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Abstract 

Patellar tendinopathy (PT) is most commonly characterised by localised, load-dependent 

pain at the proximal attachment of the tendon to the patella.  The quadriceps is the muscle 

group that loads the patellar tendon, and the corticospinal control of the quadriceps, 

including corticospinal excitability (CSE) and short-interval intra-cortical inhibition 

(SICI) was quantified in this work using transcranial magnetic stimulation.  An 

understanding of the corticospinal control of the quadriceps and the effects of strength 

training in people with PT was important because: 

1) the mechanisms by which tendons become painful remain poorly understood as no 

local nociceptive driver has been identified;  

2) other musculoskeletal pain conditions are associated with changes to motor control;  

3) there may be primary motor cortex (M1) changes that contribute to chronicity and 

recalcitrance to treatment and  

4) exercise, known to be a powerful modulator of the M1, is the mainstay of treatment for 

PT, yet the analgesic and corticospinal responses to exercise, in particular the modes of 

strength training in PT is unknown and may influence rehabilitation of people with PT. 

A comprehensive literature review highlighted that the clinical presentation of tendon 

pain exhibits features of both physiological and pathophysiological pain and that possible 

changes to the M1 in people with tendon pain warranted investigation (Chapter 2).  

Chapter 3 investigated the CSE in jumping athletes with, (separated into those with PT or 

other anterior knee pain [AKP]), and without AKP.  Athletes with PT displayed greater 
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CSE than controls and those with other AKP, however no differences were detected 

between the control group and other AKP group.  This study improved our understanding 

of the CSE relating to different sources of knee pain (with similar, but different clinical 

presentations) and may direct better treatment approaches.   

There are few non-invasive interventions that reduce tendon pain.  Chapter 4 

demonstrated that externally paced isometric contractions of the quadriceps muscle group 

had a greater analgesic effect than externally paced isotonic quadriceps muscle 

contractions.  Importantly, pain reduction was paralleled by a reduction in cortical 

inhibition, and therefore that muscle performance (evidenced by increased quadriceps 

torque) was improved following isometric muscle contractions.  The clinical implications 

of these findings are important as the findings show that isometric muscle contractions 

may be used to reduce pain in people with PT without a reduction in muscle performance.   

In Chapter 5, two strength training programs, isometric and isotonic quadriceps muscle 

contractions that used external pacing to control the timing of the movement, were 

compared for their immediate analgesic effect in a 4-week withinseason randomised 

clinical trial.  Both protocols were efficacious for inseason athletes to reduce pain; 

however, the isometric intervention demonstrated significantly greater immediate 

analgesia throughout the trial, which may increase the ability to load the patellar tendon.   

Chapter 6 reviewed knowledge about changes to the M1 and motor control in 

tendinopathy, identified parameters shown to induce neuroplasticity in strength training 

such as the use of external pacing, aligned these principles with current tendon loading 

protocols and proposed future direction for tendon rehabilitation.   
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These studies demonstrated that PT was associated with substantial differences in the 

corticospinal control of the quadriceps.  Externally paced strength training was capable of 

not only modifying tendon pain, but excitability and inhibitory control of the quadriceps.  

Changes to corticospinal control would logically alter tendon load and therefore may be 

important in reducing recalcitrance or symptom recurrence.  An improved understanding 

of the methods that optimise neuroplasticity of the M1 may be an important progression 

in how the clinical prescription of exercise based rehabilitation in tendinopathy for pain 

modulation and potentially restoration of the corticospinal control of the muscle-tendon 

complex.   
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Chapter 1. Introduction  

This chapter details the terminology associated with tendinopathy, transcranial magnetic 

simulation (TMS) and corticospinal responses and how the terms are used throughout this 

thesis. 

1.1 Terminology associated with tendon pain and pathology 

The clinical features of tendon pain are unique; the pain is well localised and occurs with 

tendon loading (Kountouris and Cook, 2007).  However, pain is not definitively 

correlated with tendon pathology on clinical imaging (Malliaras and Cook, 2006, 

Malliaras et al., 2006a) and the driver of nociception in tendons remains unclear (Chapter 

2).  Tendon pain that is associated with tendon pathology that is usually evidenced by 

imaging abnormality, without investigation of the histopathology is termed tendinopathy 

(Khan et al., 1999).  Tendon pathology can occur without pain but it is then not termed 

tendinopathy.  Tendinosis describes a degenerative pathology without clinical or 

histopathological signs of inflammation (Khan et al., 1999).  The term tendinitis is 

controversial, most histopathology studies do not show evidence of inflammatory 

processes (Khan et al., 1999, Alfredson et al., 2001, Alfredson, 2005), and the role of 

inflammatory mediators in pain or pathology remains unknown (Rees et al., 2014).  

