2011, Zhao et al., 2009, Barber et al., 2012) and 

exercise (Obst et al., 2013, Ohberg et al., 2004).  While 2DUS has advanced our 

understanding of AT structure and function in vivo there are a number of inherent 

limitations for measuring tendon length, thickness, diameter and CSA.  Measurements 

are typically limited to single transverse or sagittal plane images acquired at pre-defined 
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locations and therefore do not provide a 3D representation of tendon morphology or 

account for error when structures or landmarks of interest move out of the image plane 

(Fredberg et al., 2008, Cronin et al., 2011).  The image plane is also highly sensitive to 

probe position and orientation which can be difficult to control.  Finally, the narrow field 

of view of a conventional ultrasound probe prevents simultaneous visualisation of key 

anatomical structures of interest, such as the muscle- and osteotendinous junctions 

(Kjaer et al., 2009, Fredberg et al., 2008).  These limitations may be overcome using 

3DUS, which combines conventional 2DUS imaging with 3D motion capture in order to 

generate 3D reconstructions of in vivo anatomical structures in a fixed coordinate system 

(Treece et al., 1999).  3DUS-based measures of lower limb muscle morphology have been 

validated in vivo against MRI (Barber et al., 2009, MacGillivray et al., 2009) and in vitro 

using cadaveric hand muscle (Delcker et al., 1999).  3DUS has been shown to provide 

accurate measures of volume and length compared to objects or ‘phantoms’ with known 

dimensions (Barber et al., 2009, Ferrari et al., 2006, Riccabona et al., 1996, Obst et al., 

2014a), valid and repeatable measurements of intra-tendinous lesion volumes in equine 

flexor tendons (Ferrari et al., 2006) and repeatable measures of human AT volume, length 

and average CSA in vivo at rest and during a submaximal isometric plantar flexion 

contraction (ICCs > 0.99) (Obst et al., 2014a).   

 

Although 3DUS is limited to evaluating tendon morphology under static loading 

conditions, the ability to quantify the 3D morphology of the AT at rest and during muscle 

contraction has a number of potential benefits.  Firstly, it would lead to improved 

characterization of tendon morphology by capturing the variation in transverse 

dimensions along the length of the tendon.  Such information may be useful for 

identifying differences between individuals and monitoring tendon adaptation.  Secondly, 

the ability to measure changes in minimum or average AT CSA during tensile loading 

would enable estimation of ‘true’ tendon stress and lead to more valid estimation of 

material properties including Young’s modulus and Poisson’s ratio in vivo (Vergari et al., 

2011, Defrate et al., 2006).  Thirdly, measuring the contribution of tendon diametral 

deformation to the overall change in CSA under load could have important implications 

for our understanding of tendon mechanobiology.  The elliptical shape of the AT may 
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result in non-uniform transverse deformation during tensile loading that would vary 

along the length of tendon and provide evidence of regional tendon anisotropy in vivo.  

Regional variation in tendon deformation may create areas of increased stress and 

compression within the AT impacting on intra-tendinous fluid flow and increasing the risk 

of injury in these areas (Aparecida de Aro et al., 2012, Smith et al., 2013, Reese et al., 

2010, Arndt et al., 1998).  While there is evidence that isolated tendon fibres and fascicles 

re-organise and rotate under tensile load creating increased intra-tendinous compression 

(Khodabakhshi et al., 2013, Haraldsson et al., 2005, Cheng and Screen, 2007), it is not 

known whether changes at the micro-structural level translate to a measurable change in 

morphology at the organ level.  Because tendon cells are sensitive to both tensile and 

compressive forces, evidence of regional deformation and potential stress concentration 

within the free AT, will have direct impact on our understanding of tendon loading during 

muscle contraction and provide key in vivo data for the development and optimisation of 

macro-scale computational models of the AT (Smith et al., 2013).  Finally, 3DUS could also 

be used to measure the degree of a ‘twist or ‘rotation’ of the AT that was originally 

described in the 1940’s (Cummins and Anson, 1946, White, 1943) and more recently 

quantified ex vivo (van Gils et al., 1996).  Individual tendon fascicles of the gastrocnemius 

and soleus muscles appear to rotate about each other around the long axis of the tendon 

(Szaro et al., 2009), such that the whole AT appears externally rotated from distal to 

proximal by approximately 37° (range = 11- 65°) in the transverse plane (van Gils et al., 

1996). vans Gils et al (1996) used superficial pins inserted perpendicular to, and along the 

length of 16 human cadaveric ATs to estimate rotation and noted that rotation was 

present in all specimens, but to varying degrees.  The authors concluded that rotation of 

the human AT reflects a normal developmental adaptation to growth and mechanical 

loading that likely plays an important role in the strength and function of the tendon in 

vivo (Smith et al., 2013, van Gils et al., 1996, Morimoto and Ogata, 1968). However, 

rotation may also create localized tendon stress in the mid-portion of the tendon and 

compression and constriction of vascular networks (Smith et al., 2013), and as such, may 

contribute to the high incidence of injuries in this region (Alfredson et al., 2011, Theobald 

et al., 2005, Segal and Song, 2005).  While recent studies have demonstrated rotation of 

isolated tendon fascicles during tensile loading using confocal microscopy (Khodabakhshi 
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et al., 2013, Haraldsson et al., 2005), it is not known whether changes at the fibre level 

are representative of a change in morphology at the organ level.  

 

Here we use the freehand 3DUS method described by Obst et al. (2014a) to quantify the 

regional 3D deformation and transverse rotation of the free AT in vivo during voluntary 

isometric muscle contraction.  70% MVIC was selected to ensure adequate tendon 

elongation and strain, but minimise the influence of fatigue on the accuracy and 

repeatability of the 3DUS-based measures (Obst et al., 2014a).  The specific purpose of 

this study was to investigate longitudinal elongation/strain and corresponding regional 

changes in CSA, ML diameter, AP diameter, and transverse rotation of the free AT during 

a submaximal isometric plantar flexion contraction.  

4.3 Methods 

4.3.1 Participants 

Eight male participants (means ± SD for age, height and mass were 28 ± 2.4 yr, 178 ± 10.2 

cm and 79 ± 13.6 kg, respectively) volunteered to participate in the study.  All participants 

were recruited from the local university population and provided written informed 

consent prior to participation in accordance with institutional guidelines. All participants 

were recreationally active and aged between 18 and 35 years and had no recent or 

recurrent AT or lower leg musculoskeletal injury and/or surgery or upper or lower motor 

neuron disorders (e.g. cerebral palsy, muscular dystrophy).  The study was approved by 

the institutional human research ethics committee and was performed in accordance 

with the Declaration of Helsinki. 

4.3.2 Experimental design and protocol 

Three ultrasound scans of the left AT were performed on two consecutive testing 

sessions for each of the following experimental ankle conditions: 1) at rest in 15° passive 

plantar flexion; and 2) 70% MVIC of the plantar-flexors in 15° PF.  Participants were 

positioned prone on a plinth with their left knee joint at 0° flexion and ankle rigidly 

secured to a foot plate with an in-built force transducer (TFF600, Futek ), such that the 

axis of rotation of the talocrural joint aligned with the axis of rotation of the force 

transducer.  In this position the mean net ankle joint torque at rest was negligible (< 2.5 



Chapter 4 

52 
 

N∙m) and thus length measures made in this position would be considered a reasonable 

estimation of tendon ‘slack’ length (Muramatsu et al., 2001).  The angle of the foot plate 

was rigidly fixed at 15° relative to vertical and confirmed using a mini digital inclinometer 

(810-110, Guilin Digital Electronic Co.) (Accuracy = 0.1°). The corresponding position of 

the ankle joint when secured to footplate was approximately 15° plantar flexion.  The 

ankle position was confirmed using a plastic goniometer using standard anatomical 

landmarks and measurement procedures with moderate-high intra-rater repeatability 

[ICC=0.82, (Youdas et al., 1993)]. The order of experimental conditions was randomised.  

Prior to the ultrasound trials each participant completed three 3-5 s MVIC’s of the 

plantar-flexors to pre-condition the tendon (Maganaris, 2003b) and establish the target 

torque levels for the 70% MVIC trials.  All torque data were recorded at 1000 Hz using a 

custom LabView program (LabView 9.0, National Instruments) and USB data acquisition 

device (NI:USB-6259 BNC, National Instruments).  Real-time visual feedback of torque 

with respect to time was provided using a second monitor to ensure participants achieve 

and maintain the target ankle torque for the duration of the trial.  A rest period of 1-2 

min was provided between isometric trials to minimise the influence of fatigue.  The 

group mean standard deviation for ankle torque during the 70% MVIC was 1.31 ± 0.89 

N∙m, indicating participants were able to match the required torque. 

4.3.3 Freehand 3DUS system 

Our freehand 3DUS system was initially developed to evaluate muscle (Barber et al., 

2009) and subsequently adapted to evaluate AT morphology.  In brief, the system 

consisted of a standard ultrasound machine (SonixTouch, Ultrasonix) and a five camera 

optical tracking system (V100:R2, Tracking Tools v 2.5.2, NaturalPoint) that was rigidly 

mounted to the ceiling to prevent movement and optimise the optical field of view for 

data collection.  Ultrasound images were acquired using a 58 mm linear transducer (L14-

5W/60 linear, Ultrasonix) with a central frequency of 10MHz, sampling frequency of 40 

Hz and standardised B-mode image settings (depth 40 mm, gain 50%, dynamic range 65 

dB, map 4, power 0).  A custom thermoplastic casing attached to the end of the 

transducer held a 2 cm thick acoustic standoff pad (Ultra/Phonic Focus, Pharmaceutical 

Innovations Inc.) to enhance visualisation of the tendon cross-section.  The 3D position 

and orientation of four reflective markers rigidly fixed to the ultrasound transducer were 
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recorded using the optical tracking system.  The 2DUS images were subsequently 

transformed into the global coordinate system using a commercial software package 

(Stradwin 4.41, Cambridge University).  Prior to data collection, temporal and spatial 

calibration of the ultrasound transducer was performed in a water-bath (22°C) using a 

single wall phantom calibration (Prager et al., 1998).  Following calibration, the 

coordinates of any pixel within a 2DUS image were transformed into 3D space with an 

error of ± 0.8 mm. All scans were performed by a single investigator using a single 

transverse sweeping scan performed at a steady speed (~ 1 cm.s-1) commencing over the 

posterior calcaneus and progressing proximally along the mid-line of the posterior leg.  

Scan duration was approximately 10-15 s with an approximate between-frame distance 

of 0.1 mm.  

4.3.4 Image segmentation and surface rendering 

Image acquisition and segmentation were performed using the Stradwin software 

package1 (Treece et al., 1999) and post-processing was performed using Matlab (Version 

R2012a, The Mathsworks Inc.) (Appendix 1 – Custom Matlab code).  Free AT cross-

sections were manually segmented using the original B-mode transverse images at 

approximately 5-10 mm intervals along the length of the tendon from the soleus muscle-

tendon junction to the most distal part of the calcaneal notch (Hawkins et al., 2009).  

These landmarks were first identified using the reconstructed sagittal plane image re-

slices and confirmed using the corresponding transverse image slices. Each tendon was 

represented by 8-16 digitised cross-sections.  The corresponding 3D point clouds of each 

segmented tendon cross-section were interpolated using a cubic spline function and 

averaged to represent the centroid of each cross-section (i.e. cross-section centroids).  

The 3D surface was rendered by interpolating between indexed points of the cross-

section and along the length of the tendon (Figure 12).  
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Figure 12. Representative data from a single participant (subject # 2). (A) Non-normalized 

superimposed 3D surfaces of the left free AT at rest (light grey) and during a 70% MVIC (dark 

grey) and viewed from the anterior (left image) and posterior (right image) aspect of the tendon. 

(B) Free AT shape normalized to tendon length.  (C) Cross-sectional shapes and principal axes of 

the area moment of inertia for tendon cross-sections at 0, 20, 40, 60, 80 and 100% of tendon 

length. .  Transverse rotation was computed from distal to proximal and defined as the angle 

formed between the principal axes of each cross-section relative to cross-section corresponding 

to the tendon insertion.  By this definition clockwise rotation corresponded to a negative (i.e. 

external rotation).  AP diameter - APD; ML diameter - MLD; anterior - A; posterior - P, medial - M; 

lateral - L.   

 

4.3.5 AT 3D morphological measurements 

AT length was defined as the cumulative sum of distances between consecutive cross-

section centroids.  Tendon elongation was calculated by subtracting tendon length in the 
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70% MVIC condition from the corresponding resting length.  Tendon longitudinal strain 

was calculated by dividing tendon elongation by the corresponding resting length.  

Tendon CSA was defined as the area of the cross-section spline projected onto the plane 

perpendicular to the longitudinal spline tangent and was computed as the sum of n 

triangles formed by the cross-section centroid and two consecutive cross-section spline 

points.  Tendon volume was computed by dividing the space between consecutive cross-

section splines into hexahedrons representing the volume between opposite triangles 

and then into tetrahedrons, which were summed to compute total tendon volume.  

Tendon ML diameter, AP diameter and transverse rotation were obtained from the 

principal axis of each cross-section.  Briefly, each projected cross-section spline was filled 

with a grid containing n points separated by a distance of one third of the mean distance 

between the cross-section spline points.  The area moment of inertia was computed 

assigning the same weight for all grid points and eigen vectors were computed that 

corresponded to the principal axes of each cross-section spline.  ML diameter was then 

defined by the intersection of the ML principal axis with the cross-section spline.  This 

intersection was represented as the four closest points of a plane containing the ML 

principal axis vector, the cross-section longitudinal spline tangent and cross-section 

centroid.  ML diameter was then computed as the maximal distance between these four 

points.  The same approach was used to compute AP diameter by using the 

corresponding AP principal axis vector, orthogonal to the ML principal axis vector.  ML 

diameter and AP diameter transverse strains were calculated by dividing the change in 

diameter by the corresponding resting measures.  Tendon transverse rotation was 

defined as the angle between the ML principal axis of each cross-section spline relative to 

the most distal cross-section (i.e. calcaneal insertion) and projected onto the plane of this 

reference cross-section to avoid the influence of cross-section spline inclination.  

Negative transverse rotation was defined as external rotation relative to the orientation 

of the reference cross-section (Figure 12).  All tendon morphological and strain 

measurements are expressed relative to the normalized tendon length. Poisson’s ratio (𝑣) 

was computed using measures of longitudinal tendon strain (𝜀𝐿) and mean CSA at rest 

(𝐶𝑆𝐴𝑜) and during the 70% MVIC condition (𝐶𝑆𝐴70), according to the equation proposed 

by Vergari et al (2011): 
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𝑣 =  −0.5 (ln (
𝐶𝑆𝐴70

𝐶𝑆𝐴𝑜
) / ln(1 + 𝜀𝐿)) (1) 

 

4.3.6 Repeatability of ankle torque and tendon morphological measurements 

Inter-trial repeatability was assessed using the coefficient of variation (CV) for ankle 

torque, tendon length and volume and the coefficient of mutliple correlation (CMC) for 

tendon ML diameter, AP diameter, CSA and transverse rotation (Kadaba et al., 1989).  

Representative trial data for ML diameter, AP diameter, CSA and transverse rotation from 

a typical participant, including the corresponding ensemble average and CMCs, are 

displayed in Figure 13.  Mean CV across both ankle conditions for torque, tendon length 

and tendon volume were 4.3 ± 4.5%, 1.2 ± 0.07% and 3.8 ± 1.8%, respectively. CMCs for 

the remaining tendon parameters were acceptable with the highest values recorded for 

CSA (rest = 0.92 ± 0.04% ; 70% MVIC = 0.90 ± 0.05%) and ML diameter (rest = 0.95 ±  

0.06%; 70% MVIC = 0.96 ± 0.02%) and the lowest recorded for rotation (rest = 0.68 ± 

0.18%; 70% MVIC = 0.63 ± 0.17%)  (Figure 14).   
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Figure 13. Representative  tendon morphological data from a single participant (subject #2) 

obtained at rest (A) and during a 70% MVIC (B). Six trials (solid) were collected for each ankle 

condition and averaged (dashed) for further analysis.  Inter-trial repeatability was evaluated using 

the coefficient of multiple correlation (CMC). AP diameter - APD, ML diameter - MLD. 
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Figure 14. Mean coefficient of multiple correlation (CMC) for free AT CSA, ML diameter (MLD), AP 

diameter (APD) and transverse rotation obtained at rest (white) and during a 70% MVIC (black).  

Error bars represent one standard deviation of the mean (n = 8). 

 

4.3.7 Statistical analysis 

The effects of the 70% MVIC on free AT length, volume and mean CSA, ML diameter and 

AP diameter were assessed using two-tailed Student t-tests.  The effect of the 70% MVIC 

on free AT CSA, ML diameter, AP diameter and transverse rotation at each 10% interval 

of the tendon length, was assessed using two-way repeated measures ANOVA.  A-priori 

pairwise comparisons were performed for tendon CSA, ML diameter, AP diameter and 

transverse rotation at each 10% interval using Bonferroni corrections for multiple 

comparisons.  Relationships between tendon deformation and strain parameters were 

assessed using Pearson’s product-moment correlation coefficient (r). All statistical 

analysis was performed using SPSS Statistics software (version 20.0, SPSS Inc., Chicago, IL) 

and the significance level was set at P < 0.05.  Data are reported as means (SD) and 

corresponding 95% confidence intervals (CI) where appropriate. 

4.4 Results 

Mean ankle joint torque for the MVIC, 70% MVIC and resting trials were 108.2 ± 31.8 

N∙m, 71.6 ± 21.3 N∙m and 2.25 ± 0.51 N∙m, respectively.  There was a significant effect of 

contraction on free AT length (t = -6.77, P = 0.00026), mean CSA (t =-3.16, P = 0.016) 

mean ML diameter (t = -6.34, P= 0.00037) and mean AP diameter (t = 3.72, P = 0.007) and 

no effect on tendon volume (t = -0.40, P = 0.701) (Table 4). Mean longitudinal tendon 

strain (𝜀𝐿) during the 70% MVIC condition was 6.4 ± 3.1%.  There was a significant main 
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effect of contraction and measurement site on tendon CSA, ML diameter, AP diameter 

and transverse rotation (P < 0.05) and significant interaction between contraction and 

measurement site on tendon ML diameter (F10,70 = 2.76, P = 0.006), AP diameter (F10,70 = 

2.76, P = 0.006), and transverse rotation (F10,70 = 2.76, P < 0.0001).  A-priori pairwise 

comparisons revealed a significant difference between ankle conditions for all four 

tendon parameters (CSA, ML diameter, AP diameter and rotation) at 40%, 50% and 60% 

of tendon length (Figure 15).  Group mean transverse strains for CSA, ML diameter and 

AP diameter averaged over the length of the tendon were -5.5 ± 4.0%, -8.7 ± 4.1% and 

8.7%  ± 6.8%, respectively (Figure 16). Group mean peak CSA, ML diameter and AP 

diameter transverse strains were -7.4 ± 7.5%, -14.6 ± 6.2% and 12.9 ± 6.3%, respectively, 

and occurred between 40% and 60% of tendon length.  Mean Poisson’s ratio (𝑣) was 0.55 

± 0.3 (n = 7).  Because estimation of Poisson’s ratio may not be reliable when longitudinal 

strains is less than 2.7% (Vergari et al., 2011), data from subject #8 (𝜀𝐿 =1.2%) was not 

included in our estimation of Poisson’s ratio. 

 

Table 4. Summary of free AT morphological parameters. 

 Resting 70% MVIC Mean Difference Effect Size (d) 95% CI 

Length (cm) 6.36 ± 1.65 6.74 ± 1.55† 0.38 ± 0.16 0.23 -0.76-1.20 

Volume (ml) 4.85 ± 0.95 4.87 ± 0.91 0.02 ± 0.13 0.04 -0.94-1.02 

Mean CSA (cm2) 0.78 ± 0.14 0.74 ± 0.11† -0.05 ± 0.04 -0.34 -1.31-0.66 

Mean ML diameter (cm) 1.49 ± 0.18 1.33 ± 0.15† -0.16 ± 0.07 -0.98 -1.96-0.1 

Mean AP diameter (cm) 0.56 ± 0.05 0.61 ± 0.06† 0.05 ± 0.04 0.93 -0.15-1.90 

Mean transverse rotation (°) -0.18 ± 1.82 -4.54 ± 2.49† -4.36 ± 2.60 -1.93 -2.99- -0.66 

Data are means ± SD, n = 8. †Significantly different to resting condition (P < 0.05). MVIC-MVIC; CI - 

% confidence interval of effect size (d). 

 



Chapter 4 

60 
 

 

Figure 15. Group data for free AT CSA (A), ML diameter (MLD) (B), AP diameter (APD) (C) and 

transverse rotation (D) obtained at rest (solid), and during a 70% MVIC (MVIC) (dashed) and 

expressed relative to normalized tendon length (0% = calcaneal insertion; 100% = soleus muscle-

tendon junction).  Error bars represent one standard deviation of the mean (n = 8).  A-priori 

multiple pairwise comparisons were performed to assess the effect of the 70% MVIC at each 10% 

interval for all tendon parameters.  *Indicates significant differences between ankle conditions at 

the corresponding tendon region (P < 0.05). 

 

 

Figure 16. Group data comparing free AT CSA (■), ML diameter (▲) and AP diameter (●) 

transverse strains at 70% MVIC, expressed relative to normalized tendon length (0% = calcaneal 
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insertion; 100% = soleus muscle-tendon junction).  Error bars represent one standard deviation of 

the mean (n = 8).  

4.5 Discussion 

This study provides the first in vivo data that describe the 3D deformation and transverse 

rotation of the free AT during a submaximal isometric plantar flexion contraction.  We 

report three main new insights.  Firstly, free AT mean CSA and ML diameter is reduced 

and AP diameter is increased during contraction-induced elongation. Secondly, peak 

changes in tendon CSA and transverse deformation tended to occur in the mid-portion of 

the tendon.  Finally, the degree of twist previously reported in the AT at rest appears to 

be accentuated during contraction-induced elongation. The results of this study could 

have important implications for our understanding and estimation of stress distribution 

within the human free AT in vivo, the role of regional transverse deformation and strain 

for tendon adaptation and injury, and the development of multi-scale computational 

models of tendon behaviour (Smith et al., 2013, Thompson, 2013). 

4.5.1 CSA of the free AT 

Consistent with previous in vivo studies (Arampatzis et al., 2010, Magnusson and Kjaer, 

2003, Muraoka et al., 2004, O'Brien, 1992), free AT CSA was greatest at the calcaneal 

insertion, progressively decreased proximally, reaching a minimum of 0.58 mm2 ± 0.13 

mm2 at approximately 70% of the tendon length (i.e. ~5 cm proximal to calcaneus).  

During contraction there was a significant reduction in mean CSA, which was strongly 

correlated with longitudinal tendon elongation, and primarily driven by decreased CSA in 

the mid region of the tendon. The lack of change in CSA in the proximal and distal regions 

of the free tendon could be due to different material properties and/or an anchoring 

effect provided by the muscle- and osteotendinous junctions, respectively, which would 

limit longitudinal strains in these regions (Azizi et al., 2009, Azizi and Roberts, 2009, Farris 

et al., 2013, Iwanuma et al., 2011).  Our results suggest that for a given tensile force, the 

mid-portion of the free AT could experience higher stress and shear loading compared to 

the proximal and distal portions.  Regional variations in tendon stress may be important 

for tendon homeostasis due to areas of localized matrix deformation, non-homogenous 

longitudinal strain and the creation of hydrostatic intra-tendinous pressure gradients 
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causing further fluid-flow-induced shear stress (Arnoczky et al., 2002, Docking et al., 

2013, Grigg et al., 2009, Arnoczky et al., 2007, Screen and Evans, 2009, Arnoczky et al., 

2008). While the stress-strain distribution of the whole tendon does not necessarily 

reflect that at the fibre level (Haraldsson et al., 2008), the observation that peak tendon 

stress may coincide with the tendon region that is poorly vascularised and ill-suited to 

resisting shear loads, may help to explain the high incidence of tendon ruptures and 

degeneration in this region (Magnusson et al., 2003a, Magnusson et al., 2003c, 

Magnusson and Kjaer, 2003, Rosager et al., 2002).  Furthermore, we also found an 

inverse linear relationship between tendon elongation and CSA deformation (r = -0.93) 

and tendon longitudinal strain and mean CSA strain (r = -0.84), which is in support of 

previous in vitro studies (Pokhai et al., 2009, Vergari et al., 2011).  Accordingly, a more 

compliant tendon may experience higher longitudinal strain and average stress for an 

equivalent contraction-induced tendon force and therefore be at greater risk of both 

strain and stress induced injury, compared to a less compliant tendon with the same 

dimensions. 

 

The findings that mean and mid-region tendon CSA significantly reduced during 

contraction-induced loading questions the use of estimating AT stress (‘engineering 

stress’) in vivo using a constant tendon CSA measured at rest (Vergari et al., 2011).  

According to our data, the use of a resting mean or mid-portion (i.e. 40-60% tendon 

length) CSA would underestimate the ‘true’ tendon stress by an average of 5.3% and 

6.4%, respectively. The difference between ‘engineering’ and ‘true’ stress may be further 

exaggerated when single CSA measures are used, such as the minimum CSA or CSA at a 

pre-determined location.  Further, because of the inverse linear relationship between 

tendon CSA and longitudinal elongation/strain (Vergari et al., 2011), failing to account for 

changes in tendon CSA under tensile load would lead to underestimation of Young’s 

modulus, particularly when computed from a small number of data points or data from 

the upper-portion of the stress-strain curve (Magnusson et al., 2001, Magnusson et al., 

2003b).   

4.5.2 Longitudinal strain and Poisson’s ratio for the free AT 
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The 70% MVIC condition chosen in the current study corresponded to a mean 

longitudinal strain of 6.4% ± 3.1% that is within the range reported in previous in vivo 

studies of free AT strain during submaximal isometric contractions [~5.3% at 50% MVIC 

(Farris et al., 2013); ~8% at 87% MVIC (Magnusson et al., 2003b); ~3.3% at 60% MVIC 

(Iwanuma et al., 2011); ~3.8% at 50% MVIC (Lichtwark et al., 2013)].  Based on our 

estimate of tendon longitudinal strain and mean CSA deformation (Vergari et al., 2011), 

we computed an average Poisson’s ratio for the free AT of 0.55 (SD 0.30) (range = 0.17-

1.13).  Our estimate is comparable to previous estimates of the human AT aponeurosis [~ 

0.6 (Iwanuma et al., 2011)], equine flexor tendons [~ 0.55 (Vergari et al., 2011)] and 

isolated rat tail tendon fascicles [~ 0.8 (Cheng and Screen, 2007)]. Together with the 

finding that tendon volume did not change during the 70% MVIC, our estimation of 

Poisson’s ratio supports previous suggestions that whole tendons behave 

isovolumetrically and are incompressible under tensile load (Iwanuma et al., 2011, 

Vergari et al., 2011).  It should however be noted that the mean detectable change for 

our tendon volume measures was approximately 0.2 ml (Obst et al., 2014a) and so we 

cannot discount small fluctuations in fluid content in response to our loading protocol. 

4.5.3 ML and AP diameter of the free AT 

In-line with a previous in vivo study on the free AT (Iwanuma et al., 2011) our data 

indicate the whole tendon narrowed during contraction-induced elongation, as 

evidenced by a significant decrease in mean ML diameter and corresponding mean 

negative strain of 8.7%.  However, in contrast to the findings of Iwanuma et al (2011), 

whereby free AT transverse (i.e. width) strain peaked near the calcaneus (-4.5%) and 

reduced proximally, our results suggest the tendon narrowed along its entire length, with 

a  mean strain of -8.7% and peak strain of -15% located in the mid-portion of the tendon. 

While differences in loading protocols, including ankle position [15° plantar flexion 

present study; neutral (Iwanuma et al., 2011)] and fixation method, and resultant 

longitudinal strain of the free tendon [6.4% present study; 3.3% (Iwanuma et al., 2011)] 

may account the variation in transverse strain magnitude, the method used to compute 

tendon width likely had the greatest effect.  Iwanuma et al (2011) measured tendon 

width using a curved line bisecting the tendon centre and lateral edges, and as such, 

transverse strain measurements would have been directly influenced by changes in 
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tendon AP diameter, which according to our data peaked in the mid- and proximal 

tendon.  Hence, transverse strain as defined by Iwanuma et al (2011) may have been 

offset or under-estimated in these regions because of associated positive strain in the AP 

axis.  It is therefore difficult to compare our transverse strain results with those of 

Iwanuma et al (2011), particularly for mid and proximal tendon measurements.  

Nevertheless, our results support the overall finding of Iwanuma et al (2011) that the free 

AT narrowed during contraction-induced elongation and experienced an overall negative 

transverse (i.e. ML diameter) strain that was proportional to the contraction intensity and 

thus longitudinal strain.  We also extend the findings of Iwanuma et al (2011) and 

demonstrate the free tendon also became thicker (i.e. increased AP diameter) as 

indicated by a mean positive strain of 8.7%.  Furthermore, our data suggest an inverse 

linear relationship between regional ML diameter and AP diameter strain (r = -0.90) and 

mean ML diameter and AP diameter strain (r = -0.71) (Fig. 5). Morphologically, these 

changes resulted in the tendon becoming more cylindrical in shape, particularly within 

the mid-portion and suggest internal re-organisation of free AT fascicles (Lynch et al., 

2003, Benjamin et al., 2008).  Mechanical and structural independence of AT fascicles has 

been identified previously, and may be critical to accommodate asymmetrical force 

production by activation of the Triceps Surae muscles (Arndt et al., 1998, Lersch et al., 

2012) and minimize areas of stress and strain concentration (Haraldsson et al., 2008).  

Internal re-organisation of fascicles could, therefore, occur due to non-uniform 

displacement of Triceps Surae muscle aponeuroses and tendon fascicles (Arndt et al., 

2011, Arndt et al., 1998, Bojsen-Møller et al., 2004, Albracht et al., 2008, Lersch et al., 

2012, Finni et al., 2003) and/or inter-fascicular sliding, rotation and packing within the 

paratenon (Khodabakhshi et al., 2013, Haraldsson et al., 2008, Cheng and Screen, 2007, 

Reese et al., 2010).  Hence the ability of the free AT to dynamically change cross-sectional 

shape under tensile load may have direct implications for intra-tendinous force 

distribution (Haraldsson et al., 2008), fluid flow (Reese et al., 2010, Yin and Elliott, 2004) 

and tissue homeostasis (Benjamin et al., 2008, Smith et al., 2013).    Future work is 

needed to establish the differences in transverse strain behaviour between healthy, aged 

and injured tendons and to investigate the role of bi-axial transverse strain as a stimulus 

for short- and long-term tendon adaptation.         
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4.5.4 Transverse rotation or “twist” of the free AT 

Our results indicate negligible transverse rotation of the free AT at rest (mean = -0.18 ± 

1.82°; peak = 3.5 ± 0.9°).  These values are smaller than reported by van Gils et al (1996) 

and likely reflect differences in measurement techniques, the tendon region over which 

rotation was measured [free tendon vs. whole tendon (van Gils et al., 1996)] and inherent 

problems associated with comparing in vivo and in vitro tendon properties (Maganaris et 

al., 2008).  More importantly, however, our study showed a significant effect of the 70% 

MVIC on mean and mid-portion tendon rotation, such that the tendon was externally 

rotated relative to the resting condition with a mean and peak rotation of approximately 

-4.5° and -9°, respectively.  The direction of the rotation identified for the whole tendon 

under load in our study appears consistent with the direction of the rotation of tendon 

fascicles report by Szaro et al (2009) when expressed in the same frame of reference (i.e. 

from distal to proximal).  To our knowledge, this is the first in vivo evidence of free AT 

transverse rotation during tensile loading and hence it is difficult to speculate on the 

origin and relevance of tendon rotation.  Increased transverse rotation during muscle 

contraction could be due to increased calcaneal inversion (Lersch et al., 2012) or changes 

in Triceps Surae muscle shape, location  (Finni, 2006, Hodgson et al., 2006), and/or 

contribution to tendon force (Albracht et al., 2008, Arndt et al., 1998) during isometric 

contractions.  Furthermore, the observed regional variation in transverse rotation may in 

fact reflect the changing cross-sectional orientation of free AT fascicles, in particular the 

fascicles formed from tendon fibres arising from the medial head of the gastrocnemius 

muscle (Szaro et al., 2009), relative to the tendon longitudinal axis of rotation (Lersch et 

al., 2012).    Regardless of the source, the implications of whole tendon transverse 

rotation on tendon function and adaptation are of interest. The finding that whole 

tendon transverse rotation increased in response to tensile loading appears consistent 

with observations of whole animal tendons (Dean et al., 2007) and isolated fascicles 

(Haraldsson et al., 2008, Khodabakhshi et al., 2013), whereby, rotation was suggested as 

a mechanism by tendons respond to and resist tensile strain, facilitate fluid flow and 

optimise muscle force-length relationships.  The location and magnitude of tendon 

transverse rotation may, therefore, have important implications for normal AT function, 

adaptation and the pathogenesis of overuse injuries (Lersch et al., 2012).   
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4.6 Limitations 

Morphological measurements in the present study were restricted to the free AT and 

under a single sub-maximal isometric loading condition and thus do not represent 

deformation and/or rotation of the whole AT, including the aponeurosis, or allow 

comparison of regional longitudinal strain behaviour.  It is therefore difficult to draw firm 

conclusions regarding the contribution of the proximal AT and muscles of the Triceps 

Surae to the global and regional patterns of deformation, strain and rotation of the free 

AT described in the present study.    Furthermore, without concomitant estimation of in 

vivo tendon force, which in itself is problematic to obtain non-invasively, we can only 

speculate on the significance of the observed tendon CSA deformation on tendon stress.  

Similarly, because of inability to accurately define and segment individual tendon 

fascicles using ultrasound, our free AT strain and rotation data are limited to the organ 

level and therefore do not reflect morphological and/or mechanical changes at the 

fibre/fascicle level or permit distinction between longitudinal strains between regions of 

the free tendon.  We estimated rotation as the angle formed between the principal axes 

of each cross-section relative to the cross-section at the tendon insertion on the 

calcaneus. Our method therefore provides an estimate of whole tendon rotation along its 

length and is conceptually similar the methods for defining tendon rotation or ‘torsion’ 

used by van Gils et al (1996).  3DUS simply describes the shape and orientation of each 

cross-section and cannot be used to infer localised tissue strains (or stiffness) within or 

between individual cross-sections.  Furthermore, we can also not discount the possible 

influence of tendon deformation on our transverse rotation measurements, particularly 

during the MVIC condition where the tendon shape approximated a circle.  This may 

explain the relatively poorer reliability of transverse rotation measurements (CMC = 0.63-

0.68) during the MVIC condition compared to the other morphological measures (CMC = 

0.70-0.98). Also, because rotation was defined relative to the orientation of the cross-

section at the tendon insertion comparisons made between conditions may have been 

influenced by differences in the orientation of the calcaneus.  However, we found almost 

perfect agreement (r = 0.997) between the 3D point coordinates of the tendon cross-

section origin at rest and under load, and thus the effect of calcaneal movement during 

the 70% MVIC on tendon transverse rotation was considered negligible. Finally, our 
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measurements were based on the creation of a 3D surface to represent the tendon shape 

using spline interpolation of manually digitised 3D point clouds that approximated the 

cross-sectional shape of the tendon and were defined at regularly spaced intervals along 

the tendon length.  Therefore, our method assumes relative uniformity in the tendon 

shape between these digitised cross-sections. 

