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Abstract 

Understanding how healthy and tendinopathic human Achilles tendon (AT) deforms at the 

regional level in three-dimensional (3D) space under load could provide better insight into 

in vivo AT mechanobiology, physiology, recovery, pathophysiology, injury, and function. 

This thesis investigated the 3D morphology of the healthy and tendinopathic human AT at 

the level of whole AT (e.g., gastrocnemius muscle-tendon junction (MTJ) to calcaneus), 

free AT (e.g., soleus MTJ to calcaneus), and proximal AT (e.g., gastrocnemius MTJ to 

soleus MTJ) under load using freehand 3D ultrasound.  

In studies 1 and 2, the regional 3D deformation of healthy AT was investigated during and 

immediately following 10 successive 25-second (s) plantarflexion contractions at 50% 

maximal voluntary isometric contraction (MVIC), and at 5 further time points [15, 30, 60, 

90, and 120 minutes (min)] during recovery. The longitudinal creep response of whole AT 

during repeated loading was found to be primarily driven from free AT and was 

accompanied by a corresponding transverse creep response of free AT that was most 

pronounced within the mid-portion. Further, the longitudinal and transverse creep of AT 

reached steady state simultaneously following three contractions. During recovery, the 

whole and free AT longitudinal strains and the free AT transverse strain remained at the 

steady state for 60 min and achieved full recovery after 2 hours (h). The finding that AT 

creep response is more pronounced at the level of free AT mid-portion further highlights 

the vulnerable nature of this region of AT to the exercise-induced tendon creep or early 

stage mechanical fatigue effects and may explain why free AT mid-portion is more 

susceptible to strain-related injuries (e.g., tendinopathy and rupture) when it is subjected to 

the repeated loads. Further, the time-frame in which the whole and free AT longitudinal 
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strains and the free AT transverse strain could be achieved without large confounding 

effects of creep recovery is approximately 60 min and should be considered when 

conducting in vivo AT mechanical testing.  

In studies 3 and 4, the regional 3D morphology of AT at rest, during a single tensile load 

(plantarflexion contraction at 50% MVIC), and during repeated loads (10 successive 25-s 

plantarflexion contractions at 50% MVIC) in individuals with unilateral mid-portion 

Achilles tendinopathy (MAT) and healthy control matched tendons was investigated. At 

rest, MAT was associated with larger resting tendon cross-sectional area (CSA) than 

healthy control tendons throughout the entire tendon length, which was mainly driven by a 

greater tendon antero-posterior (AP) diameter. During application of a single load, the 

MAT experienced a reduction in tendon CSA, AP diameter, and medio-lateral (ML) 

diameter, and volume. In contrast, the healthy control tendon remained iso-volumetric and 

experienced a reduction in tendon CSA and ML diameter and an increase in tendon AP 

diameter. Further, the MAT experienced greater longitudinal and transverse strains than 

healthy control tendon across all the tendon regions. During repeated loading, the whole 

and free AT longitudinal strains and free AT CSA and volume strains experienced a 

greater magnitude of creep and reached steady state following a greater number of 

contractions in MAT (five contractions) compared to control tendon (three contractions). 

Further, the MAT experienced a substantial CSA and volume reduction from the onset of 

loading, which preceded a pronounced longitudinal strain response of the whole and free 

AT. These findings suggest that MAT alters the magnitude of whole and free AT 

longitudinal strains, the magnitude and direction of free AT transverse strain, and the 

magnitude of free AT volume change compared to healthy control tendons during a single 
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load and repeated loads. This observation is indicative of fundamental alterations in the 

normal solid-fluid interactions and local mechanical environment in MAT, which likely 

compromise the ability of MAT to support external loading and have possible implications 

for injury risk, tendon repair and rehabilitation in MAT.  
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reconstruction and segmentation. (A) Participant positioned prone in testing apparatus 

with the ankle joint in 90° (neutral position). The ultrasound scan was performed by 

sweeping the ultrasound transducer from the base of the heel to the medial gastrocnemius 

(MG) muscle-tendon junction (MTJ) as indicated by the arrow. The black crosses denote 

MTJ for the soleus (SOL) and MG. (B) Sagittal plane re-slices of the reconstructed 3D 

ultrasound image of the AT. (C) Sagittal (S), transverse (T), and frontal (F) image re-

slices used to identify the anatomical location of the calcaneal (Cal) notch, SOL MTJ, 

and MG MTJ. ........................................................................................................ 181 

Figure 30: Free Achilles tendon (AT) cross-sectional area (CSA) segmentation and volume 

reconstruction for contralateral (A) and tendinopathy (B) sides of a single representative 

participant. The free AT CSAs were manually digitized from the transverse images at ~2-

3 mm intervals from the calcaneal (Cal) notch to the soleus muscle-tendon-junction (SOL 

MTJ) and the free AT 3D volume was rendered from the segmented CSAs using the 

surface interpolation algorithm in Stradwin software................................................. 182 

Figure 31: Change in Achilles tendon (AT) longitudinal elongation and strain during repeated 

loading. The mean group whole AT (A), free AT (B), and proximal AT (C) longitudinal 

elongation and strain in the tendinopathic (red circles) and contralateral (green circles) 

sides during 10 successive isometric plantarflexion contractions at 50% MVIC. Data are 

expressed as mean ± SEM (N = 10). Asterisks (*) indicate significant differences 

between tendinopathy and contralateral sides during each contraction (P < 0.05). Planned 

contrasts revealed that the whole and free AT in the tendinopathic side experienced 

greater longitudinal strain than those of the contralateral side during contractions 4-10.
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Figure 32: Change in free Achilles tendon (AT) cross-sectional area (CSA) deformation and strain 

during repeated loading. The mean group free AT CSA deformation (A) and strain (B) 

during 10 successive isometric plantarflexion contractions at 50% MVIC in the 

tendinopathic (red circles) and contralateral (green circles) sides. Data are expressed as 

mean ± SEM (N = 10). Asterisks (*) indicate significant differences between the 

tendinopathic and contralateral sides during each contraction (P < 0.05). Planned 

contrasts revealed that the free tendon CSA in the tendinopathic side strained greater than 

that of the contralateral side during contractions 1-10................................................ 187 

Figure 33: Change in free Achilles tendon (AT) volume deformation and strain during repeated 

loading. The mean group free AT volume deformation (A) and strain (B) during 10 

successive isometric plantarflexion contractions at 50% MVIC in tendinopathy (red 

circles) and contralateral (green circles) sides. Data are expressed as mean ± SEM (N = 

10). Asterisks (*) indicate significant differences between the tendinopathic and 

contralateral sides during each contraction (P < 0.05). Planned contrasts revealed that the 

free tendon volume in the tendinopathic side strained greater than that of the contralateral 

side during contractions 1-10................................................................................... 188 
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Chapter 1. General Introduction 

1.1 General Background 

1.1.1 Achilles tendon structure and function 

The human Achilles tendon (AT) is the conjoint tendon of the gastrocnemius and soleus 

muscles (i.e., triceps surae muscles) and is known as the strongest and largest tendon in the 

body (Doral et al., 2010; Pierre-Jerome et al., 2010). The AT plays an important role in 

force transmission and energy storage and return during functional activities such as 

walking and running and improves the economy and performance of motion by reducing 

muscle work and allowing muscle fascicles to act at lengths and speeds more favourable 

for power production (Lichtwark et al., 2007; Lichtwark and Wilson, 2006). The human 

AT is frequently subjected to appreciable loads during locomotion such as running (Komi 

et al., 1992), walking (Giddings et al., 2000), counter movement jump (Fukashiro et al., 

1995), and hopping (Lichtwark and Wilson, 2007) despite exhibiting the strain rate 

sensitivity and material properties similar to other tendons (Ker et al., 1988; Wren et al., 

2001). Structurally, the whole AT [e.g., gastrocnemius muscle-tendon junction (MTJ) to 

calcaneus] is comprised of two distinct parts, including the proximal AT (e.g., 

gastrocnemius MTJ to soleus MTJ) and free AT (e.g., soleus MTJ to calcaneus). Previous 

in vivo studies have demonstrated that the free AT strains more than the proximal AT in 

the longitudinal direction during the same tensile load both before (Farris et al., 2013a; 

Finni et al., 2003; Magnusson et al., 2003) and after fatigue exercise (Lichtwark et al., 

2013a; Obst et al., 2015a). This indicates that the AT aponeurotic sheath and free tendon 

may have different mechanical demands and functional roles during force transmission in 
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vivo and highlights the vulnerable nature of the free AT to the exercise-induced tendon 

creep or early stage mechanical fatigue effects, a property that predispose the free tendon 

to strain-related injuries. 

1.1.2 Three-dimensional morphology of the healthy AT at rest and under load 

The healthy free AT three-dimensional (3D) morphology at rest and during tensile loading 

has been well characterized in previous in vivo studies. It has been demonstrated that free 

tendon has a variable cross-sectional area (CSA) (Magnusson and Kjaer, 2003; Muraoka et 

al., 2005; Obst et al., 2015b; Obst et al., 2014b), antero-posterior (AP) diameter (Fredberg 

et al., 2008; Leung and Griffith, 2008; O'Reilly and Massouh, 1993; Obst et al., 2015b; 

Obst et al., 2014b), and medio-lateral (ML) diameter (Gatt et al., 2015; Iwanuma et al., 

2011; Obst et al., 2015b; Obst et al., 2014b) along its length, with the minimum free AT 

CSA reported to be at around 50-70% of the tendon length (Obst et al., 2014b). This 

suggests that the stress (i.e., force/CSA) experienced by tendon during load may vary 

between different regions of free AT. During tensile loading, it has been shown that free 

AT undergoes a longitudinal strain (Farris et al., 2013a; Finni et al., 2003; Iwanuma et al., 

2011; Lichtwark et al., 2013a; Magnusson et al., 2003; Obst et al., 2015a; Obst et al., 

2014b) that is coupled to a corresponding reduction in tendon CSA (Obst et al., 2015b; 

Obst et al., 2014b; Reeves and Cooper, 2014), a reduction in tendon ML diameter 

(Iwanuma et al., 2011; Obst et al., 2015b; Obst et al., 2014b), and an increase in tendon AP 

diameter (Obst et al., 2015b; Obst et al., 2014b) throughout the entire tendon length, with 

the tendon volume remaining unaltered (Iwanuma et al., 2011; Nuri et al., 2016; Obst et 

al., 2015b; Obst et al., 2014b). The relationship between the longitudinal and transverse 
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morphologies of the healthy free AT during load is suggestive of fundamental 

reorganization of the tendon collagen fascicles and fibers (Obst et al., 2014b). Furthermore, 

the load-induced alterations in free tendon transverse morphology (i.e., CSA, AP diameter, 

and ML diameter) have been shown to be region-specific along the tendon length, with the 

tendon mid-portion undergoing greater transverse strain relative to the proximal and distal 

portions (Iwanuma et al., 2011; Obst et al., 2015b; Obst et al., 2014b; Reeves and Cooper, 

2014). 

1.1.3 Conditioning of tendon  

Tendons, like most other biological tissues, exhibit time- and history-dependent 

viscoelastic behavior during mechanical testing. For example when tendons are exposed to 

cyclic tensile loading after a period of unloading, they experience a gradual increase in 

length (i.e., creep) and/or a loss of tension (i.e., stress relaxation) for the same level of 

tensile load until a point of steady state mechanical behavior is reached (Elliott et al., 2003; 

Fung, 2013). Conditioning is a process whereby successive standardized sub-failure 

loading is applied to the tendon in order to minimize the effect of tendon time- and history-

dependent viscoelastic properties and thus establishes consistent and repeatable mechanical 

results (Carew et al., 2000; Graf et al., 1994; Hawkins et al., 2009; Hosseini et al., 2014; 

Maganaris, 2003; Schatzmann et al., 1998; Sopakayang, 2013). Although the underlying 

mechanism accounting for the conditioning effect of tendon is not completely understood, 

it is likely related to the progressive microstructural changes such as collagen fibre 

recruitment, re-alignment, un-crimping, sliding, and interstitial fluid movement during 

conditioning (Hosseini et al., 2014; Houssen et al., 2011; Miller et al., 2012a; Miller et al., 
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2012b; Quinn and Winkelstein, 2011; Schatzmann et al., 1998; Thorpe et al., 2014). 

Tendon conditioning has the potential to be a source of variability during in vivo 

measurement of tendon mechanical properties such as strain, stiffness, Young’s modulus 

and hysteresis if steady-state behavior of the tendon is yet to be reached prior to testing. 

Conditioning of the tendon is therefore recognised as an important countermeasure against 

the confounding effects of time- and history-dependent tendon viscoelastic properties prior 

to mechanical testing (Lichtwark et al., 2013a; Obst et al., 2015a; Seynnes et al., 2015). 

1.1.4 Conditioning of healthy Achilles tendon  

Our understanding of healthy human AT conditioning is limited to two-dimensional (2D) 

measures of whole AT longitudinal elongation and strain. For example, Maganaris  (2003) 

examined the effect of 10 × 4-s isometric plantarflexion contractions at 80% maximum 

voluntary isometric contraction (MVIC) on whole AT longitudinal elongation using 2D 

ultrasound. The loading protocol caused tendon elongation to increase by 5 mm from the 

first contraction to the tenth contraction, with no significant changes in tendon length 

obtained after the fifth contraction. Similarly, Hawkins et al. (2009) investigated the effect 

of 7-min of cyclic isometric ankle plantarflexion contractions (315 cycles) at 25-35% of 

MVIC on whole AT longitudinal strain using 2D ultrasound. Whole AT longitudinal strain 

experienced a total dynamic creep of 3% and reached steady state after 270 loading cycles. 

It was recommended that a minimum of 270 loading cycles or a 6-min warm-up is required 

for the whole AT to reach a relatively steady state behavior. Because the longitudinal strain 

of whole AT varies between the proximal AT and free AT during load and the free AT 

longitudinal deformation is accompanied by a corresponding region-specific alteration in 
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tendon transverse morphology, the whole AT conditioning effects may not reflect the 3D 

deformation of AT at the regional level. Therefore, further study is warranted to evaluate 

the regional 3D deformation of healthy human AT during conditioning. 

1.1.5 Recovery of the Achilles tendon following conditioning 

Conditioning effects on tendon mechanical and morphological properties are non-

damaging, transient, and recoverable (Fung, 2013; Graf et al., 1994; McPherson et al., 

1992; O’Brien et al., 1989; Thorpe et al., 2014). Understanding the time course of tendon 

recovery following conditioning is crucial for understanding the unloaded tendon 

mechanics, tendon behavior in response to subsequent mechanical loads, and the design of 

optimal tendon load-rest periods in activities that expose the tendon to cyclic and repeated 

tensile loadings. The time course of recovery of human AT thickness, volume and 

hydration state, and structural integrity following fatiguing exercise has been reported in 

previous in vivo studies (Grigg et al., 2009; Grigg et al., 2012; Grosse et al., 2015; 

Rosengarten et al., 2014; Wearing et al., 2013). However, because tendon conditioning and 

fatigue loading protocols are characterized with early stage of fatigue (e.g. creep) and 

initiation of microstructural damage, respectively (Fung et al., 2010; Fung et al., 2009; 

Thorpe et al., 2014), the time course of recovery from fatigue loading may not represent 

the recovery process from only a conditioning protocol. Further, the measurement of 

tendon parameters used to quantify tendon recovery in the aforementioned studies (e.g., 

thickness, water content, and structural integrity) is confined to a single site of the free 

tendon with tendon in an unloaded state using 2D ultrasound (Grigg et al., 2009; Grigg et 

al., 2012; Grosse et al., 2015; Rosengarten et al., 2014; Wearing et al., 2013). Therefore, 
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further study is needed to investigate the time course of recovery of AT 3D deformation 

(longitudinal and transverse deformation and strain) during load following a standardized 

conditioning protocol at the global and regional AT level. 

1.1.6 Achilles tendinopathy and three-dimensional morphology of the tendinopathic 

AT at rest and under load 

Mid-portion Achilles tendinopathy (MAT) is a degenerative disorder of the AT involving 

adaptation failures in the tendon cell matrix to excessive load changes (Paavola et al., 

2002). The stereotypical signs and symptoms of MAT include swelling and thickening of 

the tendon, morning stiffness, and pain during functional activities and palpation in tendon 

mid-portion (Maffulli, 1998; Van Dijk et al., 2011). It has been reported that MAT causes 

considerable morbidity and functional impairment among the athletic and general 

populations (de Jonge et al., 2011; Emerson et al., 2010; Kvist, 1994). Various 

pathological changes within the tendinopathic tendon have been documented, including 

degeneration and disorganization of the collagen fibers (Pingel et al., 2014), increased 

number of tendon cells (Andersson et al., 2011a; Åström and Rausing, 1995), increased 

water content (de Mos et al., 2007), neovascularisation (De Jonge et al., 2014; Yang et al., 

2012), elevated sulfated glycosaminoglycan content (Corps et al., 2006), increase in the 

ratio of collagen type III to type I collagen (Maffulli et al., 2000; Pingel et al., 2014), and 

increase in tendon thickness, CSA, and volume (Arya and Kulig, 2010; Gärdin et al., 2010; 

Grigg et al., 2012; Leung and Griffith, 2008; Shalabi et al., 2004b). These changes in 

tendon structure, composition, and histology have been shown to impair the whole AT 

normal mechanical and material properties, with the tendinopathic tendon showing greater 
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longitudinal strain, lower stiffness, lower Young’s modulus, and greater hysteresis 

compared to healthy matched control tendons under the same external ankle torque (Arya 

and Kulig, 2010; Chang and Kulig, 2015; Child et al., 2010; Kulig et al., 2016; Wang et 

al., 2012). Such pathological alterations associated with MAT may change the normal 

morphology of AT throughout the entire tendon length at rest, under a single load, and 

during repetitive loading. However, our current knowledge regarding the alterations in 

morphology of tendinopathic AT are only limited to changes in tendon morphology (e.g., 

CSA and AP diameter) at a single site of tendon mid-portion at rest (Arya and Kulig, 2010; 

Grigg et al., 2012; Leung and Griffith, 2008) and short-term alterations in tendon 

morphology (e.g., AP diameter, water content, and volume) following exercise (Fahlström 

and Alfredson, 2010; Grigg et al., 2012; Ho and Kulig, 2016b; Shalabi et al., 2004b; 

Wearing et al., 2015). Further, given that free AT is mainly affected by MAT (Maffulli, 

1998) and AT deformation during load is region-specific and occurs in 3D space (Obst et 

al., 2014b), there is a need to investigate the regional 3D morphology of tendinopathic 

tendon at rest, under a single tensile load, and during repeated loading. Such information 

could have important implications for our understanding of tendinopathic tendon 

physiology, mechanobiology, and potential mechanisms associated with tendinopathic 

tendon injury risk and function. 

1.1.7 Use of freehand three-dimensional ultrasound to study human Achilles tendon 

morphology and mechanics 

Two-dimensional ultrasound (2DUS) has been extensively used in investigation of the 

human AT morphological (e.g., length, thickness, and CSA) and mechanical (e.g., strain, 
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stiffness, and Young’s modulus) properties. However, there are a number of inherent 

limitations associated with the use of 2DUS. The 2D scanning methods to capture the AT 

morphology at rest and during load is confined to single longitudinal or transverse plane 

images at the predefined locations along the tendon length. Because the shape and 

elongation of AT is encompassed in 3D space and the line of action of AT does not follow 

a linear path (Obst et al., 2014a; Obst et al., 2014b), the narrow field of view in 2DUS does 

not provide the 3D representation of tendon morphology and introduces a systematic 

underestimation/overestimation of tendon morphology at rest and under load (Lichtwark et 

al., 2013b; Obst et al., 2014a; Seynnes et al., 2015). The image plane is also highly 

sensitive to probe position and orientation, which can be difficult to control. Further, the 

anatomical structures, landmark of interest, and tendon line of action may also shift away 

from their original positions and move out of the image plane during muscular contraction. 

Such changes are unaccounted for during 2DUS imaging (Cronin et al., 2011; Cronin and 

Lichtwark, 2013; Obst et al., 2014b; Seynnes et al., 2015). MRI overcomes some of the 

limitations associate with 2DUS and provides a complete 3D reconstruction of the AT for 

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

as well as the tendon volumetric data. However, MRI is expensive, immobile, requires a 

long examination time, relatively less available, and has limited application to the 

measurement of tendon morphology under load. These limitations can be overcome by 

freehand three-dimensional ultrasound (3DUS), which involves combining 2DUS imaging 

and 3D motion analysis to generate 3D reconstruction of tissue morphology in a fixed 

coordinate system (Prager et al., 1998; Treece et al., 2003). The freehand 3DUS has been 

shown to provide accurate measures of human free AT volume and length compared with 
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phantoms similar in size (0.05 mL and 0.2 mm, respectively), and repeatable measures of 

free AT volume, length, and average CSA in vivo at rest and during different ankle loading 

conditions (Obst et al., 2014a). The 3DUS system has been used in recent biomechanical 

studies for measurement of the 3D morphology (i.e., tendon length, CSA, AP diameter, 

ML diameter) and volume of the AT at rest and during a single isometric contraction 

before (Farris et al., 2013a; Obst et al., 2014b) and after an acute bout of exercise 

(Lichtwark et al., 2013b; Obst et al., 2015a). Freehand 3DUS was used throughout this 

thesis to investigate the specific purposes outlined in the following section.  

1.2 Purpose 

The specific purposes of this thesis were to determine: 

1): The effect of a conditioning protocol consisting of 10 × 25-s successive submaximal 

(50%) voluntary isometric plantarflexion contractions on the longitudinal deformation of 

the whole AT, proximal AT, and free AT and the transverse deformation (i.e., CSA) of the 

proximal-, mid-, and distal portions of the free AT, and the corresponding free tendon 

volume (Chapter 3). 

2): The time course of the recovery of the longitudinal deformation of the whole AT, 

proximal AT, and free AT and the transverse deformation (i.e., CSA) of the free AT mid-

portion following a conditioning protocol consisting of 10 × 25-s successive submaximal 

(50%) voluntary isometric plantarflexion contractions at up to 2 h (Chapter 4). 

3): The effect of unilateral MAT on free AT 3D morphology (length, CSA, AP diameter, 

and ML diameter) and volume at rest and during a submaximal (50%) voluntary isometric 
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plantarflexion contraction in tendinopathy and contralateral legs in individuals with 

unilateral MAT compared to those of the control healthy matched leg (Chapter 5). 

4): The effect of unilateral MAT on longitudinal deformation of the whole AT, proximal 

AT, and free AT and the corresponding free tendon transverse (i.e., CSA) and volume 

deformation during repeated loading consisting of 10 × 25-s successive submaximal (50%) 

voluntary isometric plantarflexion contractions in tendinopathy leg relative to those of the 

contralateral leg in individuals with unilateral MAT (Chapter 6). 

1.3 Thesis organisation 

This thesis is comprised of seven chapters. The main experimental chapters 3-6 are 

presented in the format of a journal article. 

Chapter 1 provides a general introduction to the thesis. 

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

on tendon normal structure, function, and mechanical and material properties, the human 

AT anatomy and function and its 3D morphology at rest and under load, tendon 

conditioning and its effects on tendon viscoelastic properties, recovery from tendon 

conditioning effects, pathological findings in tendinopathic tendon, alterations in tendon 

mechanical and material properties and muscle activities of the plantarflexors and 

dorsiflexors in chronic Achilles tendinopathy. 

Chapter 3 describes the findings from a study that examined the regional 3D deformation 

of the healthy AT during conditioning (specific purpose 1). 
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Chapter 4 describes the findings from a study that examined the time course of recovery 

of the regional 3D deformation of the healthy AT following conditioning (specific purpose 

2). 

Chapter 5 describes the findings from a study that examined the 3D morphology and 

volume of the free AT at rest and under load in people with unilateral mid-portion Achilles 

tendinopathy (specific purpose 3). 

Chapter 6 describes the findings from a study that examined the regional 3D morphology 

and volume of the AT during repeated loads in people with unilateral mid-portion Achilles 

tendinopathy (specific purpose 4). 

Chapter 7 summarises the results of all studies included in this thesis and highlights the 

unique contribution and significance of the findings within the context of the relevant 

literature. The main limitations of the studies conducted and the general conclusion of the 

thesis are also presented. 
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Chapter 2. Literature Review 

2.1 Tendon function, composition, and structure 

Tendons are dense connective tissue structures interposed between muscles and bones in 

the body. Their primary function is transmitting the forces generated by muscle contraction 

directly to the bone with a minimal dispersion of energy, resulting in stabilization or 

movement across joints (Gupta and Screen, 2017; Józsa and Kannus, 1997; Screen et al., 

2004). However, energy-storing tendons such as the human Achilles tendon and the equine 

superficial digital flexor tendon have an additional important role in reducing the energetic 

cost of locomotion by stretching and recoiling with each stride to store and return the 

energy to the system (Lichtwark and Wilson, 2007; Thorpe et al., 2013b; Thorpe et al., 

2016). This tendon elastic action serves a diverse set of functions, including metabolic 

energy conservation, amplification of muscle power output, attenuation of muscle power 

input, and rapid mechanical feedback that may aid in stability (Alexander et al., 1991). 

Like other connective tissues, tendon is mainly composed of water, which makes up 55-

70% of the total tendon weight (Dourte et al., 2013; Franchi et al., 2010). Tendon 

extracellular matrix is composed predominantly of collagen, which accounts for 60-85% of 

the tendon dry weight. Approximately 95% of the collagen is type I with small amounts of 

collagen type III, V, XII, and XIV (Connizzo et al., 2016; Young et al., 2016). The 

remainder of the tendon matrix structure consists of elastin, tenocytes and tenoblasts 

between collagens and ground substance surrounding the collagen including 

proteoglycans, glycosaminoglycans, structural glycoproteins, and other small molecules 

(Pang et al., 2016; Ryan et al., 2015). 
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Structurally, the collagen fibril is the smallest unit of the tendon. An aggregate of collagen 

fibrils form a collagen fiber. Collagen fibers are bound together by the endotenon to form 

the primary fiber bundles (sub-fascicle). A group of primary fiber bundles constitutes a 

secondary fiber bundle (fascicle) and a group of secondary fiber bundles forms a tertiary 

fiber bundle. Finally, the tertiary fiber bundles form the whole tendon. The tendon is 

enveloped by a well-defined layer of connective tissue, the epitenon, which is in direct 

contact with the endotenon (Figure 1) (Khan et al., 1999; Santos et al., 2017). The epitenon 

is surrounded by the paratenon, a layer of loose areolar connective tissue, which serves as 

an elastic sleeve to allow gliding of the tendon within the surrounding tissues. Together 

these two layers (i.e., epitenon and paratenon) are known as the peri-tendon and the space 

between them is called peri-tendinous space (Benjamin et al., 2008; Kannus, 2000; Khan et 

al., 1999; Sellon et al., 2014; Skirven et al., 2011). 

 

Figure 1: The structural organization of tendon tissue. Adapted from Khan et al. (1999). 
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2.2 Tendon mechanotransduction 

Tendon resident cells respond to the externally applied physical loads by the process of 

mechanotransduction, which involves the assessment of the mechanics of the tendon 

extracellular matrix by the cells through their cytoskeletons (Wang, 2006). The 

deformation of the tendon cell cytoskeletons, via membrane anchored attachment proteins 

(integrins), or stimulation of other transmembrane cell proteins (G-protein receptors, 

receptor kinases, mitogen-activated protein kinases) initiates a cascade of gene expressions 

activating catabolic and/or anabolic cell responses, resulting in deposition, rearrangement 

or removal of the extracellular matrix to maintain overall tendon form and function 

(Nourissat et al., 2015; Wang, 2006). Tendon mechanotransduction process is a 

fundamental biologic response for tendon tissue development, homeostasis, disease, and 

repair (Arnoczky et al., 2004; Humphrey et al., 2014; Lavagnino et al., 2015). 

2.3 The human Achilles tendon 

The Achilles tendon (AT) is the thickest, largest, and strongest tendon in the human body 

(Doral et al., 2010; Pierre-Jerome et al., 2010). AT is the combination of tendons of 

gastrocnemius and soleus muscles. The gastrocnemius is a fusiform muscle, with two 

heads, medial and lateral, originating from the posterior surface of the femoral condyles 

and inserting onto the calcaneus. The medial and lateral bellies of the gastrocnemius 

muscle fuse in a single muscle belly occupying the posterior superficial compartment of 

the lower leg. The soleus muscle, a large flat, pennate muscle lies anterior to the 

gastrocnemius muscle, arising from the posterior surface of the upper tibia and inserting 

onto the calcaneus. The gastrocnemius and soleus muscles form the three-headed triceps 
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surae muscle, which acts to plantarflex the ankle joint via AT (Seebacher et al., 1982; 

Watanabe et al., 1993). The whole AT consists of two structurally distinct parts: (1) the 

proximal AT, which originates at the muscle-tendon junction (MTJ) with the 

gastrocnemius muscle and runs contiguous with the soleus muscle; and (2) the free AT, 

which continues from the distal end of the soleus muscle to its insertion on the calcaneus 

(Farris et al., 2013a; Lichtwark et al., 2013a; Obst et al., 2015a) (Figure 2). 

 

Figure 2: Human right triceps surae muscle and Achilles tendon anatomy. MG, medial 

gastrocnemius; LG, lateral gastrocnemius; MG MTJ, medial gastrocnemius muscle-tendon 

junction, SOL, soleus; SOL MTJ, soleus muscle-tendon junction; AT, Achilles tendon; Cal, 

calcaneus. 
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The fibers and fascicles from particular parts of the triceps surae muscle within AT are not 

aligned strictly vertically between the muscle and the bone and display a variable degree of 

twist at approximately 3-5 cm proximal to the calcaneal insertion, producing an area of 

concentrated stress (Edama et al., 2015a; Obst et al., 2014b; Szaro et al., 2009; van Gils et 

al., 1996; White, 1943). Tendon twist causes the medial and lateral group of fibers from 

the medial head of the gastrocnemius to become oriented on the posterior and lateral 

portion of the tendon, respectively while fibers from the lateral head of the gastrocnemius 

muscle and soleus become located on the anterior and antero-medial portion of the tendon, 

respectively (Edama et al., 2015a; Szaro et al., 2009) (Figure 3). The direction of AT twist 

from proximal to distal is counterclockwise in the right AT and clockwise in the left AT 

(Edama et al., 2015a). It has been suggested that tendon twist may enhance the elastic and 

recoil properties of AT during locomotion (Bojsen-Møller and Magnusson, 2015; Thorpe 

et al., 2014). 

  

 

Figure 3: The left Achilles tendon, superior view. (1a) the fibers from the medial part of 

the medial gastrocnemius; (1b) the fibers from the lateral part of the medial 
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gastrocnemius; (2) the fibers from the lateral gastrocnemius; (3) the fibers from the 

soleus; (4) insertion of the Achilles tendon to the calcaneal notch. L, left. Adapted from 

Szaro et al (2009). 