Clinical use of the term tendinitis may cause coaches and athletes to underestimate the 

importance and impact of the condition (Khan et al., 1999).  The terms tendinopathy and 

tendon pain will be used throughout this thesis interchangeably.  Where there is no pain, 

but tendon abnormality on ultrasound (US) imaging, ‘tendon pathology’ will be used.   

This thesis investigated patellar tendinopathy (PT), which is pain and dysfunction in the 

patellar tendon, and most commonly occurs at its proximal insertion (Ferretti et al., 1983, 
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Kountouris and Cook, 2007) (Figure 1.1).  It is common in athletes whose tendons are 

exposed to repeated high tendon load during jumping and landing activities and change 

of direction (Cook et al., 2000a, Ferretti, 1986, Zwerver et al., 2011a).  The term 

‘jumpers’ knee’, though commonly used interchangeably with the term PT, is not 

preferred as it often encompasses proximal insertion patellar tendon pain that was 

investigated in this thesis, but also encompasses quadriceps tendon injury and injury at 

the distal insertion at the tibial tuberosity (not covered in this thesis) (Ferretti et al., 

1983).  Furthermore, jumping athletes may be vulnerable to other types of anterior knee 

pain (AKP) associated with nociceptive drivers other than the quadriceps muscle-tendon 

complex, for example patellofemoral pain (PFP) (Barber Foss et al., 2012), so the term 

‘jumpers knee’ can be misleading.  

 

Figure 1.1 Patellar tendon pain occurs most commonly at the attachment at the 

inferior pole ((Ferretti et al., 1983) with permission) 
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The distinct clinical presentation of tendinopathy (local load-based pain) does not vary 

with duration of symptoms (Kountouris and Cook, 2007), unlike other pain conditions 

where chronicity can result in spreading of symptoms and an increased size of the region 

where a stimulus may provoke symptoms (Giesecke et al., 2004, O'Neill et al., 2011).  

However, despite the persistence of tendon pain and the tendency to recur, there has been 

little investigation of the involvement of the central nervous system (CNS) and in 

particular, corticospinal control of muscle in people with tendon pain.   

1.2 Terminology associated with corticospinal responses 

Transcranial magnetic stimulation was used throughout all studies to quantify 

corticospinal responses of the quadriceps muscle (represented by rectus femoris).  The 

theory that underpins TMS is detailed in section 2.13.2.  The TMS method(s) used are 

contained in each chapter and further detail is also provided (Appendix U).  This section 

briefly describes TMS to enable an explanation of how the terms corticospinal 

excitability (CSE), short-interval intra-cortical inhibition (SICI) and corticospinal control 

of muscle will be used in this thesis.   

Transcranial magnetic stimulation was used to deliver a magnetic stimulus over the M1 

via a coil held over the skull in the region of the M1 that corresponds to the contralateral 

quadriceps muscle group based on human topography (Penfield and Boldery, 1937).  This 

induced an electrical current, which at sufficient intensity activated the lateral 

corticospinal pathway.  This in turn caused a muscle twitch in the target muscle, the 

rectus femoris in this thesis – and this twitch was recorded via surface electromyography 

(sEMG).   
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Activation of the M1 and the descending spinal pathway was quantified using single-

pulse TMS.  The active motor threshold (AMT) is the minimum stimulus required to 

obtain a response in the muscle detectable by sEMG (Groppa et al., 2012), and the 

muscle response is termed a motor evoked potential (MEP).  Direct electrical stimulation 

of the femoral nerve that innervates the rectus femoris muscle produces a maximal 

compound wave (MWAVE) and the plateau in muscle response at maximal stimulation is 

termed MMAX (Lentz and Nielsen, 2002).  The amplitude of the mean MEPs recorded 

during increasing M1 stimulus intensities were divided by MMAX to create a stimulus 

response curve (Pearce et al., 2013a).  The AMT and the slope of the curve are two 

representations of CSE (Kidgell and Pearce, 2011).   

Cortical inhibition was tested in this work using paired-pulse TMS with a technique that 

enabled SICI to be measured (Ziemann, 2003).  Short-interval intra-cortical inhibition 

provides information about the cortical inhibitory circuits, which measures the synaptic 

efficacy of the inhibitory neurons that synapse onto corticospinal cells located in the M1.  