4.7 Conclusions 

The free AT experienced negative strain along the ML axis and positive strain along the AP 

axis when subjected to longitudinal strain via voluntary isometric contraction of the 

plantar flexor muscles, with the mid-portion of the AT experiencing the highest overall 

transverse deformation and strain. We also observed that the free AT rotated externally 

in response to contraction-induced longitudinal strain.  Taken together these findings are 

suggestive of a fundamental reorganisation of collagen fascicles under load which could 

have implications for understanding the mechanisms underlying mid-portion AT injury 

and adaptation of the tendon in response to mechanical stimuli. 
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5.1 Abstract 

Understanding the mechanical and morphological adaptation of the AT in response to 

acute exercise could have important implications for athletic performance, injury 

prevention and rehabilitation.  The purpose of this study was to conduct a systematic 

review and critical evaluation of the literature to determine the immediate effect of a 

single bout of exercise on the mechanical and morphological properties of the AT in vivo.  

Five electronic research databases were systematically searched for intervention based 

studies reporting mechanical and morphological properties of the AT following a single 

bout exercise bout.  Searches revealed 3292 possible articles, 21 met the inclusion 

criteria.  There is evidence that maximal isometric contractions and prolonged static 

stretching (> 5 min) of the Triceps Surae complex cause an immediate decrease in AT 

stiffness, while prolonged running and hopping have minimal effect.  Limited, but 

consistent evidence exists indicating that AT hysteresis is reduced following prolonged 

static stretching.  Consistent evidence supports a reduction in free AT AP diameter 

following dynamic ankle exercise and this change appears most pronounced in the 

healthy tendon and following eccentric exercise.  The mechanical and morphological 

properties of the AT in vivo are affected by acute exercise in a mode and dose dependent 

manner.  Transient changes in AT stiffness, hysteresis and diameter following 

unaccustomed exercise modes and doses may expose the tendon to increased risk of 

strain injury and impact on the mechanical function of the Triceps Surae muscle-tendon 

unit. 

5.2 Introduction 

The AT forms a dynamic link between the Triceps Surae and calcaneus and is the largest 

and strongest tendon in the body (Maffulli, 1999). Despite this, the AT is also one of the 

most commonly injured tendons, prevalent in both athletic and sedentary populations 

(Wren et al., 2003, Maffulli and Kader, 2002). As well as experiencing large forces (up to 

11 k∙N during running (Komi et al., 1992)), the AT is described as being a compliant 

tendon, because it undergoes relatively large length changes during functional activities, 

with peak strains of 4.8% and 5.6% being reported for walking and running (Lichtwark 

and Wilson, 2006) and up to 8.2% for single leg hopping (Lichtwark and Wilson, 2005). 
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During stretch shorten cycle (SSC) movements strain energy is stored in the AT during 

lengthening, most of which is rapidly recovered during shortening, thereby contributing 

to work generation by the muscle-tendon unit (MTU) (Ishikawa et al., 2005, Maganaris 

and Paul, 2002). A further consequence of AT compliance is that the calf muscle fibres 

located in series with the AT are able to operate at lengths and velocities which are 

favourable for force production and hence the compliance of the healthy human AT is 

optimised for locomotion (Lichtwark and Wilson, 2007, Lichtwark and Wilson, 2008, 

Reeves and Narici, 2003).  

 

It has been well documented that the mechanical and/or morphological properties of the 

AT are altered in ageing, disease and in response to changes in mechanical loading. AT 

stiffness is reduced in individuals with chronic tendinopathy (Arya and Kulig, 2009), older 

adults (Narici et al., 2008, Narici et al., 2002), and following prolonged immobilisation 

(Maganaris et al., 2006, Reeves et al., 2005). In contrast, trained endurance and jumping 

athletes have a larger AT CSA (Kongsgaard et al., 2005, Magnusson and Kjaer, 2003, 

Rosager et al., 2002) and sprinters have higher AT stiffness (Arampatzis et al., 2007b), 

compared to untrained controls.  Similarly long-term isometric (Burgess et al., 2007, 

Arampatzis et al., 2007a), eccentric (Morrissey et al., 2011) and ballistic stretching 

(Mahieu et al., 2007) interventions result in increased AT stiffness and Young’s modulus, 

while other types of exercise training including plyometric (Foure et al., 2010, Foure et 

al., 2012), concentric and static stretching (Kubo et al., 2002a) have been reported to 

have little or no effect on tendon properties.  Inherent differences in the tendon stress-

strain characteristics (i.e. magnitude, rate, duration and frequency) between exercise 

modes and doses coupled with the suggestion that tendons exhibit stress-strain 

dependent limits or thresholds for adaptation  may, in part, provide a rationale for the 

differential changes in AT mechanical and morphological properties with long-term 

training (Arampatzis et al., 2007a, Lavagnino and Arnoczky, 2005, Arampatzis et al., 

2010).              

 

In addition to understanding the effect of long term training on AT mechanical and/or 

morphological properties, it is also necessary to examine the immediate effects of 
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specific exercise modes and doses on these properties. This is important for several 

reasons. Firstly, cycle and/or time dependent fatigue of a tendon in response to loading 

during exercise may expose the tendon to increased risk of injury, as has been previously 

demonstrated by studies of human (Wren et al., 2003) and animal tendons in vitro (Wang 

et al., 1995). Having the same material properties, a more compliant and thin tendon 

following exercise would be expected to experience higher stress and strain for a given 

force and thus be more likely to be injured during subsequent exercise.  It might also be 

reasonable to expect that compared to a healthy tendon, this “weakening” effect would 

be more pronounced in injured or diseased tendon.  For this reason, it is important to 

identify what exercise modes and doses the human AT in vivo is able to tolerate without a 

change in baseline mechanical and/or morphological properties, which would be 

suggestive of tendon fatigue and thus reduced tensile strength.  Furthermore, exercise 

modes recommended for the management of Achilles tendinopathy, such as eccentric 

training, may elicit unique changes in tendon properties that provide an insight into the 

mechanisms underlying their effectiveness.  Finally, a transient increase in tendon 

compliance following an exercise bout may compromise the mechanical function of the 

muscle tendon unit during subsequent exercise with possible implications for SSC 

performance and economy of human locomotion (Lichtwark and Wilson, 2007, Lichtwark 

and Wilson, 2008, Arampatzis et al., 2006, Wang et al., 2012a). 

 

In view of the recent growth of literature investigating the immediate effects of exercise 

on tendon properties, and the potential implications of these changes for tendon 

function and performance, as well as in injury prevention and rehabilitation, a systematic 

review and critical evaluation of the literature is warranted. The purpose of this review 

was therefore to determine the immediate effect of a single exercise bout on the 

mechanical and morphological properties of the human AT in vivo.  

5.3 Methods 

5.3.1 Search strategy  

The review was conducted according to the PRISMA guidelines for conducting and 

reporting systematic reviews.  Initial electronic database searches were performed by 
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one reviewer (SJO) during April-July (last search 30/07/12) for articles examining the 

immediate effect of exercise on the in vivo mechanical and/or morphological properties 

of the human AT.  Searches were performed using the MEDLINE via Ovid (1950-2012), 

SportsDiscus via EBSCO (1985-2012), CINAHL via EBSCO (1981-Present), Web of Science 

(1950-present) and Scopus (1960-2012) electronic databases.   Key terms were grouped 

and searched within the article title, abstract and keywords using the conjunction ‘or’.  A 

typical search string was as follows: [(achilles OR gastroc* OR "Triceps Surae") AND 

(tendon* OR tendin*) AND (morpholog* OR length OR diameter OR area OR mechanic* 

OR stiffness OR elasticity OR modulus OR strain) AND (exercis* OR loading OR contraction 

OR training OR stretch*) Limit to Humans], where * denotes a truncation to ensure all 

variants of the term were included.  Key journals identified following the title and 

abstract screen were also searched using the string “AT” AND exercise.  Furthermore, 

reference lists of all eligible articles were hand searched to retrieve any additional 

articles. 

   

Articles retrieved in the original search were exported into a single Endnote file (version 

X4; Thomas Reuters, Carlsbad, CA, USA) and duplicate records removed.  The title and 

abstract of each article was screened by one reviewer (SJO) and irrelevant articles 

excluded.  Where insufficient information was available from the abstract, the full text 

version was inspected.  The remaining full text articles were assessed for inclusion by one 

investigator (SJO). Full journal articles reporting in vivo mechanical (i.e. stiffness, Young’s 

modulus, hysteresis) and/or morphological (i.e. CSA, diameter, slack length and volume) 

properties of the AT (i.e. distal to gastrocnemius muscle-tendon junction) and free AT (i.e. 

distal to soleus muscle-tendon junction) obtained immediately before and within 30 min 

of a single exercise bout were included. Articles were excluded if they: 1) used a single 

subject or case study design; 2) failed to report both pre and post exercise data; 3) 

included participants with neurological conditions (e.g. cerebral palsy); or 4) used an 

involuntary muscle stimulation exercise intervention. Where articles reported data at 

multiple time-points post-exercise, only the first (i.e. most immediate) data set was used.  

Articles selected for exclusion were verified by a second examiner (RNW) and any 

discrepancies were resolved through discussion.   
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5.4 Methodological quality assessment 

The methodological quality of included articles was evaluated using a modified version of 

the assessment tool developed by Galna et al (2009).  The tool consisted of 14 criteria 

that evaluate the internal and external validity and repeatability of the study (see Table, 

SDC 1, Methodological quality assessment of included articles).  Each item was scored out 

of 1 (i.e. 1=yes, 0.5 yes, but lacks detail & 0 = no) with a total possible score of 14.  

Included articles were independently evaluated by two reviewers with any disagreement 

resolved via consensus meeting.  The level of agreement between the two reviewers was 

measured using Cohen’s unweighted kappa (k) statistic (SPSS statistics, version 20.0.0, 

SPSS Inc., Chicago, IL, USA) (Cohen, 1960). 

5.5 Data extraction and analysis 

Mechanical and morphological data from the included studies were extracted from the 

included articles by one reviewer (SJO) and checked by a second reviewer (RNW).  Study 

characteristics including sample size, participant characteristics, exercise intervention and 

testing methodology, were also extracted.  To facilitate comparison of results across 

studies, pre and post-intervention means and standard deviations for each outcome 

measure were used to calculate standardised effect sizes (Cohen’s d) and corresponding 

95% confidence intervals (CI) (Cohen, 1988).  For the study by Mademli et al (2006) that 

reported tendon lengths at multiple force increments (i.e. 0 – 900 N), length 

measurements taken at 300, 600 and 900 N of force were extracted to represent the 

overall study findings.  Furthermore, for the study by Shalabi et al (2004a) only data for 

participant groups that received identical exercise interventions were included. In cases 

where the numerical data needed to calculate effect size were not available from the 

original article data were digitised from figures in the original article (Kay and Blazevich, 

2010, Kay et al., 2009) or the respective author (s) were contacted and requested to 

provide the necessary information. 

 

Effect size (ES) data were reported separately for mechanical and morphological 

properties.  Due to the heterogeneity of the interventions and measurement methods, 

pooling of the data across studies was not possible and hence a meta-analysis was not 
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performed.  All effect size data (mean & 95% CI) were presented as forest plots to allow 

visual comparison between grouped studies, with bolded error bars indicating statistical 

significance as reported in the original article.  Data were further grouped according to 

the type of exercise intervention used.  

5.6 Results 

5.6.1 Search results  

Electronic database searches yielded a total of 3292 potentially eligible articles.  Searches 

of key journals and reference lists of eligible articles failed to reveal additional articles of 

interest.  Following removal of duplicates (n=1485) and irrelevant articles on the basis of 

title and abstract screening, 41 articles remained of which, a further 20 articles were 

removed on the basis of inclusion and exclusion criteria, leaving a final yield of 21 articles 

(Figure 17).  

 



Chapter 5 

76 
 

 

Figure 17. Flow chart outlining the article selection process in accordance with PRISMA guidelines 

(Moher et al., 2010). 

 

5.6.2 Participant characteristics 

The sample size of included studies ranged from 7 (Kato et al., 2010, Kubo et al., 2002a) 

to 35 (Burgess et al., 2009) participants, with a mean and standard deviation of 14.5±7.9 

participants.  Fourteen articles included only male participants (Fahlstrom and Alfredson, 

2010, Grigg et al., 2009, Kato et al., 2010, Avela et al., 2004, Farris et al., 2012, Kubo et al., 

2002c, Mademli and Arampatzis, 2008, Mademli et al., 2006, Nakamura et al., 2011, 

Wearing et al., 2011, Grigg et al., 2012, Kubo et al., 2001c, Morse et al., 2008, Mizuno et 

al., 2013), one included only female participants (Fredberg et al., 2007) and the remaining 

included a mix of both sexes (Burgess et al., 2009, Kay and Blazevich, 2009, Kay and 

Blazevich, 2010, Peltonen et al., 2010, Shalabi et al., 2004a, Park et al., 2011).  With the 
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exception of Mademli et al (2008, 2006) all articles assessed young to middle aged 

participants ranging from 20 to 49 years of age.  Of the 21 included articles, two 

examined the effects of exercise on tendinopathic tendons (Shalabi et al., 2004a, Grigg et 

al., 2012), while the remaining articles including only healthy asymptomatic tendons.  

Mademli et al (2008), Burgess et al (2009) and Shalabi et al (2004a) were the only studies 

reporting group comparisons, comparing the effects of exercise on tendon properties in 

young versus elderly, male versus female and symptomatic versus asymptomatic 

participants respectively.   

5.6.3 Study characteristics 

Twelve studies reported only tendon mechanical properties, seven reported only 

morphological properties and the remaining two reported both (Table 5).  Of the 

fourteen studies measuring tendon mechanical properties, four used a passive stretching 

protocol (Nakamura et al., 2011, Kato et al., 2010, Morse et al., 2008, Mizuno et al., 2013) 

while the remaining ten studies utilised either isometric (Burgess et al., 2009, Kubo et al., 

2002c, Mademli and Arampatzis, 2008, Mademli et al., 2006, Park et al., 2011, Peltonen 

et al., 2010, Kubo et al., 2001c), concentric (Lieber and Friden, 2000, Kay and Blazevich, 

2009) or dynamic hopping protocols (Peltonen et al., 2010).  Fourteen articles 

investigated the effect of active exercise interventions ranging from running (Farris et al., 

2012, Park et al., 2011) and hopping (Peltonen et al., 2010) to isolated contractions using 

a dynamometer (Lieber and Friden, 2000, Kay and Blazevich, 2009, Mademli and 

Arampatzis, 2008, Mademli et al., 2006, Kubo et al., 2002c).  Eleven articles investigated 

the effect of sustained or repeated passive stretching with total durations ranging from 

150 s (Park et al., 2011) to 20 min (Kato et al., 2010) (mean duration ± SD = 441 ± 494 s; 

median = 300 s). All measurements of tendon mechanical properties and slack length 

were made with respect to the displacement of the medial gastrocnemius MTJ. Likewise, 

all measurements of tendon morphological properties, with the exception of slack length, 

were limited to the portion of the AT distal to the soleus MTJ. All included articles 

reported initial post-exercise measurements collected immediately or within 5 minutes 

following the completion of the exercise intervention, with the exception of Fredberg et 

al (2007) whom reported free AT diameter data collected 20 min post-exercise. A more 

detailed description of the included studies is provided below (Table 5). 
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Table 5. Characteristics of included studies 

Reference Sample Age (yrs) 

mean (SD) 

and/or range 

Population Exercise intervention Tendon outcome 

measure 

Methodologies 

Avela et al. (Avela 

et al., 2004) 

n = 8 

Male only 

25; 20-39  Healthy active 1 h cyclic stretch (10° DF at 

200 deg∙s-1) 

Slack length 

 

US over MG belly 

 

Burgess et al. 

(Burgess et al., 

2009) 

n = 35 

(17 

female; 18 

male) 

F: 20 (4.5) 

M: 22 (4.7)  

Healthy active 5 min passive DF stretch at 

35-40 N∙m 

Stiffness 

Young’s modulus 

Hysteresis 

CSA 

Slack length 

US over MG MTJ  

Stiffness defined as slope of LD curve at 

100% MVC during MVIC 

Fahlstrom & 

Alfredson  

(Fahlstrom and 

Alfredson, 2010) 

n = 21 

Male only 

39 (8); 27-52  Floor ball players  1 h floor ball match Diameter  US at thickest point, 3 cm & 4 cm proximal 

to insertion  

Farris et al. (Farris 

et al., 2012) 

n = 12 

Male only 

27 (5) Recreational 

runners 

30 min run at 12 km∙h-1 Stiffness 

CSA 

 

US over MG MTJ 

Stiffness defined as slope of LD curve 

between 50-100% MVC during hopping 

Fredberg et al. 

(Fredberg et al., 

2007) 

n = 10  

Female 

only 

26 Elite handball 

players 

150 heel raises in 1.5 min Diameter US 2 cm proximal to insertion 

Grigg et  al. (Grigg 

et al., 2009) 

n = 11 

Male only 

25.9 (4.9) Healthy active 1) 3 x 15 eccentric heel raises 

(120% BW) 

Diameter US 2 cm proximal to insertion 
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2) 3 x 15 concentric heel 

raises (120% BW) 

Grigg et al. (Grigg 

et al., 2012) 

n = 20  

Male only 

49 (4.5) 

48.2 (3.8) 

Tendinopathy & 

healthy active  

3 x 15 eccentric heel raises 

(BW only) 

Diameter US 4 cm proximal to insertion 

Kato et al. (Kato et 

al., 2010) 

n = 7 

Male only 

22.9 (1.1) Healthy active 20 min static DF stretch at ~30 

N∙m  

Stiffness US over MG MTJ  

Stiffness defined as  slope of  LD curve 

between 0-15 Nm and 16-30Nm during 

passive testing 

Kay et al. (Kay and 

Blazevich, 2009)  

n = 16  

(8 female; 

8 male) 

20.2 (2.6) Healthy active  1) 6 x 8 s MVIC PF in 0° DF 

2) 3 x 60 s static DF stretch at 

point of discomfort 

Stiffness US over MG MTJ 

Stiffness defined as slope of LD curve at 

90% ROM during MVCC 

Kay et al. (Kay and 

Blazevich, 2010) 

n = 18  

(9 female; 

9 male) 

21.3 (3.3) Healthy  active  1) 6 x 8 s MVCC PF in 0° DF 

2) 3 x 60 s static DF stretch at 

point of discomfort 

Stiffness US over MG MTJ 

Stiffness defined as slope of LD curve at 

90% ROM during MVCC 

Kubo et al. (Kubo 

et al., 2002c) 

n = 8 

Male only 

24.1 (1.6) Healthy active 1) 50 x 3 s MVIC PF 

2) 5 min static stretch at 35° 

DF (initial torque = 36.8 N∙m) 

Stiffness  

Hysteresis 

US over MG belly  

Stiffness defined as slope of  LD curve 

above 50% MVC during MVIC 

Kubo et al. (Kubo 

et al., 2001c) 

n = 7 

Male only 

25.3 (1.4) Healthy active 10 min static stretch at 35° DF 

(initial torque = 36.1 N∙m) 

Stiffness  

Hysteresis 

US over MG belly  

Stiffness defined as slope of  LD curve 

above 50% MVC during MVIC 

Mademli et al. 

(Mademli and 

Arampatzis, 2008)  

n = 26 

Male only 

Elderly: 65 (3) 

Young: 30 (7) 

Healthy active 

 

Sustained 40% MVIC PF to 

exhaustion (Mean duration:  

elderly = 407 s; young = 249 s; 

Stiffness US over MG belly  

Stiffness defined slope of LD between 50-

100% MVC during MVIC 
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Mean strain: elderly = 1.97%; 

young = 1.94%) 

 

 

Mademli et al. 

(Mademli et al., 

2006) 

n = 14 

Male only 

65.2 (3.6) Healthy active  1) Repeated 70% MVCC PF to 

exhaustion (Mean duration = 

1178 s; Mean strain = 2.4%) 

2) Sustained 40% MVIC PF to 

exhaustion (Mean duration = 

407 s; Mean strain = 1.9%) 

Stiffness 

 

US over MG belly  

Stiffness defined as tendon elongation 

between 0-900 N in 100 N increments 

during MVIC 

 

Mizuno et al. 

(Mizuno et al., 

2013) 

n = 11 

Male only 

23.2 (2.6) Healthy active 5 x 1 min static DF stretch at 

end ROM 

Stiffness US over MG MTJ  

Stiffness defined as the slope of the LD at 

5°, 10° and 15° DF during passive testing 

Morse et al. 

(Morse et al., 

2008) 

n = 8 

Male only 

20.5 (0.9) Healthy active 5 x 1 min static DF stretch at 

end ROM 

Stiffness US over MG MTJ  

Stiffness defined as the slope of the LD 

curve between 0-25° DF during passive 

testing 

Nakamura et al. 

(Nakamura et al., 

2011) 

n = 15 

Male only 

21.5 (1.2) Healthy active 5 x 1 min static DF stretch at 

end ROM 

Stiffness US over MG MTJ  

Stiffness defined as slope of the LD curve 

between 15-25° DF during passive testing 

Park et al. (Park et 

al., 2011) 

n = 10 

(5 female; 

5 male) 

22.9 (3.4) Healthy active 1) 6 min run at 3 m∙s-1 

2) 5 x 30 s static stretch at 30° 

DF  

Stiffness US over MG MTJ  

Stiffness defined as peak force over peak 

displacement during MVIC 

Peltonen et al. 

(Peltonen et al., 

n = 10 

(4 female; 

26 (3) Healthy active 2 legged hopping to fatigue 

Mean number of hops = 1885 

Stiffness US over MG MTJ  

Stiffness defined as slope of LD > 10 MPa 
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2010) 6 male) stress (i.e. ~10-20% MVC) during MVIC 

Shalabi et al. 

(Shalabi et al., 

2004a)  

n = 22  

(7 female; 

15 male)  

28-57  Tendinopathy 6 x 15 eccentric heel raises 

(100% BW) 

6 x 15 concentric heel raises 

(10%% BW) 

Volume MRI  

Wearing et al. 

(Wearing et al., 

2011) 

n = 30 

Male only 

37 (13) Healthy active 90-100 heel raises (100-150% 

BW) 

Diameter US 2 cm proximal to insertion 

MVC = maximal voluntary contraction; MVIC = maximum voluntary isometric contraction; MVCC = maximal voluntary concentric contraction; DF = 

dorsiflexion; PF = plantar flexion; BW = body weight; ROM = range of motion; LD = load-displacement; US = ultrasound; MRI = MRI; CSA = cross sectional 

area; MG = medial gastrocnemius; MTJ = musculo-tendinous junction. 
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Table 6. Methodological quality assessment of included studies 
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Research aims 

or questions 

stated clearly 

1-Yes; 0.5-yes, 

lacking detail; 

0-No 

1 1 0.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.98 

Participants 

detailed 

Number 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.00 

Age 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.90 

Sex 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.00 

Population 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0.90 

Subtotal 0.75 1 1 0.75 0.75 1 1 1 1 1 0.75 1 1 1 1 1 1 1 1 1 1 0.95 

Recruitment 

and sampling 

methods 

described 

1-Yes; 0.5-yes, 

lacking detail; 

0-No 

0.5 0 0.5 0.5 0 1 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 0 0.5 0.5 1 1 0.36 
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Inclusion and 

exclusion 

criteria 

described 

1-Yes; 0.5-yes, 

lacking detail; 

0-No 

0.5 0 0.5 0.5 0 1 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 1 0.55 

Controlled co-

covariates 

Age 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0.90 

Sex 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0.90 

Tendon pre-

conditioning 

or warm-up 0 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0 0 1 0 0 0.38 

Subtotal 0.33 1 0.67 0.67 0.67 0.67 0.67 0.67 1 1 1 1 1 0.67 0.67 0.67 0.67 0 1 0.33 0.67 0.75 

Key outcome 

variable 

clearly 

described 

1-Yes; 0.5-only 

some defined; 

0.5-yes, 

lacking detail; 

0-No 

1 1 0.5 1 0.5 1 1 1 1 1 1 1 1 1 0.5 1 0.5 1 1 1 1 0.86 

Adequate 

methodology 

able to repeat 

study 

Participant 

sampling 
0 0 1 0 0 1 0 0 1 1 0 0 0 0 0 1 0 0 1 1 1 0.29 

Equipment 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.90 

Procedure 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0.90 

Data 

processing 
1 1 0 1 0 1 1 1 1 1 0.5 0.5 1 1 1 1 1 1 1 1 1 0.83 

Statistical 

analysis 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.98 
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Sub total  0.8 0.8 0.4 0.8 0.2 1 0.8 0.8 1 1 0.7 0.7 0.8 0.8 0.8 1 0.8 0.8 1 1 0.8 0.78 

Methodology 

able to 

answer 

research 

question 

Participant 

sampling 
1 0 1 1 0 0 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 0.57 

Equipment 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.00 

Procedure 1 1 0 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0.81 

Data 

processing 
1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.90 

Statistical 

analysis 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.00 

Sub total  1 0.8 0.6 1 0.4 0.8 1 0.8 1 1 1 1 1 0.8 0.6 0.8 0.8 0.8 1 0.8 1 0.86 

Reliability of 

the 

methodology 

stated 

1 - Yes; 0 - No 1 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 1 0 1 1 1 0.48 

Internal 

validity of the 

methodology 

stated 

1 - Yes; 0 - No 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 0.86 

Research 

questions 

answered 

adequately in 

the discussion 

1 - Yes; 0 - No 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0.90 
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Key findings 

supported by 

the results 

1 - Yes; 0 - No 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.00 

Key findings 

interpreted in 

a logical 

manner which 

is supported 

by reference 

1 - Yes; 0 - No 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0.90 

Clinical 

implications 

stated 

1-Yes; 0.5-yes, 

lacking detail; 

0-No 

0 0.5 0 0.5 0.5 0 1 0 0.5 1 0.5 1 0 0 1 1 0 0.5 0 0.5 0.5 0.43 

 Total (/14) 10.9 10.1 8.67 10.7 5.02 11.5 12 11.3 12.5 13.5 12 12.7 10.8 10.6 11.1 11.8 9.27 7.1 12 12.1 13 10.9 
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5.6.4 Methodological quality of included studies 

The mean (± SD) total score for methodological quality assessment was 10.9 (± 2.0) out of 

a possible score of 14,  with a range of 5.02 (Fredberg et al., 2007) to 13.5 (Kay and 

Blazevich, 2010) (Table 6). Mean scores greater than 0.75 out of 1 were recorded for 12 

out of the 14 criteria used.  Descriptions of the recruitment and sampling procedures 

(0.36), inclusion and exclusion criteria (0.55), reliability of methods (0.48) and clinical 

implications of the findings (0.43) were the most poorly scored criteria, while only 4 out 

of 12 of studies reporting AT mechanical properties explicitly described the inclusion of 

AT pre-conditioning protocols (Burgess et al., 2009, Mademli and Arampatzis, 2008, 

Peltonen et al., 2010, Mademli et al., 2006). Despite some methodological limitations, no 

studies were excluded from the review on the basis of the quality assessment score. A 

strong level of agreement was found between item scores from the two reviewers (k = 

0.84; SE = 0.025) (Cohen, 1988). 

5.6.5 Effect of exercise on AT mechanical properties 

Of the 14 articles that assessed AT stiffness six reported a significant decrease following 

exercise (Kato et al., 2010, Kay and Blazevich, 2009, Kubo et al., 2001c, Burgess et al., 

2009, Kubo et al., 2002c, Kay and Blazevich, 2010), one reported a significant increase 

(Nakamura et al., 2011) and the remaining articles reported no change (Figure 18A).  

Seven out of nine articles that used an active exercise intervention recorded negative 

effect sizes, ranging from -0.02 (Park et al., 2011) to -2.15 (Kato et al., 2010).  Running 

and hopping interventions had no effect on AT stiffness with all studies reporting non-

significant changes post-exercise and negative effect sizes ranging from -0.34 (Farris et 

al., 2012) to -0.02 (Park et al., 2011).  Following concentric exercise, Kay et al (2010) 

reported a significant reduction in AT stiffness (11.7%; P < 0.01) with a negative effect 

size of -1.08 , whereas Mademli et al (2006) reported no significant change and effect 

sizes ranging from -0.20 (low force) to 0.99 (high force). The four studies investigating 

isometric exercise all had negative effect sizes ranging from -0.1 (Mademli and 

Arampatzis, 2008) to -1.96 (Mademli et al., 2006), though only two reported significant 

reductions post-exercise (Kay and Blazevich, 2009, Kubo et al., 2002c) and the results of 

Mademli et al (2006) must be viewed with caution as it is not known what effect the 
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preceding concentric exercise intervention had on their findings. Of the ten studies that 

investigated the effect of sustained static stretching on AT stiffness four reported a 

significant decrease (Kato et al., 2010, Kubo et al., 2001c, Burgess et al., 2009, Kubo et al., 

2002c), one reported a significant increase (Nakamura et al., 2011) and the remaining 

articles reported no change (Lieber and Friden, 2000, Kay and Blazevich, 2009, Park et al., 

2011, Morse et al., 2008, Mizuno et al., 2013).  Of these ten studies, seven recorded 

negative effect sizes ranging from -0.02 (Park et al., 2011) to -2.51 (Kato et al., 2010) and 

the remaining three recorded positive effect sizes ranging from 0.24 (Kay and Blazevich, 

2010) to 2.65 (Nakamura et al., 2011).  One study assessed Young’s modulus and 

reported a significant reduction following 5 min of sustained stretching in male and 

female participants with a negative effect size of  -0.27 and -0.41 respectively (Burgess et 

al., 2009) (Figure 18B).  Three out of four studies reported significant reductions in AT 

hysteresis following exercise (Kubo et al., 2001c, Burgess et al., 2009, Kubo et al., 2002c) 

with negative effect sizes ranging from -0.25 (Kubo et al., 2002c) to -1.06 (Burgess et al., 

2009) (Figure 18C).  
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Figure 18. Forest plots (effect sizes and 95% confidence intervals) illustrating the immediate 

effect of a single exercise bout on Achilles tendon (A) stiffness; (B) Young’s modulus; and (C) 

hysteresis.  Numerical values adjacent to the error bar indicate percentage changes for post-

exercise relative to pre-exercise data.  Bolded error bars indicate significant differences in pre and 

post-exercise data as reported in the original article.  All articles are listed alphabetically with the 

exception of those reporting static stretching interventions that are listed in descending order 

according to stretch duration.  See Table 5 for a more detailed description of the exercise 

interventions used. 

 

5.6.6 Effect of exercise on AT morphological properties 

Both studies that assessed the effect of exercise on free AT CSA reported non-significant 

changes with negative effect sizes ranging from -0.02 (Burgess et al., 2009) to -0.34 (Farris 

et al., 2012) (Figure 19A).  Four articles reported a significant decrease in free AT 

diameter (anterior-posterior) following exercise (Grigg et al., 2009, Fahlstrom and 

Alfredson, 2010, Wearing et al., 2011, Grigg et al., 2012) (Figure 19B).  The two articles 

that evaluated the eccentric heel raise reported significant reductions in free AT diameter 

with negative effect sizes ranging -0.72 (Grigg et al., 2012) to -3.53 (Grigg et al., 2009).  
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Grigg et al (2009) also reported a significant reduction following concentric heel raises 

(effect size = -0.44), though the change was significantly smaller compared to the 

eccentric exercise.  Of the two studies that investigated the effect of repeated 

concentric/eccentric heel raises on free AT diameter one reported a significant decrease 

(Wearing et al., 2011), while the other reported no change using a similar exercise dose 

and age group (Fredberg et al., 2007). Two articles reported data on AT slack length 

(Avela et al., 2004, Burgess et al., 2009) (Figure 19C).  Avela et al (2004) reported a small 

(<1%) but significant increase in AT slack length following one hour of repeated fast 

passive stretches of the Triceps Surae MTU.  Conversely, Burgess et al (2009) reported no 

significant change in AT slack length following 30 min of running and 5 min of static 

stretching, respectively.  Only one study investigated the effects of exercise on free AT 

volume and reported a significant reduction following eccentric and concentric heel 

raises, in a group of symptomatic and mixed (i.e. symptomatic and asymptomatic) 

Achilles tendinosis participants, respectively (Figure 19 D) (Shalabi et al., 2004a). 

 

 

Figure 19. Forest plots (effect sizes and 95% confidence intervals) illustrating the immediate 

effect of a single exercise bout on AT (A) cross sectional area; (B) diameter; (D) slack length; and 

(D) volume.  Numerical values adjacent to the error bar indicate percentage changes for post-

exercise relative to pre-exercise data.  Bolded error bars indicate significant differences in pre and 
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post-exercise data as reported in the original article. See Table 5 for a more detailed description 

of the exercise interventions used. 

5.7 Discussion 

Twenty-one articles that assessed exercise modes ranging from prolonged passive 

stretching (static and cyclic) to active exercise involving controlled contractions of the 

Triceps Surae and functional activities including running and jumping of different 

durations were included in this review.  The included articles were all published in the 

period 2001-2012, which to a large extent parallels the developments in the use of 

ultrasound for assessing tendon function in vivo.  The review identified notable 

differences between included studies in participant characteristics (e.g. age, gender, 

tendon health), as well as the mechanical and morphological properties that were 

assessed and how each property was quantified. There was also a clear lack of studies 

comparing exercise modes and doses, reporting both mechanical and morphological 

tendon measures and evaluating the mechanical properties of the free AT.  The 

methodological quality of included articles was generally high and therefore unlikely to 

have had a substantial influence on the main conclusions of this review.  Furthermore, 

the varied and inconsistent use of tendon pre-conditioning procedures identified in the 

quality assessment makes it impossible to speculate as to the effect of this covariate on 

the current findings.  However, in spite of these limitations, some consistent findings 

were evident. Although the literature is sparse, the findings to date suggest that the 

mode and dose of exercise, as well as tendon health (i.e. healthy versus tendinopathy), 

may mediate the tendon mechanical and/or morphological response to a single exercise 

bout. 