In comparison to other tendons in human body, AT exhibits similar material properties 

despite experiencing greater mechanical loads during physical activities (Wren et al., 

2001). AT force exposure ranges from 1.9 kN in the counter movement jump (Fukashiro et 

al., 1995), 2.6 kN during walking (Giddings et al., 2000), 3 kN during maximal voluntary 

isometric contraction (Maganaris et al., 2008), 5 kN during unilateral hopping (Lichtwark 

and Wilson, 2007), and 9 kN during running, exceeding up to 12 times the body weight 

(Komi et al., 1992). The high magnitude of loads on the Achilles tendon and the continual 

stresses placed on it during locomotion make it one of the most common tendons to sustain 

overuse injuries (e.g., tendinopathy) and rupture (Kvist et al., 1991). 

2.4 Tendon mechanical and material properties 

Tendon strain (%) is the ratio of tendon deformation to resting length. Tendon stress (Pa) is 

the ratio of tendon force to tendon cross-sectional area (CSA) (Fang and Lake, 2016). The 

unique structure and composition of tendons afford them the characteristic mechanical 

behavior, which is reflected by a typical stress-strain curve consisting of three regions 

(Wang, 2006). The first region is the non-linear toe region in which the “stretching out” or 

“un-crimping” of crimped collagen fibers occurs from the mechanically loading the tendon 

up to 2% strain. Due to stretching of the crimp pattern of tendon collagen fibers, the tendon 

tangent modulus of elasticity (i.e., slope of the stress-strain curve) for this region increases 

with strain at low strain rates (Wang, 2006; Wilmink et al., 1992). Following the toe 
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region, tendon exhibits a linear region where tendon is strained up to approximately 4% 

and the collagen fibrils orient themselves in the direction of the tensile mechanical load. 

This region of the curve is elastic and reversible and the slope of the curve is referred to as 

Young's modulus, which represents tendon stiffness (i.e., force/deformation) (Morales-

Orcajo et al., 2016; Reyes et al., 2014; Zajac, 1989). If the tendon strains more than its 

linear region, microscopic tearing of the tendon occurs. If the strain further increases 

beyond 8-10%, macroscopic tearing of tendon fibers ensues, eventually leading to tendon 

rupture (Figure 4) (Wang and Ker, 1995; Wren et al., 2001). 

 

Figure 4: The stress-strain tendon curve. Adapted from Wang et al. (2006). 

 

Like other soft tissues in the body, tendons exhibit viscoelastic, or time- and-history 

dependent behavior during mechanical testing, which is the result of the complex 

interactions between the collagen fibers, the surrounding proteins, ground substance, and 

fluid flow. The important time- and-history dependent viscoelastic characteristics of 
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tendons are stress-relaxation, creep, hysteresis, and conditioning (Carlstedt and Nordin, 

1989; Fung, 2013; Woo et al., 1981). Stress relaxation means that the stress required to 

cause a constant tendon deformation declines over time in a predictable curvilinear pattern 

(Figure 5A). Conversely, creep is an increase in tendon deformation over time under a 

constant load (Figure 5B). Hysteresis refers to the energy loss between the loading and 

unloading cycle of the tendon determined from the area between these two curves (Pollock 

and Shadwick, 1994) (Figure 5C). The average mechanical hysteresis of the tendon is 

approximately 10% of the total work done on the tendon during stretching (Pollock and 

Shadwick, 1994).  

 

Figure 5: Tendon viscoelastic properties. (A) stress relaxation; (B) creep; (C) hysteresis. 

Adapted from Fung et al. (2013). 
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Another widely recognized viscoelastic property of tendon, although still not thoroughly 

understood, is conditioning. Conditioning is a gradual adaption of tendon mechanical 

behavior to the cyclic sub-failure loading (Elliott et al., 2003; Fung, 2013). Conditioning is 

usually performed in two types of experiments; load controlled and deformation 

controlled. In the load controlled experiment, the maximum load of each successive cycle 

is fixed as a constant while in the deformation controlled experiment, the maximum 

deformation of each successive cycle is kept constant. During cyclic loading, in the 

deformation controlled experiment, the peak load decreases with an increasing number of 

cycles and the difference between cycles and also the size of the hysteresis loop become 

smaller (Figure 6A). In the load controlled experiment, however, tendon experiences a 

gradual increase in deformation, with the difference in tendon deformation between cycles 

becoming smaller over the course of several cycles until tendon reaches a steady-state 

mechanical behavior, with no progressive changes in the response to additional loading 

cycles (Carew et al., 2000; Graf et al., 1994; Hawkins et al., 2009; Hosseini et al., 2014; 

Maganaris, 2003; Sopakayang, 2013) (Figure 6B). Therefore, a standardized tendon 

conditioning protocol is commonly performed prior to mechanical tests to minimize the 

tendon loading/stretching history for establishing consistent and repeatable mechanical 

results. 
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Figure 6: Conditioning. (A) deformation controlled experiment; (B) load controlled 

experiment. During cyclic loading of the tendon, the load-deformation curve gradually 

shifts to the right. Usually, after a few cycles, the curves become quite repeatable and 

steady. Adapted from Fung et al. (2013). 

2.5 Mechanisms of conditioning 

Micro-structural alterations, such as collagen fiber re-alignment, un-crimping, 

fascicle/fiber sliding, and interstitial fluid distribution have been suggested as potential 

underlying mechanisms responsible for conditioning (Hosseini et al., 2014; Houssen et al., 

2011; Miller et al., 2012a; Miller et al., 2012b; Quinn and Winkelstein, 2011; Schatzmann 

et al., 1998; Sopakayang, 2013; Thorpe et al., 2014). For example, Houssen et al. (2011) 

monitored the collagen morphology of a rat tail tendon during a conditioning protocol (10 

N of constant tensile loading for 5 min) using second harmonic generation microscopy. 

Their results indicated that the tendon conditioning was mostly due to the sliding between 

collagen fibrils inside the fascicles, which only changed the resting length of the tendon 

fascicles. Similarly, Thorp et al. (2014) studied the effect of a conditioning protocol (30 
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cycles from 0.2-10 N at 1 Hz) on equine superficial digital flexor tendon micro-structural 

strain response. Following conditioning, tendon samples exhibited some negligible 

alterations in micro-structural strain response such as reductions in fiber extension, 

transverse strain, and rotation relative to the non-conditioned control tendon samples, 

suggesting that the conditioning protocol loaded the fascicles only within their elastic 

limits. Furthermore, a strong correlation between cyclic conditioning (30 cycles of 0.1-0.5 

N at 0.22 Hz) and early re-alignment and un-crimping of collagen fibers has been 

identified using polarized light microscopy in a rat supraspinatus tendon model (Figure 7) 

(Miller et al., 2012a; Miller et al., 2012b). The decreases in peak force and tangent stiffness 

between the 1st and 30th cycles of conditioning (30 cycles of tensile loading between 0 

and 1 mm at 0.4 mm/s) were also significantly correlated with the change in fiber 

alignment and rotation in a human cadaveric facet capsular ligament, suggesting that both 

viscoelasticity and micro-structural reorganization contribute to the time-history 

dependence of the mechanical properties of soft tissues (Quinn and Winkelstein, 2011). 

Sopakayang et al. (2013) presented a new modeling framework for describing the 

viscoelastic behavior exhibited during conditioning process. According to their model, the 

energy dissipation during tendon conditioning is due to the effect of the structural changes 

in the coupling between collagen fibers and the matrix, which associate to the friction loss 

or the disconnection of some contact surfaces between the collagen fibers and the matrix. 

Hosseini et al. (2014) further investigated the time-dependent effects of fluid flow and of 

solid matrix viscoelasticity on the stress-relaxation of cartilage during conditioning by 

means of a computational modeling. According to their results, collagen viscoelasticity and 

fluid flow have opposite effects on the tissue reaction force and cancel each other out in a 
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stress-strain curve during the first conditioning cycles in a mechanical test, resulting in an 

equilibrium stress-stain relationship. When only fluid-dependent poroelasticity or only 

collagen viscoelasticity was accounted for conditioning, the steady state was reached faster 

than when both effects interacted, indicating that both time-dependent phenomena together 

change the whole mechanical response of the soft tissue during conditioning. 

 

Figure 7: Collagen fiber un-crimping during conditioning cycles in rat supraspinatus 

tendon. Adapted from Miller et al. (2012a). 
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2.6 Conditioning effects on tendon  

2.6.1 Changes in tendon viscoelastic properties during conditioning 

Sverdlik and Lanir (2002) investigated the conditioning of sheep digital extensor tendons 

using a test protocol consisting of sets of stress relaxation loadings, each with first 

increasing maximal strain levels (4, 6, 8% sequence) and then decreasing strains (7-6%) at 

consecutive sets. They showed that conditioning manifested in sheep digital tendons as 

stress decay in the cyclic phase and as elongation of the tendon’s reference length. These 

effects intensified with increased strain level and subdued as the strain decreased. They 

suggested that the tendon conditioning effects are an integral component of the tendon 

viscoelastic response. Schatzman et al. (1998) used 200 uniaxial conditioning cycles from 

75 to 800 N at 0.5 Hz in human cadaveric quadriceps and patellar tendons. The hysteresis 

and creep effects were highest during the first few loading cycles and reached a steady 

state after 160 cycles. Furthermore, the conditioning protocol augmented the mechanical 

properties and the ultimate failure load of both tendons, suggesting the progressive 

collagen fiber recruitment and alterations of tendon interstitial fluid milieu. Piedade et al. 

(2006) also applied 10 successive cycles of three established levels of constant deformation 

(2.5, 3, and 4%) to the human cadaveric gracilis and semitendinosus tendons. The stress 

value in both tendons at each deformation level decreased by ~ 23% from the first to the 

tenth cycle. 
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2.6.2 Conditioning effects on tendon tension, stiffness, and mechanical strength 

Graf et al. (1994) compared the effect of a cyclic conditioning (10 min of 0 to 2.5% 

sinusoidal strain at 0.1 Hz) with a static conditioning protocol (10 min of 2.5% strain at a 

strain rate of 10% per second) in the primate patellar tendon grafts. Both conditioning 

protocols significantly reduced the tension lost in tendon grafts due to viscoelastic 

relaxation. No differences were found in the relaxation behavior of tendon grafts that were 

cyclically or isometrically conditioned, suggesting that a simple static isometric 

conditioning is as effective as cyclic conditioning protocol. Likewise, Elias et al. (2009) 

reported that increasing the tension applied to human cadaveric hamstring tendon grafts 

from 80 N to 160 N during conditioning decreased the post-operative loss of tension and 

stiffness due to reduction in the influence of tendon viscoelasticity. Jeffery et al. (2014) 

compared the effect of six conditioning protocols including three cyclic (10 cycles at 0.5 

Hz between 10-80, 100-300, and 399-600 N) and three static loading protocols (20 s at 80, 

300, and 600 N) on bovine extensor tendon graft elongation. The high-load conditioning 

protocols (i.e., cyclic 300-600 N and static 600 N loading protocols) removed the most 

graft elongation during conditioning and led to less residual laxity in tendon grafts 

resulting from post-operative graft elongation and the intrinsic viscoelastic properties of 

the tendon graft tissue. Similarly, Pilia et al. (2015) compared the effects of four different 

conditioning protocols (1: single initial pull at 80 N, 2: 20 min of  static loading at 88 N, 3: 

20 min of 0 to 80 N cyclic loading at 1 mm/s, 4: 20 min of  static loading at 88 N+20 min 

of 0 to 80 N cyclic loading at 1 mm/s) on human cadaveric semi-tendinosus and tibialis 

anterior tendon grafts. All conditioning protocols increased the tension and stiffness of 

tendon grafts, with protocol 4 resulting in significantly greater effects in tendon grafts 
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compared with protocols 1-3. Teramoto and Luo (2008) also investigated the time-

dependent effect of a conditioning protocol (30, 100, 300, 600, and 1000 s stretching at 2% 

strain) on the mechanical strength of rat’s Achilles tendon and the optimal duration of 

conditioning for tendon strengthening. They found that conditioning from 30 s to 600 s 

significantly enhanced the tendon mechanical strength, indicating the progressive 

recruitment of collagen fibers. However, 1000 s conditioning had no effect on tendon 

mechanical strength, indicating tendon microstructural fatigue. 

2.6.3 Conditioning effects on tendon length 

Howard et al. (1996) showed a significant patellar tendon graft length increase in both the 

in vivo (~14%) and in vitro (~10%) cases following the application of a 4 min sustained 

load of 89 N and a 15 min sustained tensile load of 89 N at a rate of 20% per second, 

respectively. Figueroa et al. (2010) reported that tendon conditioning with static tensile 

loading at 80 N for 10 min produced a 3% average elongation in porcine extensor tendon. 

Fujii et al. (2016) similarly showed that a conditioning of human hamstring tendon graft 

using a continuous load of 150 N twice for 30 seconds resulted in 2 mm elongation of the 

tendon grafts. The results of these studies supported the previous findings that without 

conditioning of tendon grafts, significant post-implantation graft creep will occur. 

2.7 Human Achilles tendon conditioning 

Human Achilles tendon conditioning has been reported in two previous in vivo studies and 

is confined only to the measures of longitudinal elongation and strain of the whole AT 

(Hawkins et al., 2009; Maganaris, 2003). The issue of conditioning in the mechanical 
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behavior of human AT in vivo was first addressed by Maganaris (2003) who investigated 

whole AT longitudinal elongation in response to 10 × 4-s successive plantarflexion 

contractions at 80% maximum voluntary isometric contraction (MVIC) using two-

dimensional ultrasound (2DUS). AT longitudinal elongation gradually increased from the 

first contraction to the tenth contraction by 5 mm and reached steady-state behavior after 5 

contractions (Figure 8A). Later, Hawkins et al. (2009) examined the effect of 7-min of 

cyclic isometric ankle plantarflexion (315 cycles) at 25-35% of MVIC on whole AT 

longitudinal strain using 2DUS. Tendon longitudinal strain increased from 0.3% at the start 

of activity to 3.3% after seven minutes, giving a total dynamic creep of 3% with no 

significant changes observed after 270 loading cycles. They reported that 270 loading 

cycles or a 6-min warm-up is required to achieve a steady-state strain response in the 

whole AT (Figure 8B). 

 

Figure 8: Human Achilles tendon conditioning. (A) tendon longitudinal elongation in 

response to 10× 4-s successive isometric plantarflexion contractions at 80% MVIC 
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(Maganaris, 2003). (B) tendon longitudinal strain in response to 315 isometric 

plantarflexion contractions at 25-35% MVIC (Hawkins et al., 2009). 

2.8 Free Achilles tendon versus proximal Achilles tendon 

Recent biomechanical studies have reported the non-uniform nature of the whole human 

AT with respect to the compliance, with the free AT exhibiting greater strain than proximal 

AT during mechanical testing both before (Farris et al., 2013a; Finni et al., 2003; 

Magnusson et al., 2003) and after fatigue loading (Lichtwark et al., 2013a; Obst et al., 

2015a). Magnusson et al. (2003) investigated the longitudinal elongation of the free AT (9 

cm proximal to calcaneal bone) and distal (deep) proximal AT of the medial gastrocnemius 

muscle during a 10-s slow ramp voluntary isometric plantarflexion contraction at a 

common tendon force of 2641 N using 2DUS. Under the same tensile load, the free AT 

demonstrated greater longitudinal strain (~8%) compared with that of the proximal AT 

(~1.4%). Similarly, Finni et al. (2003) evaluated the longitudinal strain of free AT and 

soleus mid-aponeurosis simultaneously during cyclic isometric plantarflexion contractions 

at 40% MVIC using magnetic resonance imaging (MRI) and demonstrated that the free AT 

strained (4.7%) more than soleus mid-aponeurosis (2.2.%). Farris et al. (2013a) supported 

previous findings by demonstrating a greater longitudinal strain in the free AT (5.2%) than 

in the proximal AT (2.6%) during an isometric plantarflexion contraction at 50% MVIC 

using freehand three-dimensional ultrasound (3DUS). Lichtwark et al. (2013a) quantified 

the longitudinal strain of both the free and whole AT during isometric contractions at three 

ankle torque levels (14, 42 and 70 N.m) to determine whether this relationship changes in 

response to a running task (5 km at a comfortable self-selected pace) using 3DUS. There 
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was a small, significant increase only in the free AT strain across the prescribed torque 

levels immediately following running. As no significant changes in tendon stiffness or 

tendon CSA were detected after running, the increase in free tendon length was indicative 

of tendon creep in response to the net tensile load during the running task. Obst et al. 

(2015a) extended the findings of Lichtwark et al. (2013a) by simultaneously examining 

changes in the free AT, proximal AT, and whole AT strain during a 30% and 70% 

isometric plantarflexion contractions immediately before and after a single bout of 

eccentric exercise (3 × 15 eccentric heel drops). The immediate changes in AT length and 

strain following exercise were only confined to the free AT, without changes evident at the 

level of proximal AT or whole AT. Overall, these findings suggest that the free AT and 

proximal AT may have differing mechanical demands and functional roles during in vivo 

force transmission and highlight the vulnerable nature of the free AT to the exercise-

induced tendon creep or early stage mechanical fatigue effects. 

2.9 Recovery from conditioning effects 

Conditioning effects are transient, non-damaging, and recoverable (Fung, 2013; Graf et al., 

1994; Lanir and Fung, 1974; McPherson et al., 1992; Nurmi et al., 2004; O’Brien et al., 

1989; Pilia et al., 2015; Thorpe et al., 2014). The small alterations in equine superficial 

digital flexor tendon micro-structural strain response (i.e., reduction in fiber extension, 

transverse strain, and rotation) relative to the non-conditioned control tendon samples 

following the conditioning protocol (30 cycles from 0.2-10 N at 1 Hz) observed by Thorp 

et al. (2014) were fully recovered only 15 min after conditioning. The increased rabbit skin 

length following a conditioning protocol (20 cycles at 0.02-2 N at 1 Hz) reported by Lanir 
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et al. (1974) was shown to considerably recover (~70%) after 30 min of recovery. Obrien 

et al. (1989) reported a 42% recovery in human cadaveric patellar tendon graft tension 15 

minutes after conditioning (static loading at 22 N for 20 min). Likewise, a 69% recovery in 

primate patellar tendon graft tension and stiffness was reported by Graf et al. (1994) 30 

minutes after conditioning. McPherson et al. (1992), also found a significant recovery 

(~70%) in rabbit medial collateral ligament length, tension, and stiffness 60 minutes after 

conditioning. A steady recovery in human anterior tibialis tendon graft tension and 

stiffness (60% within 60 min) was also observed after cyclic (25 cycles 0-80 N for 100 s) 

and static (80 N for 100 s) conditioning protocols (Nurmi et al., 2004). Pilia et al. (2015) 

supported previous findings and reported 30%, 15%, 23%, and 15% recovery in human 

cadaveric semi-tendinosus and tibialis anterior tendon grafts tension and stiffness 30 min 

after conditioning protocols consisting of a single initial pull at 80 N, 20 min of static 

loading at 88 N, 20 min of 0 to 80 N cyclic loading at 1 mm/s, 20 min of static loading at 

88 N+20 min of 0 to 80 N cyclic loading at 1 mm/s, respectively. 

2.10 Recovery of human Achilles tendon from conditioning effects 

The time course of recovery of human AT in vivo has been reported in several studies only 

following the application of an acute bout of fatiguing exercise (Grigg et al., 2009; Grigg 

et al., 2012; Grosse et al., 2015; Rosengarten et al., 2014; Wearing et al., 2013) and no 

study, to date, has investigated the recovery of the AT following a conditioning protocol. 

For example, Grigg et al. (2009) investigated the acute effects of isolated fatiguing 

eccentric (2 × 3 sets of 15 repetitions of eccentric heel drops) and concentric (2 × 3 sets of 

15 repetitions of concentric ankle loading exercise) calf muscle exercise on AT thickness 
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at 2-4 cm proximal to the calcaneal notch. Both loading conditions resulted in an 

immediate decrease in AT thickness. The time constant for tendon thickness recovery 

following exercise was 2.5 h, which was representative of a 63% recovery in tendon 

thickness and the full recovery of tendon pre-exercise thickness values was achieved 24 h 

after exercise completion (Grigg et al., 2012). Wearing et al. (2013) similarly reported that 

24 h is required for the full recovery of the AT thickness measured at 2 cm proximal to the 

calcaneal notch following an acute bout of fatiguing resistance exercise (90 repetitions of 

calf-raise exercise against an effective resistance of 250% body weight), with the primary 

recovery (63% of the pre-exercise value) occurring 7 h post-exercise. Gross et al. (2015) 

evaluated the temporal alterations of AT volume and hydration state after cross-country-

running with a fixed distance of 3.9 km. After a transient decrease of AT volume 

immediately following running (~4%), a tendency toward full recovery (~%88) relative to 

the baseline measurement after 72 h was observed. Furthermore, the transient changes in 

AT ultrasound tissue characterization echo-pattern (i.e., reduction in echo type I and 

increase in echo-type II) as a result of an Australian football game reported by Rosengarten 

et al. (2014) was shown to return to the baseline values 4 days following the game. 

2.11 Application of freehand three-dimensional ultrasound for 

investigation of human Achilles tendon mechanical and morphological 

properties  

2DUS has been increasingly employed in investigation of the human AT morphological 

and mechanical properties and has advanced our understanding of triceps surae muscle-

tendon interaction during dynamic and static tasks (Cronin et al., 2011), AT properties 
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(Magnusson et al., 2003), and its plasticity to reduced (Reeves et al., 2005) or increased 

loading (Arampatzis et al., 2007), aging (Slane et al., 2015; Stenroth et al., 2012), and 

various pathological conditions (Arya and Kulig, 2010; Child et al., 2010; Chimenti et al., 

2016). Although 2DUS is less expensive and more available than MRI for the assessment 

of AT properties, there are a number of inherent limitations associated with the use of 

2DUS. The 2D scanning methods to capture the deformation of tendinous structures are 

confined to single longitudinal or transverse plane images at the predefined locations along 

the tendon length. The image plane is also highly sensitive to probe position and 

orientation, which can be difficult to control. Furthermore, the shape and elongation of 

tendinous structures is encompassed in a 3D space and the line of action of certain tendons 

does not follow a linear path (Obst et al., 2014a; Obst et al., 2014b). The narrow field of 

view in 2DUS does not provide the 3D representation of whole tendon morphology and 

volume. Disregarding the 3D morphology of tendon introduces a systematic 

underestimation of tendon length and thus an overestimation of length changes (Cronin 

and Lichtwark, 2013; Seynnes et al., 2015). The anatomical structures, landmark of 

interest, and tendon line of action may also shift away from their original positions and 

move out of the image plane during muscular contraction. Such changes are unaccounted 

for during 2DUS imaging (Cronin et al., 2011; Cronin and Lichtwark, 2013; Obst et al., 

2014b; Seynnes et al., 2015). 

These limitations can be overcome by 3DUS, which involves combining 2DUS imaging 

and 3D motion analysis to generate 3D reconstruction of tissue morphology in a fixed 

coordinate system. A stack of 2D B-mode images is created by recording consecutive 

ultrasound scans while simultaneously tracking the position and orientation of the 
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ultrasound transducer using 3D motion analysis. The orientation and position of each 

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

calibration method and a 3D reconstruction of the tissue of interest can be reconstructed for 

morphological measurement purposes (Prager et al., 1998; Treece et al., 2003; Treece et 

al., 1999; Treece et al., 2000). However, the 3DUS requires long scanning time and the 

measurement of tissue morphology is only limited to the resting state or during static 

isometric contraction (Lichtwark et al., 2013a; Seynnes et al., 2015). 

Freehand 3DUS has been shown to provide accurate measures of human free AT volume 

and length compared with phantoms similar in size (0.05 mL and 0.2 mm, respectively), 

and repeatable measures of free AT volume, length, and average CSA in vivo at rest and 

during three ankle conditions: 15° passive dorsiflexion, 15° passive plantarflexion and 15° 

plantarflexion at 70% MVIC (ICC > 0.98) (Obst et al., 2014a). The 3DUS system has been 

used in recent biomechanical studies for measurement of the 3D morphology [i.e., tendon 

CSA, length, antero-posterior (AP) diameter, and medio-lateral (ML) diameter] and 

volume of the free AT at rest and during a single isometric contraction before (Farris et al., 

2013a; Obst et al., 2014b) and after an acute bout of exercise (Lichtwark et al., 2013a; Obst 

et al., 2015a). 

2.12 3D morphology of healthy free AT at rest and under load 

The 3D morphology of the healthy free AT at rest and under tensile load has been well 

documented in the literature. At resting state, there is a non-uniform tendon morphological 

profile along the length of the healthy free AT, with gradually decreasing tendon CSA 

(Magnusson and Kjaer, 2003; Muraoka et al., 2005; Obst et al., 2015b; Obst et al., 2014b)  
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and ML diameter (Gatt et al., 2015; Iwanuma et al., 2011; Obst et al., 2015b; Obst et al., 

2014b) and increasing tendon AP diameter (Fredberg et al., 2008; Leung and Griffith, 

2008; O'Reilly and Massouh, 1993; Obst et al., 2015b; Obst et al., 2014b) from the 

calcaneal notch to the SOL MTJ (Figure 9A). The minimum free AT CSA has been 

reported to be at around 70% of the tendon length (Obst et al., 2014b). Such variation in 

tendon morphology along the free AT length has been related to the differences in tendon 

structure-function relationship between different regions of the AT (Magnusson and Kjaer, 

2003; Muraoka et al., 2005). During a sub-maximal isometric plantarflexion contraction, 

the healthy free AT experiences a longitudinal strain (Farris et al., 2013a; Finni et al., 

2003; Iwanuma et al., 2011; Lichtwark et al., 2013a; Magnusson et al., 2003; Obst et al., 

2015a; Obst et al., 2014b), which is coupled to the corresponding reduction in tendon CSA 

(Obst et al., 2015b; Obst et al., 2014b; Reeves and Cooper, 2014) across all the tendon 

regions. The load-induced changes in tendon length and CSA are accompanied by a 

reduction in tendon ML diameter (Iwanuma et al., 2011; Obst et al., 2015b; Obst et al., 

2014b) and an increase in tendon AP diameter (Obst et al., 2015b; Obst et al., 2014b) 

along the entire tendon length, with no significant changes in tendon volume observed 

(Figure 9B). The alterations in free tendon transverse morphology (i.e., CSA, AP diameter, 

and ML diameter) deformation and strain during load is region-specific within the tendon, 

with the mid portion undergoing greater transverse deformation and strain compared to the 

proximal and distal portions (Iwanuma et al., 2011; Obst et al., 2015b; Obst et al., 2014b; 

Reeves and Cooper, 2014). The relationship between the longitudinal and transverse 

morphologies of the healthy free AT during isometric contraction has been suggested to be 

the result of the interfascicle reorganization (Obst et al., 2014b). Overall these findings 
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suggest that during tensile loading, the alterations in free tendon longitudinal deformation 

and strain are associated with the region-specific changes in tendon transverse morphology 

and strain, highlighting the importance of characterizing the regional 3D morphology of 

the free AT during load. 

 

Figure 9: An example of changes in morphology of 3D surface-rendered healthy free 

tendon and tendon CSA at 60% of the tendon length from resting (A) to the loading states 

(isometric plantarflexion contraction at 50% MVIC) (B). 

2.13 Achilles tendinopathy 

2.13.1 Definition, prevalence, etiology, and impact of Achilles tendinopathy 

AT disorders include chronic overuse injuries involving inflammatory and degenerative 

changes within the tendon and surrounding tissues as well as acute and chronic tendon 
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ruptures (Asplund and Best, 2013; Järvinen et al., 2005). The degenerative disorders of the 

AT are referred to as “tendinopathy” in the literature (Maffulli, 1998). Mid-portion 

Achilles tendinopathy accounts for 55-65% of all AT disorders (Kvist, 1990) and is 

characterised by impaired performance, morning stiffness, and pain and swelling in the 

mid-portion of the tendon, typically located 2-7 cm proximal to the calcaneal insertion 

(Maffulli, 1998; Van Dijk et al., 2011). Achilles tendinopathy occurs frequently in 

competitive and recreational athletes involved in track and field (Lopes et al., 2012), 

racquet sports (Fahlström et al., 2002), volleyball and soccer (Jhingan et al., 2011; Maffulli 

et al., 2004), and it is also common in the general population (de Jonge et al., 2011). The 

etiology of the Achilles tendinopathy in known to be multi-factorial and can be caused by 

an interaction between intrinsic and extrinsic factors (Maffulli et al., 2004). The intrinsic 

factors such as genetics (El Khoury et al., 2016), gender (Andrew and Jonathan, 2014), age 

(Aiyegbusi et al., 2016), lower limb biomechanical abnormalities (e.g., limited ankle 

dorsiflexion and hyperpronation and altered knee kinematic) (Azevedo et al., 2009; Nigg, 

2001), muscle weakness and imbalance (Debenham et al., 2016; Wyndow et al., 2013), and 

extrinsic factors such as excessive and repetitive loading (Åström, 1997; Maganaris et al., 

2004), training errors (Oestergaard Nielsen et al., 2012), inappropriate footwear (Lorimer 

and Hume, 2014), and poor environmental conditions, such as cold weather and hard 

ground surface (Järvinen et al., 2005) have been proposed as possible predisposing factors 

for Achilles tendinopathy. It has been reported that Achilles tendinopathy has a substantial 

negative socioeconomic impact and frequently causes considerable morbidity and 

functional impairment such as limited ability to walk, climb stairs, or participate in 
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recreational activities and may lead to sport cessation for long periods (Hopkins et al., 

2016). 

2.13.2 Histopathological findings in tendinopathy 

Studies of the histopathology of the tendinopathic tendon have demonstrated: (1) 

degeneration, fragmentation, thinning and disorganized arrangement of collagen fibers 

(Pingel et al., 2014), (2) hypervascularity (i.e., proliferation of capillaries and arterioles in 

the tendon core and peri-tendinous tissue) (Åström and Rausing, 1995), (3) 

hypercellularity (e.g., increase in the number of tenocytes without their normal, fine 

spindle shape and with more rounded nuclei (Figure 10A,B) (Andersson et al., 2011a; 

Andersson et al., 2011b; Åström and Rausing, 1995), (4) increase in inter-fibrillar ground 

substance and grayish discoloration of ground substance (Kleiner, 1998), (5) increase in 

concentration of proteoglycan/glycosaminoglycan in tendon matrix (Corps et al., 2006), (6) 

neovascularization (i.e., appearance of abnormal vessels) and the ingrowth of the 

neonerves (De Jonge et al., 2014; Yang et al., 2012), (7) increase in expression of the 

messenger RNA of collagen type III and degradation of collagen type I (Maffulli et al., 

2000; Pingel et al., 2014), (8) accumulation of free and bound water molecules in tendon 

matrix (de Mos et al., 2007), (9) and presence of apoptotic cells (Pearce et al., 2009). 
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Figure 10: Transverse sections of healthy (A) and tendinopathic (B) rabbit Achilles tendon 

tissue stained with haematoxylineosin. In (A) the tenocytes are moderate in number and 

are seen in parallel rows between uniform and well organized collagen fibers. In (B) the 

tenocytes are numerous and look abnormal and the collagen fibers are irregular, thin, 

wavy, angulated, and fragmented. Adapted from Cetti et al. (2003). 