When discussing the overall neural activation, the term corticospinal control will be used 

in this thesis to refer to the balance between the excitability (CSE) and inhibitory 

modulation (SICI).  This controls the activation of the quadriceps muscle through the 

motorneuron pool that incorporates both spinal and supraspinal modulation (Gandevia, 

2001).  Corticospinal control is an important determinant of muscle function (Kidgell and 

Pearce, 2011).   

Changes to corticospinal control – evidenced by changes to CSE and SICI – have been 

reported in other musculoskeletal (MSK) conditions (Chapter 2) but have been minimally 

investigated in tendinopathy with two studies investigating upper limb tendinopathy 
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(Ngomo et al., 2014, Schabrun et al., 2015).  Although exercise based treatments are the 

cornerstone of rehabilitation for tendinopathy, the mechanisms behind the clinical 

improvement are largely unknown and clinical improvement is not reflected by 

improvements on imaging such as ultrasound (US) or Magnetic resonance imaging 

(MRI) (Drew et al., 2014).  There is strong evidence that certain types of exercise, such 

as muscle strength training, can modify the CNS and in particular CSE and SICI 

(Goodwill et al., 2012, Kidgell and Pearce, 2010, Weier et al., 2012a).  However, no 

studies have investigated the corticospinal response to strength training in tendinopathy, 

nor the potential for strength training interventions to induce analgesia within 

tendinopathy management. 

1.3 Thesis aims 

Patellar tendinopathy is a persistent pain state, yet the pain remains localised and 

temporally linked with tendon loading regardless of chronicity.  This presents a quandary 

to physiologists, pain scientists, clinicians and patients alike.  There has been little 

investigation of non-invasive interventions that may offer immediate analgesia for 

athletes with PT.  While exercise-based interventions are the cornerstone of rehabilitation 

of tendinopathy, little is known about how different types of strength training may 

modulate the CNS and which type may be the most efficacious.  The primary aim of this 

thesis was to quantify the corticospinal control of the quadriceps muscle in people with 

PT using transcranial magnetic stimulation, to provide novel information regarding the 

corticospinal inputs and direct future rehabilitation.  The specific aims of this thesis by 

chapter were; 
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1. To describe the current understanding of possible contributors to the pain of 

tendinopathy (Chapter 2). 

2. To compare the CSE of the quadriceps in jumping athletes with PT, other AKP 

and healthy activity matched controls (Chapter 3). 

3. To compare the effect of an acute bout of externally paced isometric and isotonic 

quadriceps muscle contractions on CSE, SICI and tendon pain (Chapter 4). 

4. To compare the effect of externally paced isometric with isotonic strength training 

on immediate tendon pain changes, CSE and SICI among jumping athletes during the 

competitive season (Chapter 5). 

5. To review the changes to the M1 in tendinopathy and parameters in strength 

training that optimise neuroplasticity of the M1 (Chapter 6). 

Individual aims and hypotheses are provided in each chapter.  
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1.4 Outline of chapters 

This thesis contains seven chapters consisting of: 

Chapter 2 reviews the literature on the potential local nociceptive drivers of tendon pain 

and the associated motor and sensory changes.  The CNS contribution to the clinical 

presentation of pain and dysfunction was explored.  Chapter 2 also reviews quantification 

of corticospinal responses; and the effect of strength training on tendon and muscle 

function; and the corticospinal control of the quadriceps muscle. 

Chapter 3 reports a cross sectional study that investigated CSE in jumping athletes with 

and without AKP.  Anterior knee pain was sub-grouped into PT and other AKP for 

analysis. 

Chapter 4 presents a single blinded randomised cross over study that compared an acute 

bout of externally paced strength training that involved either isometric or isotonic 

muscle contractions for their effect on CSE, SICI, maximal voluntary isometric 

contraction (MVIC) quadriceps torque and tendon pain immediately and 45 minutes after 

intervention.   

Chapter 5 reports a randomised clinical trial (RCT) with two externally paced strength 

training intervention arms, which compared isometric and isotonic strength training for 

immediate analgesic effect over a 4-week inseason intervention.   

Chapter 6 presents a concept paper regarding the potential use of heavy externally paced 

strength training in tendinopathy to address pain and corticospinal control of muscle.   
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Chapter 7 summarises the main findings of the studies and compares with other MSK 

pain presentations that have been reported in the literature, highlights the strengths and 

limitations of studies in this thesis, as well as discusses potential future research 

directions. 