5.7.1 Immediate effect of exercise on AT mechanics 

For exercise modes reliant on the SSC, such as running (Farris et al., 2012, Park et al., 

2011) and hopping (Peltonen et al., 2010), AT stiffness was relatively unchanged after 

exercise. In contrast, there was moderately consistent evidence for decreased AT 

stiffness following non–SSC exercise modes, such as isometric contractions (negative ES 

in 4 out of 4 studies (Kay and Blazevich, 2009, Kubo et al., 2002c, Mademli and 

Arampatzis, 2008, Mademli et al., 2006)) and prolonged static stretching (negative ES in 7 
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out of 10 studies (Burgess et al., 2009, Kato et al., 2010, Kay and Blazevich, 2009, Kubo et 

al., 2002c, Kubo et al., 2001c, Park et al., 2011, Mizuno et al., 2013)) of the Triceps Surae. 

Although based on limited studies, the observed demarcation in AT stiffness response 

between SSC and non-SSC exercise may indicate that the AT is more resistant to fatigue 

during SSC activities, which it is more accustomed and hence better suited to performing 

relative to non-SSC activities.  This observation is supported by in vitro animal studies 

which showed that tendons exhibit fatigue resistant qualities that are specific to loads 

most frequently encountered during life (Ker et al., 2000, Pike et al., 2000).  From a 

practical perspective, a transient reduction in AT stiffness immediately after exercise may 

expose the tendon to higher strains during subsequent exercise, thereby increasing the 

risk of strain induced injury. Decreased tendon stiffness after exercise could also help 

explain recent evidence that maximum muscle performance is reduced immediately after 

a single bout of static stretching (Lieber and Friden, 2000). For a given MTU length a more 

compliant tendon would require muscle fibres to operate at relatively shorter lengths and 

require relatively more time to develop an equivalent tension in the absence of other 

adaptations, thereby reducing the magnitude and rate of force development during non-

SSC exercise (Maganaris et al., 2002, Narici et al., 2008, Barrett and Lichtwark, 2008, 

Wang et al., 2012a). In contrast, the finding of consistent evidence for decreased AT 

hysteresis following static stretching (negative ES in 3 out of 3 studies (Burgess et al., 

2009, Kubo et al., 2002c, Kubo et al., 2001c)) may be an advantage for exercise modes 

reliant on the SSC, such as running and hopping (Wang et al., 2012a).  A lack of 

association between immediate changes in AT stiffness following a single exercise bout 

and the reported long-term adaptations in AT stiffness with training was also identified. 

For example, both prolonged passive stretching and maximal isometric exercise were 

generally associated with immediate reductions in AT stiffness, however only the latter 

training modality has been linked to long-term changes in AT stiffness (Burgess et al., 

2007, Kubo et al., 2002c).  While there is evidence that tendon metabolic activity is 

responsive to short-term mechanical loading (Langberg et al., 1999), it not yet 

understood to what extent these transient changes are reflected at the mechanical or 

morphological level and the relative of importance of such changes to long-term tendon 

adaptation. 
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The review also revealed evidence suggesting a dose response for the changes in AT 

mechanical properties following exercise. Significant reductions in AT stiffness were 

confined to studies using maximal voluntary contractions (Kay and Blazevich, 2009, Kubo 

et al., 2002c, Kay and Blazevich, 2010) (i.e. relatively high force and short duration) or 

prolonged static stretching (Kato et al., 2010, Kubo et al., 2001c, Burgess et al., 2009, 

Kubo et al., 2002c) (i.e. relatively low force and long duration). Despite very different 

tendon loading characteristics, these studies reported similar percentage reductions in AT 

stiffness, which would indicate that the change in AT stiffness following exercise is a 

combined function of the duration and magnitude of tendon loading.  For example, the 

greatest percentage reduction in AT stiffness following maximal isometric exercise was 

reported in the study employing the highest number of loading cycles (i.e. 50 x 3 s) and 

thus greatest total loading duration (i.e. 150 s) (Kubo et al., 2002c). Time-dependent 

effects were observed in the studies using comparable static stretching interventions of 

different durations, in which sustained bouts of 5 min or more were required to induce 

significant reductions in AT stiffness (Burgess et al., 2009, Kato et al., 2010, Kubo et al., 

2002c, Kubo et al., 2001c).  In contrast, despite using similar total loading durations (i.e. 

407 ± 129 s), Mademli et al (2008) found no change in AT stiffness after submaximal (i.e. 

40% MVC) isometric exercise with an estimated AT strain (i.e. 2 - 3%) below that required 

to cause permanent deformation in the relaxed tendon (Butler et al., 1978).  

Furthermore, prolonged running (Farris et al., 2012) and hopping (Peltonen et al., 2010) 

interventions that induce relatively high strains (i.e. 3.5% - 5%) applied over much shorter 

durations (i.e. 0.2 – 0.25 s) compared to voluntary contractions, had no effect on AT 

stiffness, suggesting that the loading frequency, as well as the total loading duration, are 

both important parameters in governing the response of the AT to exercise.  Taken 

together, the abovementioned findings provide support to ex vivo studies on the human 

AT (Wren et al., 2003) and in vivo studies of the human vastus lateralis tendon (Kubo et 

al., 2005, Kubo et al., 2001b, Mademli et al., 2008) that demonstrate an interaction 

between tendon loading parameters, and in particular strain duration and strain 

magnitude, in determining the immediate response of the AT to loading in vivo. However 

despite these findings the relative importance of tendon strain characteristics of different 
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exercise modes on the immediate changes in AT stiffness remains largely unknown.  

Furthermore, while the results of the majority of studies reporting AT stiffness appear 

consistent with the known viscoelastic behaviour of tendons, two studies reported 

opposite findings demonstrating increased AT stiffness following 5 min of stretching (5 x 

1 min) (Morse et al., 2008, Nakamura et al., 2011).  It is difficult to reconcile the 

conflicting findings of Nakamura et al (2011) and Morse et al  (2008) on the basis of 

methodological quality with both studies scoring well in areas with potential to confound 

their findings, such as controlling for covariates and rigour of experimental design.  A 

possible explanation for these contrasting results is that AT stiffness was measured by 

these authors under passive compared to active conditions as used in the other studies 

and thus measurements were taken from a different portion of the tendon force-

deformation curve. It is also known that muscles contribute up to half of the passive 

extensibility of a MTU (Herbert et al., 2002, Kawakami et al., 1998, Maganaris, 2003a), 

and it is possible that the relative contribution of muscle and tendon to the overall 

compliance of the MTU may differ under passive and active testing conditions (Morse et 

al., 2008). Furthermore, the findings of Nakamura et al (2011) that AT stiffness returned 

to within 1% of baseline within 10 minutes post-exercise suggests that the observed 

increase in AT stiffness was transient and most likely reflects a proportionally larger 

decrease in Triceps Surae muscle stiffness immediately post-exercise.  

5.7.2 Immediate effect of exercise on AT morphology 

The largest and most consistent (4 out of 5 studies) finding for free AT morphology was 

decreased diameter (anterior-posterior) immediately following exercise. Three of the 4 

studies that reported decreased free AT diameter investigated variations of the Alfredson 

heel raise protocol (Alfredson et al., 1998), and of these, the eccentric exercise produced 

the largest reduction (Grigg et al., 2009, Grigg et al., 2012).  In contrast, tendon CSA and 

slack length were relatively unaffected by running or passive stretching interventions 

(Avela et al., 2004, Burgess et al., 2009, Farris et al., 2012) and there was evidence of 

increased tendon volume following eccentric and concentric heel raises from one study 

(Shalabi et al., 2004a).  
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It has been suggested that the decreased free AT diameter observed immediately after 

exercise reflects a net loss of fluid from the tendon proper to the peritendinous space 

and is as a consequence of increased hydrostatic pressure within the tendon due to 

mechanical loading.  While there is evidence of decreased diameter at discrete points 

along the free AT following exercise (Grigg et al., 2009, Grigg et al., 2012, Wearing et al., 

2011, Fahlstrom and Alfredson, 2010), it is not known whether these findings are coupled 

to changes in tendon dimensions beyond the measurement site and therefore to what 

extent diametral measurements are indicative of changes in the whole tendon 

morphology.  Furthermore it is currently difficult to reconcile the abovementioned 

findings and proposed mechanisms (Grigg et al., 2009, Grigg et al., 2012, Wearing et al., 

2011) with findings that free AT volume increased following eccentric heel raise exercise 

(Shalabi et al., 2004a) and CSA was unchanged after 30 min of running (Farris et al., 2012) 

or 5 min of passive stretching (Burgess et al., 2009) despite a significant decrease in 

Young’s modulus (Burgess et al., 2009).  It is also difficult to understand the significance 

of transient changes in free AT diameter following exercise with respect to injury risk or 

athletic performance without concomitant measures of tendon mechanical properties.  

Irrespective, the relatively larger reductions in free AT diameter following eccentric 

compared to concentric heel raises (Grigg et al., 2009) and in diseased compared to 

healthy tendons (Grigg et al., 2012), suggest that diametral changes may be an important 

stimulus or marker for tendon adaptation and may in part explain the superior results of 

eccentric training in the treatment of tendinopathies (Grigg et al., 2009).  While there is 

evidence that free AT diameter/thickness is decreased following prolonged eccentric 

training (i.e. 12 weeks) in patients with mid-portion tendinosis (Ohberg et al., 2004), it is 

not known to what extent these adaptations are correlated to the changes in tendon 

diameter immediately after a single bout of eccentric exercise.  Furthermore there is a 

lack of fundamental knowledge as to what mechanisms are responsible for the exercise 

mode and dose dependent changes in free AT diameter.  It has been suggested that 

differences in the frequency content of AT tensile force-time histories during exercise 

may explain the differential effects of eccentric and concentric exercise on the AT 

(Henriksen et al., 2009, Rees et al., 2008).  As no studies that reported free AT diameter 
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included estimations of tendon stress-strain during exercise the relative contribution of 

these parameters to the immediate response of the AT remains unknown. 

5.8 Limitations and future directions 

Our current understanding of how exercise influences the in vivo mechanical and 

morphological properties of the AT is limited by a lack of studies that compare the effect 

of different exercise modes and doses, and in particular eccentric exercise, in both 

healthy and degenerated tendons. At present it is difficult to determine what 

combination of loading stimuli (e.g. stress-strain magnitude, rate, duration or frequency) 

are responsible for the immediate changes in AT properties identified in this review and 

to what extent these changes reflect a change at the material and/or structural level, 

predispose a tendon to strain-induced injury, affect the function of the muscle-tendon 

unit, or are a necessary stimulus to promote long-term adaptation. Attention to 

methodological issues such as how best to characterise tendon mechanical and 

morphological properties, assessing the validity and reliability of these measures, and 

controlling for covariates such as tendon pre-conditioning is also warranted. Future 

studies should simultaneously investigate mechanical and morphological responses of the 

AT to acute exercise with a particular focus on the free AT, the time course of recovery of 

these properties and their relationship with the biological activity of the tendon. 

Reporting the stress-strain characteristics of the exercises under investigation will also be 

important for understanding the interaction and relative importance of mechanical 

stimuli in determining the short and long-term changes in tendon properties.  

5.9 Conclusions 

There is evidence to suggest that the mechanical and morphological properties of the AT 

are affected by acute exercise in a mode and dose dependent manner. Of the exercises 

evaluated to date, prolonged stretching and repeated maximal isometric contractions of 

the Triceps Surae appear to cause the most consistent and pronounced reductions in AT 

stiffness and hysteresis.  Transient reductions in tensile stiffness may expose the AT to 

increased risk of injury and have implications for the mechanical function of the MTU 

immediately following these modes of exercise.  In contrast, stretch-shorten cycle 

exercises such as treadmill running and hopping do not appear to induce immediate 
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mechanical or morphological changes in the AT.  Although consistent reductions in free 

AT thickness following heel raise exercise have been reported and appear more 

pronounced following eccentric exercise, the immediate morphological response of the 

free AT to exercise remains poorly understood. 
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6.1 Abstract  

Mechanical loading of the AT during isolated eccentric contractions could induce 

immediate and region-dependent changes in mechanical properties.  3DUS was used to 

examine the immediate effect of isolated eccentric exercise on the mechanical properties 

of the free AT and proximal (‘gastrocnemius) aponeurosis of the AT.  Participants (n = 14) 

underwent two testing sessions in which tendon measurements were made at rest and 

during a 30% and 70% isometric plantar flexion contractions immediately before and 

after either: 1) 3 × 15 eccentric heel drops; or 2) 10 min rest. There was a significant time-

by-session interaction for free tendon length and strain for all loading conditions (P < 

0.05). Pairwise comparisons revealed a significant increase in free tendon length and 

strain at all contraction intensities after eccentric exercise (P < 0.05).  There was no 

significant time-by-session interaction for the gastrocnemii (medial or lateral) 

aponeurosis or tendon for any of the measured parameters. Immediate changes in AT 

mechanical properties were specific to the free tendon and consistent with changes due 

to mechanical creep. These findings suggest that the mechanical properties of the free 

tendon may be more vulnerable to change with exercise, compared to the gastrocnemii 

aponeurosis or tendon. 

6.2 Introduction 

Understanding changes in mechanical behaviour of the AT in response to acute exercise 

may be important for a number of reasons.  Repeated bouts of exercise that temporarily 

increase tendon elongation or reduce tendon stiffness could, without adequate recovery, 

increase the risk of strain-induced injury during subsequent exercise (Andarawis-Puri and 

Flatow, 2011, Andarawis-Puri et al., 2009, Lichtwark et al., 2013) and/or alter the normal 

length-tension relationship of the gastrocnemius muscles, with possible implications for 

performance of stretch-shorten cycle exercise (Lichtwark and Wilson, 2008).  Because 

increased tendon elongation/strain and reduced stiffness are considered indicators on 

the spectrum of mechanical fatigue, identifying these effects following a bout of exercise 

may provide insight into the short-term fatigue potential of specific exercise modes 

(Andarawis-Puri and Flatow, 2011, Fung et al., 2010, Fung et al., 2009).  Furthermore, 

because the tensile strain behaviour of the human AT varies between the proximal and 
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distal parts (Gerus et al., 2011, Magnusson et al., 2003b) and under passive and active 

loading (Herbert et al., 2002, Sugisaki et al., 2005), changes in mechanical properties 

measured at the level of the whole AT may not reflect changes to the constituent parts 

in-series.  Identifying immediate changes in mechanical behaviour of the distal free 

tendon following acute exercise separate to the proximal AT and/or whole AT, would 

broaden our understanding of how the AT complex responds to loads in vivo. This may be 

particularly important when considering the high rates of injuries affecting the free 

tendon, and when examining the effect of exercise modes, such as eccentric exercise, 

which are recommended for the treatment of these injuries (Kjaer and Heinemeier, 2014, 

Habets and Cingel, 2014). 

 

There is growing evidence that the mechanical properties of the human AT in vivo, as 

measured from the level of the gastrocnemii muscle-tendon junction, are immediately 

altered by acute exercise in a mode- and dose-dependent manner (Obst et al., 2013).   

For example, prolonged (i.e. > 5 min) passive stretching (Kubo et al., 2002c) and maximal 

isometric contractions of the plantar flexors (Kubo et al., 2002c) have been reported to 

cause an immediate reduction in AT stiffness and hysteresis, whereas exercise modes 

reliant on the stretch shorten cycle, such as walking (Joseph et al., 2014),  running (Farris 

et al., 2012, Lichtwark et al., 2013) and prolonged hopping (Peltonen et al., 2010, Joseph 

et al., 2014), have little or no effect.  Aside from two recent publications (Joseph et al., 

2014, Lichtwark et al., 2013) all studies to date that have examined acute effects of 

exercise on AT mechanical properties have defined tendon displacement using the medial 

gastrocnemius muscle-tendon junction and thus these measurements reflect the 

combined elongation of the distal free tendon and proximal (or gastrocnemii) 

aponeurosis.  However, the mechanical properties of the AT complex measured in vivo 

during isometric mechanical testing have been shown to differ considerably between 

proximal and distal tendon regions, such that the distal free tendon is generally 

considered more compliant relative to the gastrocnemii aponeurosis (Farris et al., 2013, 

Lichtwark et al., 2013, Magnusson et al., 2003b, Iwanuma et al., 2011, Finni et al., 2003).  

Furthermore, these differences appear more pronounced during eccentric-based 

contractions, whereby changes in gastrocnemius muscle-tendon unit length are almost 
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exclusively derived from elongation of the distal free tendon (~90%), with little or no 

contribution from the gastrocnemii aponeurosis (Hoffman et al., 2014, Sugisaki et al., 

2005).  Under these conditions  the free tendon would be expected to experience higher 

tensile strains compared to the gastrocnemii aponeurosis, and be more vulnerable to 

acute changes in mechanical behaviour consistent with tendon fatigue (Fung et al., 2009, 

Lichtwark et al., 2013). While recent studies have examined both free tendon and 

gastrocnemii tendon mechanical behaviour following running (Lichtwark et al., 2013), and 

free tendon only following hopping (Joseph et al., 2014), these studies do not report 

changes at the level of the gastrocnemii aponeurosis, or provide insight into adaptations 

following isolated eccentric contractions.  In view of the high rates of chronic injuries 

affecting the free tendon and the continued reliance of isolated eccentric exercise in the 

treatment of these injuries (Kjaer and Heinemeier, 2014, Habets and Cingel, 2014) there 

is a clear need to examine the effect of isolated eccentric exercise on the mechanical 

properties of the AT complex, with particular emphasis on reporting changes to the free 

tendon and gastrocnemii aponeurosis, separately.   

 

The purpose of this study was to examine the immediate effect of a single bout of 

isolated eccentric exercise on the mechanical (i.e. strain and stiffness) and morphological 

(i.e. length and CSA) properties of the distal free tendon and gastrocnemii aponeurosis of 

the human AT in vivo.  The exercise protocol was based on the widely used eccentric heel 

drop exercise first described by Alfredson et al (1998), which has been shown to induce 

high tendon strains in vivo ( ~8.5% (Jeong et al., 2014)) and remains a key component of 

most exercise-based treatment regimens for chronic AT injuries. We hypothesised that 

the strain magnitude and duration of a typical bout of eccentric heel drop exercise would 

be sufficient to cause an immediate change in mechanical properties of the AT, consistent 

with tendon fatigue, and that these changes would be most pronounced at the level of 

the free tendon. 

6.3 Methods 

6.3.1 Participants 
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Fourteen participants (8 males, 6 females; age: 28.1 ± 4.1 y, height: 172.8 ± 9.2 cm and 

weight: 70.0 ± 15.4 kg) volunteered to participate in the study.  All participants were 

recruited from the local university staff and student population and gave written 

informed consent prior to participation.  All participants were recreationally active and 

aged between 18 and 35 years and had no recent or recurrent AT or lower leg 

musculoskeletal injury and/or surgery or upper or lower motor neuron disorders. The 

study was approved by the institutional human research ethics committee and was 

performed in accordance with the Declaration of Helsinki. 

6.3.2 Experimental design and eccentric exercise protocol 

Each participant attended two testing sessions held one week apart at the same time of 

day.  Participants were required to refrain from strenuous physical activity at least 24 h 

prior to each session. A randomised crossover design was used to evaluate the immediate 

effect of a single bout of eccentric exercise compared to no-exercise on muscle 

activation, torque production and mechanical and morphological properties of the distal 

free tendon and gastrocnemii (i.e. medial and lateral) aponeuroses and tendons.  The no-

exercise session was included as a control to account for the potential effect of the pre-

exercise testing procedures, which involved repeated submaximal isometric plantar 

flexion contractions, on the post-exercise muscle and tendon parameters.  For each 

session participants completed a series of maximal and submaximal voluntary isometric 

contractions of their plantar flexors (pre-exercise), the latter of which included freehand 

3DUS scans for measurement of tendon parameters.  Participants then performed a 

standardised eccentric heel drop exercise protocol (i.e. eccentric session) or rested for 10 

min (i.e. no-session exercise) with their ankle in 15° plantar flexion. The eccentric exercise 

was based on the Alfredson protocol (Alfredson et al., 1998) to provide ecological validity 

and consisted of three sets of 15 single leg isolated eccentric heel drops performed on 

the edge of a wooden step and separated by a 1 min rest period.  A metronome (60 bpm) 

was used to control exercise speed such that each repetition lasted 3 s and corresponded 

to an ankle angular velocity of ~ 20-25°∙s-1.  The non-test leg was used to return the 

participant to the start position to ensure the test leg performed only eccentric plantar 

flexor contractions.  Verbal encouragement was provided to ensure that the knee 

remained extended and maximal ankle joint range of movement was achieved at the 
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start and end of each repetition.  A 2 min rest period was provided between exercise sets 

so that the duration of the eccentric exercise intervention matched the rest period of the 

no-exercise session (i.e. ~ 10 min).  All tendon testing procedures were then immediately 

repeated within 2 min following the intervention (post-exercise).  

6.3.3 Data collection and analysis  

6.3.3.1 Torque and muscle activation 

For all isometric plantar flexion contractions participants were positioned prone on a 

plinth with their left knee at 0° flexion and left ankle in 15° plantar flexion.  The foot and 

ankle were firmly secured to a foot plate and in-built force transducer (TFF600, Futek) 

using a moulded brace and ratchet system previously shown to limit movement of the AT 

insertion during submaximal isometric plantar flexion contractions (Obst et al., 2015a). 

The foot and ankle were positioned and checked between trials to ensure that the axis of 

rotation of the talocrural joint aligned with the axis of rotation of the torque transducer.  

In this position the net ankle joint torque at rest was negligible (mean ankle torque 

pooled across sessions and time points = 0.9 N∙m (SD 0.4)) and thus measurements of 

tendon length were considered to provide a reasonable estimate of tendon resting or 

‘slack’ length (De Monte et al., 2006). 

 

Participants initially completed five MVICs of ankle plantar flexion to pre-condition the AT 

(Maganaris, 2003b) and establish target plantar flexion torques for subsequent testing 

trials.  Participants were provided verbal encouragement to achieve peak voluntary effort 

within 2-3 s and a 1-2 min rest between contractions.  Three additional dorsiflexion 

MVIC’s were included to evaluate the effect of co-contraction on net ankle torque during 

the subsequent tendon testing trials. Two 3DUS scans of the AT complex were then 

performed at rest and during 15-20 s isometric plantar flexion contractions at 30% MVIC 

and 70% MVIC. Real-time visual feedback of torque with respect to time was provided to 

ensure participants maintained the target ankle torque for the duration of the trial.   

 

Muscle activity of MG, LG, soleus (SOL) and tibialis anterior (TA) were recorded during all 

trials using a custom double differential surface EMG system (band pass = 30-500 Hz; gain 
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= 300 dB; common mode rejection ratio = 160dB) and commercial amplifier (Bagnoli-8™, 

Delsys Inc., Boston, MA).  Three 24 mm surface electrodes (H124SG, Covidien, Kendall, 

USA) were placed over each muscle in accordance with SENIAM guidelines with an inter-

electrode distance of ~ 20 mm (Hermens et al., 2000).  Prior to placement the skin area 

was shaved, cleaned with 96% isopropyl alcohol wipe and gently abraded using a 

commercial EMG skin preparation gel (Nuroprep, Weaver and Co., USA).  All torque and 

EMG signals were analogue-digital converted at a sampling rate of 1000 Hz and recorded 

using a custom LabView program (LabView 9.0, National Instruments) and USB data 

acquisition device (NI:USB-6259 BNC, National Instruments). 

 

Plantar flexion and dorsiflexion MVIC torque was defined as the peak value recorded 

across the first three trials.  Pre- and post-exercise target plantar flexion torques for each 

session were normalised against the MVIC recorded during the first session to ensure 

absolute ankle torque at each target MVIC was consistent between sessions.  All EMG 

signals were amplified (× 3,000), band-pass filtered (30-500 Hz), full-wave rectified and 

root mean squared (RMS) using a 20 ms non-overlapping window.  Pre- and post-exercise 

submaximal EMG amplitudes were normalised to pre-exercise MVIC values and averaged 

over a 3 s window during the middle of each trial.  EMG amplitudes for LG, MG and SOL 

were also expressed as a ratio of total Triceps Surae activation to investigate the effect of 

each intervention on the synergistic activations. 

6.3.3.2 3DUS measurement of AT mechanical and morphological properties 

Our freehand 3DUS system was developed to evaluate muscle morphology (Barber et al., 

2009) and more recently applied to measurements of the free AT under different ankle 

loading conditions (Obst et al., 2014a). The system uses a conventional ultrasound 

machine (SonixTouch, Ultrasonix) and a five camera optical tracking system (V100:R2, 

Tracking Tools v 2.5.2, NaturalPoint) to synchronously record 2DUS images with 3D 

position and orientation of the transducer.  The 2DUS images are then transformed into 

the global coordinate system to create a reconstructed image stack using temporal and 

spatial transformation based on a single wall phantom calibration (Prager et al., 1998).  

After calibration the 3D coordinates of any pixel within a 2DUS image were known with 

an error of ± 0.8 mm.  All 3DUS calibration, acquisition and image analysis procedures 
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were performed using the Stradwin software package (Stradwin 4.7, Cambridge 

University).   

 

All ultrasound scans were performed by a single investigator (SJO) using a 58 mm linear 

transducer (L14-5W/60 linear, Ultrasonix) with a central frequency of 10 MHz, sampling 

frequency of 60 Hz and standardised image settings (depth 40 mm, gain 50%, dynamic 

range 65 dB, map 4, power 0).  For each ankle condition, two transverse sweeping scans 

were performed over the posterior leg to ensure the following anatomical landmarks 

were visible in the resultant 3D image stacks (see Figure 20): 1) AT insertion; 2) SOL 

muscle-tendon junction; 3) LG muscle-tendon junction; and 4) MG muscle-tendon 

junction. Scan one (S1) commenced over the posterior calcaneus and progressed 

proximally along the lateral mid-line of the leg beyond the LG muscle-tendon junction.  

The probe was then moved to the mid-belly of MG, where a second scan (S2) was 

commenced and progressed distally beyond the MG muscle-tendon junction. Prior to 

scanning the approximate position of each muscle-tendon junction was determined using 

ultrasound and marked on the skin using permanent marker to ensure consistency in the 

scanning technique.  To enhance visualisation of the muscle-tendon cross-sections a 2 cm 

thick acoustic standoff pad (Ultra/Phonic Focus, Pharmaceutical Innovations Inc.) was 

attached to the end of the transducer using a thermoplastic case. Total scan time was 

between 15 and 20 s equating to an approximate scan speed to 10 mm s-1 and average 

between-frame interval of approximately 0.25 mm.   
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Figure 20. (A) Example 3DUS image stacks illustrating the direction of the first (S1) and second 

scan (S2) and resultant sagittal plane image re-slices (B and C).  Both image stacks were acquired 

during a single trial and in the same coordinate system.  3D landmarks corresponding to the AT 

insertion and muscle-tendon junctions (MTJ) of the soleus (Sol), lateral gastrocnemius (LG) and 

medial gastrocnemius (MG), were digitised for estimation of tendon length and strain 

 

All 3DUS images were analysed in Stradwin using in-built measurement tools to 

determine lengths of the following tendon regions: a) free tendon - defined as the 

shortest distance between the most distal edge of the calcaneal notch and the SOL 

muscle-tendon junction; b) LG aponeurosis - defined as the shortest distance between 

the most distal aspect of the SOL and LG muscle-tendon junctions; and c) MG 

aponeurosis - defined as the shortest distance between the most distal aspect of the SOL 

and MG muscle-tendon junctions.  LG tendon and MG tendon lengths were then 

calculated by summing the free tendon length with the respective aponeurosis length.  

The 3D position of each anatomical landmark was determined using a combination of 

transverse, sagittal and coronal image re-slices (Figure 21).  This method enabled precise 

location of each tendon landmark to be determined in the same 3D coordinate system 

and accounted for any change in the shape of the muscle-tendon junction due to muscle 

contraction (Farris et al., 2013).  Pre- and post-exercise tendon strain at each torque level 

for each tendon region (i.e. free tendon, MG aponeurosis, LG aponeurosis, LG tendon and 



Chapter 6 

108 
 

MG tendon) were normalised to the corresponding pre-exercise resting lengths.  Relative 

stiffness for each tendon region was calculated as the slope of the length-torque 

relationship by dividing the change in tendon length by the change in ankle torque 

between 30% and 70% MVIC.  While this measurement does not reflect the 

instantaneous stiffness of the tendon at either intensity, it does allow a change in the 

average stiffness over the interval from 30% to 70% MVIC, consistent with the linear 

portion of the force-elongation curve, to be determined (Lichtwark et al., 2013, Seynnes 

et al., 2015). 

 

 

Figure 21. Example 3DUS images illustrating the sagittal, transverse and coronal image re-slices 

used to determine the 3D position of the following landmarks for estimation of tendon length and 

strain: (A) the lateral gastrocnemius (LG) muscle-tendon junction (MTJ); (B) medial gastrocnemius 

(MG) MTJ; (C) soleus (Sol)  MTJ; and (D) AT calcaneal insertion. 
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Mean CSA of the resting free tendon was computed using previously published methods 

based on freehand 3DUS (Obst et al., 2014a, Obst et al., 2014b).  Briefly, cross sections of 

the free tendon were manually segmented at ~ 5-10 mm intervals from the calcaneal 

notch to the SOL muscle-tendon junction and interpolated using 3D rendering algorithms 

of the Stradwin software to create a 3D surface of the free tendon.  Mean CSA of the 

interpolated 3D tendon shape was computed between 60-80% of the normalised tendon 

length that corresponds to the narrowest region of the free tendon, using custom Matlab 

scripts (Version R2012a, The Mathworks) (Obst et al., 2014b).   

6.3.4 Reliability of tendon length measurements 

Between-session reliability for tendon length measurements at each ankle condition was 

evaluated from pre-exercise data using the following methods: 1) the intra-class 

correlation coefficient (ICC (3, 1), two-way fixed); 2) coefficient of variation (CV); and 

standard error of measurement (SEM). The ICCs for all tendon lengths for each ankle 

condition were above 0.98.  Corresponding CVs and SEMs ranged between 0.7 and 1.6%, 

and 0.6 and 2.9 mm, respectively (Table 7). 
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Table 7. Between-session descriptive and reliability statistics for tendon length measurements 

 Mean (SD)    

 Day 1 Day 2 ICC (95% CI) CV (%) (95% CI) SEM 

Achilles free tendon (mm)      

Rest 61.0 (18.0) 61.4 (18.0) 0.999 (0.996-1.000) 0.7 (0.4-1.1) 0.6 

30% MVIC 63.0 (18.1) 63.2 (18.2) 0.998 (0.995-0.999) 0.9 (0.6-1.3) 0.7 

70% MVIC 65.0 (18.2) 65.3 (18.3) 0.997 (0.992-0.999) 1.1 (0.7-1.4) 0.9 

LG aponeurosis (mm)      

Rest 156.3 (21.3) 155.8 (22.7) 0.992 (0.966-0.998) 1.6 (1.0-2.1) 2.9 

30% MVIC 156.6 (21.3) 156.5 (22.2) 0.995 (0.978-0.999) 0.9 (0.5-1.3) 2.0 

70% MVIC 156.6 (22.0) 156.5 (22.7) 0.994 (0.974-0.998) 1.1 (0.8-1.5) 2.2 

MG aponeurosis (mm)      

Rest 131.9 (23.2) 131.5 (23.2) 0.997 (0.988-0.999) 1.2 (0.5 -1.9) 2.1 

30% MVIC 132.4 (23.6) 132.7 (23.4) 0.999 (0.995-1.000) 1.2 (0.7 -1.5) 1.7 

70% MVIC 132.9 (23.5) 133.1 (23.4) 0.998 (0.992-1.000) 1.2 (0.7-1.6) 1.8 

LG whole tendon (mm)      

Rest 217.4 (23.7) 217.3 (22.7) 0.984 (0.950-0.995) 1.1 (0.3-2.0) 2.9 

30% MVIC 220.2 (23.0) 220.0 (22.5) 0.992 (0.974-0.997) 0.7 (0.2-1.2) 2.1 

70% MVIC 221.6 (23.9) 221.8 (23.2) 0.989 (0.966-0.996) 0.9 (0.1-1.6) 2.5 

MG whole tendon (mm)      

Rest 193.0 (22.7) 192.9 (22.4) 0.992 (0.975-0.997) 0.8 (0.4-1.2) 2.1 

30% MVIC 195.5 (22.8) 195.9 (22.3) 0.995 (0.985-0.998) 0.7 (0.4-1.0) 1.6 

70% MVIC 197.5 (23.2) 198.3 (22.4) 0.993 (0.979-0.998) 0.8 (0.5-1.1) 1.9 

LG – lateral gastrocnemius, MG – medial gastrocnemius, MVIC – MVIC, SD – standard deviation, ICC – intra-class correlation 

coefficient, CI – confidence interval, CV – coefficient of variation, SEM – standard error of measurement.  

 

6.3.5 Statistical Analysis 

Differences in relative stiffness between the five tendon regions on interest were 

evaluated using pre-exercise data pooled across sessions via a one-way full factorial 

repeated measures general linear model.  Differences in strain between tendon regions 

were evaluated at each submaximal torque level (30% and 70% MVIC) using pre-exercise 

data via a two-way (region-by-torque) full factorial repeated measures general linear 

model. The same statistical model was used to evaluate the interaction between session 

(no-exercise and eccentric exercise) and time (pre- and post-exercise) on ankle torque, 

EMG and tendon length and strain at each target torque level, and resting mean and 

minimum tendon CSA.  Where significant interactions were found, multiple comparisons 

were performed between sessions at each time point for each torque level using 

Bonferroni post-hoc corrections.  All statistical analyses were performed using SPSS 
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Statistics software (version 20.0, SPSS Inc., Chicago, IL) and the significance level for all 

tests was set at P ≤ 0.05. 

6.4 Results 

6.4.1 Effect of tendon region on strain and stiffness 

There was a significant region-by-torque interaction (F4, 52 = 20.5, P < 0.001) on pre-

exercise tendon strain.  Pairwise comparisons revealed the free tendon strained 

significantly more compared to the LG and MG aponeurosis, and LG and MG tendon at 

each torque level (P < 0.05); however there was no difference in strain between LG and 

MG aponeuroses, or between LG tendon and MG tendon, at either torque level (Figure 

22). There was a significant effect of region on pre-exercise tendon stiffness (F2, 48 = 10.5, 

P < 0.001).  Pairwise comparisons revealed the free tendon was significantly less stiff 

compared to both LG and MG aponeuroses (P < 0.05); however no differences were 

detected between the free tendon and either LG or MG tendon. No differences in relative 

stiffness were detected between LG and MG tendon, or between LG and MG 

aponeurosis. 