2.13.3 Clinical examination and presentation of Achilles tendinopathy 

The diagnosis of Achilles tendinopathy is mainly based on the patient’s history and 

detailed clinical examination (Maffulli et al., 2003). The subjective assessment of patients 

with Achilles tendinopathy includes a thorough history of the injury mechanism, previous 

AT problems and treatments, onset of symptoms, duration, aggravating factors, the relation 

of symptoms to various activities, intensity of training, and exercise technique. The clinical 

examination includes a thorough observation and inspection of the foot and heel for any 

deformity, malalignment, previous scars, asymmetry in the AT size, and localized AT 

swelling and thickening (Figure 11A). The palpation of AT is also performed by gently 

palpating and squeezing the AT between thumb and index finger from the calcaneal 



69 

 
 

insertion to the soleus muscle-tendon junction to detect any pain, tenderness, thickening, 

and creptation in tendon (Figure 11B) (Cook et al., 2002; Kader et al., 2002; Maffulli et al., 

2003). The patients are also requested to fill in the Victorian Institute of Sports 

Assessment-Achilles (VISA-A) questionnaire. The VISA-A questionnaire consists of 8 

questions based on visual analogue score and assesses pain, function, and activity. 

Questions 1 to 7 are scored out of 10, and question 8 is scored out of 30. The scores range 

from 0 to 100, where 100 represents no symptoms and normal function. The VISA-A 

questionnaire provides a valid, reliable, and user friendly index of the severity of Achilles 

tendinopathy (Robinson et al., 2001). It has been suggested that tendon symptoms present 

for less than 2 weeks be described as “acute”, for 2–6 weeks as “sub-acute”, and for more 

than 6 weeks as “chronic” (El Hawary et al., 1997). Generally, in the acute and sub-acute 

phase of the Achilles tendinopathy, the tendon is swollen and edematous, and on the 

palpation, pain, tenderness, and crepitation are evident at 2-7 cm proximal to calcaneal 

insertion. In chronic Achilles tendinopathy, the pain is still the main symptom, but the 

tendon edema, effusion, and crepitation are reduced and a tender localized nodular 

swelling is more evident in tendon (Khan et al., 1999; Longo et al., 2009). 
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Figure 11: An example of clinical examination of a patient with Achilles tendinopathy. (A) 

Observation: the picture shows swelling and thickening over the involved Achilles tendon 

(AT) (left side) of a patient with mid-portion Achilles tendinopathy in standing position. 

Black dotted lines outline the AT. (B) Palpation: the patient is positioned prone with his 

feet off the end of the plinth. Palpation of the AT is performed by gently palpating and 

squeezing the AT between thumb and index finger from the calcaneal insertion to the 

soleus muscle-tendon junction. The patient is asked to report any pain and tenderness 

during tendon palpation. L; left, R; right. 

2.13.4 Imaging of Achilles tendinopathy 

2DUS and MRI are the current imaging modalities of choice for verifying the existence 

and location of the lesions in patients with Achilles tendinopathy. Extensive pathological 

alterations such as increase in tendon CSA (Arya and Kulig, 2010; Child et al., 2010; 

Docking and Cook, 2015; Leung and Griffith, 2008), increase in tendon AP diameter 

(Figure 12A,B) (Alfredson et al., 2014; Cassel et al., 2015; Chang and Kulig, 2015; 

Docking et al., 2015; Grigg et al., 2012; Lind et al., 2006; Van Schie et al., 2010), increase 
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in tendon volume (Gärdin et al., 2006; Gärdin et al., 2010; Shalabi et al., 2004a; Shalabi et 

al., 2004b; Shalabi et al., 2005), focal hypoechoic intratendinous areas and calcification 

(Blankstein et al., 2001; Fornage, 1986; Leung and Griffith, 2008; Ryan et al., 2010), 

discontinuity of the collagen fibers (Blankstein et al., 2001), loss of fascicle organization 

and interrupted appearance of tendon tissue (Fredberg and Stengaard‐Pedersen, 2008), 

neovascularization (Van Snellenberg et al., 2007; Yang et al., 2012), thickening of the 

paratenon with poorly defined borders (van Sterkenburg and van Dijk, 2011), adhesion 

between the epitenon and paratenon (Benazzo et al., 2000), and partial rupture (Åström, 

1998; Fornage, 1986) have been identified with US and MRI in previous in vivo studies in 

patients with chronic Achilles tendinopathy. These US and MRI findings in tendinopathy 

correlate well with the histopathological findings of tendinopathy. For example, the AT 

degeneration areas evident as an increased signal on MRI and as hypoechoic region on US 

correspond with areas of disorganized collagen fibers, increased interfibrillar ground 

substance and increased concentration of proteoglycan/glycosaminoglycan (Gärdin et al., 

2006; Movin et al., 1998a; Movin et al., 1998b). 
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Figure 12: The transverse two-dimensional ultrasound images of a tendinopathic (A) and 

the corresponding control healthy matched Achilles tendon (B) at 60% of the tendon length 

in a patient with mid-portion Achilles tendinopathy. Yellow dotted line outlines the Achilles 

tendon cross-sectional area. Red solid double-headed arrow indicates tendon antero-

posterior diameter. A; anterior, P; posterior. 

2.13.5 Altered plantarflexor and dorsiflexor muscle activities in chronic Achilles 

tendinopathy 

Achilles tendinopathy is associated with altered plantarflexor and dorsiflexor muscle 

activations (Azevedo et al., 2009; Baur et al., 2011; Debenham et al., 2016; Wyndow et al., 

2013). Debenham et al. (2016) demonstrated a delay in soleus onset, tibialis anterior peak, 

and tibialis anterior offset timing during a sub-maximal hopping task in individuals with 

chronic Achilles tendinopathy compared to healthy control group. Wyndow et al. (2013) 

similarly reported a delay of ~18 ms in relative offset timing between soleus and lateral 

gastrocnemius muscle during a over-ground running task in regular runners with Achilles 

tendinopathy compared to healthy controls. A reduction in muscle activity of the tibialis 
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anterior and gastrocnemius muscle during the critical pre-and post-heel strike and weight 

bearing periods of the running cycle during a running task in runners with Achilles 

tendinopathy in comparison with the matched control runners has been also reported by 

Azevedo et al. (2009) and Baur et al. (2011). Overall, the finding that the plantarflexor and 

dorsiflexor muscle activities are altered in people with Achilles tendinopathy suggests that 

the intra-tendinous loading pattern in tendinopathic AT may be altered, which may lead to 

further pathological changes within tendon. 

2.13.6 Altered Achilles tendon mechanical and material properties in chronic Achilles 

tendinopathy 

The pathological alterations in AT structure and composition associated with tendinopathy, 

as discussed above, have been shown to adversely affect whole AT mechanical and 

material properties in previous in vivo studies (Arya and Kulig, 2010; Chang and Kulig, 

2015; Child et al., 2010; Kulig et al., 2016; Wang et al., 2012). For example, it was shown 

that the tendinopathic ATs had a lower stiffness and Young’s modulus (Arya and Kulig, 

2010; Chang and Kulig, 2015) and exhibited higher longitudinal strain (Child et al., 2010) 

relative to the contralateral healthy, and the age- and gender-matched healthy controls 

during a maximum voluntary isometric plantarflexion contraction. Likewise, Kulig et al. 

(2016) who investigated the relationship between tendon micro-morphology and tendon 

mechanical properties in individuals with Achilles tendinopathy reported a lower stiffness 

and elastic modulus in tendinopathic tendon compared with the contralateral and healthy 

control tendons, which were highly correlated with the lower peak spatial frequency (i.e., 

disorganized tendon architecture) within the region of interest in tendinopathic tendon. 
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Furthermore, Wang et al. (2012) demonstrated a greater mechanical hysteresis and lower 

stored and released elastic energy in tendinopathic tendon relative to the contralateral 

healthy tendon in athletes with Achilles tendinopathy during a maximum voluntary 

isometric plantarflexion contraction and relaxation that were correlated to the decreased 

explosive neuromuscular performance of the athletes. Taken together, these previous 

findings indicate that the tendinopathic tendon is more compliant, which could affect the 

capacity of the triceps surae muscles to store and utilize elastic energy during functional 

activities and could lead to high strain injuries (e.g., rupture) and prolonged recovery time. 

2.14 Load-induced changes in tendon morphology in the presence of 

tendinopathy 

Our understanding of load-induced changes in tendon morphology in the presence of 

tendinopathy in vivo is limited to post-exercise alterations in tendon AP diameter, volume, 

and water content (Fahlström and Alfredson, 2010; Grigg et al., 2012; Ho and Kulig, 

2016b; Shalabi et al., 2004b; Wearing et al., 2015). Grigg et al. (2012) investigated the 

effect of an acute bout of eccentric exercise (2 × 3 sets of 15 repetitions of eccentric heel 

drops) on tendon AP diameter at a single site (4 cm proximal to the calcaneal insertion) in 

the tendinopathic, contralateral, and healthy control matched tendons in people with 

Achilles tendinopathy. They observed a reduction in tendon AP diameter immediately 

following exercise in all three tendons, with the tendinopathic tendon undergoing less 

negative AP diameter strain than contralateral and healthy control tendons. Similarly, 

Wearing et al. (2015) reported a reduction in patellar tendon AP diameter at 0.5 and 2.5 cm 

distal to the patellar pole following the application of an acute bout of resistance 
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quadriceps exercise (45 repetitions of decline squat against an effective resistance of 145% 

body weight) in the tendinopathic, contralateral healthy and healthy control sides in 

individuals with patellar tendinopathy. The tendon negative AP diameter strain in response 

to exercise in the tendinopathic side was significantly lower than those of the contralateral 

and healthy sides. A reduction in tendon AP diameter at three sites (3 and 4.5 cm proximal 

to the calcaneal insertion and the thickest part of the tendon) along the AT length in both 

normal tendons and tendons with structural changes after a 1-h floor-ball match has been 

also reported in recreational floorball players (Fahlström and Alfredson, 2010). The 

reduction in tendon AP diameter reported in above-mentioned studies is in agreement with 

a recent case study by Ho and Kulig et al. (2016b) who demonstrated an immediate 

decrease in patellar tendon water content using MRI following an acute bout of eccentric 

loading (45 repetitions of decline squat against an effective resistance of 25% body weight) 

in both tendinopathic and contralateral healthy sides in a female recreational basketball 

player with a history of patellar tendinopathy. A similar amount of decrease in patellar 

tendon water content was observed in both sides following the exercise. Shalabi et al. 

(2004b) similarly observed a reduction in AT volume measured via MRI in the 

tendinopathic and contralateral healthy sides in people with Achilles tendinopathy after 3 

months of daily eccentric calf muscle strength training (2 × 3 sets of 15 repetitions of 

eccentric heel drops). The reduction in AT volume after exercise was significantly higher 

in the tendinopathic side relative to the contralateral side. These short-term reductions in 

tendon AP diameter, water content, and volume following exercise have been postulated to 

reflect the load-induced fluid exudation from tendon core to the peri-tendinous space and 

the reduction in the interfibrillar space associated with the straightening and extension of 
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collagen fibers (Ahmadzadeh et al., 2015; Grigg et al., 2012; Han et al., 2000; Hannafin 

and Arnoczky, 1994; Helmer et al., 2004; Wellen et al., 2004; Wellen et al., 2005). 

However, no study to date has investigated the tendinopathic tendon morphology and 

volume under load. Given that cyclically loading the tendon is the most common 

conservative treatment option in people with tendinopathy in rehabilitation settings 

(O’Neill et al., 2015), there is a need to understand the morphology and volume of the 

tendinopathic tendon during tensile loading. This could provide valuable information 

regarding the possible mechanisms by which the cyclic loading can alleviate tendon pain 

and restore its function (O’Neill et al., 2015; Rio et al., 2015). 

2.15 Evidence of load-induced fluid exudation from tendon core to the 

peri-tendinous space 

Tensile loading of the tendon causes extrusion of fluid from the core to the periphery of the 

tendon (Ahmadzadeh et al., 2015; Han et al., 2000; Hannafin and Arnoczky, 1994; Helmer 

et al., 2004; Wellen et al., 2004; Wellen et al., 2005). To directly measure the fluid 

dynamics in tendon during tensile loading, the apparent diffusion coefficient (ADC) of the 

tendon fluid has been measured along two directions (i.e., parallel and perpendicular to the 

long axis of the tendon) in New Zealand white rabbit AT under different mechanical 

loading conditions (500 g mass and 5 N) using a nuclear magnetic resonance spectroscopy. 

The ADC of the entire tendon along both directions was found to increase when the tendon 

was loaded and the increase in the direction perpendicular to the tendon long axis was 

approximately 2.5 times greater than that in the parallel direction. The increase in absolute 

ADC in both directions during mechanical loading was attributed to the fluid transport 
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model, whereby fluid was transported from the core of the tendon, where there are 

significant barriers to diffusion to a bulk phase outside of the tendon with no restrictions to 

diffusion (Han et al., 2000; Wellen et al., 2004). In order to test this model, the ADC and 

the rate of proton density of the rabbit AT core and its periphery space were measured 

simultaneously during tensile loading (5 and 10 N) using three-dimensional MRI. As 

expected, loading caused the fluid ADC to drop in the central core region, where the 

extruded fluid originates, and rise in the periphery space, where the extruded fluid 

accumulates (Figure 13) (Helmer et al., 2004; Wellen et al., 2005). Similarly, the 

application of 100 g static and cyclic tensile loading to canine flexor tendons was shown to 

result in a significant loss of water from tendon core (Hannafin and Arnoczky, 1994).  
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Figure 13: Changes in rabbit Achilles tendon fluid apparent diffusion coefficient and 

proton density in tendon core and the peri-tendinous space from the resting (A) to the 

loading states (B). Adapted from Wellen et al. (2005). 

Additionally, Ahmadzadeh et al. (2015) recently presented a novel computational model to 

attribute the macroscopic tendon poroelastic behavior to the microscopic mechanism of the 

load transfer between tendon fibrils during tensile loading. Their model could predict the 

following key findings: (1) during tensile loading, the interfibrillar-linkers pull the tendon 

fibrils toward each other and generate a compressive force exerted on tendon matrix, 

leading to the radial fluid exudation from core to the surrounding medium and volume 

reduction; (2) during tensile loading, lateral fibril contraction generates a positive fluid 
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pressure along the length of the tendon fibril; and (3) the lateral fibril contraction, the 

compressive force, positive fluid pressure, and the resultant fluid exudation from core 

during tensile loading are most pronounced at the ends of the tendon fibrils and are lowest 

in the interior regions (Figure 14). 

 

Figure 14: Fluid exudation pattern during a tensile strain of 3% along the tendon fibril. 

Two cross-sections (A) and (B) illustrate the fibril region-specific fluid exudation velocity 

magnitude. The magnitude of fluid exudation velocity at cross section (A) (near the fibril 

ends) is larger. Adapted from Ahmadzadeh et al. (2015) 

2.16 Widespread development of tendon injury from injury location 

The pathological alterations associated with tendon injury affect the entire tendon length 

and are not localised to the focal injury site (Cetti et al., 2003; Choi et al., 2016; Jacobsen 

et al., 2015; Smith et al., 2008). For example, Smith et al. (2008) demonstrated 
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degenerative histologic, immunohistochemical, molecular, and gene expression changes 

throughout the whole length of the infraspinatus tendon in an ovine model four weeks after 

50% of the fibers were surgically transected at the mid-portion of the tendon. Jacobsen et 

al. (2015) found similar pathological changes in histology and gene expression of the 

equine forelimb superficial digital flexor tendon at least 10 cm proximal and distal to the 

injury site six weeks after a lateral hemi-transaction of the tendon in the mid-metacarpus, 

suggesting rapid and active development of tendinopathy throughout the entire tendon 

length. Choi et al. (2016) extended the findings of Jacobsen et al. (2015) using the same 

tendon samples by investigating the tendon biomechanical properties (i.e., elastic modulus 

and ultimate tensile strength) at different tendon regions and its association with tendon 

glycosaminoglycan content. They found that the induced localised tendon injury resulted 

in widespread increase in tendon glycosaminoglycan content with concomitant reduction 

in tendon elastic modulus and ultimate tensile strength throughout the entire tendon length 

(Figure 15). Furthermore, in a study of 60 cases of human AT rupture, Cetti et al. (2003) 

observed collagen degeneration, tenocyte necrosis, and acute inflammation not only 

constantly at the site of AT rupture, but also in most cases in the proximal part of the 

tendon and at the site of insertion (~90%), indicating that the entire tendon is involved in 

the pathological process. 
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Figure 15: Equine forelimb superficial digital flexor tendon injury model. The whole 

tendon was divided into 12 regions; longitudinally into lateral and medial and transversely 

into three regions proximal to the lesion and 3 regions distal to the lesion area in each of 

the medial and lateral halves. Gray, white, and black regions were allocated to 

biomechanical, histology, and gene expression analysis, respectively. Adapted from 

Jacobsen et al. (2015) and Choi et al. (2016). 

2.17 Pathological alterations in contralateral healthy tendon in the 

presence of unilateral tendinopathy 

Pathological changes in tendon histology, structure, and morphology evident in the 

tendinopathic side are also present within the contralateral healthy tendon (Andersson et 

al., 2011b; Cetti et al., 2003; Docking and Cook, 2015; Docking et al., 2013; Docking et 

al., 2015; Grigg et al., 2012; Paavola et al., 2000; Williams et al., 1984). Andersson et al. 

(2011b) showed increase in New Zealand white rabbit AT tenocyte number and vascularity 
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in both legs after 3 and 6 weeks of mechanically inducing tendinopathy via repetitive 

passive ankle dorsiflexion and plantarflexion exercise in one AT. William et al. (1984) 

observed a similar histopathological changes in both equine digital flexor tendons after 

unilateral injection of collagenase and inflammatory substance. Cetti et al. (2003) also 

observed a histopathological appearance of human AT rupture specimens (e.g., collagen 

degeneration, tenocyte necrosis, and acute inflammation) in unaffected contralateral 

tendons in 47 out of 50 patients with unilateral AT rupture. Additionally, it has been shown 

that the contralateral healthy tendon has less aligned fibrillar structure (i.e., echo-type I + 

II) and more disorganized tissue (i.e., echo-type III+IV) (Docking and Cook, 2015; 

Docking et al., 2013; Docking et al., 2015), greater CSA (Docking and Cook, 2015; 

Docking et al., 2015), and greater AP diameter (Docking and Cook, 2015; Grigg et al., 

2012) compared to healthy matched control tendons in people with unilateral Achilles 

tendinopathy, suggesting that the contralateral tendon structure and morphology are 

compromised in the presence of unilateral Achilles tendinopathy. The possible 

mechanisms proposed for the development of the tendinopathic characteristics in the 

conralateral tendon in the literature are: (1) altered biomechanical and neuromuscular 

characteristics associated with tendinopathy (Azevedo et al., 2009; Munteanu and Barton, 

2011), (2) the systemic and central neuronal mechanisms (Andersson et al., 2011b; Cetti et 

al., 2003; Williams et al., 1984), (3) and genetic and demographic factors (Franceschi et 

al., 2014; Gaida et al., 2009; Nell et al., 2012; September et al., 2016). However, previous 

in vivo studies investigating the mechanical properties of AT in people with unilateral 

Achilles tendinopathy reported no significant differences in tendon AP diameter strain 

following exercise (Grigg et al., 2012) and tendon stiffness and Young’s modules during a 
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maximum voluntary isometric plantarflexion contraction (Chang and Kulig, 2015; Kulig et 

al., 2016) between the contralateral and healthy matched control tendons. This supports the 

recently proposed iceberg theory, which describes the continuum model of tendon 

pathology ranging from pathological findings in tendon structure and composition to 

symptomatic clinical presentation (Abate et al., 2009), suggesting that the pathological 

alterations in contralateral tendon may need to progress along the continuum model to a 

point associated with critical threshold of tendinopathic symptoms before the mechanical 

properties of the tendon are affected. Indeed, it has been shown that 41% of people initially 

presenting with unilateral Achilles tendinopathy developed clinical tendinopathic 

symptoms in the contralateral tendon during an 8-year longitudinal study (Paavola et al., 

2000). 
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2.18 Summary  

 

 Conditioning of tendon is an important tendon viscoelastic property. Our 

knowledge regarding human AT conditioning effects is only confined to the whole 

AT longitudinal deformation and strain. As the longitudinal tensile deformation and 

strain behavior of the whole human AT varies between the proximal AT and free 

AT and free AT longitudinal deformation and strain are associated with the region-

specific transverse morphology deformation and strain within the tendon, the 

conditioning effects measured at the level of the whole AT may not reflect the 3D 

deformation of AT at the regional level during conditioning. Therefore, there is a 

need to investigate the regional 3D deformation of human AT during conditioning. 

 

 Conditioning effects are transient and recoverable. Failure to account for the time 

course of recovery from conditioning during mechanical testing has the potential to 

lead to errors in estimates of tendon mechanical properties, particularly if the 

recovery time between conditioning and the actual mechanical testing is long. 

Although, several studies have reported the recovery of human AT from fatigue 

loading, no study, to date, has investigated the recovery of the AT following a 

conditioning protocol. The fatiguing exercise interventions are usually performed 

after a conditioning or warm-up protocol, and therefore are unable to distinguish 

between recovery from conditioning compared to recovery from conditioning plus 

fatigue loading. Therefore, there is a need to investigate the recovery of AT 

following a standardized conditioning protocol only. 
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 MAT is a debilitating musculoskeletal condition, causing disability and functional 

impairment in competitive and recreational athletes as well as general population. 

Extensive pathological changes in free tendon structure, morphology, and 

composition accompanying MAT have been demonstrated in previous studies. The 

pathological alterations associated with tendinopathy in animal models have been 

shown to affect the entire tendon length and are not localised to the injury site. 

However, the alterations in free tendon transverse morphology (i.e., increase in 

tendon CSA and AP diameter) in individuals with MAT have only been reported at 

the single site of the injury location and no study, to date, has investigated the 

tendon transverse morphology along the whole tendon length. Furthermore, the 

pathological alterations in free tendon structure and composition have been shown 

to adversely affect AT mechanical and material properties. However, no study, to 

date, has examined the tendinopathic free tendon 3D morphology and volume 

during load in vivo and our understanding of load-induced changes in tendinopathic 

free tendon morphology is only confined to the post-exercise alterations in tendon 

AP diameter, volume, and water content. Investigation of 3D morphology and 

volume of the tendinopathic free tendon during load could advance our 

understanding of the tendinopathic tendon physiology, mehanobiology, and the 

possible mechanisms (e.g., fluid redistribution from tendon core to the peri-

tendinous space) by which the cyclic loading can reduce tendon pain and restore its 

function. Additionally, the pathological alterations in tendon composition, 

structure, and morphology evident in the tendinopathic side have been shown to be 

present in the contralateral tendon. Characterizing the contralateral tendon 
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transverse morphology and volume at rest and under load could broaden our 

understanding of the extent that contralateral tendon morphology and structure are 

compromised in the presence of unilateral MAT. 

 

 To our knowledge, no study has investigated the 3D morphological deformation 

and volume of the AT in the presence of MAT during repeated loading. Given the 

importance of AT repeated loading in mechanical tests, physical activities, and 

treatment protocols in individuals with MAT and the regional 3D deformation of 

AT during load, there is a need to investigate the effect of MAT on AT 3D 

deformation during repeated loading at the whole and regional level. Such 

information would give insight into interaction between the solid and fluid 

components of tendinopathic tendon matrix during repeated loading. 
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3.1 Abstract  

Our understanding of in vivo Achilles tendon (AT) conditioning is limited to two-

dimensional ultrasound measures of longitudinal deformation of the whole tendon. This 

study investigated the regional three-dimensional (3D) deformation of the AT during 

conditioning. Eighteen ATs were scanned using 3D freehand ultrasound during 10 

successive 25-s submaximal (50%) voluntary isometric plantarflexion contractions. 

Longitudinal strain was assessed for the whole AT, proximal AT, and free AT and 

transverse strain was assessed for the proximal-, mid-, and distal portions of the free AT. 

Longitudinal conditioning of the whole AT was primarily driven by creep response of the 

free AT and transverse conditioning was greatest for the mid-portion of the free AT. 

Whole and free AT longitudinal strain increased up to the third contraction and were 

accompanied by a corresponding reduction in free AT cross-sectional area (CSA) strain in 

proximal-, mid-, and distal portions. No significant changes in proximal AT strain or 

tendon volume were detected between contractions. These findings suggest that 

conditioning alters free AT shape, with increased tendon length attained at the expense of 

reduction in free AT CSA. Although AT experiences different amounts of strain in 

different regions, the number of contractions required to reach steady-state strain during 

conditioning is uniform throughout the tendon. 
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3.2 Introduction 

Tendon conditioning involves the repeated application of a tensile load to the tendon in an 

effort to minimize the influence of tissue creep when measuring mechanical properties 

during mechanical testing. Micro-structural alterations, such as collagen fiber un-crimping, 

recruitment, re-alignment, fascicle/fiber sliding, and interstitial fluid flow have been 

proposed as possible mechanisms of conditioning (Grigg et al., 2010; Houssen et al., 2011; 

Miller et al., 2012b; Schatzmann et al., 1998). The conditioning effects are non-damaging 

and transient, but must be considered when assessing tendon mechanical properties 

(Seynnes et al., 2015). It is therefore customary when assessing the mechanical properties 

of tendons to condition the tendon via repeated application of a tensile load prior to 

performing mechanical tests. 

Mechanical properties of the in vivo Achilles tendon (AT) are frequently reported in the 

literature and most studies include some form of conditioning protocols prior to 

mechanical testing (Lichtwark et al., 2013b; Magnusson et al., 2003; Obst et al., 2015a; 

Peltonen et al., 2012). Despite the importance of tendon conditioning in mechanical 

testing, few in vivo studies have investigated the AT conditioning process itself. In vivo 

conditioning of the human AT was first addressed by Maganaris (2003), who used two-

dimensional (2D) ultrasound to examine the effect of 10 successive 4-s isometric 

plantarflexion contractions to 80% of maximum voluntary isometric contraction (MVIC) 

on longitudinal deformation of the whole AT (i.e. gastrocnemius muscle-tendon junction 

(MTJ) to calcaneus). The loading protocol caused tendon elongation to increase by 5 mm 

from the first contraction to the tenth contraction, with no significant changes in length 
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obtained after the fifth contraction. More recently Hawkins et al. (2009) used a similar 

method to investigate the effect of 7-min of 0.75 Hz cyclic plantarflexion contractions at 

25–35% MVIC on dynamic creep response of whole AT. It was suggested that a minimum 

of 270 loading cycles or a 6-min warm-up is required for the whole AT to reach a 

relatively steady state behavior. Since both Maganaris (2003) and Hawkins et al. (2009) 

reported conditioning of the whole AT, it is not possible to determine the relative 

contributions of the free tendon (i.e. soleus MTJ to calcaneus) and proximal AT (i.e. 

gastrocnemius MTJ to soleus MTJ) to the conditioning effect. Studies have consistently 

highlighted the non-uniform nature of AT mechanical properties between the free AT and 

proximal AT, with the free AT demonstrating greater compliance compared to the 

proximal AT during mechanical testing both before (Farris et al., 2013b; Finni et al., 2003; 

Magnusson et al., 2003) and following exercise-induced fatigue loading (Lichtwark et al., 

2013b; Obst et al., 2015a). The free AT also experiences torsion of tendon fascicles 

(Edama et al., 2015b; Szaro et al., 2009), and has a high fiber crimp angle (Magnusson et 

al., 2002), and substantial fluid content (Grosse et al., 2015; Syha et al., 2014). It is 

therefore possible that the number of conditioning contractions required to reach steady 

state longitudinal strain may differ between the free AT and whole AT. Furthermore, the 

free AT has variable cross-sectional area (CSA) along its length (Magnusson and Kjaer, 

2003; Obst et al., 2014b), reaching a minimum at around 70% of the length from the 

calcaneus to soleus MTJ (Obst et al., 2014b), and is known to undergo region-specific 

changes in CSA under tensile loading (Iwanuma et al., 2011; Obst et al., 2014b; Reeves 

and Cooper, 2014) that are most pronounced in the mid region (Obst et al., 2014b; Reeves 

and Cooper, 2014). The amount of transverse deformation and number of contractions 
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required for transverse conditioning could therefore also differ along the length of the free 

tendon. 

The purpose of the present study was therefore to determine the effect of a conditioning 

protocol consisting of successive submaximal isometric plantarflexion contractions on the 

longitudinal deformation of the whole AT, proximal AT, and free AT and the transverse 

deformation of the free AT. We hypothesised that the longitudinal conditioning effect 

would be most pronounced in the free AT and be accompanied by transverse deformation 

that would be most pronounced in the region of the free AT where the CSA is minimal and 

corresponding stress concentration is the highest.  

3.3 Materials and Methods 

3.3.1 Participants 

Eighteen healthy adults (age: 29.3 ± 3.9 years, height: 178 ± 8.5 cm, and body mass: 76.1 

± 8.2 kg) from the local university community voluntarily participated in the study 

following provision of written informed consent. To eliminate any potential effects of 

gender on tendon properties, only male participants were recruited for this study (Kubo et 

al., 2003). Participants were excluded if they reported any recent or current Achilles tendon 

pain, injury or surgery. Ethical approval was granted by the institutional human research 

ethics committee and the study was conducted in accordance with the Declaration of 

Helsinki.  
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3.3.2 Experimental protocol 

All participants attended the laboratory on two occasions one week apart. During the first 

session, participants performed 3   5 s MVICs of the plantarflexors and dorsiflexors of the 

test leg, with 60-s rest periods between trials. Participants were instructed to lie in the 

prone position on a test bench, with their left knee and hip fully extended, and the left 

ankle joint in 0° dorsiflexion. The left foot was securely fastened against a fixed torque 

transducer (Futek TFF600, Irvine, California, USA) using a custom-built ratchet system to 

restrict ankle movement (Obst et al., 2014a; Obst et al., 2014b). The axis of rotation of the 

torque transducer was carefully aligned with the axis of rotation of the ankle joint. Real-

time visual feedback of ankle joint torque was provided to the participants via a computer 

monitor to maintain target ankle torque during contractions. All torque data was recorded 

using LabVIEW data acquisition software (LabView 9.9, National Instruments, Austin, 

Texas, USA) sampling at 1000 Hz. Verbal encouragement during each MVIC was 

provided. Peak torque was recorded for each plantarflexion MVIC, and the highest MVIC 

value was used to determine the target torque (50% MVIC) for the subsequent testing 

session. Participants also performed a series of contractions to the target torque for 

familiarisation purposes. 