This thesis is submitted by publication with two chapters published in peer-reviewed 

journals, one chapter accepted with major changes, one paper under peer review and one 

in submission.  For this reason, there is a degree of repetition across the chapters, 

particularly in the methods.  Due to the large number of abbreviations associated with the 

work, the full term is used at the start of each chapter or if the term has not been recently 

used, for the benefit of the reader.  Each chapter contains an introduction prior to the 

manuscript and the publication commences with the abstract.  A single reference list is 

provided and figures and tables are listed in numerical order within the thesis. 
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Chapter 2. Literature review.   

A comprehensive search of the literature on local nociceptive drivers and potential central 

nervous system (CNS) changes in tendinopathy was undertaken and published (section 

2.2-2.8).  For cohesion of the thesis, the manuscript is embedded within this chapter 

including updated references; the original typeset version is provided (Appendix C).  

Section 2.9-2.13 provides an overview of the patellar tendon, patellar tendinopathy (PT), 

the neuroplasticity of the M1 and the corticospinal responses to strength training.   

2.1 Declaration of thesis for Chapter 2 

In the case of Chapter 2, the nature and extent of my contribution to the work was the 

following: 

Nature of 

contribution 

Extent of 

contribution (%) 

The pain of tendinopathy: physiological or pathophysiological? 

An overview of patellar tendon, PT, neuroplasticity and corticospinal 

responses to strength training. 

70 

 

The following co-authors contributed to this work: 

Name Nature of contribution 

Moseley GL Preparation of the manuscript 

Purdam C Preparation of the manuscript 

Samiric T Preparation of the manuscript 
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Kidgell D Preparation of the manuscript 

Pearce AJ Preparation of the manuscript 

Jaberzadeh S Preparation of the manuscript 

Cook J Senior supervision and preparation of the 

manuscript 

 

The undersigned hereby certify that the above declaration correctly reflects the nature and 

extent of the candidates and co-authors contributions to this work. 

Candidate’s signature (and date) 

Main supervisor’s signature (and date) 
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The pain of tendinopathy: physiological or pathophysiological? 

2.2 Abstract 

Tendon pain remains an enigma.  Many clinical features are consistent with tissue 

disruption - the pain is localised, persistent and specifically associated with tendon 

loading, whereas others are not - investigations do not always match symptoms and 

painless tendons can be catastrophically degenerated.  As such, the question “what causes 

a tendon to be painful?” remains unanswered.  Without a proper understanding of the 

mechanism behind tendon pain, it is no surprise that treatments are often ineffective. 

Tendon pain certainly serves to protect the area - this is a defining characteristic of pain - 

and there is often a plausible nociceptive contributor.  However, the problem of tendon 

pain is that the relation between pain and evidence of tissue disruption is variable.  The 

investigation into mechanisms for tendon pain should extend beyond local tissue changes 

and include peripheral and central mechanisms of nociception modulation.   

This review integrates recent discoveries in diverse fields such as histology, physiology 

and neuroscience with clinical insight to present a current state of the art in tendon pain.  

New hypotheses for this condition are proposed, which focus on the potential role of 

tenocytes, mechanosensitive and chemosensitive receptors, the role of ion channels in 

nociception and pain and central mechanisms associated with load and threat monitoring.   

2.3 Introduction 

Tendon pain is baffling for clinicians and scientists alike.  It is difficult to understand 

why it is so persistent and why it comes and goes with little reason.  Scientifically this 

translates to the absence of a clear mechanism that can explain the clinical features of 
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tendon pain.  It is therefore no surprise that treatments for tendon pain are often 

ineffective (Cumpston et al., 2009, Buchbinder et al., 2011, Buchbinder et al., 2006, 

Kingma et al., 2007).   

Tendinopathy, the clinical syndrome of pain and dysfunction in a tendon, is often a 

chronic condition (Kettunen et al., 2002).  Like other chronic pain conditions, in 

tendinopathy there is disconnect between tissue damage seen on clinical imaging and 

clinical presentation, which creates confusion for both patients and clinicians.  However, 

key features of tendon pain are different from other chronic pain conditions.  The purpose 

of this chapter is to: i) explore the clinical questions surrounding tendon pain, ii) 

summarise what is known about tendon pain iii) examine evidence from relevant fields to 

provide direction for future research and iv) review the evidence for strength training and 

neural adaptation for the management of tendon pain.   