 

Figure 22. Relationship between submaximal ankle torque and strain of the free tendon and 

gastrocnemii (medial and lateral) aponeurosis and tendon (i.e. free tendon plus aponeurosis).  

Error bars represent one standard error of the mean.  *significant difference between free 

tendon and both gastrocnemii aponeurosis and gastrocnemii tendon strain (P < 0.05). 
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6.4.2 Effect of eccentric exercise on tendon parameters 

There was a significant session-by-time interaction for free tendon length at rest (F1, 13 = 

5.7, P = 0.03), 30% MVIC (F1, 13 = 18.5, P = 0.001) and 70% MVIC (F1, 13 = 24.2, P < 0.001).  

Pairwise comparisons revealed significant differences between sessions for post-exercise 

free tendon length at each torque level (P < 0.05, Table 8).  A significant session-by-time 

interaction was also found for free tendon strain at 30% MVIC (F1, 13 = 20.04, P = 0.001) 

and 70% MVIC (F1, 13 = 23.5, P < 0.001, Table 8).  Pairwise comparisons revealed significant 

differences between sessions for post-exercise free tendon strain at each torque level (P 

< 0.001).  No significant session-by-time interactions were found for free tendon stiffness 

(No-exercise: pre = 18.4 (9.0) N∙m/mm, post = 20.1 (11.1) N∙m/mm; Eccentric: pre = 17.0 

(6.2) N∙m/mm, post = 14.5 (6.1) N∙m/mm; P = 0.5) or mean CSA (No-exercise: pre = 52.8 

(7.8) mm2; post = 52.4 (7.1) mm2; Eccentric: pre = 52.3 (7.2) mm2; post = 51.4 (6.6) mm2; 

P = 0.5).  No significant session-by-time interactions were found for LG aponeurosis, MG 

aponeurosis, LG tendon or MG tendon length, strain or relative stiffness.  
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Table 8. Group mean and group mean differences for pre- and post-exercise tendon and 

aponeurosis lengths 

 No-exercise  Eccentric exercise  Mean difference between sessions 

 Pre Post Pre Post Pre 95% CI Post 95% CI 

Free tendon (mm)  

Rest 61.0 (17.5) 60.9 (17.6) 61.4 (17.7) 61.9 (17.4)* 0.4 (0.9) -0.06 – 0.9 0.9 (0.9) 0.5 – 1.4 

30% MVIC 63.0 (18.0) 62.8 (18.2) 63.2 (17.9) 64.5 (17.6)* 0.1 (1.0) -0.5 – 0.7 1.7 (1.5) 0.8 – 2.5 

70% MVIC 65.0 (18.1) 64.9 (18.1) 65.3 (18.0) 66.8 (17.9)* 0.3 (1.3) -0.5 – 1.0 1.9 (1.2) 1.2 – 2.6 

LG aponeurosis (mm)       

Rest 156.4 (21.3) 156.8 (22.0) 155.8 (22.7) 156.5 (22.8) -0.5 (4.0) -2.9 – 1.8 -0.3 (3.2) -2.1 – 1.5 

30% MVIC 157.1 (21.3) 157.6 (21.5) 156.8 (22.2) 156.0 (22.1) -0.3 (2.8) -1.9 – 1.3 -1.5 (2.9) -3.2 – 0.1 

70% MVIC 156.6 (22.0) 157.7 (22.1) 156.5 (22.7) 156.8 (22.6) -0.1 (3.1) -1.8 – 1.6 -0.9 (1.6) -1.8 – 0.04 

MG aponeurosis (mm)       

Rest 131.2 (23.3) 133.0 (23.5) 131.4 (23.1) 131.0 (23.2) -0.5 (2.6) -2.0 – 1.0 -2.0 (2.3) -3.3 – -0.7 

30% MVIC 132.4 (23.6) 133.2 (23.2) 132.7 (23.4) 131.1 (23.5) 0.3 (2.4) -1.1 – 1.7 -2.1 (3.0) -3.9 – -0.4 

70% MVIC 132.9 (23.5) 133.6 (23.2) 133.1 (23.4) 132.2 (22.7) 0.1 (2.6) -1.3 – 1.6 -1.4 (2.7) -2.9 – 0.2 

LG tendon (mm)       

Rest 217.4 (23.0) 217.7 (22.8) 217.3 (22.7) 218.3 (23.2) -0.1 (0.4) -2.5 – 2.3 0.6 (3.3) -1.3 – 2.5 

30% MVIC 220.2 (22.9) 220.4 (22.9) 220.0 (22.5) 220.5 (21.7) -0.2 (2.9) -1.9 – 1.5 0.1 (3.1) -1.7 – 1.8 

70% MVIC 221.6 (23.8) 222.6 (23.6) 221.8 (23.2) 223.6 (23.2) 0.1 (3.5) -1.9 – 2.2 1.0 (1.7) 0.01 – 2.0 

MG tendon (mm)       

Rest 193.0 (22.8) 193.8 (22.9) 192.9 (22.2) 192.8 (22.9) -0.1 (2.7) -1.7 – 1.4 -1.0 (2.3) -2.4 – 0.3 

30% MVIC 195.5 (22.7) 196.1 (22.0) 195.9 (22.3) 195.6 (23.0) 0.4 (2.1) -0.9 – 1.6 -0.5 (2.4) -1.9 – 1.0 

70% MVIC 197.9 (23.2) 198.5 (23.1) 198.3 (22.4) 198.9 (22.0) 0.4 (2.7) -1.2 – 1.9 0.5 (2.7) -1.1 – 2.0 

Data are expressed as group mean (SD). CI – confidence interval, LG – lateral gastrocnemius, MG – medial gastrocnemius, MVIC – 

MVIC. *significant difference compared to control (P < 0.05).  
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Table 9. Group means and group mean differences for pre- and post-exercise tendon and 

aponeurosis strains 

 No-exercise Eccentric Mean difference between sessions 

 Pre Post Pre Post Pre 95% CI Post 95% CI 

Free AT (%)        

30% MVIC 3.2 (1.4) 2.9 (1.6) 2.9 (1.6) 5.3 (2.3)* -0.3 (1.5) -1.1 – 0.5 2.4 (3.2) 0.6 – 4.3 

70% MVIC 6.6 (2.0) 6.5 (2.3) 6.5 (2.6) 9.2 (3.1)* -0.1 (1.1) -0.6 – 0.4 2.8 (2.4) 1.4 – 4.1 

LG aponeurosis (%)        

30% MVIC 0.5 (1.3) 0.5 (1.7) 0.7 (1.1) 0.3 (1.5) 0.2 (1.9) -0.9 – 1.3 -0.3 (2.7) -1.8 – 1.3 

70% MVIC 0.1 (1.3) 0.9 (1.8) 0.4 (1.5) 0.8 (2.4) 0.3 (2.2) -0.9 – 1.6 0.3 (2.9) -1.4 – 1.9 

MG aponeurosis (%)        

30% MVIC 0.2 (1.1) 0.9 (1.4) 0.9 (0.9) -0.2 (2.1) 0.6 (1.3) -0.2 – 1.3 -0.5 (2.5) -1.9 – 0.9 

70% MVIC 0.6 (1.9) 1.1 (1.9) 1.2 (1.1) 0.7 (2.5) 0.6 (1.8) -0.5 – 1.6 0.2 (2.3) -1.1 – 1.5 

LG tendon (%)        

30% MVIC 1.3 (0.9) 1.4 (1.2) 1.3 (1.1) 1.5 (1.4) -0.001 (1.4) -0.8 – 0.8 0.1 (2.0) -1.0 – 1.3 

70% MVIC 1.9 (0.6) 2.3 (0.8) 2.1 (1.5) 2.9 (1.9) -0.2 (1.5) -0.7 – 1.1 0.6 (2.2) -0.7 – 1.8 

MG tendon (%)        

30% MVIC 1.3 (0.5) 1.6 (0.8) 1.6 (0.7) 1.4 (0.8) 0.3 (0.7) -0.1 – 0.7 -0.2 (1.2) -0.9 – 0.5 

70% MVIC 2.6(1.3) 2.9 (1.2) 2.8 (1.1) 3.2 (1.3) 0.3 (1.4) -0.5 – 1.1 0.3 (1.5) -0.5 – 1.2 

Data are expressed as group mean (SD). CI – confidence interval, LG – lateral gastrocnemius, MG – medial gastrocnemius, MVIC – 

MVIC. *significant difference compared to control (P < 0.05).  

 

6.4.3 Effect of eccentric exercise on torque and muscle activation 

Significant session-by-time interactions were detected for normalised EMG amplitude at 

30% MVIC for LG (F1, 13= 25.7, P < 0.001),  MG (F1, 13 = 42.2, P < 0.001) and SOL (F1, 13 = 

42.2, P < 0.001) and 70% MVIC for LG (F1, 13 = 11.5, P = 0.005), MG (F1, 13 = 10.4, P = 0.007) 

and SOL (F1, 13 = 5.7, P = 0.03,Table 10).  Pairwise comparisons revealed significant 

differences between sessions for post-exercise normalised EMG for LG, MG and SOL at 

30% and 70% MVIC (P < 0.05).  Significant session-by-time interactions were found for 

normalised EMG ratio for MG (F1, 13 = 13.7, P = 0.003) and SOL (F1, 13 = 10.6, P = 0.007) at 

30% MVIC. Pairwise comparisons revealed significant group differences in post-exercise 

normalised EMG ratios for MG (F1, 12 = 6.2, P = 0.028) and SOL (F1, 12 = 5.4, P = 0.039), 

though the magnitude of these differences were small. 
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Table 10. Group means and group mean differences for pre- and post-exercise normalised EMG 

amplitudes and ratios 

Data are normalised to corresponding pre-exercise MVICs (MVIC) and expressed as group mean (SD). Normalised EMG ratios of 

Triceps Surae muscles are expressed as a proportion of total activation. CI – confidence interval, LG – lateral gastrocnemius, MG – 

medial gastrocnemius, SOL- soleus, TA – tibialis anterior. *significant difference between sessions (P < 0.05). 

 

6.5 Discussion 

Previous studies that have examined the immediate effect of exercise on AT mechanical 

properties have tended to focus on changes at the whole tendon level. This study was the 

first to simultaneously examine changes in the free tendon and proximal AT in response 

to exercise, and in particular the first to examine changes in free tendon mechanical 

properties following isolated eccentric exercise. The main finding was that changes in AT 

mechanical properties following the eccentric heel drop exercise were confined to the 

free tendon, with no changes evident at the level of gastrocnemii aponeurosis or 

gastrocnemii tendon.  Specifically we found that post-exercise length and strain of the 

free tendon measured at the same ankle torque was significantly greater in the eccentric 

exercise compared to the no-exercise session, and that these changes were not explained 

by differences in muscle activation or torque production.  Furthermore, because we 

 No-exercise Eccentric Mean Group Difference 

 Pre Post Pre Post Pre 95% CI Post 95% CI 

30% MVIC         

LG 0.28 (0.08) 0.28 (0.09) 0.30 (0.07) 0.46 (0.18)* 0.02 (0.05) -0.01 – 0.05 0.19 (0.13) 0.11 – 0.26 

MG 0.11 (0.04) 0.11 (0.05) 0.12 (0.05) 0.27 (0.10)* 0.008 (0.04) -0.02 – 0.03 0.17 (0.10) 0.10 – 0.23 

SOL 0.26 (0.12) 0.30 (0.11) 0.29 (0.14) 0.44 (0.17)* 0.03 (0.09) -0.2 – 0.09 0.14 (0.10) 0.08 – 0.20 

TA 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.03 (0.01) 0.001 (0.02) -0.009 – 0.011 0.006 (0.01) -0.00003 – 0.01 

LG:TS 0.44 (0.12) 0.41 (0.13) 0.41 (0.13) 0.37 (0.14) -0.2 (0.07) -0.07 – 0.02 -0.03 (0.10) -0.09 – 0.03 

MG:TS 0.17 (0.05) 0.15 (0.06) 0.16 (0.06) 0.23 (0.09)* -0.01 (0.05) -0.04 – 0.02 0.05 (0.08) 0.009 – 0.14 

SOL:TS 0.39 (0.11) 0.44 (0.11) 0.39 (0.08) 0.36 (0.10)* 0.01 (0.08) -0.05 – 0.05 -0.08 (0.11) -0.15 – -0.005 

70% MVIC         

LG 0.59 (0.10) 0.61 (0.13) 0.59 (0.17) 0.89 (0.31)* 0.003 (0.16) -0.1 – 0.1 0.28 (0.29) 0.10 – 0.45 

MG 0.52 (0.14) 0.52 (0.12) 0.54 (0.13) 0.72 (0.24)* 0.02 (0.18) -0.09 – 0.13 0.20 (0.20) 0.06 – 0.34 

SOL 0.43 (0.09) 0.51 (0.18) 0.50 (0.17) 0.73 (0.18)* 0.07 (0.15) -0.03 – 0.16 0.21 (0.16) 0.12 – 0.31 

TA 0.05 (0.03) 0.05 (0.03) 0.05 (0.02) 0.06 (0.02) -0.006 (0.02) -0.02 – 0.008 0.002 (0.02) -0.01 – 0.02 

LG:TS 0.38 (0.04) 0.37 (0.06) 0.35 (0.09) 0.36 (0.10) -0.03 (0.09) -0.09 – 0.03 -0.01 (0.11) -0.08 – 0.06 

MG:TS 0.33 (0.07) 0.32 (0.07) 0.31 (0.07) 0.30 (0.09) -0.03 (0.1) -0.08 – 0.04 -0.03 (0.13) -0.10 – 0.05 

SOL:TS 0.28 (0.06) 0.31 (0.08) 0.33 (0.14) 0.34 (0.16) 0.02 (0.07) -0.03 – 0.06 -0.002 (0.07) -0.05 – 0.04 
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found no evidence of altered stiffness of the free tendon, increased length and strain 

could reflect changes consistent with tendon creep that could be indicative of early stage 

mechanical fatigue. 

6.5.1 Effect of tendon region of strain and stiffness 

In agreement with previous in vivo studies (Farris et al., 2013, Lichtwark et al., 2013) free 

tendon strain was approximately 2-3 times higher than gastrocnemii tendon at the same 

ankle joint torque.  We also found no difference in post-exercise longitudinal strain and 

stiffness between the medial and lateral gastrocnemii aponeurosis, which supports 

previous studies that suggest uniform tensile behaviour between the two gastrocnemii 

heads (Farris et al., 2012).  In light of this, subsequent discussion of results for MG and LG 

aponeurosis, and LG and MG tendon, will be collectively referred to as ‘gastrocnemii 

aponeurosis’ and ‘gastrocnemii tendon’, respectively. Our results indicate that elongation 

of the gastrocnemii tendon during submaximal isometric plantar flexion contraction was 

primarily derived from elongation of the free tendon (~70% at 30% MVIC and ~80% at 

70% MVIC), with only minor contribution from the gastrocnemii aponeurosis.  When 

expressed relative to resting length, free tendon strain was, on average, 6 times greater 

than the corresponding strain of the gastrocnemii aponeurosis measured at either the 

medial or lateral gastrocnemii muscle-tendon junction.  Increased strain and decreased 

stiffness of the free tendon, relative to the gastrocnemii aponeurosis and tendon, as 

measured in the present study during submaximal contractions using 3DUS, is consistent 

with previous data for maximal effort contractions (Magnusson et al., 2003b).   

6.5.2 Effect of eccentric exercise on the free tendon and gastrocnemii aponeurosis 

While there is some evidence that the mechanical properties of the free AT in vivo are 

altered in response to exercise modes that involve rapid eccentric contractions (as part of 

the stretch-shorten cycle), such as hopping and running (Joseph et al., 2014, Lichtwark et 

al., 2013), this study provides the first data to demonstrate changes following repeated 

eccentric-only contractions of the plantar flexors.  Specifically, we found that the post-

exercise free tendon length and strain at 30% and 70% MVIC was greater in the eccentric 

compared to the no-exercise session. The observed increase in free tendon length at each 

contraction intensity was small relative to the absolute free tendon length (< 2.5%), but 
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when expressed as a strain, these effects were pronounced with a 1.5 times and 1.25 

times increase in free tendon strain at 30% MVIC (pre = 2.9% (SD 1.6); post = 4.4% (SD 

1.4)) and 70% MVIC (pre = 6.5% (SD 2.3); post = 8.3 % (SD 2.8)), respectively.  Importantly, 

these differences were not explained by altered muscle activation patterns or net 

external joint torque following the eccentric exercise intervention. As expected, 

normalised EMG amplitudes for each Triceps Surae muscle increased post-exercise, 

however, the relative change was similar across muscles and did not equate to a 

significant change in synergistic EMG ratios or net external joint torque.  While we cannot 

discount the effect that small changes in muscle activation patterns may have on force 

transmission between and along the Triceps Surae muscle-tendon units, the observed 

changes in AT length most likely reflect differences in both the mechanical properties 

between the proximal and distal regions, and the relative contribution of each region to 

the overall change in muscle-tendon unit length during eccentric contractions 

(Magnusson et al., 2003b, Sugisaki et al., 2005).  Furthermore, because we did not detect 

any measurable change in stiffness or CSA of the free tendon at rest, the changes in free 

tendon length and strain under load immediately following eccentric exercise suggest 

changes consistent with early stage tendon fatigue resulting from tendon creep (i.e. loss 

of natural fibre crimp and plastic deformation of fibres), rather than tendon damage per 

se (i.e. fibre rupture) (Andarawis-Puri et al., 2012, Fung et al., 2009).  Our results are also 

consistent with those reported following a 5 km run (Lichtwark et al., 2013) whereby 

post-exercise changes in length and strain were confined to the free tendon and were not 

associated with a change in stiffness.  Though the effects on free tendon strain at a 

similar isometric force were greater in the present study (e.g. 2-2.5% compared with <1% 

(Lichtwark et al., 2013)), presumably due to differences in cyclic and total loading 

duration, together these findings suggest that the free tendon may be more vulnerable to 

acute changes in mechanical behaviour in response to exercise, compared to the 

gastrocnemii aponeurosis or tendon.  Repeated exposure of the free tendon to these 

changes, without adequate recovery, could increase the risk of chronic strain induced 

injuries due to damage accumulation within the tendon (Andarawis-Puri et al., 2009, Fung 

et al., 2010, Lichtwark et al., 2013). These findings may, therefore, be important in 

understanding the propensity for exercise related adaptations of the human AT to be 
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localised to the free tendon.  This study also highlights the value in examining changes in 

the free tendon, independent of the gastrocnemii aponeurosis and tendon, when 

examining the effects of exercise on the AT complex.  The results raise the possibility that 

exercise modes previously shown to immediately reduce gastrocnemii tendon stiffness, 

for example maximal isometric contractions (Kubo et al., 2002c, Kay and Blazevich, 2009) 

and prolonged passive stretching (Kubo et al., 2002c, Kato et al., 2010), may induce much 

larger changes to the free tendon than were reported for gastrocnemii tendon in those 

studies, or for the free tendon in the present study.  Future studies are recommended to 

examine the effects of these exercise modes, with specific emphasis on quantifying 

changes to the free tendon. 

 

Notwithstanding the critical role that strains experienced during exercise have in 

determining long-term tendon adaptation (Arampatzis et al., 2007a), it is possible that 

the immediate increases in free tendon length and strain under load following the 

eccentric heel drop exercise could persist in the short-term, as demonstrated by fatigue 

testing of animal tendons in vitro (Fung et al., 2009).  Under these conditions, peak or 

average strains experienced during subsequent exercise, such as walking (e.g. peak 

gastrocnemii tendon strain ~ 4.8% (Lichtwark and Wilson, 2006)) may approach that 

considered optimal for long-term adaptation (~ 6% (Wang et al., 2013, Arampatzis et al., 

2007a)). Short-term changes in mechanical properties of the gastrocnemii tendon (e.g. 

decreased stiffness (Mizuno et al., 2012)), and other load sensitive free tendon 

parameters, such as tendon diameter (Grigg et al., 2010, Wearing et al., 2008, Grigg et al., 

2009) and paratendinous biomarkers for collagen turnover (Langberg et al., 2001) have 

been reported in vivo following acute eccentric-based exercise. The efficacy of eccentric, 

and other exercise modes, in promoting mechanical and morphological adaptation in 

healthy (Morrissey et al., 2011) and injured ATs (Ohberg et al., 2004, Shalabi et al., 2004b) 

might, therefore, be explained by a combination of direct (i.e. during-exercise) and 

residual (i.e. post-exercise) effects of the exercise bout on the free tendon.  It is 

important that future studies examine the temporal nature of post-exercise changes in 

free tendon parameters in vivo, such as those reported in the present study, when 

considering the role of exercise in adaptation specific to the free tendon. 
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6.5.3 Effect of eccentric exercise on the gastrocnemii tendon 

We found no evidence of increased length or strain relative to torque for the 

gastrocnemii tendon following eccentric exercise, nor did we detect any change in 

relative stiffness. Although gastrocnemii tendon elongation was largely derived from 

changes in free tendon length, the increase in free tendon elongation after eccentric 

exercise (~ 1.5 mm at 70% MVIC) was small relative to the absolute length of the 

gastrocnemii tendon (~ 200 mm) and insufficient to increase post-exercise length and 

strain of the gastrocnemii tendon. The lack of change in gastrocnemii tendon length, 

strain or stiffness after eccentric exercise was surprising considering peak gastrocnemii 

tendon strain during the heel drop exercise may be as high as 8.5% (Jeong et al., 2014), 

and sufficient to induce fatigue and damage to tendons with cyclic loading in vitro (Wren 

et al., 2003).  It is therefore likely that the number of cycles (45 reps) and/or total 

duration (~ 135 s) of tensile loading of the eccentric help drop exercise was insufficient to 

induce creep or fatigue of the gastrocnemii tendon.  While our findings support previous 

studies that show no effect of running (Farris et al., 2012, Lichtwark et al., 2013) or 

hopping (Joseph et al., 2014, Peltonen et al., 2010) on gastrocnemii tendon strain or 

stiffness, they do contradict those of Jeong et al (2014) who reported increased  

gastrocnemii tendon stiffness immediately following a similar bout of eccentric heel drop 

exercise. While there are methodological differences between the present study and that 

of Jeong et al (2014), in terms of both the total volume of exercise and the methods used 

to evaluate tendon properties, it is difficult to reconcile increased gastrocnemii tendon 

stiffness in response to acute exercise in light of substantial in vivo (Obst et al., 2013) and 

in vitro (Wren et al., 2003) evidence that demonstrate either decreased or no change in 

human tendon stiffness following repeated exposure to large tensile loads. It is possible 

that the higher volume of eccentric exercise used by Jeong et al (2014) compared to the 

present study may have had a more profound effect on free tendon volume (Shalabi et 

al., 2004a) and/or transverse strain of the gastrocnemii aponeurosis (Farris et al., 2013, 

Iwanuma et al., 2011), compared to the present study, which could account for increased 

stiffness of the gastrocnemii tendon.  Irrespective, our results are consistent with studies 

examining the effects of running (Farris et al., 2012, Lichtwark et al., 2013) and prolonged 
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hopping (Peltonen et al., 2010), and provide further evidence the gastrocnemii tendon is 

well suited to resist tensile loading during dynamic exercise.   

6.6 Limitations   

While attempts were made to control for confounders that would directly influence post-

exercise tendon measurements (e.g. effect of pre-exercise testing, muscle activation and 

ankle torque), there are a number of limitations that must be considered when 

interpreting our findings.  Firstly, tendon measurements were limited to longitudinal 

length and strain under three static ankle conditions, controlled on the basis of external 

joint torque.  Therefore, our measures of tendon mechanical properties assume that the 

magnitude of tensile force does not differ between tendon regions and is directly 

proportional to the measured net ankle joint torque.  While the first assumption may 

limit our comparison between tendons at baseline, it should not limit within-tendon 

comparisons made using a repeated measures design (i.e. pre-post), as was primarily 

used in the present study.  With regard to the second assumption, in the absence of 

changes in post-exercise activation of antagonist muscle activation (i.e. < 0.2% change in 

normalised EMG of TA) and any empirical evidence to suggest that the AT moment arm is 

altered after acute exercise, we believe it was reasonable to examine within-subject 

changes in tendon strain and stiffness on the basis of controlling for external joint torque, 

rather than tendon force (Seynnes et al., 2015).  Secondly, we only examined changes in 

tendon mechanical properties up to 70% maximal isometric force with the ankle position 

in 15° plantar flexion.  Examining strain at higher absolute tendon forces, as could be 

generated in a more neutral ankle position, may have revealed changes in the 

gastrocnemii aponeurosis or gastrocnemii tendon mechanical properties, not detectable 

at 70% MVIC.  Finally, our results are limited to immediate effects following a standard 

clinical eccentric exercise dose in healthy young adults.  We therefore do not know the 

time-course of these changes or the influence of exercise dose (e.g. speed, intensity, 

volume etc.), contraction mode and/or tendon health (e.g. normal versus 

injured/diseased tendon) on the magnitude of these effects or the implications of the 

observed changes for long term adaptation of the AT. 

6.7 Conclusions 
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This is the first study to simultaneously examine the immediate effects of exercise on the 

mechanical properties of the distal free tendon and proximal AT of the AT in vivo and the 

first to examine changes in free tendon properties following isolated eccentric exercise.  

Our results showed that a single bout of eccentric heel drop exercise in healthy young 

adults had an immediate effect on free tendon mechanical properties, without 

concomitant change to the gastrocnemii aponeurosis or gastrocnemii tendon.  The 

changes in free tendon properties were limited to increased length and strain under load, 

without a detectable change in stiffness or CSA, and suggest changes due to mechanical 

creep that would be consistent with early tendon fatigue. While the effects were small, 

the findings highlight the responsiveness and potential vulnerability of the free tendon to 

exercise-induced loading.  Future studies need to examine the recoverability of free 

tendon mechanical properties to establish the potential role residual effects of a single 

exercise bout have on the risk of fatigue accumulation with repeated exercise bouts.   
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CHAPTER 7  
Three-dimensional morphology and strain of the 
Achilles free tendon immediately following 
eccentric heel drop exercise 
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7.1 Abstract  

Our understanding of the immediate effects of exercise on free AT transverse 

morphology is limited to single site measurements acquired at rest using 2DUS.  The 

purpose of this study was to provide a detailed 3D description of changes in free AT 

morphology immediately following a single clinical dose of exercise.  Freehand 3DUS was 

used to measure free AT length, and regional CSA, ML diameter and AP diameter in 

healthy young adults (n=14) at rest and during isometric muscle contraction, immediately 

before and after 3×15 eccentric heel drops.  Post-exercise changes in transverse strain 

were limited to CSA and AP diameter in the mid-proximal region of the free AT during 

muscle contraction.  The change in CSA strain during muscle contraction was significantly 

correlated to the change in longitudinal strain (r=-0.72); and the change in AP diameter 

strain (r=0.64).  Overall findings suggest the free AT experiences a complex change in 3D 

morphology following eccentric heel drop exercise that manifests under contractile, but 

not rest conditions, is most pronounced in the mid-proximal tendon, and primarily driven 

by changes in AP diameter strain and not ML diameter strain.  

7.2 Introduction 

Repeated exposure to high tensile strains during exercise has been shown to induce 

immediate changes in AT mechanical and morphological properties that could impact on 

tendon function and injury risk, and be important for long-term tendon adaptation (Obst 

et al., 2013). The mechanical and morphological properties of the free AT appear 

particularly susceptible to change following acute exercise (Obst et al., 2015b, Lichtwark 

et al., 2013, Grigg et al., 2009, Grigg et al., 2012).  Increased strain of the free AT 

measured at the same external load after exercise has been demonstrated following 

running (Lichtwark et al., 2013) and repeated eccentric heel drops (Obst et al., 2015b) 

and is suggestive of early stage tendon fatigue due to mechanical creep (Fung et al., 

2010).  Because increased tendon longitudinal strain during tensile loading is closely 

associated with changes in tendon transverse morphology and strain (Pokhai et al., 2009, 

Reeves and Cooper, 2014, Vergari et al., 2011, Obst et al., 2014b), a similar relationship 

might be expected for the changes in tendon morphology and strain that occur in 

response to an exercise bout.  In view of the high rate of exercise-related injuries of the 
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free AT and the potential role short-term changes in tendon transverse dimensions could 

have on stress distribution and thus the local mechanical environment (Smith et al., 2013, 

Shim et al., 2014), there is a need to better understand the acute effects of exercise on 

the 3D morphology and strain of the free AT in vivo.  

 

There is evidence that 2DUS based measures of free AT AP diameter acquired at rest, 

from a single location along the mid-portion of the tendon (~2-4 cm proximal to 

calcaneus), are reduced for up to 2.5 hours after dynamic exercise and are more 

pronounced following eccentric compared to concentric exercise (Grigg et al., 2009), and 

in healthy compared to injured tendons (Grigg et al., 2012).  These short-term reductions 

in AP diameter after exercise have been suggested to reflect fluid exudation from the 

tendon core to the peri-tendinous space due to the creation of positive hydrostatic 

pressure within the tendon when tendon fibres stretch and pack under tensile load (Grigg 

et al., 2009, Hannafin and Arnoczky, 1994). While in vitro studies demonstrate load-

dependent changes in fluid content and tendon dimensions in response to repeated 

loading (Hannafin and Arnoczky, 1994, Wellen et al., 2005, Helmer et al., 2006), in vivo 

studies of the human AT report mixed findings with respect to exercise induced changes 

in tendon volume (Pingel et al., 2013a, Pingel et al., 2013b, Shalabi et al., 2004a, Syha et 

al., 2013) and CSA (Burgess et al., 2009, Farris et al., 2012, Neves et al., 2014); 

discrepancies that may reflect different exercise interventions, populations or imaging 

methods used to assess tendon morphology.  It is also currently unclear whether changes 

in transverse morphology and strain following exercise are uniformly distributed across 

the length of the tendon, occur along the ML axis (i.e. ML diameter), related to changes in 

longitudinal deformation or are more pronounced under tensile load. 

 

The purpose of this study was to examine the immediate effect of a single bout of 

eccentric heel drop exercise on the 3D morphology of the free AT at rest and during an 

isometric plantar flexion contraction using a 3DUS-based method (Obst et al., 2014b).  

We selected the eccentric heel drop as it remains an integral part of AT rehabilitation 

(Kjaer and Heinemeier, 2014, Habets and Cingel, 2014), induces high tendon strains 

(~8.5% (Jeong et al., 2014)) and has been shown to affect immediate changes in 
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mechanical (Obst et al., 2015b) and 2D morphological (Grigg et al., 2009) properties of 

the free AT in healthy adults.  We hypothesised that transverse morphology and strain 

(CSA, AP diameter and ML diameter) of the free AT would be altered immediately 

following exercise and correlated to the corresponding change in longitudinal strain.  

7.3 Methods 

7.3.1 Participants  

Fourteen participants (8 males, 6 females; age: 28.1±4.1 y, height: 172.8±9.0 cm and 

weight: 70.0±15.4 kg) volunteered to participate in the study.  All participants were 

recruited from the local university staff and student population and gave written 

informed consent prior to participation.  All participants were recreationally active and 

had no recent or recurrent AT or lower leg musculoskeletal injury and/or surgery or 

upper or lower motor neuron disorders. The study was approved by the institutional 

human research ethics committee and was performed in accordance with the Declaration 

of Helsinki. 

7.3.2 Experimental design and eccentric exercise protocol 

Each participant refrained from strenuous physical activity at least 24 h prior to testing. 

Participants initially completed a series of maximal and submaximal voluntary isometric 

plantar flexion contractions (pre-exercise), the latter of which included freehand 3DUS 

scans for measurement of free AT parameters.  Participants then performed a 

standardised eccentric heel drop exercise protocol (3 × 15, plus 2 min rest).  A 

metronome (60 bpm) was used to control exercise speed such that each repetition lasted 

3 s and corresponded to an average ankle angular velocity of ~ 20-25°∙s-1.  The non-test 

leg was used to return the participant to the start position to ensure the test leg 

performed only eccentric plantar flexor contractions.  Verbal encouragement was 

provided to ensure that the knee remained extended and maximal ankle joint range of 

movement was achieved at the start and end of each repetition.  All tendon testing 

procedures were then repeated within 2 min following the exercise bout (post-exercise). 

7.3.3 Data collection and analysis  
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7.3.3.1 Torque and muscle activation 

Ankle joint torque, muscle activation and tendon measurements were made with 

participants positioned prone on a plinth with their left knee at 0° flexion and left ankle in 

15° plantar flexion and foot and ankle firmly secured to a foot plate with an in-built force 

transducer (TFF600, Futek, Irvine, CA, USA). The position of the foot and ankle were 

checked between trials to ensure that the approximate axis of rotation of the talocrural 

joint (i.e. line bisecting the medial and lateral malleoli) aligned with the axis of rotation of 

the torque transducer.  The resting net ankle joint torque in this position was negligible 

(mean ankle torque pooled across time points < 1 N∙m) and thus measurements of 

resting tendon morphology were made at approximately zero stress or ‘slack’ length (De 

Monte et al., 2006). Participants initially completed five MVICs of ankle plantar flexion to 

pre-condition the AT (Maganaris, 2003b) and establish target plantar flexion torques for 

subsequent testing trials. Two 3DUS scans of the AT complex were then performed at rest 

and during an 8-12 s isometric plantar flexion contraction at 70% MVIC, the latter of 

which included real-time visual feedback of torque with respect to time to ensure 

participants maintained the target ankle torque for the duration of the trial. A custom 

double differential surface EMG system (band pass: 30-500 Hz; gain: 300 dB; common 

mode rejection ratio: 160dB) and commercial amplifier (Bagnoli-8™, Delsys Inc., Boston, 

MA, USA) was used to measure muscle activity of MG, LG, soleus (SOL) and tibialis 

anterior (TA) for all tendon measurement trials.  Following skin preparation, three 24 mm 

surface electrodes (inter-electrode distance: 20mm) (H124SG, Covidien, Kendall, USA) 

were placed over each muscle according to SENIAM guidelines (Hermens et al., 2000).  

Torque and EMG signals were analogue-digital converted at a sampling rate of 1000 Hz 

and recorded using a custom LabView program (LabView 9.0, National Instruments, 

Austin, TX, USA) and USB data acquisition device (NI:USB-6259 BNC, National 

Instruments, Austin, TX, USA). Pre- and post-exercise target plantar flexion torques were 

normalised against the pre-exercise plantar flexion MVIC.  EMG signals were amplified (× 

3,000), band-pass filtered (30-500 Hz), full-wave rectified and root mean squared using a 

20 ms non-overlapping window.  Pre- and post-exercise submaximal EMG amplitudes 

were normalised to pre-exercise MVIC and averaged over a 3 s window during the middle 
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of each trial.  EMG amplitudes for LG, MG and SOL were also expressed as a ratio of total 

Triceps Surae activation. 