Prior to the second session, participants were requested to refrain from any vigorous 

physical activities (e.g. running) for at least 48 hours and to use motorized transport 

instead of cycling or walking to reach the laboratory on the morning of the test day. Upon 

arrival, participants sat quietly with both feet flat on the floor for 45 min to minimize the 

effect of pre-loading on AT mechanical properties. All participants completed 10   25-s 
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isometric plantarflexion contractions at the target torque (50% MVIC) during which 

ultrasound scans of their AT and EMG data from their leg muscles were acquired using the 

same procedure as outlined above for the familiarization session. Resting scans were also 

acquired immediately before and after the 10 conditioning contractions.  

3.3.3 Freehand 3D ultrasound set-up and scanning 

Our freehand three-dimensional ultrasound (3DUS) set-up has been described in detail 

previously for morphological measurement of muscle (Barber et al., 2009) and more 

recently the measurement of AT mechanical and morphological properties (Obst et al., 

2014a; Obst et al., 2015b). Briefly, the 3DUS system consisted of a conventional 2D 

ultrasound machine (SonixTouch, Ultrasonix, Richmond, BC, Canada) and a five-camera 

optical tracking system (OptiTrack V100:R2, Tracking Tools v 2.5.2, NaturalPoint, 

Corvallis, Oregon, USA). Position and orientation of the transducer in space during 

scanning were recorded by tracking four reflective markers rigidly attached to the 

transducer using the optical tracking system. A coordinate transformation was used to map 

the individual 2D B-mode images into global coordinate system and a 3D rendering of AT 

was constructed using Stradwin software (Stradwin 5.0, Cambridge University, UK; 

http://mi.eng.cam.ac.uk/~rwp/stradwin/). The system was calibrated prior to data collection 

using single wall phantom calibration protocol (Prager et al., 1998). The 3D point accuracy 

of spatial calibrations using an optical tracking system, and according to the single wall 

phantom calibrations procedure, has been reported to be less than 1 mm (0.4 mm) (Prager 

et al., 1998). All ultrasound scans were performed by a single investigator (L.N) using a 

58-mm linear transducer (L14-5 W/60 linear, Ultrasonix, Richmond, BC, Canada) with 
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sampling frequency of 60 Hz and standardized image generation parameters (depth 40 mm, 

gain 50%, dynamic range 65 dB, map 4, power 0). To provide adequate visualization and 

proper contact between transducer and skin, a flexible stand-off gel pad (Ultra/Phonic 

Focus, Pharmaceutical Innovations Inc., Newark, New Jersey, USA) was attached to the 

end of the transducer using a custom-made plastic brace. Ultrasound coupling gel was 

applied to the skin to improve the acoustic interface and reduce friction during scanning. 

Prior to scanning, the anatomical locations of the calcaneal notch, soleus (SOL) MTJ, and 

medial gastrocnemius (MG) MTJ were visualized on real-time ultrasound using a single 

longitudinal 2D ultrasound scan and a line was drawn on the skin surface with a permanent 

marker to guide the scan direction. A series of 2D B-mode ultrasound images was then 

acquired by sweeping the transducer manually from the base of the heel to MG MTJ in a 

transverse orientation at a steady speed (~9 mm s
-1

) (Figure 16A). The finalized 

reconstructed 3D images of AT consisted of approximately 1300 2D images with an 

average distance between frames of 0.1 mm (Figure 16B). The 3D US approach is limited 

to evaluating tendon morphology under static loading condition and the accuracy of 

measurement, particularly for tendon length, depends on the scanning time and the number 

of 2D B-mode images acquired during scanning (Lichtwark et al., 2013; Obst et al., 

2014a). Therefore, the tendon loading condition under which the AT ultrasound scanning 

was performed in the present study (i.e. ~25-s isometric plantarflexion contraction at 50% 

MVIC) was a compromise between allowing sufficient scan time to capture a sufficiently 

dense ultrasound image stack, and ensuring that participants were able to maintain the 

target contraction intensity over the scan period (Nuri et al., 2016). 
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3.3.4 3D ultrasound image reconstruction and analysis 

Analysis of all 3DUS scans were performed using Stradwin software as follows. Three 

anatomical point landmarks (calcaneal notch, SOL MTJ, and MG MTJ) were digitized 

manually in reconstructed 3D images using the 3D landmark tool. The approximate 3D 

position of each landmark was first estimated using the sagittal and coronal image re-slices 

and then accurately identified using the corresponding 3D transverse image slices. The 

most distal points where the first cross sections of MG and SOL muscle tissue were visible 

in the transverse images during the sweep were selected (Figure 16C). Whole AT length 

was defined as the point-to-point distance between the calcaneal notch and MG MTJ. 

Proximal AT length was defined as the point-to-point distance between MG MTJ and SOL 

MTJ. It is however acknowledged that this definition of proximal AT refers to only part of 

a larger aponeurotic structure, which surrounds the muscle bellies of the triceps surae and 

experiences strain due to changes in muscle shape during contraction. Free AT length was 

defined as the point-to-point distance between the calcaneal notch and SOL MTJ. For each 

tendon region, tendon elongation was obtained by subtracting tendon length in the 50% 

MVIC condition from the resting length. Tendon strain for each region was calculated as 

the ratio (%) of tendon elongation relative to the resting length. Free AT boundaries during 

each contraction and resting state were outlined manually from the original B-mode 

transverse images at each 10% interval of tendon length from the calcaneal notch to the 

SOL MTJ to determine free AT CSA. The free tendon was subsequently divided into 

distal, mid and proximal portions defined as 10%-30%, 40%-70%, and 80%-100% of the 

free AT length (0: calcaneal notch; 100%: SOL MTJ) (Figure 17A,B). Free tendon volume 

reconstruction was then performed on the segmented cross sections using the 3D rendering 
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algorithms in Stradwin (Treece et al., 1999) (Figure 17C,D). The accuracy of our 3DUS 

for measurement of volume compared with phantoms similar in size to that of the human 

free AT was estimated to be ± 0.05 ml (Obst et al., 2014a). Similarly, the minimal 

detectable change for in vivo free AT volume at rest using our 3DUS system was estimated 

to be ± 0.2 ml (Obst et al., 2014a). For each contraction, free AT CSA deformation was 

computed by subtracting the mean CSA of each portion in the 50% MVIC condition from 

the corresponding resting CSA. Tendon CSA strain for each portion of free AT was then 

calculated as the ratio (%) of CSA deformation relative to the corresponding resting CSA. 

Poisson’s ratio (v) was calculated as a function of the mean CSA during each contraction at 

50% MVIC (CSA50%MVIC) and mean CSA at rest (CSARest) and the longitudinal free AT 

strain (εL) using the equation proposed by Vergari et al. (2011): 

          
          

       
            

The measurement of free AT transverse strain during tensile loading could have important 

implications for our understanding of the AT elastic energy storage and release action 

(Lichtwark and Wilson, 2006), triceps surae muscle bulging characteristics (Aziz et al., 

2008), and AT in vivo mechanobiology (Wang et al., 2012). 
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Figure 16: Experimental setup and three-dimensional (3D) reconstruction of the Achilles 

tendon (AT). (A) Participants positioned prone with the left ankle in neutral position. The 

ultrasound transducer with four motion analysis markers was swept manually along the 

AT from the base of the heel to the muscle-tendon junction (MTJ) of the medial 

gastrocnemius muscle (MG). The arrow shows the sweep direction. (B) A typical series of 

two-dimensional (2D) ultrasound images based on their relative orientation to form the 3D 

reconstructed AT image. (C) The resultant sagittal plane re-slice of the reconstructed 3D 

ultrasound image of AT. The calcaneal notch (Cal notch) and MTJ of MG and soleus 

(SOL) were identified within the corresponding transverse images indicated by the three 

transverse lines. 
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Figure 17:  An example of cross-sectional area (CSA) segmentation and three-dimensional 

(3D) volume rendering process of free Achilles tendon (AT). (A) The sagittal plane re-slice 

of the reconstructed 3D ultrasound image of  free AT served to define the borders of free 

AT (two solid red lines) for CSA segmentation. (B) The boundaries of the free AT were 

outlined manually in 10% intervals of the tendon length on corresponding 3D transversal 

images. The graph shows tendon CSA form calcaneal notch (Cal notch) to soleus muscle-

tendon junction (SOL MTJ) from a single representative participant. (C) Ten segmented 

CSAs along the length of the free AT. (D) 3D volume rendering of the free AT from the 

segmented CSAs. D, distal portion; M, mid portion; P, proximal portion. 
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3.3.5 Electromyography 

Surface electromyography (EMG) was recorded using a four channel double differential 

EMG system (Bagnoli-8™, Delsys Inc., Boston, Massachusetts, USA). To minimize skin 

impedance, the recording site was shaved and cleansed by mild scrubbing with 70% 

isopropyl alcohol (Briemarpak, Briemar Nominees Pty Ltd, Australia) and an abrasive skin 

prepping gel (NuPrep, DO Weaver & Co., Aurora, Colorado, USA). Surface electrodes (24 

mm, model H124SG, Covidien Kendall, Neustadt, Germany) were then positioned (inter-

electrode distance = 20 mm) over the central portion of the muscle bellies of MG, lateral 

gastrocnemius (LG), SOL, and tibialis anterior (TA) muscles in accordance with the 

recommendations of Hermens et al. (2000). A single, pre-gelled, disposable reference 

electrode (Dermatrode, American Imex, Irvine, California, USA) was placed over the 

fibular head. All electrodes were secured to the skin with self-adhesive compression 

bandage (Cohesive Bandage Latex Free, 7.5M x 4.5 M-Blue, MediChill, Wuxi, China). 

EMG raw signals were collected at 1000 Hz, pre-amplified (  300) and sent to a personal 

computer and filtered (20-400 Hz band-pass filter, Butterworth fourth-order zero-lag 

filters) using custom-written program in Matlab software (version R2015a, The 

MathWorks, Natick, Massachusetts, USA). The filtered signals were then converted to a 

root mean square value (RMS) using a 20-ms non-overlapping window and normalized as 

a percentage of the RMS EMG activity recorded during the MVIC dorsiflexion (TA) and 

plantarflexion (MG, LG, SOL) trials. 
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3.3.6 Reliability of tendon length and CSA measurements from ultrasound 

Intra-rater reliability for tendon lengths (whole AT, proximal AT, and free AT) and mean 

CSA measurements was evaluated from 3DUS scans of contraction 9 and 10 using the 

intra-class correlation coefficient (ICC), coefficient of variation (CV), and standard error 

of measurement (SEM). The ICCs for tendon lengths and CSA measurements were greater 

than 0.98 and 0.97, respectively. The mean CVs and SEMs for whole AT length were 

0.05% and 0.05 mm, for proximal AT length were 0.04% and 0.07 mm, for free AT length 

were 0.08% and 0.08 mm, and for tendon CSA were 1.17% and 0.28 mm
2
, respectively. 

3.3.7 Statistical analysis 

Two-way full factorial repeated measures General Linear Models were used to examine the 

effect of AT region (whole AT, proximal AT, and free AT) and contraction number (ten 

contractions) on tendon longitudinal strain and the effect of free AT region (proximal, mid, 

and distal portions) and contraction number (ten contractions) on tendon CSA strain. 

Planned contrasts (SPSS CONTRAST syntax) were used to compare tendon strain between 

regions for each contraction and between consecutive contractions. Furthermore, a one-

way repeated measure General Linear Model was used to determine the effect of 

contraction number (ten contractions) on tendon volume, Poisson’s ratio, ankle joint 

torque, and EMG activity of the MG, LG, SOL, and TA. Significance for all statistical 

tests was accepted at the 0.05 level of probability. All analyses were conducted using the 

Statistical Package for the Social Sciences version 22 (SPSS Inc, Chicago, Illinois, USA). 

Data are expressed as mean ± standard deviation (SD) in the text and mean ± standard 

error of mean (SEM) in all the figures. 
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3.4 Results 

3.4.1 Effect of AT region and contraction number on tendon longitudinal strain 

The resting lengths of the whole AT, free AT, and proximal AT prior to conditioning were 

210 ± 26, 68 ± 19, and 142 ± 26 mm, respectively. The whole AT underwent the greatest 

elongation during conditioning (Figure 18A), whereas the free AT experienced the greatest 

strain (Figure 18B). There was a significant region-by-contraction interaction for tendon 

longitudinal strain (F18, 306 = 82.98, P < 0.001). Planned contrasts revealed the free AT 

strained significantly more compared with the whole AT and proximal AT during 

contractions 2-10 (P < 0.001), with no significant differences found between whole AT 

and proximal AT strain (P > 0.05). Significant increases in whole AT and free AT strain 

were observed between contractions 1-3 (P < 0.05), with no further increases after the 

third contraction (P > 0.05). No significant differences in proximal AT strain were found 

between contractions during conditioning (P > 0.05) (Figure 18A,B). 
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Figure 18: Change in Achilles tendon (AT) longitudinal elongation and strain during the 

conditioning process. (A) The mean group elongation for the free AT, proximal AT, and 

whole AT during 10 successive isometric plantarflexion contractions at 50% MVIC. (B) 

The corresponding mean group strain for each region by contraction number. Error bars 

represent standard error of the mean (N = 18). Asterisk (*) indicates significant 

differences between contractions for each region (P < 0.05). The whole and free AT 

experienced a significant increase in strain from contraction 1 to 2 and 2 to 3. 

3.4.2 Effect of free AT region and contraction number on tendon CSA strain 

The resting CSAs of the proximal-, mid-, and distal portions of the free tendon prior to 

conditioning were 54 ± 7, 52 ± 6, and 66 ± 12 mm
2
, respectively. The largest CSA 

deformations and strains were experienced by the mid-portion of the free AT (Figure 

19A,B). There was a significant region-by-contraction interaction for free AT CSA strain 

(F18, 306 = 11.35, P < 0.001). Planned contrasts revealed that the reduction in mid-portion 

free AT CSA strain was significantly greater than for the proximal and distal portions 
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during each contraction (P < 0.001), with no significant differences in free AT CSA strain 

found between proximal and distal portions (P > 0.05). Significant decreases in free AT 

CSA strain were detected between contractions for the proximal-, mid- and distal portions 

up to and including the third contraction (P < 0.05) (Figure 19A,B). 

 

Figure 19: Change in free Achilles tendon cross-sectional area (CSA) deformation and 

strain during the conditioning process. (A) The mean group CSA deformation for the distal 

portion, mid portion, and proximal portion during 10 successive isometric plantarflexion 

contractions at 50% MVIC. (B) The corresponding mean group strain for each region by 

contraction number. Error bars represent standard error of the mean (N = 18). Asterisk 

(*) indicates significant differences between contractions for each region (P < 0.05). The 

distal-, mid- and proximal portions of the free AT experienced a significant decrease in 

transverse strain from contraction 1 to 2 and 2 to 3. 
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3.4.3 Effect of contraction number on ankle joint torque, EMG, tendon volume and 

Poisson’s ratio 

Group mean ankle plantarflexor torque for MVIC and submaximal contractions were 81.0 

± 25.0 N.m and 40.53 ± 12.15 N.m, respectively. The mean ankle joint torque for the 

resting trials was 1.1 ± 0.3%. No significant differences were found in ankle joint torque 

between contractions (F9, 153 = 0.49, P = 0.87). Group mean normalized EMG activities for 

MG, LG, SOL, and TA during contractions were 25.0 ± 4.2%, 22.99 ± 3.11%, 33.56 ± 

9.22%, and 5.3 ± 1.71%, respectively. There were no significant differences in MG, LG, 

SOL, and TA EMG activities between contractions (F9, 153 = 1.39, P = 0.19; F9, 153 = 1.45, 

P = 0.16; F9, 153 = 1.48, P = 0.26; F9, 153 = 0.8, P = 0.61, respectively).  

The resting volume of the free tendon was 3.91 ± 1.27 ml. No significant differences in 

free AT volume were found between contractions during conditioning (Grand mean: 3.91 

± 1.67 ml; F9, 153 = 0.60, P = 0.79). Similarly, no significant changes in tendon Poisson’s 

ratio were detected between contractions (Grand mean: v = 0.56 ± 0.05; F9, 153 = 0.81, P = 

0.19). 

3.5 Discussion 

Prior in vivo studies have reported the effects of AT conditioning on longitudinal 

deformation for the whole AT, measured from the gastrocnemius muscle-tendon junction 

to the calcaneus (Hawkins et al., 2009; Maganaris, 2003). In the present study 3D 

deformation of the AT was evaluated during a conditioning protocol that consisted of ten 

consecutive 25-s plantarflexion contractions at 50% MVIC. In support of our hypothesis, 
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longitudinal conditioning of the whole AT was primarily driven by free AT elongation 

(from the soleus muscle-tendon junction to the calcaneus) and was accompanied by a 

corresponding reduction in CSA that was most pronounced within the mid-portion of the 

free AT. As no significant changes in tendon volume were detected between contractions, 

these findings suggest that tendon conditioning is mostly driven by a change in tendon 

shape, with increased tendon length attained at the expense of reduction in free tendon 

CSA. We also found that although tendon strain differed according to tendon region, the 

longitudinal conditioning of the whole and free AT, as well as the transverse conditioning 

of the free AT, was complete following three submaximal isometric plantarflexion 

contractions. 

3.5.1 Three-dimensional deformation during conditioning  

Longitudinal conditioning of the whole AT was found to be primarily driven by creep 

within the free AT. The free AT contributed ~80% of the total increase in whole AT strain 

during the conditioning contractions, with remainder from the proximal AT. Regional 

conditioning of the AT as observed in the present study is consistent with studies that 

demonstrated localized creep of the free tendon, over and above conditioning effects, 

immediately following dynamic exercise (Lichtwark et al., 2013a; Obst et al., 2015a). 

Isolated conditioning of the free tendon, as observed in the current study is likely due to 

some combination of differences in tendon structure, composition, and loading between 

free AT and proximal AT. Factors such as complex fascicle/fiber orientation (Edama et al., 

2015a; Szaro et al., 2009), fascicle/fiber sliding as a result of elastic behavior of 

interfascicular matrix (Slane and Thelen, 2014; Thorpe et al., 2015b), high collagen fiber 
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crimp angle (Magnusson et al., 2002) as well as fluid redistribution under load (Grosse et 

al., 2015; Syha et al., 2014) have been reported to contribute to the unique mechanical 

behavior of the free AT. The free tendon is also longitudinally tensioned by forces from all 

three triceps surae muscles, whereas the proximal AT experiences transverse strain due to 

soleus muscle bulging (Bojsen-Møller and Magnusson, 2015; Farris et al., 2013a; 

Iwanuma et al., 2011). Given the greater relative physiological CSA of the soleus 

compared to gastrocnemius muscles (Fukunaga et al., 1992), differences in the magnitude 

and direction of the force between the free AT and proximal AT could be quite large, with 

the free AT experiencing more longitudinal force under a given load. These factors likely 

underpin the micro-structural alterations within the free AT during the conditioning 

process (Houssen et al., 2011; Miller et al., 2012a; Miller et al., 2012b; Schatzmann et al., 

1998). Findings from the present study also indicate that failure to condition the AT before 

mechanical testing would lead to an underestimation of whole AT and free AT longitudinal 

elongation by 2.88 mm and 2.19 mm and strain by 1.37% and 3.36%, respectively, and 

hence lead to overestimation of tendon stiffness and modulus at the same ankle joint 

torque. 

Free AT CSA strain measured at the proximal-, mid- and distal portions progressively 

increased between contractions one and three, consistent with the corresponding change in 

tendon longitudinal strain. These findings provide the first evidence of both longitudinal 

and transverse conditioning of the free AT in response to cyclic tensile loading. Our 

finding that the free AT volume remained unaltered by conditioning is consistent with 

prior studies that report isovolumetric behavior of the in vivo free AT under load following 

conditioning (Iwanuma et al., 2011; Obst et al., 2014b), and therefore suggest alterations in 
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longitudinal and transverse strain during conditioning are indicative of a change only in 

tendon shape. Our results also indicate that the transverse conditioning effects were not 

consistent across the length of free tendon, with the mid-portion experiencing the most 

pronounced changes in tendon CSA prior to reaching steady state. These findings are 

consistent with recent studies whereby exercise-induced changes in transverse morphology 

and strain of the free AT under load were localized to the mid-proximal region (Obst et al., 

2015b; Obst et al., 2014b). There are several potential factors contributing to the greater 

amount of strain in the mid compared to the proximal and distal portions of the free AT. 

The smaller CSA in the mid-portion of the AT may result in greater mechanical stress and 

hence fluid exudation from the tendon core (Helmer et al., 2006). More highly aligned 

collagen could also lead to enhanced collagen compaction following un-crimping (Miller 

et al., 2012a; Miller et al., 2012b). In addition, tendon twist appears to occur primarily in 

the mid-portion of the tendon (Edama et al., 2015a; Obst et al., 2014b) and could therefore 

exacerbate the aforementioned effects. Failure to account for conditioning effects on 

transverse free AT deformation would underestimate the negative transverse strain of 

proximal-, mid-, and distal portions of free AT by ~4%, 6%, and 3%, respectively, which 

in turn could lead to underestimation of AT true regional stress and Young’s modulus (true 

stress: the ratio of instantaneous load to instantaneous CSA) (Vergari et al., 2011). 

3.5.2 Number of contractions required for conditioning 

Three voluntary isometric contractions at 50% of peak intensity and 25-s duration were 

sufficient to induce steady state strain behavior along the longitudinal dimension for the 

whole and free AT and the transverse dimension of the free AT when assessed at a 



109 

 
 

constant external plantarflexion ankle torque. The lack of a difference in the number of 

contractions required to induce longitudinal and transverse conditioning of the AT suggests 

that measuring the effect of conditioning along any tendon dimension is likely to closely 

reflect the effect of conditioning along other dimensions. In particular the practice of 

assessing tendon conditioning using whole tendon length measured from the 

gastrocnemius muscle-tendon junction to the calcaneus, appears likely to closely reflect 

longitudinal and transverse conditioning of the free AT. Although the magnitude of whole 

AT longitudinal conditioning in the present study (~3 mm and 3.86% strain) was consistent 

with Hawkins et al. (2009) (~3.2% strain) and Maganaris (2003) (~5 mm) this was not the 

case for the number of isometric contractions required to reach steady state behavior. AT 

conditioning was completed following 5 × 4-s isometric plantarflexion contractions at 80% 

MVIC (Maganaris, 2003) and following 270 × 1.33-s duration isometric ankle 

plantarflexion contractions at 25-35% MVIC (Hawkins et al., 2009). The smaller number 

of contractions required to induce conditioning in the present study compared to Maganaris 

(2003) and Hawkins et al. (2009) likely reflect differences between studies in contraction 

intensity and duration as these factors are known to be important determinants of short-

term changes in tendon mechanical behavior, with longer load duration in particular 

leading to more pronounced effects (Kubo et al., 2001; Obst et al., 2013). Finally, the 

findings that the whole AT, proximal AT, and free AT lengths immediately following 

conditioning had recovered to within 1% of their corresponding resting lengths and within 

6% of resting CSA for the proximal-, mid-, and distal portions of free AT, are broadly 

indicative of the transient and non-damaging effects of tendon conditioning. 
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3.5.3 Limitations 

The findings from this study need to be interpreted with the following limitations in mind. 

Firstly, all participants underwent a 45 min period of tendon unloading prior to tendon 

conditioning. As the duration of the conditioning effect due to incidental activity such as 

walking is unknown, we cannot completely rule out the possibility that some residual 

effect of tendon loading history prior to the rest period persisted following the rest period. 

If such effects did persist, then the magnitude of the conditioning effect detected in our 

experiment is likely to have been underestimated. Secondly, we were not able to visualize 

the whole tendon CSA along the proximal AT during a single transverse ultrasound sweep 

in the present study. Such information could be obtained in future using other imaging 

approaches such as MRI (Iwanuma et al., 2011; Reeves and Cooper, 2017). While 3DUS 

has the advantage of being able to assess tendon structure under load, the approach is 

limited to measures made under isometric conditions. Small spatial errors are also 

associated with the single wall phantom 3DUS calibration process (Prager et al., 1998), but 

were minimized in the current study by following recommended procedures (Mercier et al., 

2005). Further, although all measurements were made at the same relative ankle joint 

plantarflexion torque (50% MVIC), the force experienced by tendon was not directly 

measured and was therefore unknown. If it can be assumed that the force applied to the 

tendon was constant throughout conditioning, it might be expected that the EMG activity 

of the triceps surae would increase to account for the effect of shorter muscle fiber lengths 

on muscle force. Our inability to detect increased EMG activity of the plantarflexors 

during conditioning likely indicates that these effects were small (millimetres) and therefore 

difficult to detect using surface EMG. Finally, as our study was conducted in healthy 
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young males, caution is warranted in generalizing these findings to other population groups 

including older adults, females and individuals with Achilles tendinopathy.  

3.6 Conclusion 

This study demonstrated that in vivo longitudinal deformation of human AT during 

conditioning is primarily driven from free AT and was coupled to a corresponding 

transverse deformation within the free AT. The free AT transverse conditioning was most 

pronounced within the mid-portion, reflecting structural and/or mechanical factors that are 

unique to this region. The longitudinal and transverse conditioning of AT occur 

simultaneously throughout the tendon following 3 × 25-s plantarflexion contractions at 

50% MVIC. There are several potential practical implications of these findings. Firstly, 

consistent with reports that the free AT is the most common site of AT tendinopathy and 

rupture (Järvinen et al., 2005), the isolated conditioning of the free AT may explain why 

the free AT is more susceptible to strain-related injury. Secondly, conditioning of whole 

AT appears likely to closely reflect longitudinal and transverse conditioning of the free AT 

and there is no differential effect of tendon region and dimension on the number of 

contractions required for conditioning. 
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4.1 Abstract 

This study examined the time-course recovery of three-dimensional (3D) Achilles tendon 

(AT) deformation immediately following a standardized AT conditioning protocol, which 

could have implications for designing the experiments that measure AT mechanical 

properties. Ten healthy male adults (age: 24 ± 5 y; height: 175.8 ± 4.1 cm; body mass: 78.4 

± 6.3 kg) attended the laboratory on 6 occasions. ATs were scanned using freehand 3D 

ultrasound during a 50% maximal voluntary isometric contraction (MVIC) of the 

plantarflexors immediately prior to and following the conditioning protocol (10 × 25-s 

plantarflexion contractions at 50% MVIC), and then at either 15, 30, 60, 90 or 120 mins 

post-conditioning, randomized by session. Free AT longitudinal strain was significantly 

increased from 3.13±0.19% pre-conditioning to 7.49±0.20% immediately post-

conditioning and was accompanied by a corresponding reduction in free AT transverse 

strain from -5.35±0.48% to -10.16±0.49% (P < 0.001). There were no significant 

differences in free AT longitudinal or transverse strains at 60 min relative to 0 min post-

conditioning, or between pre-conditioning strains and strains measured at 2 hours (P > 

0.05). The free AT undergoes a creep response during conditioning, which is recoverable 

within 2 hours following conditioning. Recovery from conditioning has the potential to be 

a source of error during in vivo measurement of AT mechanical properties. The time 

window in which the free AT longitudinal and transverse strains could be achieved without 

a large confounding effect of creep recovery is 0-60 min post-conditioning. 
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4.2 Introduction 

Following initiation of tensile loading, tendons such as the Achilles tendon (AT) 

experience an increase in longitudinal deformation/strain and the corresponding reduction 

in transverse deformation/strain with successive loading cycles until steady state 

mechanical behavior is reached (Hawkins et al., 2009; Maganaris, 2003; Nuri et al., 2016). 

At this point the tendon is said to be “conditioned” (Fung et al., 2013; Graf et al., 1994). 

For studies of AT mechanical behavior, it is recommended that a standardized tendon 

conditioning protocol be used prior to testing to ensure repeatable results (Seynnes et al., 

2015), as either inadequate or inconsistent tendon conditioning can alter measured tendon 

mechanical properties. The conditioning effect for the whole AT (i.e. gastrocnemius 

muscle-tendon junction (MTJ) to calcaneus) is primarily driven by a creep response from 

the free AT (i.e. soleus (SOL) MTJ to calcaneus) and is accompanied by a corresponding 

reduction in free tendon cross-sectional area (CSA) that is most pronounced within tendon 

mid-portion (Nuri et al., 2016). The mechanisms responsible for tendon conditioning likely 

reflect some combination of load-dependent changes in tendon microstructure and 

interstitial fluid distribution (Houssen et al., 2011; Miller et al., 2012). Tendon 

conditioning is believed to occur at a force intensity that is below the threshold for tendon 

damage (i.e. within the toe and/or elastic region of the tendon stress-strain curve), and is 

transient, with tendons returning to their preloaded state following a period of unloading 

(Fung et al., 2013). Identifying the nature and time course of tendon recovery following 

tendon conditioning could have implications for the design of experiments that measure 

tendon mechanical properties and could provide information about the tendon viscoelastic 

properties that underpin the tendon function and adaptation. 
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Several in vivo studies have investigated AT recovery following training and sport 

activities, but the mechanical loads used in those studies were well in excess of those 

required for tendon conditioning. For example, recovery of AT thickness has been shown 

to be complete compared to pre-exercise values after 24 hours following eccentric loading 

(2 × 3 sets of 15 repetitions of eccentric heel drops), concentric loading (2 × 3 sets of 15 

repetitions of concentric ankle loading exercise), and resistance exercise (90 repetitions of 

calf-raise exercise against an effective resistance of 250% body weight) (Grigg et al., 2009; 

Grigg et al., 2012; Wearing et al., 2014). Furthermore, a duration of 4 days has been 

reported for full recovery of AT structural integrity following an Australian Rules Football 

game (Rosengarten et al., 2014)
 
and 3 days for recovery of AT volume and hydration after 

cross-country running (Gross et al., 2015). However, a steady-state strain response in the 

AT can be achieved with as little as 5 × 4-s plantarflexion contractions at 80% maximum 

voluntary isometric contraction (MVIC) (Maganaris, 2003), 3 × 25-s plantarflexion 

contractions at 50% MVIC
 
(Nuri et al., 2016), or 6 min of 0.75 Hz cyclic plantarflexion 

contractions at 25–35% MVIC (Hawkins et al., 2009). No known studies to date have 

examined AT recovery from conditioning only, which would be expected to occur on a 

shorter time-scale (i.e. hours) compared to the recovery durations reported for the 

abovementioned studies of training and sport activities (i.e. 1-4 days). A further feature of 

the studies conducted to date on AT recovery following mechanical loading is that 

structural measurements were typically made at a single site using two-dimensional (2D) 

ultrasound (Grigg et al., 2009; Grigg et al., 2012; Wearing et al., 2014; Rosengarten et al., 

2014; Gross et al., 2015). Three-dimensional (3D) ultrasound methods are now available 

that can overcome some of the limitations of 2D ultrasound including the ability to: image 
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the whole AT during a single scan, identify landmarks such at the muscle-tendon junction 

and calcaneal insertion in 3D space, and eliminate errors associated with controlling the 2D 

image plane (Obst et al., 2016; Lichtwark et al., 2013). 