7.3.3.2 3DUS measurement of AT mechanical and morphological properties 

Our freehand 3DUS system consisted of a conventional ultrasound machine (SonixTouch, 

Ultrasonix, Richmond, BC, Canada) and a five camera optical tracking system (V100:R2, 

Tracking Tools v 2.5.2, NaturalPoint, Corvallis, OR, USA) that enabled synchronous 

recording of 2D B-mode ultrasound images with 3D position and orientation of the 

transducer determined from four reflective markers rigidly affixed to the probe. Prior to 

data acquisition, the relationship between the image coordinate system and the marker 

coordinate system was determined using a single wall phantom calibration procedure 

(Prager et al., 1998).  Following calibration the 3D coordinates of a pixel within a 2DUS 

image were known with an error of ±0.5 mm.  All 3DUS calibration, acquisition and image 

segmentation procedures were performed using the Stradwin software package 

(Stradwin 4.71, Cambridge University).  Previous work has established the accuracy and 

repeatability of freehand 3DUS for in vivo measurement of human muscle morphology 

(length and volume) at rest (Barber et al., 2009) and free AT morphology (length, volume, 

CSA, AP diameter and ML diameter) under passive and active loading conditions (Obst et 

al., 2014a, Obst et al., 2015b, Lichtwark et al., 2013, Obst et al., 2014b).  

 

Acquisition and analysis of all ultrasound scans were performed by a single investigator 

(SJO) using a 58 mm linear transducer with 10MHz central frequency (L14-5W/60 linear, 

Ultrasonix, Richmond, BC, Canada) and standard image settings (frame rate: 60 Hz, depth: 

40 mm, gain: 50%, dynamic range: 65 dB, map: 4 and power: 0).  For each ankle 

condition, two transverse scans were performed over the posterior leg extending 

proximally from the distal calcaneus to beyond the SOL muscle-tendon junction. To 

enhance visualisation of the AT cross-section, a 2 cm thick acoustic standoff pad 

(Ultra/Phonic Focus, Pharmaceutical Innovations Inc., Newark, NJ, USA) was affixed to the 

end of the transducer using a thermoplastic case. Total scan time for each trial was 

between 8-12 s equating to an approximate scan speed to 10 mm s-1 and average 

between-frame interval of less than 0.2 mm.  Free AT length was defined as the shortest 

distance between two 3D points corresponding to the most distal edge of the calcaneal 
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notch and the SOL muscle-tendon junction, determined using a combination of sagittal, 

transverse and frontal image re-slices (Obst et al., 2015b, Obst et al., 2014b).   Tendon 

cross sections were manually segmented between these two landmarks at ~5-10 mm 

intervals and interpolated using a shape-based interpolation method to create a 3D 

surface representation of the free AT (Treece et al., 2000) (Figure 23).  The corresponding 

3D point cloud was then exported into Matlab (Version R2012a, The Mathworks, Natick, 

MA, USA) for determination of tendon transverse morphology using methods described 

by Obst et al (2014b).  Pre- and post-exercise longitudinal and transverse strains at 70% 

MVIC were normalised to the corresponding pre-exercise resting lengths.  All transverse 

morphological parameters are presented as the averaged across each 10% intervals are 

expressed relative to the normalised tendon length.  Because of difficulties visualising the 

free AT cross section as it traverses the calcaneus, subsequent analysis of mean and 

regional transverse morphology and strain only include data between 30% and 100% of 

the normalised tendon length; that approximated the tendon region between the 

proximal edge of the calcaneus and distal edge of the SOL muscle-tendon junction (Figure 

23).   
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Figure 23. Example of a reconstructed 3D stack of ultrasound images (A) with corresponding 

manual segmentation of the free AT (AT) cross-sections (B) and interpolated 3D surface imbedded 

back into the original image stack (C). The free AT was manually segmented from the transverse 

images at ~ 0.5-1cm intervals from the most distal edge of the calcaneal notch to the soleus 

muscle-tendon junction (MTJ). 

7.3.4 Statistical Analysis 

Differences in regional transverse morphology (CSA, AP diameter and ML diameter) 

measured before and after exercise were assessed separately at each torque level using a 

two-way (measurement time × tendon region) full factorial repeated measures general 

linear model. Where a significant time-by-region interaction or main effect of time was 

found, pairwise comparisons were performed between measurement time points at each 
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tendon region using Bonferroni post-hoc comparisons. The same statistical approach was 

used to assess the effect of exercise on regional transverse strains at 70% MVIC.  

Differences in pre- and post-exercise tendon length and volume, and ankle torque and 

EMG, were assessed at each torque level using a two-way (measurement time × torque 

level) full factorial repeated measures general linear model. Where a significant time-by-

torque interaction or main effect of time was found, pairwise comparisons were 

performed between measurement time points at each torque level using Bonferroni 

post-hoc corrections. Differences in pre- and post-exercise tendon longitudinal strain at 

70% MVIC were assessed using a two-way paired student t-test.  Relationships between 

pre- and post-exercise change in mean CSA strain and tendon longitudinal strain, mean 

CSA strain and mean AP diameter strain, and mean CSA strain and mean ML diameter 

strain, were each assessed using the Pearson’s product-moment correlation coefficient 

(r).  All statistical analyses were performed using SPSS Statistics software (version 20.0, 

SPSS Inc., Chicago, IL) and the significance level for all tests was set at P ≤ 0.05. 

7.4 Results 

7.4.1 Effect of exercise on free AT length, longitudinal strain and volume 

There was a significant time-by-torque interaction and main effect of time for tendon 

length.  Post-hoc comparisons revealed a significant increase in post-exercise tendon 

length at rest (pre: 61.4 ±17.7 mm, post: 61.9 ±17.4 mm, P=0.03) and at 70% MVIC (pre: 

65.3±18.0 mm, post: 66.8 ±17.9 mm, P<0.001).  When normalised to pre-exercise resting 

length, these changes equated to a significant increase in tendon longitudinal strain at 

70% MVIC (pre: 6.5±2.6%, post: 9.2±3.1%, P<0.001). There was no significant time-by-

torque interaction or main effect of time for tendon volume measurements at rest 

(Grand mean: 4.1±1.3 ml) or at 70% MVIC (Grand mean: 4.2±1.2 ml). 

7.4.2   Effect of exercise on free AT regional transverse morphology and strain 

There was a significant time-by-region interaction and main effect of time for tendon CSA 

at rest (P< 0.001) and 70% MVIC (P<0.001).  The data show tendon CSA was decreased 

across the measurement region (30%-100% normalised length) following exercise at rest 

(pre: 59.5±7.4 cm2, post: 52.6±6.8 cm2, P=0.001) and at 70% MVIC (pre: 62.1±8.5 cm2, 

post: 50.9±7.2 cm2, P<0.001).  Post-hoc comparisons between time points at each tendon 
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region revealed significant differences in tendon CSA at 70% MVIC between 60% and 80% 

of normalised tendon length (Figure 24B), but no change in resting CSA (Figure 24A).  

There was a significant time-by-region interaction and main effect of time for tendon ML 

diameter at rest (P<0.001) and 70% MVIC (P<0.001).  Tendon ML diameter was decreased 

across the measurement region following exercise at rest (pre: 13.7±0.33 mm, post: 

12.4±0.27 mm, P<0.001) and at 70% MVIC (pre: 13.0±0.39 mm, post: 11.3±0.31 mm, 

P<0.001).  Post-hoc comparisons between time points at each tendon region failed to 

reveal any significant differences in ML diameter at either torque level (Figure 24). There 

was no significant time-by-region interaction for tendon AP diameter at rest or at 70% 

MVIC; however, there was a significant main effect of time at 70% MVIC (pre: 5.4±0.43 

mm, post: 5.2±0.47 mm, P<0.001). Post-hoc comparisons between time points for each 

region revealed a significant decrease in AP diameter at 70% MVIC between 50% and 

100% of the normalised tendon length (Figure 24).  There were no significant time-by-

region interactions for any transverse strain measure; however, there was a main effect 

of time for CSA strain (pre: 0.9±2.3%, post: -2.5±2.3%, P=0.035) and AP diameter strain 

(pre: 10.4±1.75%, post: 5.7±1.9%, P<0.001), but not ML diameter strain.  Post-hoc 

comparisons between time points at each region revealed significant reductions in CSA 

strain and AP diameter strain between 60% and 90%, and 40% and 100% of the 

normalised tendon length, respectively (Figure 25).  Changes in mean CSA strain following 

exercise were strongly correlated to changes in longitudinal strain (r=-0.72, P=0.002) and 

mean AP diameter strain (r=0.65, P=0.006) (Figure 26). 
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Figure 24. Group data for free AT CSA,  ML diameter (MLD) and AP diameter (APD) measured at 

rest (A) and during a 70% MVIC (70% MVIC) before () and after (∆) a single bout of eccentric heel 

drop exercise. All data are averaged over 10% intervals and expressed relative to normalised 

tendon length (0%=calcaneal notch and 100%=soleus muscle-tendon junction).  Data between 0% 

and 30% of normalised tendon length (see vertical dotted line) was excluded from the statistical 

analysis.  Error bars represent ±1 standard error of the group mean (n=14). * Significant post-hoc 

pairwise difference between pre- and post-exercise value (P<0.05). 
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Figure 25. Group data for free AT CSA, ML diameter (MLD) and AP diameter (APD) strain (%) at 

70% MVIC (70% MVIC) measured before () and after (∆) a single bout of eccentric heel drop 

exercise. All data are averaged over 10% intervals and expressed relative to normalised tendon 

length (0%=calcaneal notch and 100%=soleus muscle-tendon junction).  Data between 0% and 

30% of normalised tendon length (see vertical dotted line) was excluded from the statistical 

analysis.  Error bars represent ±1 standard error of the mean (n=14). *
 Significant post-hoc 

pairwise difference between pre- and post-exercise value (P<0.05). 
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Figure 26. Correlations (±95% confidence interval) between: (A) post-exercise changes in free AT 

CSA strain (∆ CSA strain) and longitudinal strain (∆ longitudinal strain) (P=0.002); and (B) post-

exercise changes in free AT CSA strain (∆ CSA strain) and AP diameter strain (∆ APD strain) 

(P=0.006), for each participant (n=14). r = Pearson’s correlation coefficient. 

 

7.4.3 Effect of exercise torque and muscle activation 

There was no time-by-torque interaction or main effect of time on ankle plantar flexion 

torque at rest (Grand mean: 0.97 N∙m±0.53) or at 70% MVIC (Grand mean: 57.1 

N∙m±13.7). There was a significant time-by-torque interaction for normalised EMG 

amplitudes for all muscles; however, main effects of time were only found for MG 

(P<0.001), LG (P<0.001) and SOL (P<0.001).  Post-hoc comparisons revealed no change in 

resting EMG; however, significant increases were found at 70% MVIC for MG (pre: 

0.54±0.13, post: 0.72±0.24, P=0.002), LG (pre: 0.59±0.17, post: 0.89±0.31, P=0.004) and 

SOL (pre: 0.5±0.17, post: 0.73±0.18, P<0.001).  No significant time-by torque interaction 

or main effects of time were found for any of the EMG ratios. 
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7.5 Discussion 

This study used freehand 3DUS to determine the immediate effect of isolated eccentric 

exercise on the 3D morphology and strain of the free AT.  Post-exercise reductions in 

regional transverse morphology were detected for CSA and AP diameter during the 70% 

MVIC and were most pronounced in the mid-proximal region of the tendon.  In contrast, 

no differences in ML diameter in response to the eccentric exercise were detected at 

70%MVIC or for any morphological measures evaluated at rest. Although post-exercise 

reductions in regional AP diameter under load were small (~0.2 mm), when expressed 

relative to pre-exercise resting values, equated to a 50% reduction in mean AP diameter 

strain under load.  Consistent with our hypothesis we also observed a strong inverse 

relationship between post-exercise change in longitudinal strain and mean CSA strain (r = 

-0.70), the latter of which was primarily derived from reduced AP diameter strain.  

Together these results highlight the interaction between exercise related changes in 

tendon length and transverse morphology, and the importance of characterising tendon 

morphology in 3D.   

7.5.1 Effect of exercise on free AT transverse morphology at rest 

Consistent with previous in vivo studies we found no change in regional CSA measured at 

rest immediately after exercise (Burgess et al., 2009, Farris et al., 2012, Lichtwark et al., 

2013, Obst et al., 2015b).  While our results did reveal a small but consistent reduction in 

CSA across all measurement regions (~7%), post-hoc comparisons failed to reveal any 

significant differences between time points at any of the tendon regions. We also found 

no significant differences in resting ML diameter or AP diameter at any of the tendon 

regions.  The latter result was unexpected, as previous studies have demonstrated large 

reductions in AP diameter (~0.9 mm or ~20%) measured at rest between 2 and 4 cm 

proximal to the superior calcaneal edge (equates to ~60-80% normalised tendon length in 

Fig. 1A) immediately after a similar bout of eccentric exercise in healthy individuals (Grigg 

et al., 2009, Grigg et al., 2012).  It is possible that the inclusion of tendon pre-conditioning 

contractions prior to baseline measurements in the present study may have reduced the 

overall effect of our exercise intervention.  Consistent with this observation, previous 

studies that have not included tendon pre-conditioning contractions tend to report 

significant changes in transverse morphology immediately after exercise (e.g. AP 
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diameter (Fahlstrom and Alfredson, 2010, Grigg et al., 2009, Grigg et al., 2012, Wearing et 

al., 2013)), whereas studies that have included pre-conditioning report little or no effect 

(e.g. CSA (Burgess et al., 2009, Farris et al., 2012, Lichtwark et al., 2013, Obst et al., 

2015b)).  In addition, the lack of change in resting AP diameter could reflect differences in 

the measurement method between studies. We computed tendon diameter along the 

tendon length by analysing the shape and dimensions of each consecutive 2D tendon 

cross-section determined from manual segmentation of the original transverse B-mode 

images.  As a consequence, while our method minimises measurement errors due to 

tendon obliquity (Fornage, 1986, Sunding et al., 2014), the measures are inclusive of the 

peri-tendinous space (as opposed to (Grigg et al., 2009, Grigg et al., 2012)) and therefore 

unlikely to detect small changes in transverse dimensions due to possible movement of 

fluid from the tendon core to the peri-tendinous space (Grigg et al., 2009, Grigg et al., 

2012, Wellen et al., 2005).   

7.5.2 Effect of exercise on free tendon longitudinal and transverse strain under load 

In contrast to the resting measurements, both CSA and AP diameter during the 70% MVIC 

were reduced immediately after exercise and represent the first in vivo evidence of 

altered transverse morphology and strain of the human free AT measured during a 

muscle contraction.  Consistent with our hypothesis, reduced mean CSA strain post-

exercise was inversely correlated to increased longitudinal strain during the isometric 

muscle contraction.  Our results provide the first evidence that links acute changes in 

transverse morphology to corresponding changes in tendon length after exercise.  Short-

term changes in free AT transverse morphology after exercise (Fahlstrom and Alfredson, 

2010, Grigg et al., 2010, Grigg et al., 2009, Grigg et al., 2012, Wearing et al., 2011, 

Wearing et al., 2013, Wearing et al., 2008) may therefore be indicative of transient 

mechanical creep of the tendon (Lichtwark et al., 2013, Obst et al., 2015b), whereby 

increased collagen fibril packing linked to longitudinal creep and reduction of collagen 

crimp could promote fluid redistribution within, and out of, the tendon (Grigg et al., 

2009, Wellen et al., 2005, Hannafin and Arnoczky, 1994).  It should be noted that 

although we did not detect any change in tendon volume at rest or during 70% MVIC, we 

cannot discount small changes in volume (minimal detectable change for 3DUS volume ~ 

0.2ml (Obst et al., 2014b)) or redistribution of fluid along the tendon length (Sun et al., 
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2015).  Regardless, our findings demonstrate that acute changes in tendon transverse 

morphology after exercise may be more pronounced when measured under tensile load, 

and that such changes may largely dependent on changes in tendon length due to 

mechanical creep.   

 

Consistent with our hypothesis, increased negative CSA strain measured during the 70% 

MVIC appeared primarily driven by reduced positive AP diameter strain, with little change 

in ML diameter strain. The latter result was somewhat surprising considering the inverse 

and proportional relationship that exists between free tendon AP diameter and ML 

diameter deformation and strain under tensile load during isometric plantar flexion 

contraction (Obst et al., 2014b).  These results could therefore represent evidence of 

altered biaxial strain of the free tendon, during muscle contraction, in response to acute 

exercise.  These changes were not explained by post-exercise differences in muscle 

activation patterns or torque production, but could reflect non-uniform fatigue or creep 

of AT fascicles, due to differences in mechanical properties and/or tensile loading during 

eccentric heel drop (Slane and Thelen, 2014, Arndt et al., 2011, Arndt et al., 1998).  

Irrespective of the cause, acute alterations in the normal biaxial strain could have 

implications intra-tendinous force distribution (Haraldsson et al., 2008), fluid flow (Reese 

et al., 2010, Yin and Elliott, 2004) and tissue homeostasis (Smith et al., 2013) and are 

therefore relevant in the context of exercise-dependent regional adaptation of AT 

structure and function.  Our findings also suggest that AP diameter may be more 

responsive to change following exercise, compared to CSA or ML diameter, and support 

the use of AP diameter to evaluate acute, and possibly chronic, exercise-dependent 

changes in free AT transverse morphology (Grigg et al., 2012).  

7.6 Limitations 

There are a number of limitations that must be considered when interpreting the findings 

of the present study.  Firstly, because we did not measure regional differences in 

longitudinal strain, we can only speculate upon the role non-uniform strains along and 

between AT fascicles, during the eccentric heel drop, may have had on our regional 

transverse strain results.  Secondly, in the present study we were unable to delineate 

between the epi-tendon and para-tendon using 3DUS and so were unable to quantify 
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possible fluid exudation from the tendon core into the peri-tendinous space in response 

to exercise. Finally, caution is warranted in generalising the findings of the present study 

to different exercise modes, time-points, age groups or tendinopathic tendons.  

7.7 Conclusions 

The mid-proximal free AT experiences a reduction in CSA and AP diameter during active 

contractions performed immediately following a clinical dose of eccentric heel drop 

exercise. These findings suggest that the free tendon has different mechanical properties 

along its length and along the AP compared to MLaxis (anisotropy) and/or experiences 

non-uniform strains along its length and along the AP compared to ML axis during heel 

drop exercise. The observed reductions in CSA and AP diameter strain after eccentric heel 

drop exercise were correlated with longitudinal strain and are likely to reflect fluid 

redistribution along the tendon and a corresponding increase in packing density of 

collagen fibrils under load. These findings illustrate the importance of using 3D methods 

to characterise the immediate response of the free AT to exercise and may have 

implications for tendon function, injury and adaptation following exercise through their 

effect on the local mechanical environment. 
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CHAPTER 8  
General Discussion 

8.1 Summary and synthesis of main findings 

The general aim of this thesis was to use freehand 3DUS to investigate the mechanical 

and morphological properties of the human AT complex in healthy young adults and 

characterise the change in these properties immediately after eccentric exercise.  The 

work presented in this thesis provides a unique and novel insight into the 3D dynamic 

morphology of the human AT complex in response to exercise that has previously not 

been demonstrated and will be important for understanding exercise-induced tendon 

adaptation and injury mechanisms.  The findings provide new insight into the mechanical 

and morphological properties of the AT in vivo and the immediate effect of exercise, in 

particular isolated eccentric exercise, on these properties. 

8.1.1 New insights into AT mechanical and morphological properties in vivo using 

freehand 3DUS  

Freehand 3DUS had been successfully applied to the measurement of human muscle 

morphology in vivo (Barber et al., 2009, MacGillivray et al., 2009) and in vitro (Delcker et 

al., 1999), but had yet to be applied or evaluated for the measurement of human tendon 

morphology in vivo.  Chapter 3 demonstrated that freehand 3DUS provides accurate 

measures of volume, length and average CSA compared to ultrasound phantoms, and 

reliable estimates of human free AT volume, length and average CSA in vivo at rest and 

during active and passive ankle loading. 3DUS could represent a viable and low-cost 

alternative to MRI for examining differences in free AT morphology between populations, 

and changes across the lifespan and in response to pathology, surgery or exercise. 

 

3DUS overestimated the ultrasound phantom volume by 0.05 ml or ~1.5%, and length by 

0.1 mm or ~0.25%, the latter of which was lower than previously reported for 3DUS (~1.9 

%) (Riccabona et al., 1996).  Within and between-session reliability of 3DUS-based 

measures of free AT volume, length and average CSA was assessed under three different 

ankle loading conditions that were chosen to reflect the conditions used to assess AT 
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mechanical and morphological properties in Chapters 4,6 & 7. Overall, the reliability of 

3DUS-based measures of free AT morphology was excellent for all loading conditions 

(ICC’s > 0.99).  The coefficient of variation (CV) for free AT volume (range = 0.6-1.4%) was 

similar to in vitro values for equine tendon lesion volume using 3DUS (0.54%) (Ferrari et 

al., 2010) and smaller than in vivo human AT volume using MRI (4.9%) (Shalabi et al., 

2005).  The minimal detectable change (MDC) for free AT volume was 0.2 ml (i.e. 4.5% of 

the mean volume) and was smaller than the mean difference between free AT volume of 

healthy and injured tendons (~2 ml or ~41%, (Shalabi et al., 2005)), and the change in free 

AT volume after acute (~12%) and chronic (~14%) eccentric exercise (Shalabi et al., 2004a, 

Shalabi et al., 2004b). Corresponding CV’s for free AT length ranged between 0.4 and 

1.3% and were lower than previously reported for 2DUS measures of free AT length 

(range = 2.4%-3.4% ) (Stokes et al., 2010) and whole AT elongation (reported as high as 

12%) (Maganaris et al., 2008) and the mean MDC for free AT length (1.8 mm) was smaller 

than that required to detect a change in free AT length during a submaximal isometric 

plantar flexion contraction (~3-4mm, (Farris et al., 2013, Lichtwark et al., 2013)).  In 

addition to the main methodological chapter (Chapter 3), reliability analyses were also 

completed in Chapters 4, 6 & 7.  In brief, moderate to high levels of repeatability were 

found for all free AT transverse morphological measures (CMC range: 0.63-0.96%) 

(Chapter 4), and length measures of the proximal AT and whole AT at rest and under load 

(ICC’s > 0.98, CV’s < 1.6% & SEM’s < 2.9mm) (Chapter 6).  Together with the low 

measurement error and the excellent repeatability of AT morphological measures in vivo, 

freehand 3DUS represents new and robust imaging modality suitable for examining gross 

mechanical and morphological properties of the AT complex and the effects of exercise-

induced loading on these properties. 

 

The ability to generate accurate 3D reconstructions of the free AT during a muscle 

contraction using 3DUS led to a number of important and previously unreported 

observations regarding the 3D deformation and strain behaviour of the free AT. Chapter 3 

showed that, in contrast whole AT length (Stosic and Finni, 2011), the effect of tendon 

curvature on the ultrasound-based measures of free AT length in vivo under passive and 

active loading is negligible and can be approximated using a simple two-point straight line 
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method.  In Chapter 4, a novel computational method was developed that enabled 

automated measurement of free AT transverse dimensions from the 3D rendered tendon 

surface.  Importantly, the method was able to account for changes in the shape and 

orientation of the tendon during muscle contraction when deriving diametral measures, 

which is difficult to achieve using conventional 2DUS-based methods (Fredberg et al., 

2008). The results revealed that free AT undergoes a complex change in 3D shape and 

orientation during muscle-induced tensile loading that is characterised by a decrease in 

mean CSA (-5.5% strain), increase in mean AP diameter (8.7% strain), decrease in mean 

ML diameter (-8.7% strain), and increased external transverse rotation or ‘twist’ relative 

to the calcaneus.  

 

Chapter 4 was the first in vivo study to examine and demonstrate load-dependent 

changes in human free AT CSA during an isometric plantar flexion muscle contraction.  

The observations were consistent with in vitro testing of animal tendons (Vergari et al., 

2011) and have been recently substantiated in human free AT in vivo using an MRI-based 

method (Reeves and Cooper, 2014).   The strong inverse relationship found between free 

AT longitudinal strain and mean CSA strain (r=-0.84) suggests that a less stiff tendon may 

experience higher average tendon stress for an equivalent contraction-induced tendon 

force.  Short-term changes in free AT compliance, for example following an exercise bout, 

may temporarily increase the risk of both strain and stress induced injury during 

subsequent exercise, and be coupled to concomitant changes in tendon diametral 

morphology and strain (Grigg et al., 2010, Grigg et al., 2009).   

 

Chapter 4 also provided the first in vivo data that describe the biaxial transverse strain 

and rotation (‘twist’) of the human AT during tensile loading.  The results show that 

during an isometric plantar flexion contraction the free AT narrows along the ML axis (i.e. 

width) resulting in a net negative strain of ~8.7%.  These findings extend previous in vivo 

studies (Iwanuma et al., 2011) and demonstrate that the free AT also thickens along it AP 

axis (i.e. thickness) resulting in a proportional, but positive net strain of ~8.7%.  

Morphologically, this resulted in the free AT becoming cylindrical in shape, particularly 

within the mid-portion, and could represent evidence of internal re-organisation of AT 



Chapter 8 

 

144 
 

fascicles within the free tendon during tensile loading, due to non-uniform displacement 

of Triceps Surae muscle aponeuroses and tendon fascicles (Arndt et al., 2011, Arndt et al., 

1998, Bojsen-Møller et al., 2004, Albracht et al., 2008, Lersch et al., 2012, Finni et al., 

2003)  and/or inter-fascicular sliding, rotation and packing within the paratenon 

(Khodabakhshi et al., 2013, Haraldsson et al., 2008, Cheng and Screen, 2007, Reese et al., 

2010).  The ability of the free AT to dynamically change cross-sectional shape and 

orientation (i.e. ‘twist’) under tensile load with only a relatively small reduction in mean 

CSA (-5% strain) may therefore represent a unique mechanism by which stress is reduced 

within the free AT during tensile loading.  Alteration in the normal transverse biaxial 

strain behaviour of the mid-proximal free AT, as a result of tendon degeneration or 

exercise-induced fatigue, may therefore lead to suboptimal force distribution within the 

tendon that could impact on tissue homeostasis with implications for tendon injury and 

adaptation (Benjamin et al., 2008, Smith et al., 2013).   

 

The observations made in Chapter 4 are unique and significant to the area of human 

tendon mechanobiology and highlight the innovation of 3DUS for measuring AT 

morphology in vivo. The findings have implications for our understanding and estimation 

of stress distribution of the free AT in vivo and will be important for the development and 

refinement of multi-scale subject-specific computational models of tendon behaviour 

(Smith et al., 2013, Shim et al., 2014).  The methods developed and evaluated in Chapter 

3 and 4 could also be used to examine short and long-term changes in regional free AT 

transverse morphology that may occur in the presence of pathology and/or following 

periods of increased or decreased mechanical loading, and provide a more 

comprehensive imaging modality for detecting gross structural changes than current 

2DUS methods.     

8.1.2 New insights into the immediate effect exercise on AT mechanical and 

morphological properties in vivo 

In Chapter 5 a systematic review was conducted to determine the immediate effect of 

exercise on the mechanical and morphological properties of the human AT complex in 

vivo.  Although the literature is sparse, the findings to date suggest that the mode and 
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dose of exercise, as well as tendon health (i.e. healthy versus tendinopathy), may 

mediate the tendon mechanical and/or morphological response to a single exercise bout.  

Overall the evidence suggests that the mechanical properties of the whole AT are well 

suited to resist mechanical loads typically experienced during daily activities. Conversely, 

unaccustomed exercise modes and doses, which induce large tendon strains applied over 

a long duration, may induce transient changes consistent with tendon fatigue. The review 

identified a number of methodological limitations and knowledge gaps regarding the 

effect of isolated eccentric exercise on AT mechanical properties and highlighted a lack of 

studies examining changes specific to the free AT.  

 

Of the exercises evaluated to date, prolonged stretching and repeated maximal isometric 

contractions of the Triceps Surae appear to cause the most consistent and pronounced 

reductions in whole AT stiffness and hysteresis.  In contrast, stretch-shorten cycle (SSC) 

exercises such as running and hopping do not appear to induce immediate changes in 

whole AT mechanical or morphological properties.  The observed demarcation in the 

stiffness response between SSC and non-SSC exercise may indicate that the whole AT is 

more resistant to mechanical fatigue during SSC activities, which it is more accustomed 

and hence better suited to performing relative to non-SSC activities.  Consistent with this 

observation, recent in vivo studies have failed to detect changes in whole AT stiffness 

following either continuous (Houghton et al., 2013) or intermittent running (Houghton et 

al., 2013, Lichtwark et al., 2013), or repeated counter-movement jumps in men (Joseph et 

al., 2014).  The findings of Chapter 6 also support this observation, whereby no change in 

whole AT mechanical behaviour was detected following isolated eccentric heel raises; a 

task that may be considered biomechanically similar to the stretch-component of typical 

SSC exercises, such as walking or stair climbing, but performed over a longer duration. 

 

The review also found evidence of a dose response, whereby reductions in whole AT 

stiffness were confined to high intensity (e.g. maximal isometric contractions (Kay and 

Blazevich, 2009, Kubo et al., 2002c, Kay and Blazevich, 2010)) and/or long duration 

interventions (e.g. prolonged static stretching (Kato et al., 2010, Kubo et al., 2001c, 

Burgess et al., 2009, Kubo et al., 2002c).  Interestingly, despite very different loading 
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conditions these studies reported similar reductions in stiffness and suggest that 

exercise-induced changes in whole AT mechanical properties are a combined function of 

both the duration and magnitude of tendon loading.  For example, the most pronounced 

reduction in whole AT stiffness after maximal isometric exercise was reported in the 

study employing the highest number of loading cycles (i.e. 50 x 3 s) and thus greatest 

total loading duration (i.e. 150 s) (Kubo et al., 2002c).  Similarly, reductions in whole AT 

stiffness following static stretching were confined to studies employing interventions 

lasting 5 min or greater (Burgess et al., 2009, Kato et al., 2010, Kubo et al., 2002c, Kubo et 

al., 2001c).  In contrast, despite similar total loading durations (i.e. 407 ± 129 s), one study 

reported no change in whole AT stiffness after submaximal (i.e. 40% MVC) isometric 

exercise (whole AT strain: 2-3%) (Mademli and Arampatzis, 2008).  Furthermore, 

prolonged running (Farris et al., 2012) and hopping (Peltonen et al., 2010) interventions 

(whole AT strain: 3.5 -5%) applied over short durations (i.e. 0.2 – 0.25 s), had no effect on 

whole AT stiffness, suggesting that the loading frequency, as well as the total loading 

duration, are both important parameters in governing the stiffness response of the whole 

AT to exercise.  Dose-dependency in the stiffness response after exercise may also explain 

the lack of change in whole AT mechanical properties reported after eccentric exercise in 

Chapter 6, whereby total duration of tendon strain loading during the eccentric heel drop 

protocol may have been insufficient to induce time-dependent fatigue, despite inducing 

peak whole AT strains of ~8.5% (Jeong et al., 2014). 

 

The review also found consistent evidence that free AT thickness (i.e. AP diameter) is 

reduced immediately following dynamic exercise, and that such changes appear more 

pronounced following eccentric compared to concentric contractions (Grigg et al., 2009), 

and in healthy compared to injured tendons (Grigg et al., 2012).  Transient reductions in 

tendon AP diameter have been suggested to represent an important stimulus or marker 

for tendon adaptation, and could partly explain the superior results of eccentric 

compared to concentric training in the treatment of tendinopathies (Grigg et al., 2009).  

However, while there was evidence of reduced free AT thickness at discrete points at the 

tendon mid-portion (Grigg et al., 2009, Grigg et al., 2012, Wearing et al., 2011, Fahlstrom 

and Alfredson, 2010), it is not known whether these findings are compensated by 
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changes in tendon width (i.e. ML diameter) or reflect changes to whole tendon transverse 

morphology, and therefore influence the normal stress distribution within the tendon.  In 

addition, without concomitant measures of free AT mechanical properties, it is difficult to 

determine from the current literature the relevance of short-term changes in free AT 

diameter after exercise on tendon adaptation, function and injury mechanisms. Chapter 6 

and 7 aimed to partially address these limitations by examining the immediate effect of 

isolated eccentric exercise on both the mechanical and 3D morphological properties of 

the free AT. 

8.1.3 New insights into the immediate effect of isolated eccentric exercise on regional 

AT mechanical and morphological properties in vivo 

Chapter 6 examined the hypothesis that the strain magnitude and duration of a typical 

clinical bout of eccentric heel drop exercise would be sufficient to cause an immediate 

change in mechanical properties of the AT complex and that these changes would be 

most pronounced at the level of the free tendon.  In support, the results showed that a 

single bout of eccentric heel drop exercise in healthy young adults had an immediate 

effect on free AT mechanical properties, while no change was detected at the proximal 

AT or whole AT.  Chapter 7 then examined whether the changes in the free AT 

mechanical properties observed after eccentric exercise were coupled to corresponding 

changes in free AT regional transverse morphology and strain.  In support, a strong 

inverse relationship was found between post-exercise changes in free AT longitudinal 

strain and mean CSA strain, the latter of which was primarily derived from changes in AP 

diameter within the mid-proximal tendon. Together, the results suggest that the effects 

of eccentric exercise on AT mechanical and morphological properties are specific to the 

free AT and characterised by a complex change in 3D transverse morphology that is most 

pronounced in the mid-proximal tendon and primarily driven by changes in tendon 

thickness and not width.   

 

Chapter 6 was the first study to simultaneously examine changes in mechanical 

properties of the free AT, proximal AT and whole AT, immediately after exercise.  The 

results revealed that the change in AT mechanical properties after the eccentric heel-
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drop exercise were confined to the free AT, and were consistent with mechanical creep.  