The purpose of this study was to examine the time course of the recovery of 3D AT 

deformation under load following tendon conditioning. The time required for recovery 

from conditioning effects was assessed by comparing the 3D tendon deformation during 

recovery with the deformation immediately prior to and immediately following 

conditioning. It was hypothesised that the recovery would be primarily driven by changes 

in the free AT and would occur on a shorter time scale (i.e. hours rather than days). 

4.3 Materials and Methods 

4.3.1 Participants 

Ten healthy active male adults (age: 24 ± 5 y, height: 175.8 ± 4.1 cm, and mass: 78.4 ± 6.3 

kg) provided voluntary informed consent to participate in the study. None of the 

participants reported any current or ongoing lower limb musculoskeletal and 

neuromuscular conditions. The study was approved by the local institutional Human 

Research Ethics Committee and was performed in accordance with the principles of the 

Declaration of Helsinki.  

4.3.2 Experimental design and conditioning protocol 

A randomized repeated measures crossover design was used to determine the time course 

of recovery of AT longitudinal and transverse deformation following conditioning. 

Participants attended the laboratory at approximately the same time of the day (± 40 min) 
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on 6 separate occasions within an 18 day period. Individual sessions were separated by 2-5 

days. At the first session, the peak ankle joint torque associated with MVIC of the 

plantarflexor and dorsiflexor muscles was established. Participants performed 3 × 5-s 

maximal plantarflexor and dorsiflexor contractions with their left leg with a rest interval of 

60 seconds between each contraction. The highest ankle torque recorded over the 3 trials 

was selected as the peak torque. Participants were then asked to practice holding 

contractions at 50% intensity until they became familiarized with the testing procedure. 

Participants were required to refrain from any strenuous activity for at least 48 hours prior 

to all 5 subsequent test sessions. Upon arrival at the laboratory, participants were instructed 

to sit for 45 minutes and then performed the AT conditioning protocol described by Nuri et 

al. (2016). In brief, this involved performing 10 successive 25-s isometric plantarflexion 

contractions at 50% of the peak torque. Measures of AT strain were assessed during a 50% 

plantarflexor MVIC using ultrasound immediately prior to conditioning, immediately 

following conditioning, and then at one further time point at either 15, 30, 60, 90 or 120 

minutes during recovery, which was randomized by session. Participants otherwise sat 

comfortably on the chair with both feet flat throughout recovery. This testing design 

eliminates any possible confounding effects of the tendon testing trial on tendon recovery 

response (Figure 20). Ankle joint torque and muscle activation for the medial 

gastrocnemius (MG), lateral gastrocnemius (LG), soleus (SOL) and tibialis anterior (TA) 

were recorded during all test contractions. Statistical analysis revealed that there were no 

significant differences in ankle joint torque during conditioning between the 5 conditioning 

sessions. Furthermore, no differences in measures of AT deformation and strain, ankle 

torque, and muscle activity measured immediately prior to and following conditioning 
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were detected between sessions. Pre- and immediate post-conditioning values were 

therefore averaged across the 5 test sessions for each participant in all subsequent analyses. 

 
 

Figure 20: Schematic representation of the whole experimental protocol. The participants 

(N =10) reported to the laboratory for 6 different sessions. The first session was a 

familiarization session and the subsequent 5 sessions (sessions 2-6) were testing sessions. 

In each testing session, upon arrival, participants sat quietly with both feet flat on the floor 

for 45 minutes to minimize the effect of pre-loading on Achilles tendon (AT) mechanical 

properties and then performed the AT conditioning protocol (10 × 25-s plantarflexion 

contractions at 50% maximum voluntary isometric contraction (MVIC)). The AT strain 

measurement (testing time) was performed during a plantarflexion contraction at 50% 

MVIC immediately prior to conditioning (pre), immediately following conditioning (0 

minute), and then at either 15, 30, 60, 90 or 120 minutes during recovery, which was 
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randomized by session. To prevent loading the AT during recovery period, participants 

were requested to sit comfortably on the chair. 

4.3.3 Data collection procedures  

During each test contraction and during conditioning, participants lay prone on a plinth 

with the hip and knee fully extended and the ankle in neutral position (i.e., 90° angle 

between the sole of the foot and the shank). The participants’ left foot was then attached 

securely to the footplate of a fixed torque transducer (Futek TFF600, Irvine, California, 

USA) using a custom-built ratchet system (Obst et al., 2014a; Obst et al., 2014b) and the 

axis of rotation of the ankle joint was carefully aligned with the axis of rotation of the 

torque transducer. The real-time visual feedback of ankle joint torque was displayed on a 

computer monitor for participants to match their exerted torque to a target torque (50% 

MVIC) and maintain target ankle torque for the entire duration of the contraction. The 

ankle joint torque data was recorded at a sampling frequency of 1000 Hz using a custom 

LabVIEW program (LabVIEW 9.9, National Instruments, Austin, Texas, USA). 3DUS 

system (a conventional 2DUS machine (SonixTouch, Ultrasonix, Richmond, BC, Canada) 

and a five-camera optical tracking system (OptiTrack V100:R2, Tracking Tools Version 

2.5.2, NaturalPoint, Corvallis, OR, USA) was used for imagining of AT during each 

testing trial (Obst et al., 2015a; Obst et al., 2015b). A single examiner (L.N) obtained all 

AT images at frequency of 60 Hz, using a 58-mm linear transducer (L14-5 W/60 linear, 

Ultrasonix, Richmond, BC, Canada) with following ultrasound image parameters: depth = 

40 mm, gain = 50%, dynamic range = 65 dB, map = 4, and power = 0. To improve 

ultrasound image quality and proper contact between transducer and skin during scanning, 

a rectangular shaped commercially available stand-off pad (Ultra/Phonic Focus, 
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Pharmaceutical Innovations Inc., Newark, New Jersey, USA) was positioned over the end 

of the transducer using a custom-made ultrasound stand-off holder. Prior to scanning, a 

thin layer of ultrasound coupling gel was applied over the skin to reduce friction and assist 

in the transmission of the ultrasound waves. To construct 3D AT images from a sequence 

of conventional 2DUS images, the orientation and position of the four reflective markers 

rigidly mounted on the transducer was tracked using the optical tracking system. A 

coordinate transformation was then applied to map the 2D B-mode images into global 

coordinate system and a 3D rendering of AT was constructed using the Stradwin software 

package (Version 5.1, Mechanical Engineering, Cambridge University, UK). Prior to data 

collection, the system was calibrated according to the single wall phantom calibration 

protocol recommended by Stradwin software developers (Prager et al., 1998). Following 

calibration, pixel coordinates in any recorded 2DUS images were transformed into 3D 

space with an error of ± 0.4 mm. In each experimental session, initially, the anatomical 

locations of calcaneus, SOL MTJ, and MG MTJ were marked using a permanent maker 

with an assistance of a single longitudinal 2DUS scan and the ultrasound scanning path 

was outlined on the skin to ensure consistency within testing trials. The ultrasound 

transducer was then moved manually in a transverse orientation at a steady speed (~9 mm 

s
-1

) from the base of the heel to MG MTJ and each scan took approximately 25-s to 

complete (Figure 21A). On average, a reconstructed AT image consisted of 1350 frames 

with an average distance between frames of 0.1 mm. 
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4.3.4 Ultrasound image analysis 

All 3D ultrasound reconstructed images were processed in Stradwin software. The 

calcaneal notch, SOL MTJ, and MG MTJ were digitized manually in reconstructed images 

with the aid of a sagittal and transverse image re-slices. To obtain consistent MTJ points 

across testing trials and facilitate image processing, the most distal points where the first 

cross sections of MG and SOL appeared in the transverse images during the scan were 

selected (Figure 21B,C). The whole AT length was defined as the distance between the 

calcaneal notch and MG MTJ. Free AT length was defined as the distance between the 

calcaneal notch and SOL MTJ and proximal AT length was determined as the distance 

between MG MTJ and SOL MTJ. For each region, tendon elongation was calculated by 

subtracting tendon length in the 50% MVIC testing trial from the corresponding resting 

length. Free tendon CSAs in the resting state and each testing trial were also outlined 

manually from the original B-mode transverse images at ~1 mm intervals in tendon mid-

portion (40%-70% of the free tendon length (Nuri et al., 2016)) (Figure 21B). The mean 

free AT mid-portion CSA was then computed by taking the average of all the digitized 

CSAs (mean number of digitized CSAs: 23 ± 8). Tendon transverse deformation was 

computed by subtracting the mean tendon CSA in the 50% MVIC testing trial from the 

corresponding resting CSA. Tendon longitudinal and transverse strain during recovery was 

expressed relative to their corresponding measures at rest. The measurement of free AT 

transverse strain during tensile loading could have important implications for our 

understanding of the AT elastic energy storage and release action (Lichtwark and Wilson, 

2006), triceps surae muscle bulging characteristics (Aziz et al., 2008), and AT in vivo 

mechanobiology (Wang et al., 2012). 
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Figure 21:  An overview of the experimental setup and three dimensional (3D) Achilles 

tendon (AT) image analysis. (A) The 3D ultrasound scan involved synchronous B-mode 

ultrasound imaging and 3D motion capture of the four reflective markers rigidly attached 

to the transducer using 5 camera optical tracking system. A series of 2D B-mode 

ultrasound images was collected by moving the transducer from the base of the heel to the 

medial gastrocnemius (MG) muscle- tendon junction (MTJ) over the ultrasound scanning 

path in a transverse orientation at a steady speed. The sagittal plane image re-slices (B) 

and transversal images (C) of AT were served to detect the calcaneal notch (Cal notch), 

MG MTJ, and soleus (SOL) MTJ for calculation of tendon length and strain and 
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digitization of free AT cross-sectional areas (CSAs) at ~1 mm intervals in tendon mid-

portion (40%-70% of the free AT length). 

4.3.5 Electromyography 

EMG activity was recorded by a EMG system (Bagnoli-8 EMG, DELSYS, USA) from 

pre-gelled and self-adhesive electrodes (model H124SG, Covidien Kendall, 24 mm, 

Germany) with a fixed center-to-center interelectrode distance of 20 mm and a gain of 350 

placed over the muscle bellies of the MG, LG, SOL, and TA according to SENIAM 

recommendations by Hermens et al. (2000). The ground electrode was placed over the 

fibular head. Prior to electrode placement, the skin was shaved, abraded, and then cleansed 

with skin prepping gel (NuPrep, DO Weaver & Co., Aurora, Colorado, USA) and 70% 

isopropyl alcohol (Briemarpak, Briemar Nominees Pty Ltd, Australia). The EMG raw 

signals were transmitted to a digital data recorder at a sampling rate of 1000 Hz and 

filtered with a band pass of 20–400 Hz using a fourth-order zero lag Butterworth filter in 

Matlab software (Version R2015a, The Mathworks, Natick, Massachusetts, USA) and 

subsequently converted to RMS activity. For each individual muscle, RMS was normalized 

as a percentage of the RMS EMG activity recorded during a MVIC.  

4.3.6 Statistical analysis 

A one-way repeated measures General Linear Model was used to determine the effect of 

testing time across the 7 time points assessed (pre-conditioning, 0, 15, 30, 60, 90 and 120 

minutes) on tendon longitudinal and transverse strain, ankle plantarflexor torque, and EMG 

of MG, LG, SOL, and TA. Planned contrasts (SPSS CONTRAST syntax) were used to 

compare tendon strain values at each post-conditioning testing time relative to the strain 
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measured during pre-conditioning and 0 min post-conditioning testing times. Data are 

presented as group mean ± SD in the text and as group mean ± SEM in the figures. The 

level of significance was set at P < 0.05, and all statistical analyses were performed using 

Statistical Package for the Social Sciences version 22 (SPSS Inc, Chicago, Illinois, USA). 

4.4 Results 

4.4.1 Effect of testing time on tendon longitudinal and transverse strains 

The mean resting lengths of the whole AT, proximal AT, and free AT prior to conditioning 

were 214 ± 26, 150 ± 20, and 64 ± 21 mm, respectively. Conditioning resulted in a 140% 

and 33% increase in longitudinal strain for the free and whole AT, respectively (P < 

0.001). There was a significant main effect of testing time on free AT and whole AT 

longitudinal strain values (CI: 5.19-6.21, η
2
: 0.83,  P< 0.001 and CI: 3.19-3.47, η

2
: 0.46, P

< 0.001, respectively). Planned contrasts revealed that free and whole AT longitudinal 

strain values at 0, 15, 30, 60, and 90 minutes post-conditioning was significantly greater 

than that of the pre-conditioning (P < 0.01). The free and whole AT longitudinal strains at 

90 and 120 minutes post-conditioning were significantly lower than that 0 min post-

conditioning (P < 0.01) (Fig. 22a,b).  

The mean resting free tendon mid-portion CSA prior to conditioning was 53 ± 6 mm
2
.

Conditioning resulted in a 90% reduction in free AT transverse strain (P < 0.001). There 

was a significant main effect of testing time on free AT transverse strain (CI: -8.84- -7.58, 

η
2
: 0.84, P < 0.001). Planned contrasts revealed that the free AT transverse strain at 0, 15,

30, 60, and 90 minutes post-conditioning was significantly lower than at pre-conditioning 
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(P < 0.01). The free AT transverse strain at 90 and 120 minutes post-conditioning was 

significantly greater than at 0 min post-conditioning (P < 0.01) (Fig. 22c,d).  

 

Figure 22: Time course of recovery of Achilles tendon (AT) longitudinal and transverse 

elongation and strain. (a) The mean longitudinal elongation for the free AT, proximal AT, 

and whole AT immediately prior to conditioning (pre) and during the recovery period (0, 

15, 30, 60, 90, and 120 minutes). (b) The corresponding mean longitudinal strain for each 

region immediately prior to conditioning and during the recovery period. (c) The mean 

free AT mid-portion cross-sectional area (CSA) deformation immediately prior to 

conditioning and during the recovery period. (d) The corresponding % change of the free 

AT mid-portion CSA prior to conditioning and during the recovery period. *Significantly 
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different from pre-conditioning strain value (p < 0.05). +Significantly different from 0 min 

post-conditioning strain value (p < 0.05). Data are expressed as mean ± SEM (n = 10). 

4.4.2 Effect of testing time on ankle plantarflexion torque and EMG 

The group mean ankle joint torque for MVIC, testing times, conditioning, and resting trials 

were 88.2 ± 13.8, 44.6 ± 7.3, 44.03 ± 6.32, and 1.25 ± 0.42 N.m, respectively. Group mean 

normalized EMG activities for MG, LG, SOL, and TA during testing times were 36.11 ± 

3.2%, 42.19 ± 4.11%, 43.26 ± 5.22%, and 5.8 ± 1.01%, respectively. No significant main 

effect of testing time on ankle plantarflexion torque (F6, 54 = 0.95, P = 0.19) or EMG 

amplitude (LG: F6, 54 = 0.53, P = 0.82; MG: F6, 54 = 0.32, P = 0.92; SOL: F6, 54 = 0.32, P = 

0.92; TA: F6, 54 = 0.41, P = 0.86) were detected.  

4.5 Discussion 

The main findings of the present study were that the overall conditioning effect was most 

pronounced for the free AT and resulted in creep behavior of the whole AT consistent with 

other AT conditioning protocols (Maganaris, 2003; Hawkins et al., 2009; Nuri et al., 

2016). The whole and free AT longitudinal strains and the free AT transverse strain had 

achieved ~71%, 88% and 94% recovery, respectively at 2 hours post-conditioning. 

Furthermore, the whole and free AT longitudinal strain and the free AT transverse strain 

values during the recovery period did not differ from values immediately following 

conditioning up to 60 min (~8% recovery), but were different at subsequent measurement 

time points. These findings have implications for the design of experiments to determine 
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AT mechanical properties where tendon recovery from conditioning could be a 

confounding factor. 

The mean longitudinal strain in the whole AT during a 50% MVIC of the plantarflexors 

increased from 2.75% to 3.67% following conditioning that was primarily driven by an 

increase in free AT longitudinal strain from 3.13% to 7.49% and accompanied by a 

corresponding reduction in free AT mid-portion transverse strain from -5.35% to -10.16%. 

These findings are consistent with those of Nuri et al. (2016; 2017) who reported similar 

findings for whole and free AT longitudinal strains (~1% and 3.5%, respectively) and free 

AT transverse strain (~5%) following the same conditioning protocol. These results are 

also in line with those of other AT conditioning studies that reported similar amounts of 

whole AT longitudinal strain (~1-3%) following protocols consisting of 10 × 4-s repeated 

isometric contractions at 80% MVIC (Maganaris, 2003) and 7 min of 0.75 Hz cyclic 

isometric ankle plantarflexion at 25-35% of MVIC (Hawkins et al., 2009). The greater 

change in free AT longitudinal strain following conditioning observed here (~4.3%) 

compared to prior studies of whole AT longitudinal strain (Maganaris, 2003; Hawkins et 

al., 2009) is because measures of whole AT (i.e. proximal AT + free AT) strain 

underestimate the strain at the level of free AT (Farris et al., 2013; Nuri et al., 2016; Nuri 

et al., 2017). 

The whole and free AT longitudinal strains and free AT transverse strain during recovery 

were significantly higher than the strains immediately prior to tendon conditioning at all 

measurement time points up to and including 90 minutes, and were no longer significantly 

different at 2 hours. Recovery of AT was therefore interpreted to be complete in both 

longitudinal and transverse directions at 2 hours post- conditioning. The time course of the 
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full recovery of AT longitudinal and transverse strains from conditioning effects reported 

here (2 hours) is considerably shorter than those reported in training and sports activities 

(1-4 days)
 
(Grigg et al., 2009; Grigg et al., 2012; Wearing et al., 2014; Rosengarten et al., 

2014; Gross et al., 2015). This discrepancy in time course of recovery for training and 

sport activities compared to the present study is likely due to a combination of differences 

between studies in outcome measures assessed (tendon strain, thickness, water content, and 

structural integrity), experimental design, including tendon test condition (loaded vs rest) 

and location (whole free AT vs mid-portion), and the total amount of loading experienced 

by the tendon prior to recovery. 

It was also notable that creep recovery of the AT longitudinal and transverse strains were 

minimal up to 60 min (~8%), and increased markedly thereafter. This finding is in contrast 

to previous reports, which suggest the pattern of AT recovery is exponential (Grigg et al., 

2009; Wearing et al., 2014).
 
The most likely explanation for this discrepancy is that 

measurements were made in the present study under load, and so may have masked tendon 

recovery (i.e. overestimation of tendon deformation and strain) immediately following 

conditioning, whereas prior studies have assessed tendon recovery at rest. On the basis of 

the findings from the present study, it is recommended that in future studies of AT 

mechanical properties that measurements are made within 60 min of conditioning for 

longitudinal and transverse strains to minimize the confounding effects of creep recovery. 

Failure to account for the time course of AT creep recovery following conditioning would 

underestimate the AT longitudinal strain and overestimate the AT transverse strain, which 

in turn could lead to overestimation of tendon stiffness and underestimation of AT true 

stress (i.e. the ratio of instantaneous load to instantaneous CSA)
 
(Vergari et al., 2011). This 
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study also showed that free AT longitudinal strain recovery was 71% complete at 90 min 

and 88% complete at 120 min post conditioning. Corresponding values for the whole AT 

recovery were 58% at 90 mins and 71% at 120 mins. The reason for the lower percentage 

recovery for the whole compared to the free AT at 90 and 120 mins is that although not 

statistically significant, there was an increase in mean proximal AT strain from 0 min to 

120 min post recovery. Irrespective, both free and whole AT recovery were complete at 2 

hours.  

The following limitation is acknowledged. All participants underwent a 45 min period of 

tendon AT unloading prior to testing in each session. As the creep recovery from 

conditioning effects was complete for the whole and free AT at 2 hours post-conditioning, 

it is possible that some residual effects of tendon loading history prior to 45 min rest period 

persisted during testing and may have affected the magnitude of AT conditioning effect 

and its time course of recovery. It is recommended that participants in future tendon 

conditioning studies undergo at least 2 hours of tendon unloading prior to testing. 

Conclusion 

Achilles tendon creep recovery following conditioning was primarily driven by changes in 

the free AT and was complete after 2 hours. The magnitude of the conditioning and creep 

recovery response for the free AT is large and has the potential to be a confounding factor 

in studies where there is a delay between conditioning and mechanical testing of the AT. 

Restricting this time delay to 60 minutes could minimize these effects. 

Practical implications 

 Conditioning and recovery effects measured at the whole AT underestimate 

corresponding values for the free AT. 
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 Tendon conditioning and its time course of recovery alter the strain behavior of the 

AT and should be considered in the design of AT mechanical testing experiments.  

 The effect of recovery on tendon strain can be minimized if repeated measurements 

are made within approximately 1 hour of conditioning.  
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5.1 Abstract 

Mid-portion Achilles tendinopathy (MAT) is a debilitating musculoskeletal condition, 

which adversely affects free Achilles tendon (AT) structure and composition. However, it 

is not known how these pathological alterations associated with MAT change the normal 

three-dimensional (3D) morphology of free AT at rest and under load throughout the entire 

free tendon length. Here, we used 3D ultrasound to examine the effect of unilateral MAT 

on free tendon 3D morphology [length, cross-sectional area (CSA), antero-posterior (AP) 

diameter, and medio-lateral (ML) diameter] and volume at rest and during a sub-maximal 

(50%) voluntary isometric plantarflexion contraction bilaterally in individuals with 

unilateral MAT (N = 10) compared to a matched healthy control group (N = 10). The 

tendinopathic free AT had a greater CSA relative to the contralateral and healthy control 

tendons along the entire tendon length, which was mainly driven by a greater tendon AP 

diameter. Under load, the tendinopathic tendon experienced greater longitudinal and 

transverse strains than the control tendons, which would be expected to increase the risk of 

strain-related injuries. In contrast to the contralateral and healthy tendons, which 

experienced a reduction in tendon CSA and ML diameter and bulged along the AP axis 

and behaved iso-volumetrically under load, the tendinopathic tendon experienced a 

reduction in tendon CSA, AP diameter, ML diameter, and a corresponding reduction in 

tendon volume. These findings are indicative of a fundamental reorganization of the 

tendon matrix and alterations in tendon fluid content and distribution under load in 

tendinopathic tendon. 
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5.2 Introduction 

Mid-portion Achilles tendinopathy (MAT) is a degenerative disorder of the Achilles 

tendon (AT) characterized by swelling, morning stiffness, and pain in the mid-portion of 

the tendon, typically located 2-7 cm proximal to the calcaneal insertion (Maffulli, 1998; 

Van Dijk et al., 2011). MAT is a prevalent condition that causes disability and functional 

impairment in athletic and sedentary populations (de Jonge et al., 2011; Emerson et al., 

2010; Kvist, 1994). Extensive pathologic alterations in the structure and composition of the 

AT associated with tendinopathy have been consistently reported in the literature. These 

alterations include: disruption and disorganization of the collagen bundles (Pingel et al., 

2014), hypercellularity (Andersson et al., 2011a; Åström and Rausing, 1995), 

hypervascularity (Åström and Rausing, 1995), increase in proportion of type III collagen 

relative to type I collagen (Maffulli et al., 2000; Pingel et al., 2014), increase in ground 

substance (Józsa and Kannus, 1997) and the number of tenocytes without their normal fine 

spindle shape and more rounded nuclei (Andersson et al., 2011b), high concentration of 

glycosaminoglycan (GAG) content (Corps et al., 2006), accumulation of free and bound 

water molecules (de Mos et al., 2007), and presence of apoptotic cells (Pearce et al., 2009). 

Such micropathological changes in tendon structure and composition affect tendon 

macromorphology and function (Arya and Kulig, 2010; Child et al., 2010; Grigg et al., 

2012; Leung and Griffith, 2008; Shalabi et al., 2004b). From a tendon injury prevention 

and rehabilitation perspective, it is important to understand how tendon macromorphology 

is altered in tendinopathy at rest and in the loaded state.  
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Free ATs [i.e., soleus muscle-tendon junction (MTJ) to calcaneus] with MAT have been 

reported to have a greater tendon cross-sectional area (CSA), antero-posterior (AP) 

diameter and volume in the tendinopathic and contralateral sides (Alfredson et al., 2014; 

Cassel et al., 2015; Docking et al., 2015; Gärdin et al., 2006; Gärdin et al., 2010; Grigg et 

al., 2012; Leung and Griffith, 2008; Lind et al., 2006; Shalabi et al., 2004a; Shalabi et al., 

2004b; Shalabi et al., 2005; Van Schie et al., 2010) relative to age- and gender-matched 

healthy control tendons. However, reports of tendon transverse morphology (i.e., CSA and 

AP diameter) to date are limited to a single transverse or longitudinal plane images 

acquired at a single site of the tendon mid-portion using two-dimensional (2D) ultrasound 

and therefore do not provide a three-dimensional (3D) representation of the tendon 

morphology along the whole tendon length. While recent studies in animal models have 

demonstrated a widespread development of tendinopathy symptoms in tendon histology, 

gene expression, composition, and mechanical and morphological properties throughout 

the entire tendon length following an induced localized tendon injury (Choi et al., 2016; 

Jacobsen et al., 2015; Smith et al., 2008), it is not known whether pathological changes in 

tendon morphology in people with MAT are only confined to the injury location (i.e., 

tendon mid-portion) or affect the entire tendon length. It is also currently unclear whether 

tendon medio-lateral (ML) diameter is affected by the pathological changes associated 

with MAT similar to tendon AP diameter. A comprehensive characterization of the AT 

transverse morphology (i.e., CSA, AP diameter, and ML diameter) in an unloaded state in 

people with unilateral MAT along the entire tendon length in the tendinopathic and 

contralateral healthy sides could provide a novel diagnostic criteria for characterizing, and 
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monitoring pathologies of AT in clinical routine to minimize the risk of poor functional 

outcomes and potential recurrent AT injuries. 

The 3D morphology of the healthy free AT under tensile load has been well characterized 

in previous in vivo studies. It has been shown that during sub-maximal isometric 

plantarflexion contractions [40-80% maximum voluntary isometric contraction (MVIC)] 

the free AT undergoes a mean longitudinal strain of 3.3-8% (Farris et al., 2013a; Finni et 

al., 2003; Iwanuma et al., 2011; Lichtwark et al., 2013a; Magnusson et al., 2003; Nuri et 

al., 2016; Obst et al., 2015b; Obst et al., 2014b), which is accompanied by a corresponding 

mean negative CSA strain of 5.5-8% (Nuri et al., 2016; Obst et al., 2015b; Obst et al., 

2014b; Reeves and Cooper, 2014), negative ML diameter strain of 4.6-8.7% (Iwanuma et 

al., 2011; Obst et al., 2015b; Obst et al., 2014b), and positive AP diameter strain of 8-

10.4% (Obst et al., 2015b; Obst et al., 2014b) throughout the entire tendon length, with the 

tendon volume remaining unaltered (Iwanuma et al., 2011; Nuri et al., 2016; Obst et al., 

2015b; Obst et al., 2014b). As the healthy free AT behaves iso-volumetrically under load 

(Iwanuma et al., 2011; Nuri et al., 2016; Obst et al., 2015b; Obst et al., 2014b), the load-

induced alterations in free tendon transverse and longitudinal morphologies are indicative 

of a change in tendon matrix shape, likely due to the reorganization of the collagenous and 

non-collagenous tendon matrix components resulting from the extension, sliding and 

rotation of the collagen fibrils (Puxkandl et al., 2002; Sasaki and Odajima, 1996), fibres 

(Cheng and Screen, 2007; Screen, 2008), and fascicles (Thorpe et al., 2013b; Thorpe et al., 

2014) and the lateral compression of the collagen molecules (Wang et al., 2000) and 

glycoproteins (Thorpe et al., 2013a). Such reorganization in healthy free AT matrix 

components under load may provide a mechanism by which the free tendon balances the 
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heterogeneous force production of the triceps surae muscles (Arndt et al., 1998; Bojsen-

Møller and Magnusson, 2015) and the resulting non-uniform deformation and stress 

concentration within the tendon (Franz et al., 2015; Slane and Thelen, 2014), and the 

intratendinous shear stress (Bojsen-Møller et al., 2004; Lersch et al., 2012). This may 

facilitate the transfer of high repetitive tensile loading within the free tendon, potentially 

reducing the likelihood of injury, a function, which is crucial in high-strain energy-storing 

tendons like human AT (Lichtwark and Wilson, 2005; Stephens et al., 1989). However it 

remains unclear how MAT changes the 3D morphology of the free tendon under load. 

MAT has been shown to adversely affect AT mechanical and material properties, with the 

tendinopathic AT exhibiting greater longitudinal strain, lower stiffness, lower Young’s 

modulus, and higher hysteresis in comparison to healthy tendon under the same tensile 

load (Arya and Kulig, 2010; Chang and Kulig, 2015; Child et al., 2010; Kulig et al., 2016; 

Wang et al., 2012). Our present knowledge regarding the load-induced changes in tendon 

morphology in MAT are limited to short-term alterations in tendon morphology following 

exercise. For example, studies of lower limb tendons (e.g. Achilles and patellar tendons) 

have demonstrated an immediate decrease in tendinopathic tendon AP diameter and water 

content after an acute bout of eccentric exercise (Grigg et al., 2012; Ho and Kulig, 2016b; 

Wearing et al., 2015) and 1-h floor-ball match (Fahlström et al., 2002) and tendon volume 

following long-term eccentric exercise (Shalabi et al., 2004b). Such post-exercise 

reduction in tendinopathic tendon AP diameter, water content, and volume has been 

speculated to be the result of the load-induced fluid exudation from tendon core to the peri-

tendinous space and collagen fiber realignment (Grigg et al., 2012; Hannafin and 

Arnoczky, 1994; Helmer et al., 2006; Wellen et al., 2004; Wellen et al., 2005). These 
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studies have also reported conflicting results with respect to the magnitude of exercise-

induced changes in tendon morphology between the tendinopathic and healthy tendons, 

with the tendinopathic tendon undergoing less, more, or equivalent reduction in tendon AP 

diameter, volume, and water content, respectively in comparison to healthy tendon (Grigg 

et al., 2012; Ho and Kulig, 2016b; Shalabi et al., 2004b; Wearing et al., 2015). Therefore, 

there is a need to investigate the tendinopathic tendon 3D transverse morphology and 

volume under load. Such information could advance our understanding of the 

tendinopathic AT physiology and mechanobiology, provide in vivo data for development 

of computation models of the tendinopathic AT during load, and provide a potential 

mechanism to explain the therapeutic effect of tendon loading via ankle exercise in 

reducing tendon pain and restoration of function in people with tendinopathy (O’Neill et 

al., 2015; Rio et al., 2015). Furthermore, AT longitudinal strain at the level of whole AT 

complex (i.e., gastrocnemius MTJ to calcaneus) in people with MAT has been 

characterised in previous in vivo studies and reported to be greater than that of the healthy 

AT under the same tensile loading (Arya and Kulig, 2010; Child et al., 2010). Given that 

free AT is mostly affected by Achilles tendinopathy, the whole AT longitudinal strain 

during tensile loading may not represent the strain at the location of tendinopathy and may 

underestimate the free AT strain.  

The purpose of this study was to compare the 3D morphology and volume of the free AT 

at rest and during a sub-maximal isometric plantarflexion contraction in MAT, the 

contralateral AT and the AT of healthy controls. It was hypothesised that for MAT 

compared to the contralateral and healthy control tendons that: (1) resting CSA would be 

greater along the length of the tendon due to a greater AP diameter, (2) longitudinal and 
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transverse (i.e., CSA and AP diameter) strains would be greater under load and (3) tendon 

volume would decrease under load.  

5.3 Materials and Methods 

5.3.1 Participants 

Participants were recruited through social networking sites, flyers, and mailings to 

physiotherapy clinics, sport medicine centres, and hospitals. The inclusion criteria were: 

male adults, 18-60 years of age with unilateral symptomatic MAT, minimal duration of 

symptoms of 3 months, and a Victorian Institute of Sports Assessment-Achilles tendon 

(VISA-A) of less than 80 points (Alfredson et al., 1998; Debenham et al., 2016). The 

definition of MAT was pain, discomfort, tenderness to palpation, and focal thickening of 

AT evident in both longitudinal and transverse scans of 2D ultrasound in tendon mid-

portion (2 to 7 cm proximal to the AT calcaneal insertion) (Maffulli, 1998; Van Dijk et al., 

2011) (Figure 23A,B,C). To avoid any possible effect of gender on tendon mechanical and 

morphological properties, only males were recruited for this study (Kubo et al., 2003). 

Potential participants were excluded if they had symptoms of bilateral tendinopathy, 

insertional tendinopathy, any lower limb musculoskeletal injuries, and/or history of AT 

rupture or lower limb surgery. All participants were examined by a physiotherapist (L.N) 

with 7 years of clinical experience in musculoskeletal injuries. A total of 14 patients took 

part in the study, of which 4 were excluded due to bilateral AT tendinopathy symptoms (n 

= 2), VISA score above 80 points (96, n = 1), and  pain duration of less than 3 months (1 

month, n = 1). Ten control male participants from the local university community were 

also included in the study and matched to patients with Achilles tendinopathy by age, 
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height, weight, physical activity level, and the length of free AT. The physical activity 

level was assessed using the International Physical Activity Questionnaire (IPAQ-long 

format) (Booth et al., 2003). The exclusion criteria for the control group were the same as 

those for patients with Achilles tendinopathy. Furthermore, they had no history of current 

or previous Achilles tendon pain and scored 100 on VISA-A. Participant characteristics are 

provided in Table 1. All participants were informed about the study protocol and signed 

the consent forms. The study was approved by the local university Ethical Committee and 

was performed in accordance with the Declaration of Helsinki. 
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Figure 23: (A) Posterior view of a participant with mid-portion Achilles tendinopathy 

showing swelling and thickening over the involved tendon (left side). Black dotted lines 

outline the tendon. The longitudinal (B) and transverse (C) two-dimensional ultrasound 

images of Achilles tendon (AT) of the participant show a thickened AT mid-portion with 

irregular structure on the left side (L) and a normal structure on the right side (R). Yellow 

dotted lines outline the tendon. The double-headed arrows indicate AT thickness. Cal, 

calcaneus. 
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Table 1. Participant characteristics 

 

Data are expressed as means ± SD, N = 20. *Statistically significant difference between 

tendinopathy and control groups (P < 0.05).  MET, metabolic equivalent of task; VISA-A, 

Victorian Institute of Sport Assessment-Achilles; NA, not applicable; y, year; m, meter; kg, 

kilogram; min, minutes. 

5.3.2 Experimental design and protocol 

All participants completed two sessions (familiarization and testing), held 1 week apart. In 

each session, participants lay prone on a testing plinth with their knee and hip fully 

extended (0° flexion) and the ankle in 0° dorsiflexion (i.e., 90° angle between the sole of 

the foot and the shank). Their foot was tightly fixed to the foot plate of a fixed torque 

transducer (Futek TFF600, Irvine, California, USA) by using a custom-built ratchet system 

to minimize heel lift during plantarflexions (Obst et al., 2014a; Obst et al., 2014b). Care 

was taken to align the axis of rotation of the participant’s ankle with that of the torque 

transducer. To ensure participants maintained the target ankle torque for the entire duration 

of the contraction, the real-time visual feedback of the torque generated at the ankle joint 

was displayed on a computer monitor. LabView data acquisition software (LabVIEW 9.9, 

 Achilles tendinopathy 

Group (N = 10) 

Control Group 

(N = 10) 

P Value 

 

Age, y 

 

42.2 ± 11.5 

 

41.9  ± 12.2 

 

0.95 

Height, m 176.6 ± 7.5 176 ± 9.8 0.39 

Body mass, kg 79.8 ± 7.8 82.2 ± 7.0 0.96 

Physical activity level 

(MET-min/week) 

5556 ± 3067 5969 ± 3789 0.63 

VISA-A (0-100) 54.2 ± 16.5 100  ± 0.0 0.001* 

Duration of symptoms, y 3.5 ± 2.9 

 

NA NA 
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National Instruments, Austin, Texas, USA) was used to acquire the torque signals from the 

transducer at a sampling frequency of 1000 HZ. At the familiarization session, participants 

with tendinopathy completed 3 × 5-s MVIC of the ankle plantarflexion with their 

tendinopathy leg. Each contraction was separated by approximately 60 s of rest to 

minimize any possible effects of fatigue. The highest peak torque recorded across the three 

trials for the tendinopathy leg (90.5 ± 10.35 N.m) was used to determine the target torque 

(50% MVIC) for the tendinopathy and contralateral legs in tendinopathy group and healthy 

leg in control group in the subsequent testing session. For the control group, the healthy leg 

was randomly assigned via coin toss. Participants in both groups were then asked to 

perform a series of sub-maximal plantarflexion isometric contractions (50% MVIC of the 

tendinopathy leg) to ensure that they became familiarized with the testing procedure. They 

were also asked to refrain from any strenuous exercise for 48 hours before the testing 

session. In the testing session, participants initially performed 3 × 25-s isometric 

plantarflexion contractions at 50% MVIC to condition the relevant tendon (Nuri et al., 

2016). Participants subsequently performed a single isometric plantarflexion contraction at 

50% MVIC with their both legs separately in tendinopathy group and with the allocated 

healthy leg in control group, during which ultrasound scans of their posterior leg were 

acquired. The order of the testing the legs (tendinopathy, or contralateral healthy leg) in 

tendinopathy group was randomly determined for each patient. A resting scan of AT was 

also acquired immediately prior to isometric plantarflexion contraction for each leg 

separately. To avoid any potential confounding effects of conditioning recovery response 

of AT on tendon mechanical and morphological properties, the experiment was performed 

within the time course of AT recovery following conditioning (< 30 min). No differences 
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in target ankle plantarflexion torque were found between the three legs (MAT: 45.77 ± 

4.22 N.m; contralateral: 44.52 ± 5.25 N.m; healthy control: 44.52 ± 5.25 N.m). The 

measured torque during resting trials was all below 1.3 N.m. 

5.3.3 Freehand 3D ultrasound system 

A freehand three dimensional ultrasound (3DUS) system [a conventional 2DUS machine 

(SonixTouch, Ultrasonix, Richmond, BC, Canada) that consisted of a 58-mm linear 

transducer (L14–5W/60 linear, Ultrasonix) and a five-camera optical tracking system 

(OptiTrack V100:R2, Tracking Tools Version 2.5.2, NaturalPoint, Corvallis, Oregon, 

USA)] was used to obtain 3D images of AT (Obst et al., 2015a; Obst et al., 2015b). The 

accuracy and reliability of our freehand 3DUS system for AT mechanical and 

morphological properties has been established in previous studies (Obst et al., 2014a; Obst 

et al., 2014b). To construct 3D AT images from a sequence of conventional 2DUS images, 

the 3D orientation and position of the four reflective markers rigidly attached to the 

transducer was recorded using the optical tracking system. Prior to data collection, our 

system was calibrated using a single wall phantom calibration procedure recommended by 

Stradwin software developers (Prager et al., 1998). Following calibration, pixel 

coordinates in any recorded 2DUS images were transformed into 3D coordinate system 

with a reported positional error of approximately of ± 0.4 mm (Prager et al., 1998). 

One investigator (L.N) performed all the AT ultrasound scans with the following 

ultrasound image settings: frame rate = 60 Hz, depth = 40 mm, gain = 50%, dynamic range 

= 65 dB, map = 4, and power = 0. To guide the ultrasound scanning direction, the 

anatomical location of calcaneal notch (Cal notch) and soleus (SOL) MTJ were determined 
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in 2D real-time ultrasound and marked on the skin using a marking pen. The ultrasound 

scanning area was then drawn on the skin between these two landmarks and ultrasound gel 

was applied over the scanning area to minimize the pressure exerted by the transducer on 

the skin and assist in the transmission of the ultrasound signal. To maximize the tendon 

transverse image quality, a rectangular shaped stand-off pad was attached to the end of the 

transducer using a thermoplastic custom-made ultrasound stand-off holder. Images of the 

AT were acquired using a single transverse sweeping scan by moving the ultrasound 

transducer manually from the distal calcaneus to SOL MTJ at a steady speed. The total 

duration of scanning was ~10 s and the finalized stacks of 2D B-mode images consisted of 

~600 frames with a distance between frames of ~0.1 mm.  

5.3.4 Image segmentation, tendon longitudinal strain, surface rendering, and tendon 

transverse morphology measurement 

All 3DUS images were segmented in Stradwin software. To determine tendon length, two 

main anatomical point landmarks (Cal notch and SOL MTJ) were manually digitized in 

reconstructed 3D images using the 3D landmark tool (Figure 24A). The 3D position of 

each landmark was visualised using a combination of frontal, sagittal, and transverse 

image re-slices (Figure 24B) and tendon length was defined as the point-point distance 

between Cal notch and SOL MTJ. Tendon elongation was calculated by subtracting tendon 

length in the 50% MVIC contraction from the corresponding resting length. Tendon 

longitudinal strain was then calculated by dividing tendon elongation by the corresponding 

resting length. Tendon cross-sections were digitized manually from the original B-mode 

transverse images from the calcaneal notch to the SOL MTJ at ~1-2 mm intervals. The 3D 

surface rendering of the free AT was then created from the digitized CSA contours using 
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the in-built surface interpolation algorithm in Stradwin software (Treece et al., 2000). The 

3D reconstructed free AT surfaces were then exported into Matlab software (Version 

R2013b, The Mathworks, Natick, Massachusetts, USA) and analyzed using custom scripts 

(Obst et al., 2014b) to determine tendon transverse morphology (CSA, AP diameter, and 

ML diameter). The CSA, AP diameter and ML diameter transverse strains were then 

determined by dividing the tendon transverse deformation by the corresponding resting 

values. All tendon parameters measured were averaged over 10% intervals of normalized 

tendon length and expressed as a percentage of tendon length in 10% increments. The 

measurement of free AT transverse strain during tensile loading could have important 

implications for our understanding of the AT elastic energy storage and release action 

(Lichtwark and Wilson, 2006), triceps surae muscle bulging characteristics (Aziz et al., 

2008), and AT in vivo mechanobiology (Wang et al., 2012). 
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Figure 24: (A) Sagittal plane re-slices of a reconstructed three-dimensional (3D) 

ultrasound image of the free Achilles tendon (AT). Two anatomical landmarks [calcaneal 

(Cal) notch, and soleus muscle-tendon junction (SOL MTJ)] were segmented on 3D AT 

images for calculation of AT length. (B) The exact 3D anatomical location of each 

landmark was determined using sagittal (S), frontal (F), and transverse (T) image planes. 
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5.3.5 Statistical analysis 

A two-way (3 by 10), repeated measures General Linear Model (GLM) was used to 

examine the main effects and interactions of the tendon type (tendinopathy, contralateral, 

and healthy) and the tendon region (10-100% of the normalised tendon length) for: (1) 

tendon transverse morphology (CSA, AP diameter, and ML diameter) at rest, and (2) 

tendon transverse strain (CSA, AP diameter and ML diameter) under load. A two-way 

repeated measures GLM was also used to assess the effect of tendon type and loading 

condition (Rest versus loaded) on tendon volume. The effect of tendon type on free AT 

length at rest, free AT longitudinal strain under load, and ankle plantarflexion torque under 

load was assessed using a between factor GLM. Bonferroni post hoc comparisons were 

used to identify differences amongst all tendon types and loading condition. All statistical 

analyses were performed using the Statistical Package for the Social Sciences version 22 

(SPSS Inc, Chicago, IL, USA) and the level of significance was set at α = 0.05. Data are 

reported as mean ± standard deviation (SD) in the text and the table and as mean ± 

standard error of mean (SEM) in the figures. 

5.4 Results 

5.4.1 Tendon morphology at rest 

There were no significant differences in free tendon resting length between the tendon 

types (MAT: 72 ± 22 mm, contralateral: 71 ± 21 mm, healthy: 70 ± 19 mm) (F2,27 = 0.06, 

P = 0.94). The resting dimensions for each tendon in the transverse plane are displayed in 

figure 25. A significant main effect of tendon type (F2,16 = 12.35, P = 0.001) and a 
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significant tendon type-by-region interaction (F18,144 = 1.91, P = 0.01) were also detected 

for tendon CSA at rest (Figure 25A). Significant main effects for tendon type (F2,16  = 

21.41, P < 0.001) and the tendon type-by-region interaction (F18,144 = 2.95, P < 0.001) 

were similarly detected for tendon AP diameter at rest (Figure 25B). Post-hoc comparisons 

revealed that tendon CSA and AP diameter in MAT were significantly greater than those 

of the contralateral and healthy tendons at all increments from 20% to 90% of the 

normalized tendon length (P < 0.05). No significant main or interaction effects were 

detected for tendon ML diameter (P > 0.05) (Figure 25C). Pairwise comparisons revealed a 

trend toward a significantly higher CSA and AP diameter in contralateral versus healthy 

tendons from 40% to 100% of the tendon length (P = ~0.06).   
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Figure 25: The mean group free Achilles tendon (AT) cross-sectional area (CSA) (A), 

antero-posterior (AP) diameter (B), and medio-lateral (ML) diameter (C) at rest, 

expressed relative to the normalized tendon length (0% = calcaneal notch; 100% = soleus 

muscle-tendon junction) in tendinopathic (red circles), contralateral (green circles), and 

healthy (yellow triangles) control tendons. Post hoc comparisons revealed significantly 

higher values for CSA and AP diameter in tendinopathic tendon compared to the 

contralateral and healthy control tendons at 20-90% of the normalized tendon length. 

Asterisk (*) indicates significant difference between tendinopathic and contralateral 

and/or healthy tendons. Data are expressed as mean ± SEM (N = 20). 
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5.4.2 Tendon longitudinal and transverse strains under load 

There was a significant main effect of tendon type on tendon longitudinal strain under load 

(F2,27 = 15.54, P < 0.001). Post-hoc comparisons revealed that free tendon underwent 

significantly greater longitudinal strain in the tendinopathic leg (10.8 ± 3.1%) compared to 

those of the contralateral and healthy legs (6.7 ± 1.4% and 6.3 ± 0.8%, respectively). The 

deformations and corresponding strains experienced by the CSA, AP diameter, and ML 

diameter are presented in figure 26. A significant main effect of tendon type was detected 

for CSA strain (F2,16 = 29.51, P < 0.001) (Figure 26A), and AP diameter strain (F2,16 = 

27.89, P <  0.001) (Figure 26B). A significant tendon type-by-region interaction (F18,144 = 

4.88, P < 0.001) was also detected for AP diameter strain. No significant main or 

interaction effects were detected for tendon ML diameter strain (P > 0.05) (Figure 26C). 

Pairwise comparisons revealed that tendon CSA and AP diameter strains were significantly 

higher for MAT compared to the contralateral and healthy tendons across all the tendon 

regions (P < 0.05). No significant differences in tendon ML diameter strain were found 

between tendon types in any of the tendon regions (P > 0.05). Furthermore, no significant 

differences in tendon longitudinal and transverse morphology (CSA, AP diameter, and ML 

diameter) strains were detected at any of the tendon regions between the contralateral and 

healthy control tendons (P > 0.05). 
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Figure 26: The mean group deformation and the corresponding mean group strain of free 

Achilles tendon (AT) cross-sectional area (CSA) (A), antero-posterior (AP) diameter 

(B),and medio-lateral (ML) diameter (C) during load (50% maximal voluntary isometric 

plantarflexion contraction), expressed relative to the normalized tendon length (0% = 

calcaneal notch; 100% = soleus muscle-tendon junction) in tendinopathic (red circles), 

contralateral  (green circles), and healthy (yellow triangles) tendons. Post hoc 

comparisons revealed that the tendinopathic free AT underwent significantly greater CSA 

and AP diameter strains relative to the contralateral and healthy control matched tendons 
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across all the tendon regions. Asterisk (*) indicates significant difference between the 

tendinopathic and contralateral and/or healthy tendons. Data are expressed as mean ± 

SEM (N = 20). 

The reconstructed free AT and the corresponding transverse ultrasound images along the 

tendon length for representative participants are depicted in figure 27, which illustrates the 

changes in tendon 3D morphology from rest to load in tendinopathic, contralateral, and 

healthy control tendons. 



155 

 
 

 

Figure 27: Changes in the morphology of the three-dimensional (3D) surface-rendered 

free Achilles tendon (AT) and the corresponding transverse ultrasound images at 20, 40, 
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60, and 80% of the tendon length [0% = calcaneal notch (Cal notch); 100% = soleus 

muscle-tendon junction (SOL MTJ)] from rest to load in tendinopathy (A), contralateral 

(B), and healthy control matched (C) tendons. Data is from a single participant as 

depicted in figure 23 for (A) and (B) and the healthy control matched participant (C). P, 

posterior; A, anterior; M, medial; L, lateral. 

5.4.3 Tendon volume at rest and under load 

A significant main effect of tendon type and tendon loading condition (F2,18  = 26.68, P < 

0.001; F1,9 = 26.90, P = 0.001) and a significant tendon type-by-tendon loading condition 

interaction (F2,18 = 29.06, P < 0.001) were detected for tendon volume (Figure 28). Post-

hoc comparisons revealed that tendon volume in MAT at rest and under load were 

significantly greater than those of the contralateral and healthy tendons. Furthermore, a 

significant reduction in tendon volume under load in MAT was observed (P < 0.001). 
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Figure 28: Change in the mean group free Achilles tendon (AT) volume from resting to the 

loading states (50% maximal voluntary isometric plantarflexion contraction) in 

tendinopathic (red circles), contralateral (green circles), and healthy (yellow triangles) 

tendons. Post hoc comparisons revealed that the tendinopathic free AT experienced a 

significant reduction in tendon volume from resting to the loading states. Asterisk (*) 

indicates significant difference in free AT volume between resting and loading states (P < 

0.05). Data are expressed as mean ± SEM (N = 20). 

5.5 Discussion  

This in vivo study demonstrated that the tendinopathic free tendon had a larger CSA than 

contralateral and healthy tendons throughout the entire tendon length at rest, which was 

primarily driven by a greater tendon AP diameter. When loaded, the tendinopathic free 

tendon underwent a longitudinal strain, which was accompanied by a reduction in tendon 

transverse morphology (i.e., CSA, AP diameter, and ML diameter) along the entire tendon 
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length, resulting in a tendon volume reduction. In contrast, the contralateral and healthy 

tendons remained iso-volumetric and bulged along the AP axis during tensile loading. The 

tendinopathic free tendon also experienced greater longitudinal and transverse strains (i.e., 

CSA and AP diameter) relative to the contralateral and healthy tendons across all the 

tendon regions under the same external ankle torque. Overall, these findings suggest that 

the MAT changes the normal 3D morphology of the tendon at rest and under load 

throughout the entire tendon length. The findings of the present study could have important 

implications for our understanding of the tendinopathic AT physiology and 

mechanobiology during load, the frameworks for computational models of the 

tendinopathic tendon, the mechanisms associated with the therapeutic effect of tendon 

loading via ankle exercise in reducing tendon pain and restoration of function in people 

with tendinopathy, and also the characterization of pathologies of AT in people with MAT 

in clinical settings. 

5.5.1 Tendon morphology at rest 

Mean tendon CSA was on average approximately 40% larger in tendinopathic tendon than 

the contralateral and healthy tendons across all tendon regions at rest, which was explained 

by a corresponding larger mean AP diameter in tendinopathic tendon. These differences in 

tendon CSA and AP diameter were most pronounced in the tendon mid-portion, and were 

not evident along the ML diameter at any of the tendon regions. These findings provide the 

first in vivo data that describe free tendon morphological characteristics across all tendon 

regions in both tendinopathic and contralateral healthy tendons. Our finding that the free 

tendon with MAT has a larger CSA and AP diameter throughout the entire tendon length at 
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rest supports prior studies that have shown an increase in tendon thickness and area at a 

single site (Alfredson et al., 2014; Cassel et al., 2015; Docking et al., 2015; Grigg et al., 

2012; Lind et al., 2006; Van Schie et al., 2010) in tendon mid-portion as a result of 

pathological alterations in tendon structure and composition in individuals with MAT. The 

widespread alteration in tendon morphology of the tendinopathic tendon (i.e., increase in 

tendon CSA and AP diameter) across the length of tendon is consistent with animal models 

that demonstrate localized tendon injury affects the entire tendon histology, gene 

expression, composition, and mechanical and morphological properties (Choi et al., 2016; 

Jacobsen et al., 2015; Smith et al., 2008). This finding suggests that the treatment strategies 

in people with MAT should aim to improve and monitor pathology in the entire tendon to 

minimize the risk of poor functional outcomes and potential recurrent AT injuries 

(Gajhede-Knudsen et al., 2013; Hägglund et al., 2007).  

Further, based on our data, the increase in tendon CSA in the tendinopathic side seems to 

be primarily driven by increase in tendon AP, but not ML, diameter. To our knowledge, 

this is the first study to show that tendon ML diameter is not affected by the pathological 

changes associated with the tendinopathy. This finding could be explained by three 

potential reasons. First, previous studies have provided evidence that the anterior and 

posterior surfaces of the AT paratenon sheath undergoes degenerative process such as 

marked degenerative vascular changes, proliferation of loose connective tissue, increased 

number of elastic microfibrils, and widespread fat necrosis in tendinopathic AT (Harris and 

Peduto, 2006; Kvist et al., 1988; Ostlere, 2003; Paavola et al., 2002), leading to a more 

compliant tendon sheath (Leung and Griffith, 2008; Stecco et al., 2015; Stecco et al., 

2014). As paratenon shapes the tendon core morphology (Carmont et al., 2011), it is 
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reasonable to speculate that the disruption and disorganization of the collagen fibers 

(Pingel et al., 2014), hypercellularity (Andersson et al., 2011a; Åström and Rausing, 1995), 

and increase in ground substance (Józsa and Kannus, 1997) and water content (de Mos et 

al., 2007) in tendon core in chronic Achilles tendinopathy may stretch the paratenon from 

anterior and posterior surfaces, resulting in bulging of tendon core in AP direction. 

Additionally, the mechanisms regulating tendon healing response following injury may 

contribute to the increase in tendon core AP diameter. Previous studies investigating the 

location and phenotype of cells that mediate tendon injury response have established that 

following tendon injury, paratenon cells proliferate, express tenogenic markers, and 

produce collagen fibers. These cells migrate toward the anterior and posterior surfaces of 

the injury site and bridge the injury site by assembling the collagen fibers in tendon core 

AP direction (Dyment et al., 2013; Yoshida et al., 2016). Lastly, it has been shown that a 

thicker tendon reduces the average stress (i.e. force/area) across the tendon cross section 

and provides a greater safety margin (Shim et al., 2014). It therefore seems plausible to 

assume that the increase in tendinopathic tendon AP diameter and the resulting increase in 

tendon CSA may be an important adaptation to compensate for the tendon lower 

mechanical and material properties (Arya and Kulig, 2010; Chang and Kulig, 2015; Child 

et al., 2010; Kulig et al., 2016) and structural disorganization (Docking and Cook, 2015; 

Docking et al., 2015) in response to mechanical loading in order to reduce the risk of 

tendon rupture (Hess, 2009). Irrespective of the mechanisms explaining this, our findings 

confirm the use of tendon AP diameter at tendon resting state as an important ultrasound 

diagnostic criterion in people with chronic MAT (Leung and Griffith, 2008; McAuliffe et 

al., 2016). 
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Free AT volume in tendinopathy, contralateral, and healthy legs at resting state were 7.16, 

4.15, and 3.91 ml, respectively in the present study that falls well within the range reported 

in previous in vivo studies for free AT volume [tendinopathic free AT volume: ~6-8 ml 

(Gärdin et al., 2006; Gärdin et al., 2010; Shalabi et al., 2004a; Shalabi et al., 2004b; 

Shalabi et al., 2005); contralateral and healthy free AT volume: ~3-5 ml (Gärdin et al., 

2006; Gärdin et al., 2010; Nuri et al., 2016; Obst et al., 2015b; Obst et al., 2014b)]. As no 

significant differences in free AT length were found between the three tendons at rest (~70 

mm), the higher volume of the tendon in tendinopathy leg observed here reflects the larger 

CSA of the tendinopathic tendon as a result of pathological alterations in tendon structure 

and composition accompanying chronic MAT (Andersson et al., 2011b; Corps et al., 2006; 

de Mos et al., 2007; Docking and Cook, 2015; Docking et al., 2015; Józsa and Kannus, 

1997; Pingel et al., 2014). 

5.5.2 Tendon longitudinal strain under load 

The tendinopathic free tendon underwent a greater longitudinal strain, which was 

approximately two-thirds greater than healthy and contralateral healthy free tendons under 

the same tensile load (50% MVIC). The strains for the contralateral and healthy control 

tendons from the present study (~6.5%) were in close agreement (~5-6.8%) with prior 

studies of normal tendon using the same approach (Farris et al., 2013a; Finni et al., 2003; 

Nuri et al., 2016; Obst et al., 2015b; Obst et al., 2014b). Two prior studies reported 25% 

greater longitudinal whole AT strain in MAT compared to healthy control tendons at 100% 

MVIC (Arya and Kulig, 2010; Child et al., 2010). The higher strains in the present study at 

the level of the free AT (~10.7%) compared to prior studies of whole AT strain (~5%) 

(Arya and Kulig, 2010; Child et al., 2010) is in part because measures of whole AT strain 
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underestimate the strain at the level of the free AT, because the whole AT includes a 

portion of aponeurosis, which experiences low strains compared to the free AT (Farris et 

al., 2013a; Finni et al., 2003; Lichtwark et al., 2013a; Nuri et al., 2016; Obst et al., 2015a). 

This raises the possibility that longitudinal strain at the level of the pathological free AT 

may have been underestimated in previous in vivo studies that reported AT strain only at 

the level of whole AT complex in people with MAT (Arya and Kulig, 2010; Child et al., 

2010). This may indicate that only free AT in the tendinopathic side is more susceptible to 

higher risk of further injury and acute rupture during athletic and recreational activities that 

subject the tendon to repetitive loading without sufficient recovery time (Fung et al., 2010; 

Fung et al., 2009; Wren et al., 2001) and the treatment protocols designed for people with 

MAT should specifically target and monitor free tendon. Overall, these findings suggest 

that tendinopathic AT due to the pathological alterations in tendon structure and 

composition (Andersson et al., 2011b; de Mos et al., 2007; Docking and Cook, 2015; 

Docking et al., 2015; Józsa and Kannus, 1997; Pingel et al., 2014) and the resultant lower 

material properties (Arya and Kulig, 2010; Chang and Kulig, 2015; Child et al., 2010; 

Kulig et al., 2016) is more compliant, which could lead to higher risk of further injuries 

and pathological changes and diminished capacity to store and utilize energy during 

functional activities.  

5.5.3 Tendon transverse strain under load 

During a submaximal isometric plantarflexion contraction (50% MVIC), the MAT, 

contralateral, and healthy tendons experienced a reduction in tendon CSA and ML 

diameter across all the tendon regions that was accompanied by a reduction in tendon AP 
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diameter in tendinopathic tendon and an increase in tendon AP diameter in contralateral 

and healthy tendons along the entire tendon length. The mean CSA strain along the length 

of the tendon was substantially larger in MAT (-24.6%) compared to contralateral (-4.6%) 

and healthy control tendons (-5.2%). The larger negative CSA strain in MAT was 

primarily driven by a greater negative strain along the AP diameter in MAT (-15.9%) 

compared to the positive strain of AP diameter in contralateral (8.1%) and healthy control 

tendons (7.0%), with no differences in tendon negative strain along the ML diameter (~ -

9%). The polarity AP strain for contralateral and healthy tendons was positive, indicating 

tendon bulging along the AP axis under tensile load so that the tendon CSA becomes more 

cylindrical under load (Obst et al., 2015b; Obst et al., 2014b). The thickening of the 

healthy tendon along the AP axis and thinning along the ML axis under load likely occur 

due to the internal reorganization of the healthy tendon matrix components, which may be 

critical to accommodate asymmetrical force production by activation of the triceps surae 

muscles (Arndt et al., 1998; Bojsen-Møller and Magnusson, 2015) and minimize areas of 

stress and strain concentration within the tendon matrix (Haraldsson et al., 2008). Whereas, 

the AP strain for MAT was negative, indicating thinning of the tendon along the AP axis as 

reported in prior in vivo studies for tendinopathic tendon in response to an acute bout of 

exercise (Fahlström and Alfredson, 2010; Grigg et al., 2012; Wearing et al., 2015). The 

tendinopathic tendon also underwent a non-uniform tendon transverse morphology strain 

along its length under load, with the tendon mid-portion undergoing greater reduction in 

tendon CSA (-28.4%), AP diameter (-20.0%), and ML diameter (-12.0%) relative to the 

tendon distal and proximal portions. This could be explained by the combination effects of 

the most pronounced pathological changes in tendon structure and composition at tendon 
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mid-portion in the tendinopathic side as evidenced by a larger tendon CSA and AP 

diameter in the present study and the unique structural and/or mechanical factors of free 

tendon mid-portion, such as the site of AT twist (Edama et al., 2015a; Obst et al., 2014b). 