The regional variation in AT mechanical properties after exercise was not explained by 

changes in muscle activation patterns of the Triceps Surae or net external joint torque, 

and likely reflected differences in both the mechanical properties between the proximal 

and distal regions, and the relative contribution of each region to the overall change in 

muscle-tendon unit length during the eccentric heel drop exercise.   Consistent with this, 

and in agreement with previous in vivo studies (Lichtwark et al., 2013, Magnusson et al., 

2003b), pre-exercise data confirmed that the free AT was less stiff, and strained 

significantly more compared to the whole AT (~2-3 × higher) and proximal AT (~6 × 

higher), for an equivalent external joint torque.  Furthermore, elongation of the whole AT 

tendon during the submaximal isometric plantar flexion contractions was primarily 

derived from elongation of the free AT (~70% at 30% MVIC and ~80% at 70% MVIC), with 

only minor contribution from the proximal Achilles tendon. The relative contribution of 

the free AT to whole AT elongation may have been further exaggerated during the 

eccentric heel drop exercise, on the basis of previous studies that suggest elongation of 

the whole muscle-tendon unit during eccentric plantar flexion contractions is almost 

exclusively (>90%) derived from changes in free AT length (Hoffman et al., 2014, Sugisaki 

et al., 2005).  It is therefore possible that the free AT was exposed to considerably higher 

tensile strains during the eccentric heel drop exercise, compared to the proximal AT or 

whole AT, over a sufficient duration to induce isolated changes in free AT mechanical 

properties.  Exercise- and/or contraction-mode variations in regional AT mechanical 

behaviour, may therefore be important in governing the fatigue response of the AT 

complex, and when considering the variations in the stiffness response of the whole AT 

between different exercise modes outlined in Chapter 4.   Exercise modes previously 

shown to induce large reductions in whole AT stiffness after exercise (e.g. maximal 

isometric plantar flexion contractions or prolonged passive stretching) may in fact be 

associated with marked changes in free AT stiffness, not evident from measurements 

taken at the level of whole AT.  It will be important that future studies compare the 

immediate effects of different exercise and/or contraction modes on the mechanical 

properties of the free and whole AT to further examine the region-dependent fatigue 

response of the AT complex in vivo. 
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The absolute increase in free AT length after eccentric exercise was small (<2.5%), 

however, when expressed as a strain, the effect was pronounced with a 1.5 times and 

1.25 times increase in strain at 30% MVIC and 70% MVIC, respectively. Despite this, no 

change in free AT stiffness was detected after exercise which suggests that the changes in 

free AT length and strain in response to the eccentric heel drop exercise were consistent 

with mechanical tendon creep (i.e. loss of natural fibre crimp and plastic deformation of 

fibres), rather than tendon damage per se (i.e. fibre rupture) (Andarawis-Puri et al., 2012, 

Fung et al., 2009), and may be indicative of early stage mechanical fatigue. These results 

were consistent with those reported following a 5 km run (Lichtwark et al., 2013), 

whereby post-exercise changes in length and strain were confined to the free AT and 

were not associated with a change in stiffness.  Though the effects on free AT strain at a 

similar isometric force were greater in the present study (e.g. 2-2.5% compared with <1% 

(Lichtwark et al., 2013)), presumably due to differences in cyclic and total loading 

duration, together these findings suggest that the free AT may be more vulnerable to 

mechanical fatigue in response to exercise, compared to the proximal AT or whole AT.  

The lack of change in whole AT length, strain or stiffness after eccentric exercise was 

surprising considering peak strain of the whole AT measured during the heel drop 

exercise may be as high as 8.5% (Jeong et al., 2014).  It is therefore likely that the number 

of cycles (45 reps) and/or total duration (~ 135 s) of tensile loading of the eccentric help 

drop exercise was insufficient to induce creep or fatigue of the whole AT tendon. These 

findings further highlight the interaction between exercise-mode and dose in determining 

immediate changes in whole AT mechanical properties as discussed in Chapter 4. 

 

The findings of Chapter 6 suggest the free AT may be vulnerable to exercise-induced 

mechanical fatigue following isolated eccentric contractions.  Without adequate recovery, 

such changes could expose the free AT to single or cumulative stress-strain events during 

subsequent exercise that are of sufficient magnitude to induce macro- or microstructural 

strain damage to the tendon.  These findings may therefore be important in explaining 

the propensity for acute and chronic exercise-related injury of the human AT to be 

localised to the free AT.  Conversely, notwithstanding the critical role that strains 
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experienced during exercise have in determining long-term tendon adaptation 

(Arampatzis et al., 2007a), it is possible that increased free AT length and strain under 

load after the eccentric heel drop exercise could persist in the short-term, so that peak or 

average strains experienced during subsequent exercise, such as walking (e.g. whole AT 

strain ~ 4.8% (Lichtwark and Wilson, 2006)) may in fact approach that considered optimal 

for long-term adaptation (~ 6% (Wang et al., 2013, Arampatzis et al., 2007a)).  Short-term 

changes in other load sensitive free tendon parameters, such as tendon diameter (Grigg 

et al., 2010, Wearing et al., 2008, Grigg et al., 2009) and paratendinous biomarkers for 

collagen turnover (Langberg et al., 2001), have been identified following acute eccentric 

exercise. The efficacy of eccentric, and other exercise modes, in promoting mechanical 

and morphological adaptation (positive or negative) in healthy (Morrissey et al., 2011) 

and injured ATs (Ohberg et al., 2004, Shalabi et al., 2004b) might, therefore, be explained 

by a combination of direct (i.e. during-exercise) and residual (i.e. post-exercise) effects of 

the exercise bout on the free tendon.  Future studies are needed that examine the time-

course of adaptations following exercise, with a view of determining the natural recovery 

of free AT mechanical properties when exposed to time and/or cycle dependent 

mechanical fatigue.  

 

Chapter 7 examined whether the relationship between free AT longitudinal and 

transverse morphology and strain under load, described in Chapter 4, was preserved 

immediately following eccentric exercise, wherein the free AT demonstrated changes in 

length and strain consistent with mechanical creep.  In support, the results revealed that 

post-exercise change in free AT CSA strain after eccentric exercise was inversely 

correlated (r = -0.70) to the corresponding change in longitudinal strain during the 

isometric muscle contraction.  These findings represent the first evidence that links 

immediate changes in free AT transverse morphology to corresponding changes in 

tendon length after exercise.  Short-term changes in free AT transverse morphology that 

have been reported after dynamic exercise (Fahlstrom and Alfredson, 2010, Grigg et al., 

2010, Grigg et al., 2009, Grigg et al., 2012, Wearing et al., 2011, Wearing et al., 2013, 

Wearing et al., 2008) may therefore be explained by and/or dependent on exercise-

induced mechanical creep of the tendon, whereby increased collagen fibril packing linked 
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to longitudinal creep and reduction of collagen crimp could promote fluid redistribution 

within, and out of, the tendon (Grigg et al., 2009, Wellen et al., 2005, Hannafin and 

Arnoczky, 1994).   

 

While length-dependent reductions in free AT CSA after eccentric exercise were 

consistent with the observations of chapter 4, the post-exercise ML diameter and AP 

diameter strain results were unexpected, and suggest an alteration in the normal biaxial 

transverse strain behaviour in response to eccentric exercise. Specifically, the results 

revealed a significant reduction in free AT AP diameter after exercise during muscle 

contraction that equated to a 50% reduction in mean AP strain.  Conversely, no change in 

ML diameter or strain was detected after exercise. These observations could not 

explained by differences post-exercise muscle activation patterns or torque production, 

and may in fact reflect non-uniform fatigue or creep of AT fascicles, due to differences in 

mechanical properties and/or tensile loading during eccentric heel drop (Slane and 

Thelen, 2014, Arndt et al., 2011, Arndt et al., 1998).  Importantly, these results suggest 

that AP diameter may be more responsive to change following exercise, compared to CSA 

or ML diameter, and support the use of AP diameter to evaluate acute, and possibly 

chronic, exercise-dependent changes in free AT transverse morphology (Grigg et al., 

2012).  

 

Overall these findings suggest that exercise, in particular eccentric exercise, induces an 

immediate alteration in both the longitudinal (Chapter 6) and transverse biaxial strain 

behaviour (Chapter 7) of the free AT, the latter of which is most pronounced in the mid-

proximal region during tensile loading. Without adequate recovery, such changes could 

impact on tendon stress-strain distribution and function in the period immediately 

following the exercise bout, and are therefore important in the context of tendon injury 

and adaptation. Furthermore, because post-exercise changes in transverse morphology 

and strain were most pronounced within the mid-proximal region, these observations 

may also be important in understanding the propensity for exercise-related adaptations 

to be localised to this region of the free AT.  It will be important to establish whether such 

changes are unique to eccentric exercise or whether they in fact reflect a normal, but 
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previously unrecognised, morphological adaptation of the free AT in response to cyclic 

fatigue loading.   

8.2 Limitations and future directions 

The limitations of individual studies that comprise this thesis are acknowledged within 

the relevant chapters.  There are, however, a number of broad limitations that must be 

acknowledged when interpreting the main findings of this thesis, and any 

recommendations for future research.  Importantly, the changes in free AT mechanical 

and morphological properties reported in this thesis are limited to the immediate effect 

of a single submaximal isometric contraction (Chapter 4), and a standard clinical eccentric 

exercise dose (Chapter 6 & 7), in a small group of healthy young adults.  Therefore 

caution must be taken in generalising the findings of this thesis to different loading 

conditions, exercise modes, time-points, age groups or pathological tendons.   

   

The eccentric heel drop exercise used in chapter 6 and 7 consisted of three sets of 15 

repetitions and was selected to represent a typical exercise dose used in AT rehabilitation 

(providing ecological validity) and to replicate and extend the findings of previous studies 

that have demonstrated transient changes in free AT morphology using 2DUS (Grigg et 

al., 2009), and MRI (Shalabi et al., 2004a), in healthy tendons following a similar 

intervention.  It will be important to compare different exercise/contraction modes, to 

confirm whether the changes in free AT longitudinal and biaxial transverse strain 

behaviour reported in this thesis are unique to eccentric exercise, or reflect a normal 

morphological response to mechanical loading.  Future studies should also examine the 

time-course and recovery of these changes and establish whether such changes are 

modulated by the baseline mechanical state of the tendon, as might occur in the 

presence of pathology or across the lifespan (Arya and Kulig, 2009, Narici et al., 2002).   It 

will also be important to examine whether the changes in the gross morphology of the 

free AT in Achilles tendinopathy influence the ‘typical’ 3D deformation and strain 

patterns described in this thesis for the healthy tendon.  It is possible that the structural 

and compositional changes which are characteristic of Achilles tendinopathy (e.g. 

increased ground substance, volume, CSA and AP diameter) may provide a protective 

mechanism that minimises transverse deformation and stress loading within the injured 
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area, at the expense of the adjacent ‘healthy’ areas, creating boundary areas with 

abnormally high stresses that may be prone to rupture.   

 

The relationship between transient changes in AT mechanical properties and Triceps 

Surae function needs to be further explored by incorporating direct measures of muscle 

force-length and force-velocity relations using 2DUS (Cronin et al., 2011).  Such methods 

could also provide insight into the relative contribution of individual Triceps Surae 

muscles to the 3D morphology and strain patterns of the free AT, beyond that provided 

by surface EMG. Similar information could be achieved by examining the effect of knee 

angle on free AT transverse strains (Cresswell et al., 1995).  It will also be important to 

combine regional estimates of free AT longitudinal strain, for example using 2DUS 

elastography (Slane and Thelen, 2014).  Such information would provide insight into the 

origins of free AT transverse strain patterns described in this thesis and the relationship 

between regional variations in gross tendon morphology and intra-tendinous strain.   

8.3 Conclusions 

On the basis of the findings of that thesis it is concluded that: 

 Freehand 3DUS enables accurate and reliable measurement of key morphological 

properties of the human AT complex in vivo under different ankle loading 

conditions and could be used to investigate differences in AT morphology 

between populations, across the lifespan and in response to pathology, surgery, 

training or rehabilitation.  

 The human free AT undergoes a complex change in 3D shape and orientation 

during tensile loading that is characterised by an increase in AP diameter (i.e. 

thickness), decrease in ML diameter (i.e. width) and a small length-dependent 

reduction in CSA, all of which peaked in the mid-proximal region.  The free AT also 

appears to ‘twist’ under isometric load becoming externally rotated relative to 

calcaneal insertion. These findings are suggestive of a fundamental reorganisation 

and compaction of AT tendon fascicle bundles under load and could reflect a 

mechanism by which tendon stress is reduced and/or distributed along the length 

of the tendon. 
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 The mechanical and morphological properties of the human AT measured in vivo 

are responsive to acute exercise in a mode and dose-dependent manner.  Exercise 

modes that utilise the stretch-shorten cycle (e.g. running or hopping) have little 

impact on AT properties, whereas unaccustomed modes such as passive 

stretching or eccentric exercise appear to reduce whole AT stiffness and free AT 

thickness, respectively.  Transient changes in AT stiffness, hysteresis and diameter 

following unaccustomed exercise modes and doses may expose the tendon to 

increased risk of strain injury and impact on the mechanical function of the 

Triceps Surae muscle-tendon unit. 

 Isolated eccentric exercise induces an immediate change in AT mechanical 

properties specific to the free AT and consistent with mechanical creep.  Increased 

longitudinal strain of the free AT after exercise was also coupled to an increase in 

negative CSA strain that was primarily derived from reduced AP diameter (not ML 

diameter), and most pronounced in the mid-proximal region.  Together the results 

suggest that free AT may be more vulnerable to mechanical fatigue following 

eccentric-based exercise, compared to the proximal AT or whole AT, and that such 

changes may impact on both the longitudinal and transverse mechanical 

behaviour of the tendon.   
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CHAPTER 9  
Appendices 

9.1 Appendix 1 – Custom Matlab code 

The following sections include exported source code for key (bolded) Matlab functions 

used to compute free AT geometry (CSA, ML diameter, AP diameter, volume and 

transverse rotation) in Chapter 4 and 7. 

9.1.1 AT_dimensions  

function [Ar,MLL,APL,clen,Peri_L,Vol,X,Y,Z,I_MLL,I_APL,d_theta,Vec_Y,... 

    Vec_Z,XX,YY,ZZ,XXc,YYc,ZZc, centroidxi, centroidyi, centroidzi] = AT_dimensions(file) 

 

% Read digitised 3D landmarks from Stradwin.txt file and separate into point clouds for 

% each segment. 

clear X 

clear Y 

clear Z 

 

tendonlength=readstrad3(file); %read data out of Stradwin 

X=tendonlength(:,1); Y=tendonlength(:,2); Z=tendonlength(:,3); %separate the 3 coordinates 

 

% Cubic spline interpolation of x, y, z landmark point clouds for each segment 

segx1i=zeros(200,fix(length(tendonlength)/10)); %preallocation 

segy1i=zeros(200,fix(length(tendonlength)/10)); 

segz1i=zeros(200,fix(length(tendonlength)/10)); 

 

for i = 1:fix(length(tendonlength)/10); 

    j = (i*10)-9; 

 

    % 5 slices on top of each other to get a interpolation without 

    % boundaries influence : 

    x1 = [X(j:j+9); X(j:j+9) ; X(j:j+9) ; X(j:j+9) ; X(j:j+9) ;X(j)]; 

    y1 = [Y(j:j+9); Y(j:j+9) ; Y(j:j+9) ; Y(j:j+9) ; Y(j:j+9) ;Y(j)]; 

    z1 = [Z(j:j+9); Z(j:j+9) ; Z(j:j+9) ; Z(j:j+9) ; Z(j:j+9) ;Z(j)]; 

 

    % Distance btween points to get a equal distance btween interpolation 

    % points : 

    CS = cat(1,0,cumsum(sqrt(diff(x1).^2+diff(y1).^2+diff(z1).^2))); 

 

    % Interpolation : 

    dd = interp1(CS, [x1 y1 z1], linspace(0,CS(end),1000),'spline'); 

 

    % Selection of the middle spline + 40 points in order to avoid start and 

    % end points to be close to the principal direction avoid trouble during 

    % the computation of group mean data 

    segx1i(:,i)=dd(441:640,1); 

    segy1i(:,i)=dd(441:640,2); 

    segz1i(:,i)=dd(441:640,3); 
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end 

 

% Compute centroid of each segmental point cloud 

mpcloudx1i = mean(segx1i); mpcloudy1i = mean(segy1i); mpcloudz1i = mean(segz1i); 

diff_mpcloudx1i = diff(mpcloudx1i).^2; diff_mpcloudy1i = diff(mpcloudy1i).^2; 

diff_mpcloudz1i = diff(mpcloudz1i).^2; 

lenMP = sqrt(diff_mpcloudx1i + diff_mpcloudy1i + diff_mpcloudz1i); 

clenMP = cumsum(lenMP); % Cumulative length 

 

% Interpolate centroids 

centroid_x = [0 clenMP]; centroid_xi = linspace(0,max(centroid_x),125); 

 

centroidxi = interp1(centroid_x, mpcloudx1i, centroid_xi, 'spline'); 

centroidyi = interp1(centroid_x, mpcloudy1i, centroid_xi, 'spline'); 

centroidzi = interp1(centroid_x, mpcloudz1i, centroid_xi, 'spline'); 

 

% Compute tendon length from interpolated coordinates 

diff_centroidxi = diff(centroidxi).^2; diff_centroidyi = diff(centroidyi).^2; 

diff_centroidzi = diff(centroidzi).^2; 

len = sqrt(diff_centroidxi + diff_centroidyi + diff_centroidzi); 

clen = [0 cumsum(len)]; % Cumulative length 

 

% Interpolate along tendon 

x_2 = [0 clenMP]; xli2 = linspace(0,max(x_2),125); 

segx1i2=zeros(125,200); segy1i2=zeros(125,200); segz1i2=zeros(125,200); 

for i = 1:length(segx1i); 

    segx1i2(:,i) = interp1(x_2, segx1i(i,:), xli2, 'spline'); 

    segy1i2(:,i) = interp1(x_2, segy1i(i,:), xli2, 'spline'); 

    segz1i2(:,i) = interp1(x_2, segz1i(i,:), xli2, 'spline'); 

end 

 

%-------------------------- 

% AREA PERIMETER and VOLUME 

%--------------------------- 

 

%Area of each discretised interpolised sections 

%Perimeter length of each section 

%Volume of the whole AT 

 

%Projection of all the section into the plane perpendicular to the tangent of the centroid 

curve 

X=segx1i2;Y=segy1i2;Z=segz1i2; 

[segx1i2,segy1i2,segz1i2] = 

perpendicular_plane_projection(segx1i2,segy1i2,segz1i2,centroidxi,centroidyi,centroidzi); 

 

NN=size(segx1i2); 

Ar=zeros(NN(1),1); 

Vol=0; 

Peri_L=zeros(NN(1),1); 

 

for k = 1:NN(1) 

    xc1 = centroidxi(k); 

    yc1 = centroidyi(k); 

    zc1 = centroidzi(k); 

 

    if k<NN(1) 
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        xc2 = centroidxi(k+1); 

        yc2 = centroidyi(k+1); 

        zc2 = centroidzi(k+1); 

    end 

 

    for l = 1:NN(2)-1 

 

        x11=segx1i2(k,l); 

        x12=segx1i2(k,l+1); 

        y11=segy1i2(k,l); 

        y12=segy1i2(k,l+1); 

        z11=segz1i2(k,l); 

        z12=segz1i2(k,l+1); 

 

        %Compute the area of each triangle formed by the centroid and 2 

        %consecutives CS' spline points 

        A=triangle_area(xc1,yc1,zc1,x11,y11,z11,x12,y12,z12); 

 

        %Peri : distance btween 2 consecutives CS' spline points 

        Peri=sqrt((x12-x11)^2+(y12-y11)^2+(z12-z11)^2); 

 

        Ar(k)=Ar(k)+A ; 

        Peri_L(k)=Peri_L(k)+Peri; 

        if k<NN(1) 

            x21=segx1i2(k+1,l); 

            x22=segx1i2(k+1,l+1); 

            y21=segy1i2(k+1,l); 

            y22=segy1i2(k+1,l+1); 

            z21=segz1i2(k+1,l); 

            z22=segz1i2(k+1,l+1); 

 

            [vol_pentahedron] = Volume_pentahedron(x11,y11,z11,x12,y12,z12,xc1,yc1,zc1,... 

                x21,y21,z21,x22,y22,z22,xc2,yc2,zc2); 

 

            Vol=Vol+vol_pentahedron; 

        end 

    end 

    % exception to close the the surface last point to first point 

    l=NN(2); 

    x11=segx1i2(k,l); 

    x12=segx1i2(k,1); 

    y11=segy1i2(k,l); 

    y12=segy1i2(k,1); 

    z11=segz1i2(k,l); 

    z12=segz1i2(k,1); 

 

    A=triangle_area(xc1,yc1,zc1,x11,y11,z11,x12,y12,z12); 

    Peri=sqrt((x12-x11)^2+(y12-y11)^2+(z12-z11)^2); 

 

    Ar(k)=Ar(k)+A ; 

    Peri_L(k)=Peri_L(k)+Peri; 

 

    if k<NN(1) 

        x21=segx1i2(k+1,l); 

        x22=segx1i2(k+1,1); 

        y21=segy1i2(k+1,l); 
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        y22=segy1i2(k+1,1); 

        z21=segz1i2(k+1,l); 

        z22=segz1i2(k+1,1); 

 

        [vol_pentahedron] = Volume_pentahedron(x11,y11,z11,x12,y12,z12,xc1,yc1,zc1,... 

            x21,y21,z21,x22,y22,z22,xc2,yc2,zc2); 

 

        Vol=Vol+vol_pentahedron; 

    end 

 

end 

 

%================================== 

%Principal Axis, rotation, APL, MLL 

%================================== 

theta_y2=zeros(NN(1),1);theta_z2=zeros(NN(1),1);theta_initial=zeros(NN(1),1); 

Vec_X=zeros(3,NN(1));Vec_Y=zeros(3,NN(1));Vec_Z=zeros(3,NN(1)); 

Vec_X2=zeros(3,NN(1));Vec_Y2=zeros(3,NN(1));Vec_Z2=zeros(3,NN(1)); 

MLL=zeros(NN(1),1);APL=zeros(NN(1),1); I_MLL=zeros(NN(1),2); I_APL=zeros(NN(1),2); 

 

for i=1:NN(1) 

 

    %Principal direction of the slice 

    [Vec_X(1:3,i),Vec_Y(1:3,i),Vec_Z(1:3,i),~] = 

slices_mesh(segx1i2(i,:),segy1i2(i,:),segz1i2(i,:)); 

 

    if Vec_X(1,i)<0 

        Vec_X(1:3,i)=-Vec_X(1:3,i); 

    end 

    if Vec_Y(2,i)<0 

        Vec_Y(1:3,i)=-Vec_Y(1:3,i); 

    end 

    if Vec_Z(3,i)<0 

        Vec_Z(1:3,i)=-Vec_Z(1:3,i); 

    end 

 

    % Projection of the slice on the first slice to really compare the 

    % rotation 

    Vec_X2(1:3,i)=cross(Vec_X(1:3,1),cross(Vec_X(1:3,i),Vec_X(1:3,1))); 

    Vec_X2(1:3,i)=Vec_X2(1:3,i)/norm(Vec_X2(1:3,i)); 

    Vec_Y2(1:3,i)=cross(Vec_X(1:3,1),cross(Vec_Y(1:3,i),Vec_X(1:3,1))); 

    Vec_Y2(2:3,i)=Vec_Y2(2:3,i)/norm(Vec_Y2(2:3,i)); 

    Vec_Z2(1:3,i)=cross(Vec_X(1:3,1),cross(Vec_Z(1:3,i),Vec_X(1:3,1))); 

    Vec_Z2(2:3,i)=Vec_Z2(2:3,i)/norm(Vec_Z2(2:3,i)); 

 

    signe=cross([0;Vec_Y2(2:3,1)],[0;Vec_Y2(2:3,i)]); 

    theta_y2(i)=sign(signe(1))*acos(abs(Vec_Y2(2:3,1)'*Vec_Y2(2:3,i)))*180/pi; 

    signe=cross([0;Vec_Z2(2:3,1)],[0;Vec_Z2(2:3,i)]); 

    theta_z2(i)=sign(signe(1))*acos(abs(Vec_Z2(2:3,1)'*Vec_Z2(2:3,i)))*180/pi; 

 

    theta_initial(i)=0.5*(theta_y2(i)+theta_z2(i)); 

 

    [C4Pmll,I1] = closest_4_points(segx1i2(i,:),segy1i2(i,:),segz1i2(i,:),... 

        Vec_Y(1,i),Vec_Y(2,i),Vec_Y(3,i),... 

        centroidxi(i),centroidyi(i),centroidzi(i)); 

    [MLL(i),I_MLL(i,:)] = lmax_and_index(C4Pmll,I1); 
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    [C4Papl,I2] = closest_4_points(segx1i2(i,:),segy1i2(i,:),segz1i2(i,:),... 

        Vec_Z(1,i),Vec_Z(2,i),Vec_Z(3,i),... 

        centroidxi(i),centroidyi(i),centroidzi(i)); 

    [APL(i),I_APL(i,:)] = lmax_and_index(C4Papl,I2); 

 

end 

 

[XX,YY,ZZ,XXc,YYc,ZZc,d_theta] = surf_displ(X,Y,Z,centroidxi,centroidyi,centroidzi); 

 

end 

9.1.2 Perpendicular_plane_projection 

function [XX,YY,ZZ] = Perpendicular_plane_projection(X,Y,Z,Xc,Yc,Zc) 

% Project all the points on a plane that is perpendicular to the 

% centroid tangent 

 

NN=size(X); 

 

for k=1:NN 

 

    if k==1 

        Vec2=[Xc(k+1)-Xc(k) Yc(k+1)-Yc(k) Zc(k+1)-Zc(k)]; 

        vec=Vec2; 

    elseif k==NN(1) 

        Vec1=[Xc(k)-Xc(k-1) Yc(k)-Yc(k-1) Zc(k)-Zc(k-1)]; 

        vec=Vec1; 

    else 

        Vec1=[Xc(k)-Xc(k-1) Yc(k)-Yc(k-1) Zc(k)-Zc(k-1)]; 

        Vec2=[Xc(k+1)-Xc(k) Yc(k+1)-Yc(k) Zc(k+1)-Zc(k)]; 

        vec=Vec2/norm(Vec2)+Vec1/norm(Vec1); 

    end 

 

    VecN=vec/norm(vec);  % normal vector of the section 

    a=VecN(1); b=VecN(2); c=VecN(3); 

 

    d=-(a*Xc(k)+b*Yc(k)+c*Zc(k)); 

 

    D_proj=(a*X(k,:)'+b*Y(k,:)'+c*Z(k,:)'+d)/sqrt(a^2+b^2+c^2); % distance to section 

    Vec_Pt_Pt_proj=D_proj*VecN; 

 

    X_int=X(k,:)'- Vec_Pt_Pt_proj(:,1); 

    Y_int=Y(k,:)'- Vec_Pt_Pt_proj(:,2); 

    Z_int=Z(k,:)'- Vec_Pt_Pt_proj(:,3); 

 

    XX(k,:)=X_int'; 

    YY(k,:)=Y_int'; 

    ZZ(k,:)=Z_int'; 

end 

end 

9.1.3 Triangle_area 
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function [A]=Triangle_area(x1,y1,z1,x2,y2,z2,x3,y3,z3) 

vec1=[x2-x1,y2-y1,z2-z1]; 

vec2=[x3-x1,y3-y1,z3-z1]; 

A=0.5*((vec1(1)*vec2(2)-vec1(2)*vec2(1))^2+(vec1(2)*vec2(3)-

vec1(3)*vec2(2))^2+(vec1(3)*vec2(1)-vec1(1)*vec2(3))^2)^0.5; 

9.1.4 Volume_pentahedron 

function [Vol] = Volume_pentahedron(x11,y11,z11,x12,y12,z12,xc1,yc1,zc1,... 

    x21,y21,z21,x22,y22,z22,xc2,yc2,zc2) 

% Compute real volume 

X11=[x11 y11 z11] ; X12=[x12 y12 z12] ; Xc1=[xc1 yc1 zc1] ; 

X21=[x21 y21 z21]; X22=[x22 y22 z22] ; Xc2=[xc2 yc2 zc2] ; 

 

% Function to find the plan paramater of a face 

    function [a,b,c,d]=Plan_para(X1,X2,X3) 

        VecN=cross(X2-X1,X3-X1)/norm(cross(X2-X1,X3-X1)); 

        a=VecN(1); b=VecN(2); c=VecN(3); 

        d=-(a*X1(1)+b*X1(2)+c*X1(3)); 

    end 

 

% Decomposition of the pentahedron into three tetrahedrons 

% Vol1 = 1/3*B*h 

[a,b,c,d]=Plan_para(X11,X12,Xc1); 

[B1]=triangle_area(X11(1),X11(2),X11(3),X12(1),X12(2),X12(3),Xc1(1),Xc1(2),Xc1(3)); 

h1=abs(a*X21(1)+b*X21(2)+c*X21(3)+d)/sqrt(a^2+b^2+c^2); 

Vol1=1/3*B1*h1; 

 

% Vol2 = 1/3*B*h 

[a,b,c,d]=Plan_para(X12,X21,X22); 

[B2]=triangle_area(X12(1),X12(2),X12(3),X21(1),X21(2),X21(3),X22(1),X22(2),X22(3)); 

h2=abs(a*Xc1(1)+b*Xc1(2)+c*Xc1(3)+d)/sqrt(a^2+b^2+c^2); 

Vol2=1/3*B2*h2; 

 

% Vol3 = 1/3*B*h 

[a,b,c,d]=Plan_para(Xc2,X21,X22); 

[B3]=triangle_area(Xc2(1),Xc2(2),Xc2(3),X21(1),X21(2),X21(3),X22(1),X22(2),X22(3)); 

h3=abs(a*Xc1(1)+b*Xc1(2)+c*Xc1(3)+d)/sqrt(a^2+b^2+c^2); 

Vol3=1/3*B3*h3; 

 

% Total volume of the pentahedron : Vol= Vol1 + Vol2 +Vol3 

 

Vol = Vol1 + Vol2 + Vol3; 

 

end 

9.1.5 Slices_mesh 

function [Vec_xI,Vec_yII,Vec_zIII,Mesh] = Slices_mesh(X,Y,Z) 

% Compute the principal axes of the matrix of inertia of each slice 
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Vec_APL=diff([X([100 50]);Y([100 50]);Z([100 50])]'); %one in CS plan vector 

Vec_APL=Vec_APL/norm(Vec_APL); 

Vec_MLL=diff([X([50 1]);Y([50 1]);Z([50 1])]'); %another in CS plan vector 

Vec_MLL=Vec_MLL/norm(Vec_MLL); 

Vec_x1=cross(Vec_APL,Vec_MLL); 

Vec_x1=Vec_x1/norm(Vec_x1); %normal to the CS plan vector : x1 

Vec_y1=Vec_APL; % 2nd direction vector : y1 

Vec_z1=cross(Vec_x1,Vec_y1); %3rd direction : z1 

 

Pproj=[-Vec_x1(:) Vec_y1(:) Vec_z1(:)]; % change of base matrix 

Pts=[X;Y;Z]; % coordinates of the points on the CS boundary 

 

Pts_Proj=Pproj\Pts; % points coordinates in the new base 

 

% points coordinates in the new base : 

Xp=Pts_Proj(1,:); 

Yp=Pts_Proj(2,:); 

Zp=Pts_Proj(3,:); 

 

h=mean(sqrt(diff(Yp).^2+diff(Zp).^2)); % mean distance between 2 consecutives points 

%used to determine the points density of the following grid 

[yq,zq] = meshgrid(min(Yp):h/3:max(Yp), min(Zp):h/3:max(Zp)); %grid of points forming a 

rectangular shape wrapping the CS shape 

Yg=yq(:); 

Zg=zq(:); 

 

in = inpolygon(Yg,Zg,[Yp Yp(1)],[Zp Zp(1)]); % check if the grid points are inside the CS 

shape 

 

Mesh_Y=Yg(in==1); %keeping the points inside the CS shape 

Mesh_Z=Zg(in==1); %keeping the points inside the CS shape 

 

n=length(Mesh_Y); 

Mesh=Pproj*[mean(Xp)*ones(1,n);Mesh_Y';Mesh_Z']; %gridded CS shape is sent back to the 

first base 

 

clear Xv 

clear I 

 

% === 

% points coordinates relative to the CS' centroid : 

Xv(1,:)=Mesh(1,:)-mean(Mesh(1,:)); 

Xv(2,:)=Mesh(2,:)-mean(Mesh(2,:)); 

Xv(3,:)=Mesh(3,:)-mean(Mesh(3,:)); 

% === 

 

I=(Xv*Xv'); % Matrix = [sum(x^2) sum(x.y) sum(x.z); sum(y.x) sum(y^2) sum(y.z); sum(z.x) 

sum(z.y) sum(z^2)] 

Io=[I(2,2)+I(3,3) -I(1,2) -I(1,3);... 

    -I(2,1) I(1,1)+I(3,3)  -I(2,3);... 

    -I(3,1) -I(3,2) I(1,1)+I(2,2)];  %Inertia matrix of the CS (each grid points has the 

same weight) 

[V,~]=eig(Io); % eigen values and vectors of the Inertia matrix 

 

% eigen vectors : 

Vec_yII=V(:,2); 
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Vec_zIII=V(:,1); 

Vec_xI=V(:,3); 

 

end 

9.1.6 Closest_4_points 

function [C4P,J] = closest_4_points (X,Y,Z,a,b,c,xc,yc,zc) 

%Get the 4 closest points to a plane of the perimeter 

% X,Y,Z vect of the perimeters points 

% a,b,c vect normal to the plane 

% xc,yc,zc coordonate of the centroid 

% C4P coordonates of the 4 points 

% J index of the 4 points 

 

d=abs(a*(X-xc)+b*(Y-yc)+c*(Z-zc)); 

[~,I]=sort(d); 

C4P=zeros(8,3); 

J=I(1:8); 

for k=1:8 

    C4P(k,:)=[X(I(k)) Y(I(k)) Z(I(k))]; 

end 

end 

9.1.7 lmax_and_index_APL 

function [lmax,J] = lmax_and_index(C8P,I) 

%find the maximal width for the 4 closest points 

n=1; 

for i=1:8 

    for k=1:8 

        LL(n,1)=((C8P(k,1)-C8P(i,1))^2+(C8P(k,2)-C8P(i,2))^2+... 

            (C8P(k,3)-C8P(i,3))^2)^0.5; 

        LL(n,2)=(i); 

        LL(n,3)=(k); 

        n=n+1; 

    end 

end 

 

[l,Index]=sort(LL(:,1)); 

lmax=l(end); 

ii=LL(Index(end),2); 

kk=LL(Index(end),3); 

J(1)=I(ii); 

J(2)=I(kk); 

J=sort(J); 

end 

 

 



Chapter 10 

163 
 

CHAPTER 10  
References 

ALBRACHT, K., ARAMPATZIS, A. & BALTZOPOULOS, V. 2008. Assessment of muscle 

volume and physiological cross-sectional area of the human triceps surae muscle 

in vivo. Journal of Biomechanics, 41, 2211-2218. 

ALEXANDER, R. M. & BENNET-CLARK, H. C. 1977. Storage of elastic strain energy in 

muscle and other tissues. Nature, 265, 114-7. 