This indicates that the tendinopathic tendon mid-portion is more susceptible to further 

pathological changes and higher risk of strain-related injuries (e.g., rupture) (Hess, 2009).  

5.5.4 Tendon volume under load 

The tendinopathic tendon experienced a volume reduction of 28% relative to resting 

volume, whereas volume was conserved under load in the contralateral and healthy 

tendons. One prior study has similarly reported a volume reduction in MAT following a 

prolonged bout of exercise (Shalabi et al., 2004b). As alterations in tendinopathic free 

tendon transverse and longitudinal morphologies under load were accompanied by tendon 

volumetric changes, the load-inducted alterations in tendinopathic tendon 3D morphology 

are not only indicative of change in tendon matrix shape but also change in tendon matrix 

fluid content. These findings suggest that, unlike the healthy free AT, the tendinopathic 

free tendon does not behave iso-volumetrically and undergoes a volume reduction during 

tensile loading. The most plausible explanation for this volume reduction in MAT under 

load is radial fluid redistribution from tendon core to the peri-tendinous space 

(Ahmadzadeh et al., 2015; Han et al., 2000; Hannafin and Arnoczky, 1994; Helmer et al., 

2006; Helmer et al., 2004; Wellen et al., 2004; Wellen et al., 2005) or/and vascular 

mechanisms (Åström and Westlin, 1994; Öhberg et al., 2001). Fluid extrusion from the 

tendinopathic tendon core to the periphery of the tendon in response to tensile loading 

could be caused by several factors. Firstly, it is well known that increased amounts of 

interfibrillar GAGs is a major histopathological feature in Achilles tendinopathy (Corps et 
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al., 2006; Movin et al., 1998a). In a resting state, GAGs are highly polarized, negatively 

charged molecules, which attract water molecules, resulting in a hydrated and negatively 

charged tendon matrix shielded by the positive ions (Scott, 2001; Yoon and Halper, 2005). 

During mechanical loading, an electric potential, known as streaming potential (Gu et al., 

1993; Lai et al., 1991), may be created as positive ions enter and leave the matrix, which, 

in turn, may lead to tendon matrix ionic disturbance and subsequent release of water 

molecules from GAG molecules. Further, the altered tendon loading pattern as a result of 

the impaired triceps surae muscles activities in the tendinopathic side (Azevedo et al., 

2009) and the ineffective tendon loading transfer mechanisms due to the disorganized and 

disrupted collagen fibers and interfascicular matrix (Pingel et al., 2014) coupled with the 

high concentration of the free and bound water molecules (de Mos et al., 2007) in 

tendinopathic tendon matrix may create a high positive fluid pressure in tendon core during 

mechanical loading (Ahmadzadeh et al., 2015). The impairment in tendinopathic tendon 

membrane permeability (i.e., porosity and voids ratio) (Chen et al., 1998; Van der Voet, 

1997) likely as a result of the pathological changes in tendon membrane material 

properties, thickness, and pore architecture (size and orientation) (Arora et al., 2015; 

Caliari et al., 2011) could also increase the fluid exudation from tendon core during 

mechanical loading and exacerbate the aforementioned mechanisms. In addition, the 

contraction-induced decrease in tendinopathic tendon blood flow volume (Åström and 

Westlin, 1994; Öhberg et al., 2001) may also contribute to the overall tendon volume loss 

under load. Such volume loss of the tendinopathic tendon resulting from the fluid 

exudation during mechanical loading may play an important role in regulating tendon 

hydrostatic pressure, homeostasis, mechanotransduction, and remodeling (Archambault et 
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al., 2002; Lavagnino et al., 2008; Lavagnino et al., 2015; Maeda et al., 2013), providing a 

basis for understanding why cyclically loading the tendinopathic tendon is an effective 

treatment option in people with Achilles tendinopathy (O’Neill et al., 2015). A reduction in 

tendinopathic tendon water content has been reported in response to an acute bout of 

exercise (Ho and Kulig, 2016b). However, further studies are needed to investigate the 

fluid exudation mechanisms associated with tendinopathy and their potential roles in 

tendinopathic tendon mechanobiology during mechanical loading. Nevertheless, the 

findings of this study appear to contradict the previous suggestion that tendinopathy may 

restrict the load-induced fluid movement due to the pathological changes in tendon 

structure and composition accompanying tendinopathy (Grigg et al., 2012; Wearing et al., 

2015). 

5.5.5 Contralateral versus control healthy tendons at rest and under load 

The observed trend toward statistical significant difference (P = ~0.06) in tendon CSA and 

AP diameter between contralateral and healthy tendons in the mid-proximal tendon region 

(40-100% of the normalized tendon length) at rest supports previous in vivo and in vitro 

studies that have reported evidence of pathological changes in contralateral tendon 

morphology (Docking et al., 2015; Grigg et al., 2012), histology (Andersson et al., 2011b; 

Williams et al., 1984), and structural integrity (Docking et al., 2013; Docking et al., 2015) 

in the presence of unilateral Achilles tendinopathy, highlighting the bilateral characteristics 

of the tendinopathy. A number of possible reasons for the frequent progression of 

unilateral Achilles tendinopathy to bilateral tendinopathy have been proposed in the 

literature such as mechanical overloading of the contralateral tendon as a result of altered 
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biomechanical and neuromuscular characteristics associated with Achilles tendinopathy 

(Azevedo et al., 2009; Munteanu and Barton, 2011), the involvement of systemic and 

central neuronal mechanisms (Andersson et al., 2011a; Cetti et al., 2003; Williams et al., 

1984), and genetic and demographic factors (Franceschi et al., 2014; Gaida et al., 2009; 

Nell et al., 2012; September et al., 2016). Regardless of underlying cause, our data 

suggests that caution should be taken when using the contralateral tendon as a reference to 

quantify the alterations of tendon CSA and AP diameter in the tendinopathic side in the 

mid-proximal tendon region at resting state. The lack of difference in the magnitude and 

direction of the tendon transverse morphology and longitudinal strains between the 

contralateral and healthy tendons under load is in accordance with previous in vivo studies 

reporting that despite the presence of pathological symptoms associated with tendinopathy 

in contralateral tendon in patients with unilateral MAT, the mechanical properties of the 

contralateral tendon do not seem to be affected by tendinopathy (Chang and Kulig, 2015; 

Grigg et al., 2012; Kulig et al., 2016). 

5.5.6 Limitations 

There are a number of limitations that should be considered when interpreting the findings 

of the present study. First, although the small sample of individuals with MAT included in 

the present study (N = 10) with our inclusion criteria (mean symptom duration > 3 months; 

VISA-A score < 80 points) is representative of patients seen in clinical practice, it is 

heterogeneous in terms of the duration of symptoms (3.5 ± 2.9 y) and severity of MAT 

symptoms (mean VISA-A score = 54.2 ± 16.52). Further study with specific inclusion 

criteria is needed to examine whether there is a relationship between the stage of 
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tendinopathy and tendon 3D morphology at rest and under load in the tendinopathic and 

contralateral healthy sides in a larger population of patients with MAT. Second, the 

findings of the tendon transverse and longitudinal morphologies at rest and under load in 

the present study are limited to only free AT (i.e., soleus MTJ to calcaneus) and thus do 

not reflect the 3D morphology of proximal AT (i.e., gastrocnemius MTJ to soleus MTJ) 

and the whole AT complex (i.e., gastrocnemius MTJ to calcaneus). Caution is therefore 

warranted in generalizing the present findings to the AT aponeurotic sheath and the global 

tendon level. Third, as the transverse morphological measurements using 3DUS in the 

present study were restricted to tendon core, we were unable to measure the thickness of 

the peri-tendinous space and paratenon at rest and under load. Quantifying these tendon 

parameters could have provided an evidence of the possible fluid redistribution mechanism 

from the tendon core to the peri-tendinous space during loading in vivo condition. Further 

study is required to determine these tendon parameters at rest and under load using 

imaging techniques such as MRI that have greater resolution than ultrasound in order to 

identify the fluid exudation mechanism from the tendon core into the peri-tendinous space 

under load. Finally, the present study was conducted on male adults with MAT so caution 

should be taken when generalizing these findings to other AT disorders (e.g., insertional 

Achilles tendinopathy), females, and other tendons (e.g., patellar tendon). 

5.6 Conclusion 

The free tendon with mid-portion Achilles tendinopathy is associated with larger resting 

tendon CSA and AP diameter along the entire tendon length relative to the contralateral 

and healthy control tendons, suggesting the widespread development of tendon injury. 
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During a sub-maximal isometric plantarflexion contraction, the increase in tendon 

longitudinal strain and the corresponding reduction in tendon transverse morphology (i.e., 

CSA, AP diameter, and ML diameter) strain and volume of the tendinopathic free tendon 

may not only reflect the reorganization of the tendon matrix components but also a change 

in matrix fluid content and distribution. This finding could have an important implication 

for understanding the potential mechanisms associated with the therapeutic effect of 

tendon loading via ankle exercise in reducing tendon pain and restoration of function in 

people with tendinopathy. Further, the finding that the tendinopathic free tendon undergoes 

greater longitudinal and transverse strains than contralateral and healthy free tendons under 

the same tensile load further highlights the compliant nature of the tendinopathic tendon, 

which could lead to higher risk of strain-related injuries (e.g., rupture). 
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6.1 Abstract 

Mid-portion Achilles tendinopathy (MAT) alters the normal three-dimensional (3D) 

morphology of the Achilles tendon (AT) at rest and under a single tensile load. However, 

how MAT changes the 3D morphology of AT during repeated loading remains unclear. 

This study compared the AT longitudinal, transverse and volume strains during repeated 

loading in MAT with those of the contralateral tendon in people with unilateral MAT. Ten 

adults with unilateral MAT performed 10 successive 25-s submaximal (50%) voluntary 

isometric plantarflexion contractions with both legs. Freehand 3D ultrasound scans were 

recorded and used to measure whole AT, free AT, and proximal AT longitudinal strains 

and free AT cross-sectional area (CSA) and volume strains. The free AT experienced 

higher longitudinal and CSA strain and reached steady state following a greater number of 

contractions (five contractions) in MAT compared to the contralateral tendon (third 

contractions). Further, free tendon CSA and volume strained more in MAT than 

contralateral tendon from the first contraction, whereas free AT longitudinal strain was not 

greater than the contralateral tendon until the fourth contraction. Volume loss from the 

tendon core therefore preceded the greater longitudinal strain in MAT. Overall, these 

findings suggest that the tendinopathic free AT experiences an exaggerated longitudinal 

and transverse strain response under repeated loading that is underpinned by an altered 

interaction between solid and fluid tendon matrix components. These alterations are 

indicative of accentuated poroelasticity and an altered local stress-strain environment 

within the tendinopathic free tendon matrix, which could affect tendon remodelling via 

mechanobiological pathways. 
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6.2 Introduction 

Mid-portion Achilles tendinopathy (MAT) is a common pathology of the lower extremity 

that is characterized by pain, swelling, and thickening of the Achilles tendon (AT) mid-

portion (Maffulli, 1998; Van Dijk et al., 2011). MAT affects sporting and general 

populations, causing disability, functional impairment, and compromised performance (de 

Jonge et al., 2011; Kvist, 1994). MAT has been shown to result in altered tendon 

composition, structure, and morphology including an increase in tendon cross-sectional 

area (CSA), thickness, and volume (Arya and Kulig, 2010; Child et al., 2010; Docking et 

al., 2015; Grigg et al., 2012; Shalabi et al., 2004b). The tendinopathic AT also exhibits 

lower stiffness and Young’s modulus as well as greater longitudinal and transverse strains 

and higher hysteresis compared to healthy tendon under the same tensile load (Arya and 

Kulig, 2010; Chang and Kulig, 2015; Child et al., 2010; Wang et al., 2012). Alterations in 

AT geometry and material properties in MAT are important because of their potential to 

change the stress-strain patterns experienced by the AT during muscle contraction (Hansen 

et al., 2017). It has also been shown that in contrast to healthy tendon, which bulges along 

the antero-posterior diameter (Obst et al., 2015b; Obst et al., 2014b) and experiences a 

reduction in CSA and behaves iso-volumetrically (Nuri et al., 2016; Obst et al., 2015b; 

Obst et al., 2014b) during a single tensile load, the tendinopathic tendon undergoes a 

reduction in antero-posterior diameter and CSA and a corresponding reduction in volume 

of the tendon core. This observation is suggestive of fluid exudation from tendon core (i.e., 

the whole tendon, covered by epitenon layer) to the peri-tendinous space (i.e., the space 

between tendon epitenon and paratenon layers) and tendon matrix re-organization under 

load in MAT. To our knowledge no in vivo studies to date have examined the time-
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dependent visco-poroelastic properties of MAT during repeated loading. Such studies 

could provide an insight into the time scale of interaction and involvement of tendon load-

bearing components [solid (i.e., collagen fibrillar network and proteoglycans) and fluid 

(i.e., water)] within the tendinopathic tendon matrix during repeated loading. 

In vivo studies of the time-dependent viscoelastic properties of the AT to date have been 

confined to normal tendon. In general, these studies show that during repeated application 

of the same force, the normal AT experiences gradual 3D deformation (i.e. creep) until 

steady-state behavior is reached (Fung, 2013). For example, Maganaris (2003) reported 

that high intensity (80%) successive maximal voluntary isometric plantarflexion 

contractions (MVIC) induced ~5 mm increase in whole AT (e.g., gastrocnemius muscle-

tendon-junction (MTJ) to calcaneus) longitudinal elongation that reached steady state 

behavior after five contractions. Similarly, Hawkins et al. (2009) showed that low intensity 

repeated isometric contractions (25-35% MVIC) resulted in ~3% increase in whole AT 

longitudinal strain that plateaued after 270 contractions. More recently, Nuri et al. (2016) 

reported that whole AT longitudinal and transverse deformation during repeated loading 

were primarily driven from free AT (e.g., soleus MTJ to calcaneus), with little or no 

contribution from proximal AT (e.g., gastrocnemius MTJ to soleus MTJ) in healthy people 

and that both longitudinal and transverse deformation of the free AT reached steady state 

after three repetitions of a 25-s submaximal (50% MVIC) isometric plantarflexion 

contractions. As healthy free AT behaved iso-volumetrically during repetitive contractions, 

the alterations in tendon longitudinal and transverse morphologies during the first three 

contractions were indicative of a change in tendon matrix shape, with increased tendon 

length coupled to the reduction in tendon CSA (Nuri et al., 2016). 
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In contrast to healthy tendon, the loss of free AT volume during acute loading in MAT 

suggests that the normal interaction between solid and fluid matrix components may be 

interrupted. A continued loss of free tendon volume in MAT with repeated loading might 

be expected to increase loading on the solid component of the tendon matrix and adversely 

affect the ability of the tendon to resist ongoing loading. A loss of tendon volume with 

repeated loading could therefore be an important factor that limits tendon function and 

repair in tendinopathy due to the effect on the local tendon mechanobiology. Assessing 

changes in tendinopathic tendon morphology and volume during repeated loading may also 

provide an indication of the temporal relations between collagen creep and fluid exudation 

from the tendon core in MAT. This knowledge could also inform computational models of 

poroelastic tendon behavior in tendinopathy (Smith et al., 2013) and be useful for 

establishing a standardized conditioning protocol for individuals with MAT prior to 

performing mechanical tests, treatment protocols and physical activity. A greater number 

of contractions to reach steady state behavior might be expected in MAT because of the 

dual and interacting effects of changes in solid and fluid matrix component behavior. 

The purpose of the present study was therefore to investigate the effect of repeated 

submaximal isometric plantarflexion contractions on the longitudinal deformation of the 

whole AT and the corresponding free tendon transverse and volume deformation in the 

tendinopathic side relative to those of the contralateral side in people with unilateral MAT. 

We hypothesised that longitudinal, transverse and volume strains would reach steady state 

at a higher magnitude and following a greater number of contractions in MAT compared to 

contralateral tendon. We also sought to determine whether the time-dependent viscoelastic 
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properties in MAT are mainly driven from the free AT as in normal tendon (Nuri et al., 

2016), or whether the proximal AT exhibits altered behavior in MAT.  

6.3 Materials and Methods 

6.3.1 Participants 

Ten individuals with MAT participated in the study. The inclusion criteria were: male 

adults, 18-60 years of age with unilateral MAT, duration of pain for more than 3 months, 

and Victorian Institute of Sports Assessment-Achilles tendon (VISA-A) score (0-100) of 

less than 80 points (Alfredson et al., 1998; Debenham et al., 2016). The exclusion criteria 

were: insertional tendinopathy, bilateral tendinopathy, history of AT rupture or surgery, 

inflammatory or degenerative ankle joint condition, and any musculoskeletal injuries 

thought to interfere with the participation in the study. All clinical examinations were 

performed by the same physiotherapist (L.N). Participant characteristics were age: 

42.2±11.5 y, height: 176.6±7.5 cm, mass: 79.8±7.8 kg, VISA-A score: 54.2±16.5, and 

duration of symptoms: 3.5±2 y. The study was approved by the local university human 

research ethics committee and was performed in accordance with the principles of the 

Declaration of Helsinki.  

6.3.2 Experimental protocol 

Following the clinical examination, participants completed a familiarisation session on the 

same day and a testing session 3-5 days later. In the familiarization session, each 

participant performed 3 repetitions of a 4-s MVIC of the plantarflexors and dorsiflexors 

separately for each leg on the apparatus described below. A rest period of 60 s was 
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provided between contractions. The contraction with the highest torque in the 

tendinopathic side was chosen to determine the target torque (50% MVIC) for both legs in 

the subsequent testing session. Participants were then asked to practice holding 

contractions at 50% MVIC until they became familiarized with the testing procedure. 

Participants were instructed to refrain from any form of training or vigorous physical 

activities for at least 48 h prior to the subsequent testing session and to use motorized 

transportation to travel to the laboratory. Upon arrival participants rested on a chair for 45 

min (Nuri et al., 2016) and were subsequently asked to lie prone on an examination plinth 

with their knee and hip fully extended, and the ankle joint in neutral position. Their foot 

was then firmly secured to a footplate connected to a fixed torque transducer (Futek 

TFF600, Irvine, California, USA) using a custom-made adjustable ratchet system to 

minimize heel lift from the footplate during contractions (Obst et al., 2014a; Obst et al., 

2014b). The rotational axis of the torque transducer was carefully aligned with the axis of 

rotation of the ankle joint. The visual feedback of the torque exerted by the foot was 

provided on a computer monitor, positioned one meter directly in front of the participants 

at eye level. The output from the torque transducer was recorded at a sampling frequency 

of 1000 Hz through the LabVIEW software (LabVIEW 9.9, National Instruments, Austin, 

Texas, USA). Participants performed 10 successive isometric plantarflexion contractions at 

50% MVIC with their both legs separately. The order of testing the legs (tendinopathic, or 

contralateral side) was randomly decided for each participant. Verbal encouragement was 

provided to participants during each contraction. Pain was assessed during each contraction 

using a 10-cm visual analogue scale (VAS), with 0 indicating no pain and 10 indicating 

worst possible pain for each leg separately. Prior to testing, all participants were 
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familiarized with the use of VAS scoring system and were instructed to circle a number on 

the scale that corresponded to the pain in AT following each contraction.  

6.3.3 Freehand three-dimensional ultrasound  

Ultrasound scans was acquired at two resting states (e.g., immediately before the first 

contraction and immediately after completing the tenth contraction) and during each of ten 

contractions using a freehand three-dimensional ultrasound system (3DUS) consisting 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, Natural Point, 

Corvallis, Oregon, USA) (Obst et al., 2014a). The 3D position and orientation of the 

ultrasound transducer were determined from four reflective markers rigidly attached to the 

transducer using an optical tracking system. A coordinate transformation was then used to 

map the 2D brightness-mode (B-mode) ultrasound images into global coordinate system 

and a 3D reconstruction of AT was created using the Stradwin software package (Version 

5.1, Mechanical Engineering, Cambridge University, UK; 

http://mi.eng.cam.ac.uk/~rwp/stradwin/). Before data collection, the temporal and spatial 

calibration of ultrasound transducer was performed in a water bath (~25° C) using a single-

wall phantom calibration protocol recommended by Stradwin software developers (Prager 

et al., 1998). After calibration, pixel coordinates in any recorded 2D ultrasound images 

were transformed into 3D space with an approximate error of ±0.4 mm (Prager et al., 

1998). 

One investigator (L.N) performed all the AT ultrasound scans using a 58-mm linear 

transducer (L14-5 W/60 linear, Ultrasonix, Richmond, BC, Canada) with standardized 

http://mi.eng.cam.ac.uk/~rwp/stradwin/
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ultrasound image settings (depth 40 mm, gain 50%, dynamic range 65 dB, map 4, power 

0). To ensure a consistent scanning area for all the contractions, the ultrasound scanning 

area was drawn on the skin according to the AT anatomical location seen on 2D real-time 

ultrasound (Fig. 29A). A rectangular shaped commercially available stand-off pad was 

attached to the end of the transducer using a custom-made ultrasound stand-off holder to 

maximize the image quality. A thick layer of ultrasound gel was then applied over the AT 

scanning area in order to provide appropriate ultrasound wave conductance and minimize 

the pressure exerted by the transducer on the skin. A stack of 2D B-mode images was then 

acquired by moving the transducer manually from the base of the heel to medial 

gastrocnemius (MG) MTJ in a transverse orientation at a steady speed (~9 mm s
-1

). Each 

ultrasound scan took approximately 25 s to complete and the finalized stacks of 2D B-

mode images consisted of 1350 frames with an average distance frame of 0.1 mm. The 3D 

US approach is limited to evaluating tendon morphology under static loading condition 

and the accuracy of measurement, particularly for tendon length, depends on the scanning 

time and the number of 2D B-mode images acquired during scanning (Lichtwark et al., 

2013; Obst et al., 2014a). Therefore, the tendon loading condition under which the AT 

ultrasound scanning was performed in the present study (i.e. ~25s isometric plantarflexion 

contraction at 50% MVIC) was a compromise between allowing sufficient scan time to 

capture a sufficiently dense ultrasound image stack, and ensuring that participants were 

able to maintain the target contraction intensity over the scan period (Nuri et al., 2016). 

Three main anatomical point landmarks (calcaneal notch, soleus (SOL) MTJ, and MG 

MTJ) were selected manually on 3D AT images using 3D landmark tool in Stradwin 

software. Sagittal and frontal image re-slices were used to start the manual segmentation 
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and were corrected where necessary by viewing the corresponding 3D transverse image 

slices (Fig. 29B,C). The whole AT length was defined as the distance between the 

calcaneal notch and MG MTJ; the free AT length was defined as the distance between the 

calcaneal notch and SOL MTJ; and proximal AT length was defined as the distance 

between MG MTJ and SOL MTJ. Tendon deformation was determined by subtracting 

tendon resting length from the corresponding length during each contraction. Sagittal and 

transversal images of free tendon were used to digitize tendon CSA at 2 mm intervals 

along the length of the free tendon. The free AT volume reconstruction was then obtained 

from the 3D location of the digitized CSAs using 3D rendering algorithms in Stradwin 

(Treece et al., 1999) (Fig. 30A,B). The accuracy of our 3DUS for free AT volume 

measurement compared to phantoms of similar size and the minimal detectable change for 

in vivo free AT volume at rest have been estimated to be ±0.5 ml and ±0.2 ml, respectively 

(Obst et al., 2014a). Further, 3DUS provides a high level of within-session reliability 

(ICC≥0.98) for the measures of AT morphological properties (i.e., AT length, mean free 

AT CSA, and free AT volume) at rest and during sub-maximal voluntary isometric 

plantarflexion contraction (Obst et al., 2014a; Nuri et al., 2016). The mean free tendon 

CSA (mm
2
) was obtained by dividing free tendon volume by free tendon length (×1000). 

Tendon length, CSA and volume strains were computed by dividing the tendon 

deformation by the corresponding resting values. The measurement of free AT transverse 

strain during tensile loading could have important implications for our understanding of 

the AT elastic energy storage and release action (Lichtwark and Wilson, 2006), triceps 

surae muscle bulging characteristics (Aziz et al., 2008), and AT in vivo mechanobiology 

(Wang et al., 2012). 
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Figure 29:  Experimental set-up and three dimensional (3D) Achilles tendon (AT) image 

reconstruction and segmentation. (A) Participant positioned prone in testing apparatus 

with the ankle joint in 90° (neutral position). The ultrasound scan was performed by 

sweeping the ultrasound transducer from the base of the heel to the medial gastrocnemius 

(MG) muscle-tendon junction (MTJ) as indicated by the arrow. The black crosses denote 

MTJ for the soleus (SOL) and MG. (B) Sagittal plane re-slices of the reconstructed 3D 

ultrasound image of the AT. (C) Sagittal (S), transverse (T), and frontal (F) image re-slices 

used to identify the anatomical location of the calcaneal (Cal) notch, SOL MTJ, and MG 

MTJ. 
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Figure 29: Free Achilles tendon (AT) cross-sectional area (CSA) segmentation and 

volume reconstruction for contralateral (A) and tendinopathic (B) sides of a single 

representative participant. The free AT CSAs were manually digitized from the transverse 

images at ~2-3 mm intervals from the calcaneal (Cal) notch to the soleus muscle-tendon-

junction (SOL MTJ) and the free AT 3D volume was rendered from the segmented CSAs 

using the surface interpolation algorithm in Stradwin software. 

6.3.4 Electromyography (EMG) 

Following skin preparation, pre-gelled and self-adhesive surface electrodes (model 

H124SG, Covidien Kendall, 24 mm, Germany) with a fixed center-to-center interelectrode 

distance of 20 mm were placed over the belly of the MG, lateral gastrocnemius (LG), SOL 

and tibialis anterior (TA) muscles according to SENIAM recommendations by Hermens et 

al. (2000). A ground reference electrode was placed over the fibular head. Muscle activity 

was recorded using a four channel double differential EMG system (Bagnoli-8 EMG, 

DELSYS, USA). EMG signals were sampled at a frequency of 1000 Hz and bandpass 



183 

 
 

filtered between 20 and 400 Hz using a fourth-order zero lag Butterworth filter in Matlab 

software (The Mathworks, Natick, Massachusetts, USA) and converted to Root Mean 

Square (RMS) values using a 20-ms non-overlapping window. The RMS value was then 

normalized relative to the measured MVIC values (%MVIC). EMG activity for MG, LG, 

and SOL were also expressed as a ratio of total triceps surae (TS) muscle activation to 

investigate the effects of each contraction on the synergetic activations. Furthermore, the 

co-activation index was calculated from the ratio of normalized EMG activity for TA to the 

sum of normalized EMG activities for the SOL and TA (Hammond et al., 1988). 

6.3.5 Statistical analysis 

Paired t-tests were used to compare the resting dimensions of the tendon (whole AT, free 

AT and proximal AT lengths, and free AT CSA and volume) between sides (tendinopathy 

and contralateral). A full factorial two-way repeated measures Analysis of Variance 

(ANOVA) was used to evaluate the effects of side and contraction number (ten 

contractions) on tendon longitudinal strain for each tendon region (whole AT, free AT, and 

proximal AT), free tendon CSA strain, and free tendon volume strain separately. Planned 

contrasts (SPSS CONTRAST syntax) were subsequently used to determine differences in 

tendon longitudinal strain, CSA strain, and volume strain between sides for each 

contraction and between consecutive contractions for each side. Furthermore, a one-way 

repeated measures ANOVA was used to determine the effect of contraction number on 

ankle joint torque, pain score, EMG activity of MG, LG, SOL, and TA muscles, the ratios 

of normalized EMG activity, and co-activation index for each side separately. The level of 

significance was set at α=0.05. All analyses were performed using the Statistical Package 

for the Social Sciences version 22 (SPSS, Chicago, Illinois, USA). In the text, data are 
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expressed as mean±standard deviation (s.d.) and in the figures they are presented as 

mean±standard error of mean (s.e.m.). 

6.4 Results 

6.4.1 Effect of tendon side on tendon dimensions at rest 

No differences in resting lengths of tendon regions were detected between the 

tendinopathic side (whole AT: 203±29 mm; free AT: 74±23 mm; proximal AT: 129±23 

mm) and the contralateral side (whole AT: 206±32 mm; free AT: 72±22 mm; proximal 

AT: 134±21 mm) (t (9)=-0.04, P=0.96; t (9)=-0.84, P=0.41; t (9)=1.02, P=0.33, 

respectively). However the mean resting free AT CSA was significantly higher in the 

tendinopathic side (97±17 mm
2
) compared to the contralateral side (60±13 mm

2
) (t (9)=-

8.63, P<0.001). Similarly, the mean resting free AT volume was significantly higher in the 

tendinopathic side (7.16±1.89 ml) compared to the contralateral side (4.15±1.01 ml) (t 

(9)=-8.84, P<0.001).  

6.4.2 Effect of tendon side and contraction number on tendon longitudinal strain 

The whole AT, free AT, and proximal AT longitudinal elongations and the corresponding 

strains are displayed in figure 31. Significant main effects of side and contraction number 

were detected for whole AT longitudinal strain (F1, 9=7.37, P=0.02 and F9, 81=49.04, 

P<0.001, respectively) and free AT longitudinal strain (F1, 9=25.61, P=0.001 and F9, 

81=74.76, P<0.001, respectively). Significant side-by-contraction number interaction 

effects were also detected for whole and free AT longitudinal strain (F9, 81=15.21, P<0.001 

and F9, 81=25.35, P<0.001, respectively). Planned contrasts revealed greater whole and free 
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AT longitudinal strain in the tendinopathic versus the contralateral side from the fourth
 

contraction. Planned contrasts also revealed that whole and free AT longitudinal strain 

values increased as a function of contraction number up to the fifth contraction in the 

tendinopathic side and the third contraction in contralateral side for both regions (Fig. 

31A,B). No significant differences in proximal AT strain were found between contractions 

in both sides (Fig. 31C). 

 

Figure 30: Change in Achilles tendon (AT) longitudinal elongation and strain during 

repeated loading. The mean group whole AT (A), free AT (B), and proximal AT (C) 

longitudinal elongation and strain in tendinopathy (red circles) and contralateral (green 

circles) sides during 10 successive isometric plantarflexion contractions at 50% MVIC. 



186 

 
 

Data are expressed as mean ± SEM (N = 10). Asterisks (*) indicate significant differences 

between the tendinopathic and contralateral sides during each contraction (P < 0.05). 

Planned contrasts revealed that the whole and free AT in the tendinopathic side 

experienced greater longitudinal strain than those of the contralateral side during 

contractions 4-10. 