ALFREDSON, H. 2003. Chronic midportion Achilles tendinopathy: an update on research 

and treatment. Clinics in Sports Medicine, 22, 727-41. 

ALFREDSON, H. & COOK, J. 2007. A treatment algorithm for managing Achilles 

tendinopathy: New treatment options. British Journal of Sports Medicine, 41, 211-

216. 

ALFREDSON, H., MASCI, L. & OHBERG, L. 2011. Partial mid-portion Achilles tendon 

ruptures: New sonographic findings helpful for diagnosis. British Journal of Sports 

Medicine, 45, 429-432. 

ALFREDSON, H., PIETILA, T., JONSSON, P. & LORENTZON, R. 1998. Heavy-load eccentric 

calf muscle training for the treatment of chronic Achilles tendinosis. American 

Journal of Sports Medicine, 26, 360-366. 

ALFREDSON, H., ZEISIG, E. & FAHLSTROM, M. 2009. No normalisation of the tendon 

structure and thickness after intratendinous surgery for chronic painful 

midportion Achilles tendinosis. British Journal of Sports Medicine, 43, 948-949. 

ANDARAWIS-PURI, N. & FLATOW, E. L. 2011. Tendon fatigue in response to mechanical 

loading. Journal of Musculoskeletal Neuronal Interactions, 11, 106-14. 

ANDARAWIS-PURI, N., RICCHETTI, E. T. & SOSLOWSKY, L. J. 2009. Rotator cuff tendon 

strain correlates with tear propagation. Journal of Biomechanics, 42, 158-63. 

ANDARAWIS-PURI, N., SEREYSKY, J. B., JEPSEN, K. J. & FLATOW, E. L. 2012. The 

relationships between cyclic fatigue loading, changes in initial mechanical 

properties, and the in vivo temporal mechanical response of the rat patellar 

tendon. Journal of Biomechanics, 45, 59-65. 



Chapter 10 

164 
 

APARECIDA DE ARO, A., DE CAMPOS VIDAL, B. & PIMENTEL, E. R. 2012. Biochemical and 

anisotropical properties of tendons. Micron, 43, 205-214. 

APAYDIN, N., BOZKURT, M., LOUKAS, M., VEFALI, H., TUBBS, R. S. & ESMER, A. F. 2009. 

Relationships of the sural nerve with the calcaneal tendon: an anatomical study 

with surgical and clinical implications. Surgical and Radiologic Anatomy, 31, 775-

780. 

ARAMPATZIS, A., DE MONTE, G., KARAMANIDIS, K., MOREY-KLAPSING, G., STAFILIDIS, S. 

& BRUGGEMANN, G. P. 2006. Influence of the muscle-tendon unit's mechanical 

and morphological properties on running economy. Journal of Experimental 

Biology, 209, 3345-57. 

ARAMPATZIS, A., KARAMANIDIS, K. & ALBRACHT, K. 2007a. Adaptational responses of the 

human Achilles tendon by modulation of the applied cyclic strain magnitude. 

Journal of Experimental Biology, 210, 2743-53. 

ARAMPATZIS, A., KARAMANIDIS, K., MADEMLI, L. & ALBRACHT, K. 2009. Plasticity of the 

human tendon to short- and long-term mechanical loading. Exercise and Sport 

Sciences Reviews, 37, 66-72. 

ARAMPATZIS, A., KARAMANIDIS, K., MOREY-KLAPSING, G., DE MONTE, G. & STAFILIDIS, S. 

2007b. Mechanical properties of the triceps surae tendon and aponeurosis in 

relation to intensity of sport activity. Journal of Biomechanics, 40, 1946-1952. 

ARAMPATZIS, A., PEPER, A., BIERBAUM, S. & ALBRACHT, K. 2010. Plasticity of human 

Achilles tendon mechanical and morphological properties in response to cyclic 

strain. Journal of Biomechanics, 43, 3073-3079. 

ARNDT, A., BENGTSSON, A.-S., PEOLSSON, M., THORSTENSSON, A. & MOVIN, T. 2011. 

Non-uniform displacement within the Achilles tendon during passive ankle joint 

motion. Knee Surgery, Sports Traumatology, Arthroscopy, 1-7. 

ARNDT, A. N., KOMI, P. V., BRUGGEMANN, G. P. & LUKKARINIEMI, J. 1998. Individual 

muscle contributions to the in vivo achilles tendon force. Clinical Biomechanics, 

13, 532-541. 

ARNOCZKY, S. P., CABALLERO, O. & GARDNER, K. L. 2008. Loss of homeostatic tension 

induces apoptosis in tendon cells: an in vitro study. Clinical Orthopaedics and 

Related Research, 466, 1562-1568. 



Chapter 10 

165 
 

ARNOCZKY, S. P., LAVAGNINO, M. & EGERBACHER, M. 2007. The mechanobiological 

aetiopathogenesis of tendinopathy: is it the over-stimulation or the under-

stimulation of tendon cells? International Journal of Experimental Pathology, 88, 

217-26. 

ARNOCZKY, S. P., LAVAGNINO, M., WHALLON, J. H. & HOONJAN, A. 2002. In situ cell 

nucleus deformation in tendons under tensile load; a morphological analysis using 

confocal laser microscopy. Journal of Orthopaedic Research 20, 29-35. 

ARYA, S. & KULIG, K. 2009. Tendinopathy alters mechanical and material properties of the 

Achilles tendon. Journal of Applied Physiology, 108, 670-5. 

AUBRY, S., RISSON, J. R., KASTLER, A., BARBIER-BRION, B., SILIMAN, G., RUNGE, M. & 

KASTLER, B. 2013. Biomechanical properties of the calcaneal tendon in vivo 

assessed by transient shear wave elastography. Skeletal Radiology, 1-8. 

AVELA, J., FINNI, T., LIIKAVAINIO, T., NIEMELA, E. & KOMI, P. V. 2004. Neural and 

mechanical responses of the triceps surae muscle group after 1 h of repeated fast 

passive stretches. Journal of Applied Physiology, 96, 2325-32. 

AZIZI, E., HALENDA, G. M. & ROBERTS, T. J. 2009. Mechanical properties of the 

gastrocnemius aponeurosis in wild turkeys. Integrative and Comparative Biology, 

49, 51-58. 

AZIZI, E. & ROBERTS, T. J. 2009. Biaxial strain and variable stiffness in aponeuroses. 

Journal of Physiology, 587, 4309-4318. 

BARBER, L., BARRETT, R. & LICHTWARK, G. 2009. Validation of a freehand 3D ultrasound 

system for morphological measures of the medial gastrocnemius muscle. Journal 

of Biomechanics, 42, 1313-1319. 

BARBER, L., BARRETT, R. & LICHTWARK, G. 2012. Medial gastrocnemius muscle fascicle 

active torque-length and Achilles tendon properties in young adults with spastic 

cerebral palsy. Journal of Biomechanics, 45, 2526-2530. 

BARRETT, R. S. & LICHTWARK, G. A. 2008. Effect of altering neural, muscular and 

tendinous factors associated with aging on balance recovery using the ankle 

strategy: A simulation study. Journal of Theoretical Biology, 254, 546-554. 

BENJAMIN, M., KAISER, E. & MILZ, S. 2008. Structure-function relationships in tendons: a 

review. Journal of Anatomy, 212, 211-28. 



Chapter 10 

166 
 

BENNETT, M. B., KER, R. F., DIMERY, N. J. & ALEXANDER, R. M. 1986. Mechanical-

Properties of Various Mammalian Tendons. Journal of Zoology, 209, 537-548. 

BLAND, J. M. & ALTMAN, D. G. 1986. Statistical methods for assessing agreement 

between two methods of clinical measurement. Lancet, 1, 307-10. 

BOJSEN-MØLLER, J., HANSEN, P., AAGAARD, P., SVANTESSON, U., KJAER, M. & 

MAGNUSSON, S. P. 2004. Differential displacement of the human soleus and 

medial gastrocnemius aponeuroses during isometric plantar flexor contractions in 

vivo. Journal of Applied Physiology, 97, 1908-1914. 

BUDE, R. O. & ADLER, R. S. 1995. An easily made, low-cost, tissue-like ultrasound 

phantom material. Journal of Clinical Ultrasound, 23, 271-3. 

BURGESS, K. E., CONNICK, M. J., GRAHAM-SMITH, P. & PEARSON, S. J. 2007. Plyometric 

vs. isometric training influences on tendon properties and muscle output. Journal 

of Strength and Conditioning Research, 21, 986-9. 

BURGESS, K. E., GRAHAM-SMITH, P. & PEARSON, S. J. 2009. Effect of acute tensile loading 

on gender-specific tendon structural and mechanical properties. Journal of 

Orthopaedic Research, 27, 510-6. 

BUTLER, D. L., GROOD, E. S., NOYES, F. R. & ZERNICKE, R. F. 1978. Biomechanics of 

ligaments and tendons. Exercise and Sport Sciences Reviews, 6, 125-81. 

CHENG, V. W. & SCREEN, H. R. 2007. The micro-structural strain response of tendon. 

Journal of Materials Science. Materials in Medicine, 42, 8957-8965. 

CHERNAK, L. A. & THELEN, D. G. 2012. Tendon motion and strain patterns evaluated with 

two-dimensional ultrasound elastography. Journal of biomechanics, 45, 2618-

2623. 

CHILD, S., BRYANT, A. L., CLARK, R. A. & CROSSLEY, K. M. 2010. Mechanical Properties of 

the Achilles Tendon Aponeurosis Are Altered in Athletes With Achilles 

Tendinopathy. The American Journal of Sports Medicine, 38, 1885-1893. 

COHEN, J. 1960. A Coefficient of Agreement for Nominal Scales. Educational and 

Psychological Measurement, 20, 37-46. 

COHEN, J. 1988. Statistical power analysis for the behavioural science, Hillsdale, NJ, 

Lawrence Earlbaum Associates. 



Chapter 10 

167 
 

CRESSWELL, A. G., LOSCHER, W. N. & THORSTENSSON, A. 1995. Influence of 

gastrocnemius muscle length on triceps surae torque development and 

electromyographic activity in man. Experimental Brain Research, 105, 283-90. 

CREVIER-DENOIX, N., RAVARY-PLUMIOËN, B., EVRARD, D. & POURCELOT, P. 2009. 

Reproducibility of a non-invasive ultrasonic technique of tendon force 

measurement, determined in vitro in equine superficial digital flexor tendons. 

Journal of Biomechanics, 42, 2210-2213. 

CRONIN, N. J., KLINT, R. A., GREY, M. J. & SINKJAER, T. 2011. Ultrasonography as a tool to 

study afferent feedback from the muscle-tendon complex during human walking. 

Journal of Electromyography and Kinesiology, 21, 197-207. 

CUMMINS, E. J. & ANSON, B. J. 1946. The structure of the calcaneal tendon (of Achilles) in 

relation to orthopedic surgery, with additional observations on the plantaris 

muscle. Surgery, Gynecology and Obstetrics, 83, 107-16. 

DE MONTE, G., ARAMPATZIS, A., STOGIANNARI, C. & KARAMANIDIS, K. 2006. In vivo 

motion transmission in the inactive gastrocnemius medialis muscle-tendon unit 

during ankle and knee joint rotation. Journal of Electromyography & Kinesiology, 

16, 413-22. 

DEAN, M. N., AZIZI, E. & SUMMERS, A. P. 2007. Uniform strain in broad muscles: active 

and passive effects of the twisted tendon of the spotted ratfish Hydrolagus colliei. 

Journal of Experimental Biology, 210, 3395-406. 

DEFRATE, L. E., VAN DER VEN, A., BOYER, P. J., GILL, T. J. & LI, G. 2006. The measurement 

of the variation in the surface strains of Achilles tendon grafts using imaging 

techniques. Journal of Biomechanics, 39, 399-405. 

DELCKER, A., WALKER, F., CARESS, J., HUNT, C. & TEGELER, C. 1999. In vitro measurement 

of muscle volume with 3-dimensional ultrasound. European Journal of Ultrasound, 

9, 185-190. 

DOCKING, S., SAMIRIC, T., SCASE, E., PURDAM, C. & COOK, J. 2013. Relationship between 

compressive loading and ECM changes in tendons. Muscle, Ligaments and 

Tendons Journal, 3, 7. 



Chapter 10 

168 
 

DORAL, M. N., ALAM, M., BOZKURT, M., TURHAN, E., ATAY, O. A., DONMEZ, G. & 

MAFFULLI, N. 2010. Functional anatomy of the Achilles tendon. Knee Surgery, 

Sports Traumatology, Arthroscopy, 18, 638-43. 

DUENWALD, S., KOBAYASHI, H., FRISCH, K., LAKES, R. & VANDERBY JR, R. 2011. 

Ultrasound echo is related to stress and strain in tendon. Journal of Biomechanics, 

44, 424-429. 

EDGERTON, V. R., SMITH, J. L. & SIMPSON, D. R. 1975. Muscle fibre type populations of 

human leg muscles. Histochemical Journal, 7, 259-66. 

EDMAN, K. A., ELZINGA, G. & NOBLE, M. I. 1978. Enhancement of mechanical 

performance by stretch during tetanic contractions of vertebrate skeletal muscle 

fibres. Journal of Physiology, 281, 139-55. 

FAHLSTROM, M. & ALFREDSON, H. 2010. Ultrasound and doppler findings in the Achilles 

tendon among middle-aged recreational floor-ball players in direct relation to a 

match. British Journal of Sports Medicine, 44, 140-143. 

FARRIS, D., TREWARTHA, G. & MCGUIGAN, M. 2012. The effects of a 30-min run on the 

mechanics of the human Achilles tendon. European Journal of Applied Physiology, 

112, 653-660. 

FARRIS, D. J., TREWARTHA, G., MCGUIGAN, M. P. & LICHTWARK, G. A. 2013. Differential 

strain patterns of the human Achilles tendon determined in vivo with freehand 

three-dimensional ultrasound imaging. Journal of Experimental Biology, 216, 594-

600. 

FERRARI, A., CUTTI, A. G. & CAPPELLO, A. 2010. A new formulation of the coefficient of 

multiple correlation to assess the similarity of waveforms measured 

synchronously by different motion analysis protocols. Gait and Posture, 31, 540-

542. 

FERRARI, M., WELLER, R., PFAU, T., PAYNE, R. C. & WILSON, A. M. 2006. A comparison of 

three-dimensional ultrasound, two-dimensional ultrasound and dissections for 

determination of lesion volume in tendons. Ultrasound in Medicine and Biology, 

32, 797-804. 

FINNI, T. 2006. Structural and functional features of human muscle-tendon unit. 

Scandinavian Journal of Medicine and Science in Sports, 16, 147-58. 



Chapter 10 

169 
 

FINNI, T., HODGSON, J. A., LAI, A. M., EDGERTON, V. R. & SINHA, S. 2003. Nonuniform 

strain of human soleus aponeurosis-tendon complex during submaximal voluntary 

contractions in vivo. Journal of Applied Physiology, 95, 829-837. 

FINNI, T., KOMI, P. & LUKKARINIEMI, J. 1998. Achilles tendon loading during walking: 

application of a novel optic fiber technique. European journal of applied 

physiology and occupational physiology, 77, 289-291. 

FORNAGE, B. D. 1986. Achilles tendon: US examination. Radiology, 159, 759-764. 

FOURE, A., NORDEZ, A. & CORNU, C. 2010. Plyometric training effects on Achilles tendon 

stiffness and dissipative properties. Journal of Applied Physiology, 109, 849-54. 

FOURE, A., NORDEZ, A. & CORNU, C. 2012. Effects of plyometric training on passive 

stiffness of gastrocnemii muscles and Achilles tendon. European Journal of Applied 

Physiology, 112, 2849-57. 

FREDBERG, U., BOLVIG, L., ANDERSEN, N. T. & STENGAARD-PEDERSEN, K. 2008. 

Ultrasonography in evaluation of Achilles and patella tendon thickness. Ultraschall 

in der Medizin, 29, 60-65. 

FREDBERG, U., BOLVIG, L., LAURIDSEN, A. & STENGAARD-PEDERSEN, K. 2007. Influence of 

acute physical activity immediately before ultrasonographic measurement of 

Achilles tendon thickness. Scandinavian Journal of Rheumatology, 36, 488-9. 

FREDBERG, U. & STENGAARD-PEDERSEN, K. 2008. Chronic tendinopathy tissue pathology, 

pain mechanisms, and etiology with a special focus on inflammation. Scandinavian 

Journal of Medicine and Science in Sports, 18, 3-15. 

FUKASHIRO, S., ITOH, M., ICHINOSE, Y., KAWAKAMI, Y. & FUKUNAGA, T. 1995. 

Ultrasonography gives directly but noninvasively elastic characteristic of human 

tendon in vivo. European Journal of Applied Physiology and Occupational 

Physiology, 71, 555-7. 

FUKUNAGA, T., KUBO, K., KAWAKAMI, Y., FUKASHIRO, S., KANEHISA, H. & MAGANARIS, C. 

N. 2001. In vivo behaviour of human muscle tendon during walking. Proceedings: 

Biological sciences, The Royal Society, 268, 229-33. 

FUKUNAGA, T., ROY, R. R., SHELLOCK, F. G., HODGSON, J. A., DAY, M. K., LEE, P. L., 

KWONGFU, H. & EDGERTON, V. R. 1992. Physiological Cross-Sectional Area of 



Chapter 10 

170 
 

Human Leg Muscles Based on Magnetic-Resonance-Imaging. Journal of 

Orthopaedic Research, 10, 926-934. 

FUNG, D. T., WANG, V. M., ANDARAWIS-PURI, N., BASTA-PLJAKIC, J., LI, Y., LAUDIER, D. 

M., SUN, H. B., JEPSEN, K. J., SCHAFFLER, M. B. & FLATOW, E. L. 2010. Early 

response to tendon fatigue damage accumulation in a novel in vivo model. Journal 

of Biomechanics, 43, 274-279. 

FUNG, D. T., WANG, V. M., LAUDIER, D. M., SHINE, J. H., BASTA-PLJAKIC, J., JEPSEN, K. J., 

SCHAFFLER, M. B. & FLATOW, E. L. 2009. Subrupture tendon fatigue damage. 

Journal of Orthopaedic Research, 27, 264-73. 

GALLOWAY, M. T., JOKL, P. & DAYTON, O. W. 1992. Achilles tendon overuse injuries. 

Clinics in Sports Medicine, 11, 771-82. 

GALNA, B., PETERS, A., MURPHY, A. T. & MORRIS, M. E. 2009. Obstacle crossing deficits in 

older adults: a systematic review. Gait and Posture, 30, 270-5. 

GAO, F. 2010. 3D anatomical investigation of Achilles tendon using a freehand ultrasound 

imaging system. Bioinformatics and Biomedical Engineering (iCBBE), 2010 4th 

International Conference on Bioinformatics and Biomedical Engineering. IEEE. 

GAO, F., ZHAO, H., GAEBLER-SPIRA, D. & ZHANG, L. Q. 2011. In vivo evaluations of 

morphologic changes of gastrocnemius muscle fascicles and achilles tendon in 

children with cerebral palsy. American Journal of Physical Medicine and 

Rehabilitation, 90, 364-71. 

GEE, A., PRAGER, R., TREECE, G., CASH, C. & BERMAN, L. 2004. Processing and visualizing 

three-dimensional ultrasound data. British Journal of Radiology, 77 Spec No 2, 

S186-93. 

GERUS, P., RAO, G. & BERTON, E. 2011. A method to characterize in vivo tendon force-

strain relationship by combining ultrasonography, motion capture and loading 

rates. Journal of Biomechanics, 44, 2333-6. 

GREGORY, J. E., BROCKETT, C. L., MORGAN, D. L., WHITEHEAD, N. P. & PROSKE, U. 2002. 

Effect of eccentric muscle contractions on Golgi tendon organ responses to 

passive and active tension in the cat. Journal of Physiology, 538, 209-18. 



Chapter 10 

171 
 

GREGORY, J. E., MORGAN, D. L., ALLEN, T. J. & PROSKE, U. 2007. The shift in muscle's 

length-tension relation after exercise attributed to increased series compliance. 

European Journal of Applied Physiology, 99, 431-41. 

GRIGG, N. L., STEVENSON, N. J., WEARING, S. C. & SMEATHERS, J. E. 2010. Incidental 

walking activity is sufficient to induce time-dependent conditioning of the Achilles 

tendon. Gait and Posture, 31, 64-67. 

GRIGG, N. L., WEARING, S. C., O'TOOLE, J. M. & SMEATHERS, J. E. 2013. Achilles 

tendinopathy modulates force frequency characteristics of eccentric exercise. 

Medicine and Science in Sports and Exercise, 45, 520-6. 

GRIGG, N. L., WEARING, S. C. & SMEATHERS, J. E. 2009. Eccentric calf muscle exercise 

produces a greater acute reduction in Achilles tendon thickness than concentric 

exercise. British Journal of Sports Medicine, 43, 280-3. 

GRIGG, N. L., WEARING, S. C. & SMEATHERS, J. E. 2012. Achilles tendinopathy has an 

aberrant strain response to eccentric exercise. Medicine and Science in Sports and 

Exercise, 44, 12-17. 

GUMP, B. S., MCMULLAN, D. R., CAUTHON, D. J., WHITT, J. A., DEL MUNDO, J. D., 

LETHAM, T., KIM, P. J., FRIEDLANDER, G. N., PINGEL, J. & LANGBERG, H. 2013. 

Short-term acetaminophen consumption enhances the exercise-induced increase 

in Achilles peritendinous IL-6 in humans. Journal of Applied Physiology. 

HABETS, B. & CINGEL, R. 2014. Eccentric exercise training in chronic mid-portion Achilles 

tendinopathy: A systematic review on different protocols. Scandinavian Journal of 

Medicine and Science in Sports, 25, 3-15. 

HANNAFIN, J. A. & ARNOCZKY, S. P. 1994. Effect of cyclic and static tensile loading on 

water content and solute diffusion in canine flexor tendons: An in Vitro study. 

Journal of Orthopaedic Research, 12, 350-356. 

HANSEN, K. A., WEISS, J. A. & BARTON, J. K. 2002. Recruitment of tendon crimp with 

applied tensile strain. Journal of Biomechanical Engineering, 124, 72-7. 

HANSEN, P., AAGAARD, P., KJAER, M., LARSSON, B. & MAGNUSSON, S. P. 2003. Effect of 

habitual running on human Achilles tendon load-deformation properties and 

cross-sectional area. Journal of Applied Physiology, 95, 2375-2380. 



Chapter 10 

172 
 

HARALDSSON, B. T., AAGAARD, P., KROGSGAARD, M., ALKJAER, T., KJAER, M. & 

MAGNUSSON, S. P. 2005. Region-specific mechanical properties of the human 

patella tendon. Journal of Applied Physiology, 98, 1006-1012. 

HARALDSSON, B. T., AAGAARD, P., QVORTRUP, K., BOJSEN-MOLLER, J., KONGSGAARD, M., 

KOSKINEN, S., KJAER, M. & MAGNUSSON, S. P. 2008. Lateral force transmission 

between human tendon fascicles. Matrix Biology, 27, 86-95. 

HAWKINS, D., LUM, C., GAYDOS, D. & DUNNING, R. 2009. Dynamic creep and pre-

conditioning of the Achilles tendon in-vivo. Journal of Biomechanics, 42, 2813-7. 

HELMER, K. G., NAIR, G., CANNELLA, M. & GRIGG, P. 2006. Water movement in tendon in 

response to a repeated static tensile load using one-dimensional magnetic 

resonance imaging. Journal of Biomechanical Engineering, 128, 733-41. 

HENRIKSEN, M., AABOE, J., BLIDDAL, H. & LANGBERG, H. 2009. Biomechanical 

characteristics of the eccentric Achilles tendon exercise. Journal of Biomechanics, 

42, 2702-7. 

HENRIKSEN, M., AABOE, J., GRAVEN-NIELSEN, T., BLIDDAL, H. & LANGBERG, H. 2011. 

Motor responses to experimental Achilles tendon pain. British Journal of Sports 

Medicine, 45, 393-8. 

HERBERT, R. D., CLARKE, J., KWAH, L. K., DIONG, J., MARTIN, J., CLARKE, E. C., BILSTON, L. 

E. & GANDEVIA, S. C. 2011. In vivo passive mechanical behaviour of muscle 

fascicles and tendons in human gastrocnemius muscle-tendon units. Journal of 

Physiology, 589, 5257-67. 

HERBERT, R. D., MOSELEY, A. M., BUTLER, J. E. & GANDEVIA, S. C. 2002. Change in length 

of relaxed muscle fascicles and tendons with knee and ankle movement in 

humans. Journal of Physiology, 539, 637-45. 

HERMENS, H. J., FRERIKS, B., DISSELHORST-KLUG, C. & RAU, G. 2000. Development of 

recommendations for SEMG sensors and sensor placement procedures. Journal of 

Electromyography and Kinesiology 10, 361-374. 

HODGSON, J. A., FINNI, T., LAI, A. M., EDGERTON, V. R. & SINHA, S. 2006. Influence of 

structure on the tissue dynamics of the human soleus muscle observed in MRI 

studies during isometric contractions. Journal of Morphology, 267, 584-601. 



Chapter 10 

173 
 

HOFFMAN, B. W., CRESSWELL, A. G., CARROLL, T. J. & LICHTWARK, G. A. 2014. Muscle 

fascicle strains in human gastrocnemius during backward downhill walking. 

Journal of Applied Physiology, 116, 1455-1462. 

HOUGHTON, L., DAWSON, B. & RUBENSON, J. 2013. Achilles tendon mechanical 

properties after both prolonged continuous running and prolonged intermittent 

shuttle running in cricket batting. Journal of Applied Biomechanics, 29, 453-462. 

HSU, P.-W., PRAGER, R. W., GEE, A. H. & TREECE, G. M. 2006. Rapid, easy and reliable 

calibration for freehand 3D ultrasound. Ultrasound in Medicine and Biology, 32, 

823-835. 

ISHIKAWA, M., KOMI, P. V., GREY, M. J., LEPOLA, V. & BRUGGEMANN, G. P. 2005. Muscle-

tendon interaction and elastic energy usage in human walking. Journal of Applied 

Physiology, 99, 603-608. 

IWANUMA, S., AKAGI, R., KURIHARA, T., IKEGAWA, S., KANEHISA, H., FUKUNAGA, T. & 

KAWAKAMI, Y. 2011. Longitudinal and transverse deformation of human Achilles 

tendon induced by isometric plantar flexion at different intensities. Journal of 

Applied Physiology, 110, 1615-1621. 

JARVINEN, T. A., KANNUS, P., MAFFULLI, N. & KHAN, K. M. 2005. Achilles tendon 

disorders: etiology and epidemiology. Foot & Ankle Clinics, 10, 255-66. 

JEONG, S., LEE, D.-Y., CHOI, D.-S. & LEE, H.-D. 2014. Acute effect of heel-drop exercise 

with varying ranges of motion on the gastrocnemius aponeurosis-tendon's 

mechanical properties. Journal of Electromyography and Kinesiology, 24, 375-9. 

JOSEPH, M. F., LILLIE, K. R., BERGERON, D. J., COTA, K. C., YOON, J. S., KRAEMER, W. J. & 

DENEGAR, C. R. 2014. Achilles tendon biomechanics in response to acute intense 

exercise. Journal of Strength and Conditioning Research, 28, 1181-6. 

JOZSA, L. & KANNUS, P. (eds.) 1997. Human tendons. Anatomy, physiology and pathology, 

Champaigne: Human Kinetics. 

KADABA, M., RAMAKRISHNAN, H., WOOTTEN, M., GAINEY, J., GORTON, G. & COCHRAN, 

G. 1989. Repeatability of kinematic, kinetic, and electromyographic data in normal 

adult gait. Journal of Orthopaedic Research, 7, 849-860. 



Chapter 10 

174 
 

KATO, E., KANEHISA, H., FUKUNAGA, T. & KAWAKAMI, Y. 2010. Changes in ankle joint 

stiffness due to stretching: The role of tendon elongation of the gastrocnemius 

muscle. European Journal of Sport Science, 10, 111-119. 

KAWAKAMI, Y., ICHINOSE, Y. & FUKUNAGA, T. 1998. Architectural and functional features 

of human triceps surae muscles during contraction. Journal of Applied Physiology, 

85, 398-404. 

KAY, A. D. & BLAZEVICH, A. J. 2009. Isometric contractions reduce plantar flexor moment, 

Achilles tendon stiffness, and neuromuscular activity but remove the subsequent 

effects of stretch. Journal of Applied Physiology, 107, 1181-9. 

KAY, A. D. & BLAZEVICH, A. J. 2010. Concentric muscle contractions before static 

stretching minimize, but do not remove, stretch-induced force deficits. Journal of 

Applied Physiology, 108, 637-45. 

KAY, A. D. & BLAZEVICH, A. J. 2012. Effect of acute static stretch on maximal muscle 

performance: a systematic review. Medicine and Science in Sports and Exercise, 

44, 154-64. 

KAY, A. D., BLAZEVICH, A. J., KAY, A. D. & BLAZEVICH, A. J. 2009. Moderate-duration static 

stretch reduces active and passive plantar flexor moment but not Achilles tendon 

stiffness or active muscle length. Journal of Applied Physiology, 106, 1249-56. 

KER, R. F. 2007. Mechanics of tendon, from an engineering perspective. International 

Journal of Fatigue, 29, 1001-1009. 

KER, R. F., WANG, X. T. & PIKE, A. V. L. 2000. Fatigue quality of mammalian tendons. 

Journal of Experimental Biology, 203, 1317-1327. 

KERR, R., ARNOLD, G. P., DREW, T. S., COCHRANE, L. A. & ABBOUD, R. J. 2009. Shoes 

influence lower limb muscle activity and may predispose the wearer to lateral 

ankle ligament injury. Journal of Orthopaedic Research, 27, 318-24. 

KERTIS, J. D., FRITZ, J. M., LONG, J. T. & HARRIS, G. F. 2010. Static and Dynamic Calibration 

of an Eight-Camera Optical System for Human Motion Analysis. Critical Reviews in 

Physical and Rehabilitation Medicine, 22. 

KHAN, K. M., COOK, J. L., KANNUS, P., MAFFULLI, N. & BONAR, S. F. 2002. Time to 

abandon the "tendinitis" myth. British Medical Journal, 324, 626-7. 



Chapter 10 

175 
 

KHODABAKHSHI, G., WALKER, D., SCUTT, A., WAY, L., COWIE, R. M. & HOSE, D. R. 2013. 

Measuring three-dimensional strain distribution in tendon. Journal of Microscopy, 

249, 195-205. 

KINGMA, J. J., DE KNIKKER, R., WITTINK, H. M. & TAKKEN, T. 2007. Eccentric overload 

training in patients with chronic Achilles tendinopathy: a systematic review. 

British Journal of Sports Medicine, 41, e3. 

KJAER, M. & HEINEMEIER, K. M. 2014. Eccentric exercise: acute and chronic effects on 

healthy and diseased tendons. Journal of Applied Physiology, 116, 1435-8. 

KJAER, M., LANGBERG, H., HEINEMEIER, K., BAYER, M. L., HANSEN, M., HOLM, L., 

DOESSING, S., KONGSGAARD, M., KROGSGAARD, M. R. & MAGNUSSON, S. P. 

2009. From mechanical loading to collagen synthesis, structural changes and 

function in human tendon. Scandinavian Journal of Medicine and Science in 

Sports, 19, 500-510. 

KOMI, P. V., FUKASHIRO, S. & JARVINEN, M. 1992. Biomechanical loading of Achilles 

tendon during normal locomotion. Clinics in Sports Medicine, 11, 521-31. 

KONGSGAARD, M., AAGAARD, P., KJAER, M. & MAGNUSSON, S. P. 2005. Structural 

Achilles tendon properties in athletes subjected to different exercise modes and 

in Achilles tendon rupture patients. Journal of Applied Physiology, 99, 1965-1971. 

KONGSGAARD, M., NIELSEN, C. H., HEGNSVAD, S., AAGAARD, P. & MAGNUSSON, S. P. 

2011. Mechanical properties of the human Achilles tendon, in vivo. Clinical 

Biomechanics, 26, 772-777. 

KUBO, K., IKEBUKURO, T., YATA, H., TSUNODA, N. & KANEHISA, H. 2010. Effects of 

Training on Muscle and Tendon in Knee Extensors and Plantar Flexors in Vivo. 

Journal of Applied Biomechanics, 26, 316-323. 

KUBO, K., KANEHISA, H. & FUKUNAGA, T. 2002a. Effect of stretching training on the 

viscoelastic properties of human tendon structures in vivo. Journal of Applied 

Physiology, 92, 595-601. 

KUBO, K., KANEHISA, H. & FUKUNAGA, T. 2002b. Effects of resistance and stretching 

training programmes on the viscoelastic properties of human tendon structures in 

vivo. Journal of Physiology, 538, 219-226. 



Chapter 10 

176 
 

KUBO, K., KANEHISA, H. & FUKUNAGA, T. 2002c. Effects of transient muscle contractions 

and stretching on the tendon structures in vivo. Acta Physiologica Scandinavica, 

175, 157-64. 

KUBO, K., KANEHISA, H. & FUKUNAGA, T. 2003. Gender differences in the viscoelastic 

properties of tendon structures. European Journal of Applied Physiology, 88, 520-

526. 

KUBO, K., KANEHISA, H. & FUKUNAGA, T. 2005. Influences of repetitive drop jump and 

isometric leg press exercises on tendon properties in knee extensors. Journal of 

Strength and Conditioning Research, 19, 864-870. 

KUBO, K., KANEHISA, H., ITO, M. & FUKUNAGA, T. 2001a. Effects of isometric training on 

the elasticity of human tendon structures in vivo. Journal of Applied Physiology, 

91, 26-32. 

KUBO, K., KANEHISA, H., KAWAKAMI, Y. & FUKUNAGA, T. 2000. Elasticity of tendon 

structures of the lower limbs in sprinters. Acta Physiologica Scandinavica, 168, 

327-335. 

KUBO, K., KANEHISA, H., KAWAKAMI, Y. & FUKUNAGA, T. 2001b. Effects of repeated 

muscle contractions on the tendon structures in humans. European Journal of 

Applied Physiology, 84, 162-166. 

KUBO, K., KANEHISA, H., KAWAKAMI, Y. & FUKUNAGA, T. 2001c. Influence of static 

stretching on viscoelastic properties of human tendon structures in vivo. Journal 

of Applied Physiology, 90, 520-7. 

KUBO, K., MORIMOTO, M., KOMURO, T., TSUNODA, N., KANEHISA, H., FUKUNAGA, T., 

KUBO, K., MORIMOTO, M., KOMURO, T., TSUNODA, N., KANEHISA, H. & 

FUKUNAGA, T. 2007. Age-related differences in the properties of the plantar 

flexor muscles and tendons. Medicine and Science in Sports and Exercise, 39, 541-

7. 

KUJALA, U. M., SARNA, S. & KAPRIO, J. 2005. Cumulative incidence of achilles tendon 

rupture and tendinopathy in male former elite athletes. Clinical Journal of Sport 

Medicine, 15, 133-5. 

LANGBERG, H., ELLINGSGAARD, H., MADSEN, T., JANSSON, J., MAGNUSSON, S. P., 

AAGAARD, P. & KJAER, M. 2007. Eccentric rehabilitation exercise increases 



Chapter 10 

177 
 

peritendinous type I collagen synthesis in humans with Achilles tendinosis. 

Scandinavian Journal of Medicine and Science in Sports, 17, 61-6. 

LANGBERG, H., ROSENDAL, L. & KJAER, M. 2001. Training-induced changes in 

peritendinous type I collagen turnover determined by microdialysis in humans. 

Journal of Physiology, 534, 297-302. 

LANGBERG, H., SKOVGAARD, D., PETERSEN, L. J., BULOW, J. & KJAER, M. 1999. Type I 

collagen synthesis and degradation in peritendinous tissue after exercise 

determined by microdialysis in humans. Journal of Physiology, 521 299-306. 

LAVAGNINO, M. & ARNOCZKY, S. P. 2005. In vitro alterations in cytoskeletal tensional 

homeostasis control gene expression in tendon cells. Journal of Orthopaedic 

Research, 23, 1211-8. 

LAVAGNINO, M., ARNOCZKY, S. P., KEPICH, E., CABALLERO, O. & HAUT, R. C. 2008. A finite 

element model predicts the mechanotransduction response of tendon cells to 

cyclic tensile loading. Biomechanics and Modeling in Mechanobiology, 7, 405-416. 

LERSCH, C., GRÖTSCH, A., SEGESSER, B., KOEBKE, J., BRÜGGEMANN, G.-P. & POTTHAST, 

W. 2012. Influence of calcaneus angle and muscle forces on strain distribution in 

the human Achilles tendon. Clinical Biomechanics, 2012, 955-961. 

LICHTWARK, G. A., BOUGOULIAS, K. & WILSON, A. M. 2007. Muscle fascicle and series 

elastic element length changes along the length of the human gastrocnemius 

during walking and running. Journal of Biomechanics, 40, 157-64. 

LICHTWARK, G. A., CRESSWELL, A. G. & NEWSHAM-WEST, R. J. 2013. Effects of running on 

human Achilles tendon length–tension properties in the free and gastrocnemius 

components. Journal of Experimental Biology, 216, 4388-4394. 

LICHTWARK, G. A. & WILSON, A. M. 2005. In vivo mechanical properties of the human 

Achilles tendon during one-legged hopping. Journal of Experimental Biology, 208, 

4715-25. 

LICHTWARK, G. A. & WILSON, A. M. 2006. Interactions between the human 

gastrocnemius muscle and the Achilles tendon during incline, level and decline 

locomotion. Journal of Experimental Biology, 209, 4379-88. 



Chapter 10 

178 
 

LICHTWARK, G. A. & WILSON, A. M. 2007. Is Achilles tendon compliance optimised for 

maximum muscle efficiency during locomotion? Journal of Biomechanics, 40, 

1768-75. 

LICHTWARK, G. A. & WILSON, A. M. 2008. Optimal muscle fascicle length and tendon 

stiffness for maximising gastrocnemius efficiency during human walking and 

running. Journal of Theoretical Biology, 252, 662-73. 

LIEBER, R. L. & FRIDEN, J. 2000. Functional and clinical significance of skeletal muscle 

architecture. Muscle and Nerve, 23, 1647-1666. 

LIEBER, R. L., LEONARD, M. E., BROWN, C. G. & TRESTIK, C. L. 1991. Frog semitendinosis 

tendon load-strain and stress-strain properties during passive loading. American 

Journal of Physiology, 261, C86-92. 

LORAM, I. D., MAGANARIS, C. N. & LAKIE, M. 2009. Paradoxical muscle movement during 

postural control. Medicine and Science in Sports and Exercise, 41, 198-204. 

LYNCH, H. A., JOHANNESSEN, W., WU, J. P., JAWA, A. & ELLIOTT, D. M. 2003. Effect of 

Fiber Orientation and Strain Rate on the Nonlinear Uniaxial Tensile Material 

Properties of Tendon. Journal of Biomechanical Engineering, 125, 726-731. 

MACGILLIVRAY, T. J., ROSS, E., SIMPSON, H. A. H. R. W. & GREIG, C. A. 2009. 3D Freehand 

Ultrasound for in Vivo Determination of Human Skeletal Muscle Volume. 

Ultrasound in Medicine and Biology, 35, 928-935. 

MADEMLI, L. & ARAMPATZIS, A. 2008. Mechanical and morphological properties of the 

triceps surae muscle-tendon unit in old and young adults and their interaction 

with a submaximal fatiguing contraction. Journal of Electromyography and 

Kinesiology, 18, 89-98. 

MADEMLI, L., ARAMPATZIS, A. & WALSH, M. 2006. Effect of muscle fatigue on the 

compliance of the gastrocnemius medialis tendon and aponeurosis. Journal of 

Biomechanics, 39, 426-34. 

MADEMLI, L., ARAMPATZIS, A. & WALSH, M. 2008. Age-related effect of static and cyclic 

loadings on the strain-force curve of the vastus lateralis tendon and aponeurosis. 

Journal of Biomechanical Engineering, 130, 011007. 



Chapter 10 

179 
 

MAEDA, E., SHELTON, J. C., BADER, D. L. & LEE, D. A. 2009. Differential regulation of gene 

expression in isolated tendon fascicles exposed to cyclic tensile strain in vitro. 

Journal of Applied Physiology, 106, 506-512. 

MAFFULLI, N. 1999. Rupture of the Achilles tendon. Journal of Bone and Joint Surgery,  

American volume, 81, 1019-36. 

MAFFULLI, N. & KADER, D. 2002. Tendinopathy of tendo achillis. Journal of Bone and Joint 

Surgery, British volume, 84, 1-8. 

MAFFULLI, N., KHAN, K. M. & PUDDU, G. 1998. Overuse tendon conditions: time to 

change a confusing terminology. Arthroscopy, 14, 840-3. 

MAFFULLI, N., LONGO, U. G., LOPPINI, M. & DENARO, V. 2010. Current treatment options 

for tendinopathy. Expert Opinion on Pharmacotherapy, 11, 2177-86. 

MAFI, N., LORENTZON, R. & ALFREDSON, H. 2001. Superior short-term results with 

eccentric calf muscle training compared to concentric training in a randomized 

prospective multicenter study on patients with chronic Achilles tendinosis. Knee 

Surgery, Sports Traumatology, Arthroscopy, 9, 42-7. 

MAGANARIS, C. N. 2002. Tensile properties of in vivo human tendinous tissue. Journal of 

Biomechanics, 35, 1019-1027. 

MAGANARIS, C. N. 2003a. Force-length characteristics of the in vivo human 

gastrocnemius muscle. Clinical Anatomy, 16, 215-223. 

MAGANARIS, C. N. 2003b. Tendon conditioning: artefact or property? Proceedings: 

Biological sciences, The Royal Society, 270 Suppl 1, S39-42. 

MAGANARIS, C. N., BALTZOPOULOS, V., SARGEANT, A. J., MAGANARIS, C. N., 

BALTZOPOULOS, V. & SARGEANT, A. J. 2002. Repeated contractions alter the 

geometry of human skeletal muscle. Journal of Applied Physiology, 93, 2089-94. 

MAGANARIS, C. N., NARICI, M. V. & MAFFULLI, N. 2008. Biomechanics of the Achilles 

tendon. Disability and Rehabilitation, 30, 1542-7. 

MAGANARIS, C. N. & PAUL, J. P. 1999. In vivo human tendon mechanical properties. 

Journal of Physiology, 521, 307-313. 

MAGANARIS, C. N. & PAUL, J. P. 2002. Tensile properties of the in vivo human 

gastrocnemius tendon. Journal of Biomechanics, 35, 1639-46. 



Chapter 10 

180 
 

MAGANARIS, C. N., REEVES, N. D., RITTWEGER, J., SARGEANT, A. J., JONES, D. A., GERRITS, 

K. & DE HAAN, A. 2006. Adaptive response of human tendon to paralysis. Muscle 

and Nerve, 33, 85-92. 

MAGNUSSON, P. 2002. Ultrasonography, exploration of human muscle-tendon function. 

Scandinavian Journal of Medicine and Science in Sports, 12, 1-2. 

MAGNUSSON, S. P., AAGAARD, P., DYHRE-POULSEN, P. & KJAER, M. 2001. Load-

displacement properties of the human triceps surae aponeurosis in vivo. Journal 

of Physiology, 531, 277-88. 

MAGNUSSON, S. P., BEYER, N., ABRAHAMSEN, H., AAGAARD, P., NEERGAARD, K. & KJAER, 

M. 2003a. Increased cross-sectional area and reduced tensile stress of the Achilles 

tendon in elderly compared with young women. Journals of Gerontology. Series A, 

Biological Sciences and Medical Sciences, 58, 123-127. 

MAGNUSSON, S. P., HANSEN, P., AAGAARD, P., BROND, J., DYHRE-POULSEN, P., BOJSEN-

MOLLER, J. & KJAER, M. 2003b. Differential strain patterns of the human 

gastrocnemius aponeurosis and free tendon, in vivo. Acta Physiologica 

Scandinavica, 177, 185-195. 

MAGNUSSON, S. P., HANSEN, P. & KJAER, M. 2003c. Tendon properties in relation to 

muscular activity and physical training. Scandinavian Journal of Medicine and 

Science in Sports, 13, 211-223. 

MAGNUSSON, S. P. & KJAER, M. 2003. Region-specific differences in Achilles tendon 

cross-sectional area in runners and non-runners. European Journal of Applied 

Physiology, 90, 549-553. 

MAGNUSSON, S. P., NARICI, M. V., MAGANARIS, C. N. & KJAER, M. 2008. Human tendon 

behaviour and adaptation, in vivo. Journal of Physiology, 586, 71-81. 

MAHIEU, N. N., MCNAIR, P., COOLS, A., D'HAEN, C., VANDERMEULEN, K. & WITVROUW, E. 

2008. Effect of eccentric training on the plantar flexor muscle-tendon tissue 

properties. Medicine and Science in Sports and Exercise, 40, 117-23. 

MAHIEU, N. N., MCNAIR, P., DE MUYNCK, M., STEVENS, V., BLANCKAERT, I., SMITS, N. & 

WITVROUW, E. 2007. Effect of static and ballistic stretching on the muscle-tendon 

tissue properties. Medicine and Science in Sports and Exercise, 39, 494-501. 



Chapter 10 

181 
 

MIZUNO, T., MATSUMOTO, M. & UMEMURA, Y. 2012. Decrements in Stiffness are 

Restored within 10 min. International Journal of Sports Medicine, 34, 484-490. 

MIZUNO, T., MATSUMOTO, M. & UMEMURA, Y. 2013. Viscoelasticity of the muscle-

tendon unit is returned more rapidly than range of motion after stretching. 

Scandinavian Journal of Medicine and Science in Sports, 23, 23-30. 

MOHER, D., LIBERATI, A., TETZLAFF, J. & ALTMAN, D. G. 2010. Preferred reporting items 

for systematic reviews and meta-analyses: the PRISMA statement. International 

Journal of Surgery, 8, 336-41. 

MORIMOTO, I. & OGATA, T. 1968. Torsion of the achilles tendon in man and its 

anatomical and surgical significance. Journal of Anatomy, 43, 295. 

MORRISSEY, D., ROSKILLY, A., TWYCROSS-LEWIS, R., ISINKAYE, T., SCREEN, H., WOLEDGE, 

R. & BADER, D. 2011. The effect of eccentric and concentric calf muscle training on 

Achilles tendon stiffness. Clinical Rehabilitation, 25, 238-247. 

MORSE, C. I. 2011. Gender differences in the passive stiffness of the human 

gastrocnemius muscle during stretch. European Journal of Applied Physiology, 

111, 2149-2154. 

MORSE, C. I., DEGENS, H., SEYNNES, O. R., MAGANARIS, C. N. & JONES, D. A. 2008. The 

acute effect of stretching on the passive stiffness of the human gastrocnemius 

muscle tendon unit. Journal of Physiology, 586, 97-106. 

MURAMATSU, T., MURAOKA, T., TAKESHITA, D., KAWAKAMI, Y., HIRANO, Y. & 

FUKUNAGA, T. 2001. Mechanical properties of tendon and aponeurosis of human 

gastrocnemius muscle in vivo. Journal of Applied Physiology, 90, 1671-1678. 

MURAOKA, T., MURAMATSU, T., FUKUNAGA, T. & KANEHISA, H. 2004. Geometric and 

elastic properties of in vivo human Achilles tendon in young adults. Cells Tissues 

Organs, 178, 197-203. 

MURAOKA, T., MURAMATSU, T., TAKESHITA, D., KAWAKAMI, Y. & FUKUNAGA, T. 2002. 

Length change of human gastrocnemius aponeurosis and tendon during passive 

joint motion. Cells Tissues Organs, 171, 260-268. 

NAKAMURA, M., IKEZOE, T., TAKENO, Y. & ICHIHASHI, N. 2011. Acute and prolonged 

effect of static stretching on the passive stiffness of the human gastrocnemius 

muscle tendon unit in vivo. Journal of Orthopaedic Research, 29, 1759-63. 



Chapter 10 

182 
 

NARICI, M. V., MAFFULLI, N. & MAGANARIS, C. N. 2008. Ageing of human muscles and 

tendons. Disability and Rehabilitation, 30, 1548-1554. 

NARICI, M. V. & MAGANARIS, C. N. 2006. Adaptability of elderly human muscles and 

tendons to increased loading. Journal of Anatomy, 208, 433-443. 

NARICI, M. V., MAGANARIS, C. N. & REEVES, N. Muscle and tendon adaptations to ageing 

and spaceflight.  European Symposium on Life in Space for Life on Earth, 2002 

Stockholm. 69-70. 

NEVES, K. A., JOHNSON, A. W., HUNTER, I. & MYRER, J. W. 2014. Does Achilles Tendon 

Cross Sectional Area Differ after Downhill, Level and Uphill Running in Trained 

Runners? Journal of Sports Science & Medicine, 13, 823. 

NIESEN-VERTOMMEN, S. L., TAUNTON, J. E., CLEMENT, D. B. & MOSHER, R. E. 1992. The 

effect of eccentric versus concentric exercise in the management of Achilles 

tendonitis. Clinical Journal of Sport Medicine, 2, 109 - 113. 

O'BRIEN, M. 1992. Functional anatomy and physiology of tendons. Clinics in Sports 

Medicine, 11, 505-20. 

O'BRIEN, M. 2005. The anatomy of the Achilles tendon. Foot & Ankle Clinics, 10, 225-38. 

OBST, S. J., BARRETT, R. S. & NEWSHAM-WEST, R. 2013. The immediate effect of exercise 

on Achilles tendon properties: a systematic review. Medicine and Science in Sports 

and Exercise, 45, 1534-1544. 

OBST, S. J., NEWSHAM-WEST, R. & BARRETT, R. S. 2014a. In Vivo Measurement of Human 

Achilles Tendon Morphology Using Freehand 3-D Ultrasound. Ultrasound in 

Medicine and Biology, 40, 62-70. 

OBST, S. J., NEWSHAM-WEST, R. & BARRETT, R. S. 2015a. Three-dimensional morphology 

and strain of the human Achilles free tendon immediately following eccentric heel 

drop exercise. Journal of Experimental Biology, 218, 3894-3900. 

OBST, S. J., NEWSHAM-WEST, R. J. & BARRETT, R. 2015b. Changes in Achilles tendon 

mechanical properties following eccentric heel drop exercise are specific to the 

free tendon. Scandinavian Journal of Medicine and Science in Sports, doi: 

10/1111/sms.12466. 

OBST, S. J., RENAULT, J. B., NEWSHAM-WEST, R. & BARRETT, R. S. 2014b. Three-

dimensional deformation and transverse rotation of the human free Achilles 



Chapter 10 

183 
 

tendon in vivo during isometric plantarflexion contraction. Journal of Applied 

Physiology 116, 376-84. 

OHBERG, L., LORENTZON, R. & ALFREDSON, H. 2001. Neovascularisation in Achilles 

tendons with painful tendinosis but not in normal tendons: An ultrasonographic 

investigation. Knee Surgery, Sports Traumatology, Arthroscopy, 9, 233-238. 

OHBERG, L., LORENTZON, R. & ALFREDSON, H. 2004. Eccentric training in patients with 

chronic Achilles tendinosis: normalised tendon structure and decreased thickness 

at follow up. British Journal of Sports Medicine, 38, 8-11. 

OPHIR, J., CESPEDES, I., GARRA, B., PONNEKANTI, H., HUANG, Y. & MAKLAD, N. 1996. 

Elastography: ultrasonic imaging of tissue strain and elastic modulus in vivo. 

European Journal of Ultrasound, 3, 49-70. 

PAAVOLA, M., KANNUS, P., JARVINEN, T. A., KHAN, K., JOZSA, L. & JARVINEN, M. 2002. 

Achilles tendinopathy. Journal of Bone and Joint Surgery America, 84-A, 2062-76. 

PARK, D. Y., RUBENSON, J., CARR, A., MATTSON, J., BESIER, T. & CHOU, L. B. 2011. 

Influence of stretching and warm-up on Achilles tendon material properties. Foot 

and Ankle International, 32, 407-13. 

PEARSON, S. J. & ONAMBELE, G. L. 2012. Computation methods affect the reported 

values of in vivo human tendon stiffness. Journal of Mechanical Behavior and 

Biomedical Materials, 5, 291-7. 

PELTONEN, J., CRONIN, N. J., AVELA, J. & FINNI, T. 2010. In vivo mechanical response of 

human Achilles tendon to a single bout of hopping exercise. Journal of 

Experimental Biology, 213, 1259-1265. 

PELTONEN, J., CRONIN, N. J., STENROTH, L., FINNI, T. & AVELA, J. 2013. Viscoelastic 

properties of the Achilles tendon in vivo. Springerplus, 2, 212. 

PIKE, A. V. L., KER, R. F. & ALEXANDER, R. M. 2000. The development of fatigue quality in 

high- and low-stressed tendons of sheep (Ovis aries). Journal of Experimental 

Biology, 203, 2187-2193. 

PINGEL, J., HARRISON, A., SIMONSEN, L., SUETTA, C., BÜLOW, J. & LANGBERG, H. 2013a. 

The microvascular volume of the Achilles tendon is increased in patients with 

tendinopathy at rest and after a 1-hour treadmill run. American Journal of Sports 

Medicine, 41, 2400-2408. 



Chapter 10 

184 
 

PINGEL, J., HARRISON, A., SUETTA, C., SIMONSEN, L., LANGBERG, H. & BÜLOW, J. 2013b. 

The acute effects of exercise on the microvascular volume of Achilles tendons in 

healthy young subjects. Clinical Physiology and Functional Imaging, 33, 252-257. 

POKHAI, G. G., OLIVER, M. L. & GORDON, K. D. 2009. A new laser reflectance system 

capable of measuring changing cross-sectional area of soft tissues during tensile 

testing. Journal of Biomechanical Engineering, 131, 094504. 

POURCELOT, P., DEFONTAINE, M., RAVARY, B., LEMATRE, M. & CREVIER-DENOIX, N. 2005. 

A non-invasive method of tendon force measurement. Journal of Biomechanics, 

38, 2124-9. 

PRAGER, R. W., ROHLING, R. N., GEE, A. H. & BERMAN, L. 1998. Rapid calibration for 3-D 

freehand ultrasound. Ultrasound in Medicine and Biology, 24, 855-869. 

REES, J. D., LICHTWARK, G. A., WOLMAN, R. L. & WILSON, A. M. 2008. The mechanism for 

efficacy of eccentric loading in Achilles tendon injury; an in vivo study in humans. 

Rheumatology, 47, 1493-1497. 

REES, J. D., MAFFULLI, N. & COOK, J. 2009a. Management of Tendinopathy. American 

Journal of Sports Medicine, 37, 1855-1867. 

REES, J. D., WOLMAN, R. L. & WILSON, A. 2009b. Eccentric exercises; why do they work, 

what are the problems and how can we improve them? British Journal of Sports 

Medicine, 43, 242-6. 

REESE, S. P., MAAS, S. A. & WEISS, J. A. 2010. Micromechanical models of helical 

superstructures in ligament and tendon fibers predict large Poisson's ratios. 

Journal of Biomechanics, 43, 1394-400. 

REEVES, N. D. & COOPER, G. 2014. Human Tendon Deformation: Is It Greatest At Regions 

Of Smallest Cross-sectional Area? British Journal of Sports Medicine, 48, A56-A57. 

REEVES, N. D., MAGANARIS, C. N., FERRETTI, G. & NARICI, M. V. 2005. Influence of 90-day 

simulated microgravity on human tendon mechanical properties and the effect of 

resistive countermeasures. Journal of Applied Physiology, 98, 2278-2286. 

REEVES, N. D. & NARICI, M. V. 2003. Behavior of human muscle fascicles during 

shortening and lengthening contractions in vivo. Journal of Applied Physiology, 95, 

1090-1096. 



Chapter 10 

185 
 

RICCABONA, M., NELSON, T. R. & PRETORIUS, D. H. 1996. Three-dimensional ultrasound: 

accuracy of distance and volume measurements. Ultrasound in Obstetrics and 

Gynecology, 7, 429-34. 

ROSAGER, S., AAGAARD, P., DYHRE-POULSEN, P., NEERGAARD, K., KJAER, M. & 

MAGNUSSON, S. P. 2002. Load-displacement properties of the human triceps 

surae aponeurosis and tendon in runners and non-runners. Scandinavian Journal 

of Medicine and Science in Sports, 12, 90-98. 

SCREEN, H. & EVANS, S. 2009. Measuring strain distributions in the tendon using confocal 

microscopy and finite elements. Journal of Strain Analysis for Engineering Design, 

44, 327-335. 

SCREEN, H. R. 2008. Investigating load relaxation mechanics in tendon. Journal of the 

Mechanical Behavior of Biomedical Materials, 1, 51-8. 

SEGAL, R. L. & SONG, A. W. 2005. Nonuniform activity of human calf muscles during an 

exercise task. Archives of Physical Medicine and Rehabilitation, 86, 2013-2017. 

SEYNNES, O. R., BOJSEN-MØLLER, J., ALBRACHT, K., ARNDT, A., CRONIN, N. J., FINNI, T. & 

MAGNUSSON, S. P. 2015. Ultrasound-based testing of tendon mechanical 

properties: a critical evaluation. Journal of Applied Physiology, 118, 133-141. 

SHALABI, A., KRISTOFFERSEN-WIBERG, M., ASPELIN, P. & MOVIN, T. 2004a. Immediate 

Achilles tendon response after strength training evaluated by MRI. Medicine and 

Science in Sports and Exercise, 36, 1841-6. 

SHALABI, A., KRISTOFFERSEN-WILBERG, M., SVENSSON, L., ASPELIN, P. & MOVIN, T. 

2004b. Eccentric training of the gastrocnemius-soleus complex in chronic Achilles 

tendinopathy results in decreased tendon volume and intratendinous signal as 

evaluated by MRI. American Journal of Sports Medicine, 32, 1286-96. 

SHALABI, A., MOVIN, T., KRISTOFFERSEN-WIBERG, M., ASPELIN, P. & SVENSSON, L. 2005. 

Reliability in the assessment of tendon volume and intratendinous signal of the 

Achilles tendon on MRI: a methodological description. Knee Surgery Sports 

Traumatology Arthroscopy, 13, 492-498. 

SHIM, V. B., FERNANDEZ, J. W., GAMAGE, P. B., REGNERY, C., SMITH, D. W., GARDINER, B. 

S., LLOYD, D. G. & BESIER, T. F. 2014. Subject-specific finite element analysis to 



Chapter 10 

186 
 

characterize the influence of geometry and material properties in Achilles tendon 

rupture. Journal of Biomechanics, 47, 3598-3604. 

SLANE, L. C. & THELEN, D. G. 2014. Non-uniform displacements within the Achilles tendon 

observed during passive and eccentric loading. Journal of Biomechanics, 47, 2831-

2835. 

SMITH, D. W., RUBENSON, J., LLOYD, D., ZHENG, M., FERNANDEZ, J., BESIER, T., XU, J. & 

GARDINER, B. S. 2013. A conceptual framework for computational models of 

Achilles tendon homeostasis. Wiley Interdisciplinary Reviews. Systems Biology and 

Medicine, 5, 523-38. 

STANISH, W. D., RUBINOVICH, R. M. & CURWIN, S. 1986. Eccentric exercise in chronic 

tendinitis. Clinical Orthopaedics & Related Research, 65-8. 

STASINOPOULOS, D. & MANIAS, P. Comparing two eccentric exercise programmes for the 

management of Achilles tendinopathy. A pilot trial. Journal of Bodywork and 

Movement Therapies. 

STENROTH, L., PELTONEN, J., CRONIN, N. J., SIPILÄ, S. & FINNI, T. 2012. Age-related 

differences in Achilles tendon properties and triceps surae muscle architecture in 

vivo. Journal of Applied Physiology, 113, 1537-1544. 

STOKES, O. M., THEOBALD, P. S., PUGH, N. D. & NOKES, L. D. 2010. Panoramic ultrasound 

to measure in vivo tendo Achilles strain. Foot and Ankle International, 31, 905-9. 

STOSIC, J. & FINNI, T. 2011. Gastrocnemius tendon length and strain are different when 

assessed using straight or curved tendon model. European Journal of Applied 

Physiology, 111, 3151-4. 

STRATFORD, P. W. 2004. Getting more from the literature: estimating the standard error 

of measurement from reliability studies. Physiotherapy Canada, 56, 27-30. 

SUGISAKI, N., KANEHISA, H., KAWAKAMI, Y. & FUKUNAGA, T. 2005. Behavior of 

aponeurosis and external tendon of the gastrocnemius muscle during dynamic 

plantar flexion exercise. International Journal of Sport and Health Science, 3, 235-

244. 

SUN, Y.-L., WEI, Z., ZHAO, C., JAY, G. D., SCHMID, T. M., AMADIO, P. C. & AN, K.-N. 2015. 

Lubricin in human Achilles tendon: The evidence of intratendinous sliding motion 



Chapter 10 

187 
 

and shear force in Achilles tendon. Journal of Orthopaedic Research, doi: 

10.1002/jor.22897. 

SUNDING, K., FAHLSTRÖM, M., WERNER, S., FORSSBLAD, M. & WILLBERG, L. 2014. 

Evaluation of Achilles and patellar tendinopathy with greyscale ultrasound and 

colour Doppler: using a four-grade scale. Knee Surgery, Sports Traumatology, 

Arthroscopy, 1-9. 

SUSSMILCH-LEITCH, S. P., COLLINS, N. J., BIALOCERKOWSKI, A. E., WARDEN, S. J. & 

CROSSLEY, K. M. 2012. Physical therapies for Achilles tendinopathy: systematic 

review and meta-analysis. Journal of Foot and Ankle Research, 5, 15. 

SYHA, R., SPRINGER, F., GRÖZINGER, G., WÜRSLIN, C., IPACH, I., KETELSEN, D., SCHABEL, 

C., GEBHARD, H., HEIN, T., MARTIROSIAN, P., SCHICK, F., CLAUSSEN, C. D. & 

GROSSE, U. 2013. Short-term exercise-induced changes in hydration state of 

healthy achilles tendons can be visualized by effects of off-resonant 

radiofrequency saturation in a three-dimensional ultrashort echo time MRI 

sequence applied at 3 tesla. Journal of Magnetic Resonance Imaging, doi: 

10.1002/jmri.24488. 

SZARO, P., WITKOWSKI, G., SMIGIELSKI, R., KRAJEWSKI, P. & CISZEK, B. 2009. Fascicles of 

the adult human Achilles tendon - an anatomical study. Annals of Anatomy, 191, 

586-93. 

THEOBALD, P., BENJAMIN, M., NOKES, L. & PUGH, N. 2005. Review of the vascularisation 

of the human Achilles tendon. Injury, 36, 1267-72. 

THOMPSON, M. S. 2013. Tendon Mechanobiology: Experimental Models Require 

Mathematical Underpinning. Bulletin of Mathematical Biology, 1-17. 

TREECE, G. M., GEE, A. H., PRAGER, R. W., CASH, C. J. & BERMAN, L. H. 2003. High-

definition freehand 3-D ultrasound. Ultrasound in Medicine and Biology, 29, 529-

46. 

TREECE, G. M., PRAGER, R. W., GEE, A. H. & BERMAN, L. 1999. Fast surface and volume 

estimation from non-parallel cross-sections, for freehand three-dimensional 

ultrasound. Medical Image Analysis, 3, 141-173. 



Chapter 10 

188 
 

TREECE, G. M., PRAGER, R. W., GEE, A. H. & BERMAN, L. 2000. Surface interpolation from 

sparse cross sections using region correspondence. Medical Imaging, IEEE 

Transactions on, 19, 1106-1114. 

VAN GILS, C. C., STEED, R. H. & PAGE, J. C. 1996. Torsion of the human achilles tendon. 

Journal of Foot and Ankle Surgery, 35, 41-48. 

VERGARI, C., POURCELOT, P., HOLDEN, L., RAVARY-PLUMIOËN, B., GERARD, G., LAUGIER, 

P., MITTON, D. & CREVIER-DENOIX, N. 2011. True stress and Poisson's ratio of 

tendons during loading. Journal of Biomechanics, 44, 719-724. 

WANG, H. K., LIN, K. H., SU, S. C., SHIH, T. T. F. & HUANG, Y. C. 2012a. Effects of tendon 

viscoelasticity in Achilles tendinosis on explosive performance and clinical severity 

in athletes. Scandinavian Journal of Medicine and Science in Sports, doi: 

10.1111/j.1600-0838.2012.01511.x. 

WANG, J. H. 2006. Mechanobiology of tendon. Journal of Biomechanics, 39, 1563-82. 

WANG, J. H., GUO, Q. & LI, B. 2012b. Tendon biomechanics and mechanobiology--a 

minireview of basic concepts and recent advancements. Journal of Hand Therapy, 

25, 133-40; quiz 141. 

WANG, J. H. C., IOSIFIDIS, M. I. & FU, F. H. 2006. Biomechanical basis for tendinopathy. 

Clinical Orthopaedics and Related Research, 320-332. 

WANG, T., LIN, Z., DAY, R. E., GARDINER, B., LANDAO-BASSONGA, E., RUBENSON, J., KIRK, 

T. B., SMITH, D. W., LLOYD, D. G., HARDISTY, G., WANG, A., ZHENG, Q. & ZHENG, 

M. H. 2013. Programmable mechanical stimulation influences tendon homeostasis 

in a bioreactor system. Biotechnology and Bioengineering, 110, 1495-507. 

WANG, X. T., KER, R. F. & ALEXANDER, R. M. 1995. Fatigue rupture of wallaby tail 

tendons. Journal of Experimental Biology, 198, 847-52. 

WASIELEWSKI, N. J. & KOTSKO, K. M. 2007. Does Eccentric Exercise Reduce Pain and 

Improve Strength in Physically Active Adults With Symptomatic Lower Extremity 

Tendinosis? A Systematic Review. Journal of Athletic Training, 42, 409. 

WEARING, S. C., GRIGG, N. L., HOOPER, S. L. & SMEATHERS, J. E. 2011. Conditioning of the 

Achilles tendon via ankle exercise improves correlations between sonographic 

measures of tendon thickness and body anthropometry. Journal of Applied 

Physiology, 110, 1384-9. 



Chapter 10 

189 
 

WEARING, S. C., HOOPER, S. L., GRIGG, N. L., NOLAN, G. & SMEATHERS, J. E. 2013. 

Overweight and obesity alters the cumulative transverse strain in the Achilles 

tendon immediately following exercise. Journal of Bodywork and Movement 

Therapies, 17, 316-321. 

WEARING, S. C., SMEATHERS, J. E., HOOPER, S. L. & URRY, S. R. The time-course of acute 

changes in Achilles tendon morphology following exercise. In: SUBIC, A., FUSS, F. 

& UJIHASHI, S., eds. Impact of Technology on Sport II, 2008 Singapore. Taylor & 

Francis, 65-68. 

WELLEN, J., HELMER, K., GRIGG, P. & SOTAK, C. 2005. Spatial characterization of T1 and 

T2 relaxation times and the water apparent diffusion coefficient in rabbit Achilles 

tendon subjected to tensile loading. Magnetic Resonance in Medicine, 53, 535-

544. 

WHITE, J. W. 1943. Torsion of the Achilles tendon: its surgical significance. Archives of 

Surgery, 46, 784. 

WOODLEY, B. L., NEWSHAM-WEST, R. J., BAXTER, G. D., WOODLEY, B. L., NEWSHAM-

WEST, R. J. & BAXTER, G. D. 2007. Chronic tendinopathy: effectiveness of 

eccentric exercise. British Journal of Sports Medicine, 41, 188-98. 

WREN, T. A. L., BEAUPRÉ, G. S. & CARTER, D. R. 2000. Tendon and ligament adaptation to 

exercise, immobilization, and remobilization. Journal of Rehabilitation Research & 

Development, 37, 217-224. 

WREN, T. A. L., LINDSEY, D. P., BEAUPRE, G. S. & CARTER, D. R. 2003. Effects of creep and 

cyclic loading on the mechanical properties and failure of human Achilles tendons. 

Annals of Biomedical Engineering, 31, 710-717. 

YIN, L. & ELLIOTT, D. M. 2004. A biphasic and transversely isotropic mechanical model for 

tendon: application to mouse tail fascicles in uniaxial tension. Journal of 

Biomechanics, 37, 907-16. 

YOUDAS, J., BOGARD, C. & SUMAN, V. 1993. Reliability of goniometric measurements and 

visual estimates of ankle joint active range of motion obtained in a clinical setting. 

Archives of Physical Medicine and Rehabilitation, 74, 1113. 



Chapter 10 

190 
 

ZHANG, J. & WANG, J. H. C. 2010. Mechanobiological Response of Tendon Stem Cells: 

Implications of Tendon Homeostasis and Pathogenesis of Tendinopathy. Journal of 

Orthopaedic Research, 28, 639-643. 

ZHAO, H., REN, Y., WU, Y. N., LIU, S. Q. & ZHANG, L. Q. 2009. Ultrasonic evaluations of 

Achilles tendon mechanical properties poststroke. Journal of Applied Physiology, 

106, 843-849.



Chapter 10 

191 
 

 

 