6.4.3 Effect of tendon side and contraction number on free tendon transverse strain 

The free AT CSA deformation and the corresponding strain are presented in figure 32. 

Side and contraction number had a significant main effect on mean free AT CSA strain (F1, 

9=11.05, P=0.009 and F9, 81=23.73, P<0.001, respectively). A significant side-by-

contraction number interaction for free AT CSA strain was also detected (F9, 81=6.79, 

P<0.001). Planned contrasts revealed that free AT CSA strained significantly more in the 

tendinopathic side compared with the contralateral side during all 10 contractions. Planned 

contrasts also revealed that free AT CSA strain values significantly decreased with 

contraction number up to the fifth contraction in the tendinopathic side and the third 

contraction in the contralateral side (Fig. 32A,B).  
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Figure 31: Change in free Achilles tendon (AT) cross-sectional area (CSA) deformation 

and strain during repeated loading. The mean group free AT CSA deformation (A) and 

strain (B) during 10 successive isometric plantarflexion contractions at 50% MVIC in the 

tendinopathic (red circles) and contralateral (green circles) sides. Data are expressed as 

mean ± SEM (N = 10). Asterisks (*) indicate significant differences between the 

tendinopathic and contralateral sides during each contraction (P < 0.05). Planned 

contrasts revealed that the free tendon CSA in the tendinopathic side strained greater than 

that of the contralateral side during contractions 1-10. 

6.4.4 Effect of tendon side and contraction number on free tendon volume strain 

The free AT volume deformation and the corresponding strain are displayed in figure 33. 

Side and contraction number had a significant main effect on mean free AT volume (F1, 

9=94.36, P<0.001 and F9, 81=19.59, P<0.001, respectively). There was a significant side-

by-contraction number interaction for free AT volume strain (F9, 81=18.11, P<0.001). 

Planned contrasts revealed that free AT volume strained significantly more in the 
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tendinopathic side compared with the contralateral side during all 10 contractions. Planned 

contrasts also revealed that free AT volume strain values significantly decreased with 

contraction number up to the fifth contraction in the tendinopathic side (Fig. 33A,B).  

 

Figure 32: Change in free Achilles tendon (AT) volume deformation and strain during 

repeated loading. The mean group free AT volume deformation (A) and strain (B) during 

10 successive isometric plantarflexion contractions at 50% MVIC in the tendinopathic (red 

circles) and contralateral (green circles) sides. Data are expressed as mean ± SEM (N = 

10). Asterisks (*) indicate significant differences between the tendinopathic and 

contralateral sides during each contraction (P < 0.05). Planned contrasts revealed that 

the free tendon volume in the tendinopathic side strained greater than that of the 

contralateral side during contractions 1-10. 

6.4.5 Effect of contraction number on ankle joint torque, EMG, and pain score 

Ankle plantarflexion torque for MVIC in the tendinopathic side was 90.5±10.35 N.m and 

for submaximal contractions in the tendinopathic and contralateral sides were 45.77±4.22 
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N.m and 44.52±5.25 N.m, respectively. Normalized EMG activities for MG, LG, SOL, and 

TA for the tendinopathic side were 38.34±3.81%, 21.93±2.21%, 36.34±1.23%, and 

5.55±0.32%, respectively and for contralateral side were 39.23±0.76%, 25.11±1.58%, 

38.61±0.79%, and 5.42±0.85%, respectively. The co-activation index for the tendinopathic 

and contralateral sides were 0.12±0.008 and 0.11±0.006, respectively. No significant main 

effects of contraction number or differences in ankle joint torque, normalized EMG 

activity of MG, LG, SOL and TA, ratios of normalized EMG activity (MG/TS, LG/TS, 

SOL/TS), and co-activation index between contractions were detected for both sides. The 

group mean pain score during 10 contractions for the tendinopathic and contralateral sides 

were 1.5±0.46 and 0.02±0.03, respectively. There was a significant difference in tendon 

pain score between contractions for the tendinopathic side (F9, 81=12.32, p<0.001). Planned 

contrast revealed that tendon pain decreased from contraction 1 (2.6±1.5) to 2 (1.82±1.14) 

and 2 to 3 (1.35±0.85). No significant difference in tendon pain score was found between 

contractions for the contralateral side. 

6.5 Discussion 

This study examined the time course of longitudinal deformation of the whole AT, free AT 

and proximal AT, and the transverse and volume deformation of the free AT in people with 

unilateral MAT during repeated submaximal isometric plantarflexion contractions. Our 

hypothesis that AT longitudinal, transverse and volume strains would be greater and 

require a greater number of contractions to reach steady state in MAT compared to 

contralateral tendon was supported. The volume reduction due to repeated loading 

preceded the exaggerated longitudinal strain response in MAT, and is suggestive of fluid 
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loss from the tendon core. The observed rapid volume loss coupled with the aberrant 3D 

strain behavior of the free AT in MAT are indicative of accentuated poroelasticity and an 

altered local stress-strain environment within the free tendon in tendinopathy, which could 

alter tendon remodelling via mechanobiological pathways. 

6.5.1 Resting CSA and volume of the tendinopathic and contralateral free AT  

Consistent with previous in vivo studies, the MAT had a larger mean resting free AT CSA 

than contralateral tendon (97 mm
2 

and 60 mm
2
, respectively) (Leung and Griffith, 2007; 

Arya and Kulig, 2010; Docking and Cook, 2016), reflecting the pathological alterations in 

tendon structure and composition within MAT. The mean resting free tendon CSA value 

reported here for MAT (97 mm
2
) lies within the range of values reported in previous 

studies for free AT in individuals with MAT (90-100 mm
2
) (Leung and Griffith, 2007; 

Arya and Kulig, 2010; Docking and Cook, 2016). The mean resting contralateral free 

tendon CSA value in the present study (60 mm
2
) was also in close agreement (56-75 mm

2
) 

with prior studies using the same approach (Obst et al., 2015; Nuri et al., 2016), but were 

lower than for several prior studies (80-90 mm
2
) (Maganaris and Paul, 2002; Magnusson 

and Kjaer, 2003; Reeves and Cooper, 2017). We believe this discrepancy in normal tendon 

CSA between studies could be due to the differences in imaging methods [MRI 

(Magnusson and Kjaer, 2003; Reeves and Cooper, 2017); 2D US (Maganaris and Paul, 

2002); 3D US (present study)], tendon CSA segmentation methods [(tendon core + tendon 

paratenon (Maganaris and Paul, 2002; Magnusson and Kjaer, 2003; Reeves and Cooper, 

2017); only tendon core (present study)] and tendon region from which the measurement 

of tendon CSA was made [free AT insertion (Maganaris and Paul, 2002); whole free AT 

length (present study)]. Further, resting free AT volume in the tendinopathy and 
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contralateral legs were 7.16 and 4.15 ml, respectively. These values fall within the range 

reported in previous in vivo studies for free AT volume [tendinopathic free AT volume: 

~6-8 ml (Shalabi et al., 2004; Gärdin et al., 2010); healthy free AT volume: ~3-5 ml (Obst 

et al., 2014a,b; Nuri et al., 2016)]. As no significant differences in free AT length were 

found between the tendinopathy and contralateral legs at rest (~72 mm), the higher volume 

of the free tendon in tendinopathy leg observed here reflects the larger CSA of the 

tendinopathic tendon as a result of pathological alterations in tendon structure and 

composition accompanying chronic MAT (Åström and Rausing, 1995; Docking et al., 

2015).  

6.5.2 Longitudinal and transverse strain of the Achilles tendon during repeated 

loading 

AT longitudinal and transverse strains from the first to tenth contraction were three and 

five times greater in MAT compared to the contralateral tendon. The longitudinal creep of 

whole AT was primarily driven by elongation of the free AT in MAT and contralateral 

tendons, with no differences in tendon proximal AT strain observed between contractions 

and between tendons during repeated loads. This finding adds to previous studies that 

reported a higher longitudinal strain at the level of whole (Arya and Kulig, 2010; Child et 

al., 2010) and free tendon in MAT relative to the healthy control tendon, by showing that 

the strain behavior of the proximal AT is not affected in MAT and does not experience 

longitudinal creep in response to repeated loading. The proximal AT therefore does not 

appear to be vulnerable to strain-related injuries during repeated loading in MAT. 

Differences in tendon anatomical structure, [fascicle/fibre orientation (Szaro et al., 2009), 
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fluid content (Grosse et al., 2015; Syha et al., 2014), and crimp angle (Magnusson et al., 

2002)], the magnitude and direction of load exerted, and loading distribution pattern 

(Iwanuma et al., 2011; Farris et al., 2013; Reeves and Cooper, 2017) between proximal AT 

and free AT have been proposed as possible mechanisms underpinning the isolated creep 

behavior of the free AT during repeated loading (Nuri et al., 2016).  

6.5.3 Volumetric changes in the free Achilles tendon during repeated loading 

In contrast to normal tendon, which is known to behave iso-volumetrically in response to 

repeated loads (Nuri et al., 2016), the present study revealed that the free AT core 

experienced a volume reduction of 29% by the 10th contraction in MAT. This finding is 

consistent with studies that report reduction in tendinopathic tendon water content (Ho and 

Kulig, 2016), volume (Shalabi et al., 2004), and thickness (Fahlstrom and Alfredson, 2010; 

Grigg et al., 2012; Wearing et al., 2015) following exercise. The gradual increase in 

tendinopathic free AT length and the corresponding reduction in tendon CSA and volume 

observed here suggests that repeated loading not only changes a tendinopathic free AT 

matrix shape, but also alters tendon fluid content until a steady state is reached. We also 

noted that despite the volume and CSA reduction loss in the tendinopathic tendon during 

repeated loading, the free AT volume and CSA remained higher in the MAT (5.12 ml and 

67 mm
2
, respectively) compared to the contralateral tendon (4.15 ml and 55 mm

2
, 

respectively) following repeated loading. The volume reduction in MAT under load 

therefore does not fully account for the extra volume in the resting tendon due to 

pathology. From an injury prevention perspective, the larger CSA in MAT would be 

expected to protect the tendon from experiencing high stress and compensate at least in 
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part for the lower tendon material properties in MAT (Arya and Kulig, 2010; Chang and 

Kulig, 2015; Child et al., 2010; Wang et al., 2012). 

The load-induced volume reduction of tendinopathic free tendon during repeated loads as 

observed here could be due to the fluid movement from tendon core to peri-tendinous 

space (Hannafin and Arnoczky, 1994; Helmer et al., 2004) and/or vascular mechanism 

(i.e., the contraction-induced decrease in tendinopathic tendon blood volume) (Åström and 

Westlin, 1994). The fluid movement from tendon core to peri-tendinous space during 

mechanical loading could be explained by a combination of factors such as the release of 

water molecules from glycosaminoglycans as a result of the induced electric potential, 

known as streaming potential (Gu et al., 1993) in tendinopathic tendon matrix and high 

positive fluid pressure in tendinopathic tendon core (Ahmadzadeh et al., 2015) resulting 

from the high concentration of free and bound water molecules (De Mos et al., 2007) and 

ineffective tendon loading transfer mechanisms due to the disorganized and disrupted 

collagen fibers (Pingel et al., 2014) within the tendinopathic tendon matrix. The 

impairment in tendinopathic tendon core sheath (i.e., epitenon) permeability (i.e., porosity 

and voids ratio) (Chen et al., 1998) could also exacerbate the effect of the aformentioned 

mechanisms.  

6.5.4 Number of contractions required to achieve steady state Achilles tendon strain 

behavior 

Steady state behavior was achieved simultaneously for longitudinal and transverse AT 

strains following five contractions in MAT compared to three contractions in the 

contralateral tendon. More contractions were likely required in the tendinopathic side due 
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to a combination of more longitudinal and transverse creep coupled with the volume 

reduction in MAT. We also observed a reduction in self-reported pain score up to the third 

contraction in MAT, which likely reflects changes in local mechanical environment within 

the tendinopathic tendon matrix during repeated loading. A practical implication of these 

findings is that more contractions are required to condition a tendon with MAT relative to 

healthy tendon, and that tendon conditioning in MAT has the added benefit of decreasing 

pain perception (Rio et al., 2015). 

Although the tendinopathic tendon underwent significantly greater CSA and the 

corresponding volume reduction than contralateral tendon from the first contraction, the 

whole and free AT longitudinal strains in the tendinopathic side were not greater than 

those of the contralateral tendon until the fourth contraction. This observation could be 

attributed to the involvement of different load-bearing mechanisms at different time scales 

within the tendinopathic tendon matrix in response to repetitive tensile loading. It is well 

known that the load support mechanisms of the tendon derive from the simultaneous 

interaction of the solid and fluid phases of the tissue (Fung, 2013) and that the 

tendinopathic tendon has a degraded solid structure (Docking et al., 2015; Pingel et al., 

2014) and contains more free and bound water molecules (de Mos et al., 2007). The 

normal fluid–solid interaction pattern within the tendon in response to load in the presence 

of tendinopathy appears to be altered, with the rapid volume reduction from the free AT 

core observed in MAT being suggestive of a decreasing support from the fluid component 

and corresponding increase in load bearing to the solid component until steady state is 

reached. The specific reason for the lack of statistical difference in free AT longitudinal 

strain between the MAT and contralateral tendon in the first three contractions is unclear, 
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but could be caused by a stiffening effect of fluid flow on the more compliant collagen 

fibrillar network in MAT (Buckley et al., 2013). These alterations in solid and fluid 

behavior in MAT would also be expected to alter the local mechanical environment of the 

tissue. A non-optimal mechanical environment within the free tendon in MAT could be an 

important factor limiting tendon regeneration, and may need to be considered when 

designing interventions for treating MAT.  

 6.5.5 Limitations and future directions 

In the present study only the mean whole free AT transverse strain was assessed due to 

large variation in tendon injury location along the length of the free AT in participants with 

MAT. Studies in the field of tendon mechanobiology suggest that there is an optimal strain 

environment for positive tendon adaptation (Wang, 2006), with either higher or lower than 

optimal strains resulting in a catabolic effect. It therefore follows that targeted 

rehabilitation strategies, perhaps combining biological and exercise-based therapies, could 

be developed in the future to create an optimal mechanical environment for tendon 

regeneration. In future studies it will be important to better characterise the local strains in 

the region of the tendinopathic lesion. Secondly, we were not able to visualize the whole 

tendon CSA along the proximal AT during a single transverse ultrasound sweep in the 

present study. Such information could be obtained in future using other imaging 

approaches such as MRI (Iwanuma et al., 2011; Reeves and Cooper, 2017). Thirdly, 3D 

US is limited by its inability to detect the thickness of tendon paratenon, epitenon, and 

peri-tendinous space, and thus the tendon CSA measurement in the present study was 

confined to the tendon core. Further studies are required to determine these tendon 

parameters at rest and during repeated loading using imaging techniques such as MRI that 
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have greater resolution than ultrasound in order to identify the fluid exudation mechanism 

from the tendon core into the peri-tendinous space as well as the time course of recovery of 

tendinopathic tendon volume following a standardized AT repeated loading protocol. 

Further, although all measurements were made at the same relative ankle joint 

plantarflexion torque (50% MVIC), we cannot be certain that the force applied to the free 

tendon and proximal AT were equal or whether longitudinal and/or transverse force 

distribution changed as a function of contraction number. It is however important to note 

that the activation level of TA muscle during repeated isometric plantarflexion contractions 

was small (~5%) and no changes in EMG activity of the triceps surae and TA muscles and 

the co-activation index were detected between contractions. Finally, the present study was 

conducted using a specific repeated loading protocol (25 s at 50% MVIC per contraction) 

(Nuri et al., 2016) in male adults with unilateral MAT so caution should be taken when 

generalizing these findings to other loading protocols (high intensity-short duration 

loading), females, other AT disorders (e.g., insertional Achilles tendinopathy), and other 

tendons (e.g., patellar tendon).  

6.6 Conclusion 

Tendinopathic free Achilles tendon underwent higher longitudinal, transverse, and volume 

strains relative to the contralateral tendon and reached steady state strain behavior after a 

greater number of contractions. The loss of free AT volume in MAT preceded the greater 

longitudinal strain in MAT relative to the contralateral tendon. Taken together these 

findings suggest the 3D strain behavior and normal temporal pattern of interaction between 

the solid and fluid phases of the tissue within the tendinopathic tendon matrix is altered in 

response to repeated loading.  
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Chapter 7. General Discussion 

The general purpose of this thesis was to investigate the three-dimensional (3D) 

morphology of the healthy Achilles tendon (AT) at the regional level during conditioning 

(Chapter 3) and its time course of recovery from the conditioning effects (Chapter 4) and 

to assess the effect of unilateral mid-portion Achilles tendinopathy (MAT) on AT 3D 

morphology and volume at rest, under a single tensile load, and during repeated loading at 

the regional level (Chapters 5 and 6). This chapter summarises and synthesizes the unique 

findings of the thesis in the context of the current literature. The main limitations of all the 

studies, recommendations for future research, and the general conclusions of the thesis are 

also presented. 

7.1 Conditioning and recovery of healthy human Achilles tendon 

Despite the importance of tendon conditioning in the measurement of tendon mechanical 

properties (Seynnes et al., 2015), the healthy AT conditioning process has been only 

investigated in two previous in vivo studies, which reported only the changes in whole AT 

longitudinal elongation and strain in response to successive tensile loading (Hawkins et al., 

2009; Maganaris, 2003). However, the whole AT (i.e., gastrocnemius muscle-tendon 

junction (MTJ) to calcaneus) is not a single elastic structure. The distal AT (free AT: i.e, 

soleus MTJ to calcaneus) and the proximal AT (i.e., gastrocnemius MTJ to soleus MTJ) 

have distinctly different structures that leads to different mechanical properties. For 

example, it has been shown that the free AT undergoes a greater longitudinal strain than 

proximal AT during the same tensile load before and after fatiguing exercise (Farris et al., 
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2013a; Finni et al., 2003; Lichtwark et al., 2013a; Magnusson et al., 2003; Obst et al., 

2015a). Furthermore, it has been demonstrated that the load-induced alterations in free AT 

longitudinal deformation is associated with the corresponding region-specific changes in 

tendon transverse morphology (i.e., tendon CSA), with the tendon mid portion undergoing 

greater transverse deformation and strain compared to the proximal and distal portions 

(Obst et al., 2015b; Obst et al., 2014b). Therefore, the longitudinal conditioning effects of 

whole AT reported in previous studies (Hawkins et al., 2009; Maganaris, 2003) may not 

represent the longitudinal conditioning of free AT and proximal AT and the corresponding 

regional transverse conditioning of free AT.  

Chapter 3 examined the regional 3D deformation of human Achilles tendon during 

conditioning consisting of 10 successive 25-s submaximal (50%) voluntary isometric 

plantarflexion contractions. The longitudinal conditioning of whole AT was primarily 

driven from the creep response of the free AT and was accompanied by a corresponding 

reduction in free tendon CSA that was most pronounced within the tendon mid-portion. As 

free AT volume remained unaltered throughout conditioning, the alterations in tendon 

morphological deformation during conditioning were indicative of a change in only tendon 

matrix shape, likely due to the reorganization of the collagenous and non-collagenous 

tendon matrix components. The isolated creep response of the free AT observed in chapter 

3 is supported by two previous studies reporting that the acute effects of fatiguing exercise 

such as, running and eccentric heel drop exercise (i.e., increase in tendon length and strain) 

are only confined to the free AT, with no changes evident at the level of proximal AT 

(Lichtwark et al., 2013a; Obst et al., 2015a). This observation could be due to the possible 

differences in fascicle/fibre orientation (Szaro et al., 2009), crimp angle (Magnusson et al., 
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2002), fluid content (Grosse et al., 2015), and loading characteristics (Farris et al., 2013) 

between AT regions that likely underpin the microstructural alterations associated with 

conditioning within free AT (Houssen et al., 2011; Miller et al., 2012a). Further, the 

finding that free tendon mid portion underwent greater transverse strain relative to the 

proximal and distal portions supports previous studies demonstrating that alterations in 

tendon transverse morphology during load both before and after acute bout of exercise are 

localized to the free tendon mid-portion (Obst et al., 2015b; Obst et al., 2014b), indicating 

the unique structure and mechanical behavior of this region. Overall, the findings of 

chapter 3 highlight the vulnerable nature of the free AT mid-portion to the strain-related 

injuries (e.g., tendinopathy and rupture) when it is subjected to the repeated loads. 

Chapter 4 examined the time course of recovery of 3D AT deformation from the 

conditioning effects reported in chapter 3 during a 50% MVIC of the plantarflexors 

immediately prior to conditioning, immediately following conditioning, and at 5 further 

time points following conditioning (15, 30, 60, 90, and 120 min). During the time course 

of recovery, the whole and free AT longitudinal strains and the free AT transverse strain 

remained at the steady state for 60 min and returned to pre-conditioned strain values after 2 

h. These findings indicate that the recovery from conditioning effects was complete for the 

whole and free AT strain in both longitudinal and transverse dimensions. The full recovery 

of AT following conditioning observed in chapter 4 is consistent with previous in vitro 

studies demonstrating that the conditioning effects on tendon mechanical and 

morphological properties are non-damaging, transient, and recoverable (Fung, 2013; Lanir 

and Fung, 1974; McPherson et al., 1992; Nurmi et al., 2004; O’Brien et al., 1989; Pilia et 

al., 2015; Thorpe et al., 2014). However, the time required for the full recovery of AT 
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morphological deformation from conditioning effects reported in chapter 4 (2 h) is shorter 

than those reported by previous studies examining the free AT morphological changes 

following the application of an acute bout of fatiguing exercise (days) (Grigg et al., 2009; 

Grigg et al., 2012; Grosse et al., 2015; Rosengarten et al., 2014; Wearing et al., 2013). This 

discrepancy between the findings of chapter 4 and those of the previous studies may be 

explained by the fact that fatigue loading applied in previous studies may have induced 

microstructural damage to the tendon (Fung et al., 2010; Fung et al., 2009; Thorpe et al., 

2014), leading to a long-term tendon recovery (Gardner et al., 2012; Lavagnino et al., 

2014). This finding indicates that the confounding effects of free AT recovery following 

conditioning can be large and need to be considered in the design of experiments that 

assess AT mechanical properties.  

7.2 Response of the pathological Achilles tendon to loading 

Chapter 5 examined the effect of unilateral mid-portion Achilles tendinopathy (MAT) on 

free AT 3D morphology at rest and under a single tensile load. In the tendinopathic side, 

tendon CSA and AP diameter were larger than those of the contralateral and healthy 

tendons across all tendon regions at rest that were peaked in tendon mid-region, with no 

significant difference in tendon ML diameter found between the three tendons at any of the 

tendon regions. This finding supports previous studies that reported an increase in tendon 

thickness and area at a single site of tendon mid-portion in people with MAT (Alfredson et 

al., 2014; Docking and Cook, 2015; Grigg et al., 2012; Van Schie et al., 2010) and studies, 

which demonstrated a widespread development of tendinopathic symptoms throughout the 

entire length of the tendon (Choi et al., 2016; Jacobsen et al., 2015; Smith et al., 2008). 



202 

 
 

The finding that the increase in tendinopathic tendon CSA is mainly driven from increase 

in tendon AP diameter could be explained by the degenerative alterations in anterior and 

posterior surfaces of the paratenon sheath (Harris and Peduto, 2006; Kvist et al., 1988; 

Paavola et al., 2002), the mechanisms regulating tendon healing response following injury 

(Dyment et al., 2013; Yoshida et al., 2016), and pathological adaptation response of 

tendinopathic tendon for providing a greater safety margin (Shim et al., 2014). Under the 

same tensile load (50% MVIC), the tendinopathic tendon experienced greater longitudinal 

and transverse strains than control tendons and experienced a reduction in tendon CSA, AP 

diameter, and ML diameter along the entire tendon length, resulting in a tendon volume 

reduction. However, the contralateral and healthy tendons behaved iso-volumetrically and 

experienced a reduction in tendon CSA and ML diameter and an increase in tendon AP 

diameter. The finding that the tendinopathic tendon becomes thinner in AP direction and 

undergoes a volume reduction under load supports previous studies that demonstrated an 

immediate decrease in tendon thickness, water content, and volume following exercise 

(Fahlström and Alfredson, 2010; Grigg et al., 2012; Ho and Kulig, 2016b; Shalabi et al., 

2004b; Wearing et al., 2015). Factors such as fluid movement from tendon core to peri-

tendinous space resulting from release of water molecules from glycosaminoglycans (Gu et 

al., 1993; Lai et al., 1991), high positive fluid pressure in tendon core (Ahmadzadeh et al., 

2015; Altiero, 1997), and the impairment of tendon membrane permeability (Chen et al., 

1998; Prendergast et al., 1996) or/and vascular mechanisms (Åström and Westlin, 1994; 

Öhberg et al., 2001) could contribute to the load-induced reduction of the tendinopathic 

tendon.  
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Chapter 6 further examined the effect of unilateral MAT on AT 3D morphological 

deformation during 10 successive 25-s isometric plantarflexion contractions at 50% MVIC. 

The whole AT creep response was confined to the free AT in both the tendinopathic and 

contralateral sides, with no changes in proximal AT elongation and the corresponding 

strain in both sides observed. The magnitude of creep for the whole and free AT 

longitudinal strains and free AT CSA and volume strains in the tendinopathic side were 

greater than those of the contralateral side and reached steady state at higher strain values 

and following a greater number of contractions in the tendinopathic side. This finding is in 

agreement with previous studies that demonstrated a higher longitudinal strain at the whole 

and free AT levels in tendinopathic tendon relative to the healthy control tendons during 

load (Arya and Kulig, 2010; Child et al., 2010), and explains why the pathologic free 

tendon in individuals with MAT is at greater risk of further strain-induced injury (e.g., 

rupture) in response to repeated loads (Hess, 2009). Further, the tendinopathic tendon’s 

whole and free AT longitudinal strains were not greater than those of the contralateral 

tendon until the tendinopathic tendon experienced a volume reduction of 25% (fourth 

contraction) during repeated loads. This observation may indicate that due to the gradual 

fluid exudation from tendon core from the first contraction, there may have been a 

transition in tendinopathic tendon load-bearing mechanism from a fluid-dominated phase 

to the solid one, exposing the solid phase to higher stress at the same level of force, 

resulting in higher longitudinal strain in tendinopathic tendon. Aside from making the 

tendinopathic tendon more vulnerable to further tendon injuries, these changes likely also 

alter the local mechanical environment within the tendinopathic tendon matrix, and are 

therefore likely to be a barrier to tendon repair. 
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7.3 General limitations and future directions 

The limitations of each individual study that comprises this thesis have been discussed in 

detail within the relevant chapters. However, there are a number of general limitations that 

must be acknowledged when interpreting the main findings of this thesis and should be 

considered in future studies. First, only a small sample of male adults with heterogeneous 

duration, symptoms, and the injury location of unilateral MAT in Chapters 5 and 6 were 

included. The findings of this thesis, therefore, should not be generalized to different 

population groups, females, other Achilles tendon disorders (e.g., insertional Achilles 

tendinopathy), and other human tendons (e.g., patellar tendon). Further, while 3DUS is 

able to measure the tendon morphology along the entire tendon length at rest and under 

load, the accuracy of measurement, particularly for tendon length, depends on the scanning 

time and the number of 2D images acquired during scanning. This approach is also limited 

to evaluating tendon morphology under static loading conditions (Lichtwark et al., 2013a; 

Obst et al., 2014a). The restriction of 3DUS measurement to isometric contraction limits 

the findings to static strain measurement, where the static loading may itself contribute to 

tendon creep. Further, as the free AT scanning was completed before the proximal AT in 

Chapter 3, 4, and 6, the different time course of scanning time may have also affected the 

interpretation of our data. Therefore, the tendon loading condition under which the AT 

ultrasound scanning was performed in all the studies of this thesis (i.e. ~25s isometric 

plantarflexion contraction at 50% MVIC) were a compromise between allowing sufficient 

scan time to capture a sufficiently dense ultrasound image stack, and ensuring that 

participants were able to maintain the target contraction intensity over the scan period. The 

restriction of 3DUS measurement to isometric contraction limits the findings to static 
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strain measurement, where the static loading may itself contribute to tendon creep. Further, 

as the free AT scanning was completed before the proximal AT in Chapter 3, 4, and 6, the 

different time course of scanning time may have also affected the interpretation of our 

data. Future studies are warranted to examine the effects of different loading modes on 3D 

deformation of healthy and pathologic AT during a single load and repeated loads (as 

reported for static loading in Chapter 3, 5, and 6) and the 3D recovery of AT under load 

following repeated loads (as reported for static loading in Chapter 4). 3DUS is also limited 

by its inability to detect the thickness of tendon paratenon, epitenon, and peri-tendinous 

space, and thus all the tendon transverse morphology measurements (i.e., CSA) in this 

thesis were confined to the tendon core. Further study is required to determine these tendon 

parameters at rest and under load using imaging techniques such as MRI that have greater 

resolution than ultrasound in order to identify the fluid exudation mechanism from the 

tendon core into the peri-tendinous space under load.  

From studies 5 and 6 it was clear that the response of the AT to loading is dramatically 

altered in tendinopathy. It therefore follows that the local mechanical environment of the 

tendon solid and fluid components within the AT are also different to healthy tendon. In 

future it will be necessary to better characterize this local mechanical environment through 

the use of multi-scale modelling techniques (Smith et al., 2013) that could be informed by 

the present findings. Studies in the field of tendon mechanobiology suggest that an optimal 

strain environment for positive tendon adaptation exists (Wang, 2006), with either higher 

or lower than optimal strains resulting in a catabolic effect. It therefore follows that 

targeted rehabilitation strategies, perhaps combining biological and exercise-based 

therapies, could be developed in the future to create an optimal environment for tendon 
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regeneration. This approach will require identifying the strain fields that best promote 

tendon recovery from future mechanobiology experiments, and then developing 

biofeedback mechanisms that ensure that the appropriate mechanical stimulus is provided 

in training.       

7.4 General conclusions 

The healthy AT experiences creep in response to repeated loads that occur primarily in the 

free AT mid-portion, and is recoverable within 2 h. In contrast to healthy tendon, which 

experiences a reduction in tendon CSA and ML diameter, and bulges along the AP 

diameter and behaves iso-volumetrically under load, tendinopathic tendon undergoes a 

reduction in tendon CSA, AP diameter, ML diameter, and volume. The likely mechanism 

of this volume reduction is fluid exudation from the tendon core to the peri-tendinous 

space or/and vascular mechanisms. During repeated loading, the loss of free AT volume in 

MAT preceded the greater longitudinal strain relative to the contralateral tendon. Overall 

these findings are indicative of substantial internal reorganization of tendinopathic tendon 

fascicles and fluid content under load which have likely implications for tendon injury risk 

and repair.  
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