2.3.1 Clinical features of tendon pain 

The clinical presentation of tendinopathy includes localised tendon pain with loading 

(Cook and Khan, 2003, Cook and Purdam, 2003, Kountouris and Cook, 2007), tenderness 

to palpation (Ramos et al., 2009) and impaired function (Khan et al., 2002, Maffulli et al., 

1998, Silbernagel et al., 2007c).  Pain defines the clinical presentation (Maffulli et al., 

1998), regardless of the degree of tendon pathology (Cook et al., 2004a).  Tendinopathy, 

despite being an umbrella term, is usually limited to intra-tendinous presentations, with 

more specific terminology being applied to pathology in surrounding tissue with different 

disease processes, such as paratendinitis (Maffulli et al., 1998).   

Microscopic examination of tissue biopsies from painful tendon reveals variable features 

of tendon pathology including collagen disorientation, disorganisation and fibre 
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separation, increased proteoglycans and water, increased prominence of cells, and areas 

with or without neovascularisation, which collectively is termed tendinosis (Khan et al., 

2000).  Many imaging studies (i.e. ultrasound [US], magnetic resonance imaging [MRI]) 

indicate that these changes can exist in the tendon without pain, and people without 

symptoms rarely present clinically.  Therefore, tendinosis may be an incidental 

examination finding and does not in itself constitute the diagnosis of tendinopathy, which 

requires clinical symptoms (Maffulli et al., 1998).   

Tendon pain has a transient on/off nature closely linked to loading, and excessive energy 

storage and release in the tendon most commonly precedes symptoms (Lichtwark and 

Wilson, 2005, Bagge et al., 2011, Cook et al., 2002, Ferretti, 1986).  Pain is rarely 

experienced at rest or during low load tendon activities; for example, a person with PT 

will describe jumping as exquisitely painful yet not experience pain with cycling due to 

the different demands on the musculotendinous unit.  A further characteristic pain pattern 

is that the tendon “warms up”, becoming less painful over the course of an activity, only 

to become very painful at variable times after exercise (Kountouris and Cook, 2007).    

2.3.2 Defining pain concepts 

Clinicians and researchers distinguish between physiological and pathophysiological 

pain.  Physiological or ‘nociceptive’ pain is considered to reflect activation of primary 

nociceptors following actual or impending tissue damage or in association with 

inflammation.  This type of pain is a helpful warning sign and is considered to be of 

evolutionary importance.  Pathophysiological pain is associated with functional changes 

within the nervous system such as ectopic generation of action potentials and stimulus 

independent pain (Amir et al., 2005), facilitation of synaptic transmission (Takasusuki et 
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al., 2007), loss of synaptic connectivity (Costigan and Woolf, 2000), formation of new 

synaptic circuits (Fitzgerald, 2005), and neuroimmune interactions as well as cortical 

topographical changes (Costigan and Woolf, 2000), making it resistant to tissue-based 

treatments and it appears to provide no evolutionary advantage or helpful warning.   

Some aspects of tendinopathy fit more clearly into pathophysiological pain.  Painful 

tendons can have little pathology (Cook et al., 2004a, Malliaras and Cook, 2006) and pain 

can persist for years (Cook et al., 1997).  Furthermore, pain during tendon rehabilitation 

exercises has been encouraged (Jonsson and Alfredson, 2005b, Young et al., 2005a, 

Ohberg et al., 2004, Fahlstrom et al., 2003) and may not be deleterious (Silbernagel et al., 

2007a), providing evidence that tendon pain does not necessarily equate with tissue 

damage.  Overuse tendon injury does not involve an inflammatory process with a clear 

end point that underpins most physiological pain (see section 2.4 for more detail).  

However, other aspects of tendinopathy fit more clearly into physiological pain - pain 

remains confined to the tendon (Ramos et al., 2009) and is closely linked temporally to 

tissue loading (Wilson and Best, 2005).  A clinical presentation that fails to be explained 

by either pain state classification is the rupture of a pathological yet pain free tendon, 

where nociceptive input would have been advantageous.   

In order to explore the cause of tendon pain, it is helpful to briefly review newer concepts 

of pain.  Modern understanding of pain suggests that nociception is neither sufficient nor 

necessary for pain (Butler, 2009).  Nociception refers to activity in primary afferent 

nociceptors – unmyelinated C fibres and thinly myelinated Aδ fibres – and their 

projections to the cortex via the lateral spinothalamic tract (Figure 2.1).  The projections 

terminate in multiple regions but predominantly the thalamus, which transmits impulses 
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to the somatosensory cortex.  Primary nociceptors respond to thermal, mechanical or 

chemical stimuli.  In contrast, neuralgia describes pain in association with demonstrable 

nerve damage and is often felt, along with other sensory symptoms, along the length of 

the nerve or its peripheral distribution.   

Pain, on the other hand, is an emergent property of the brain of the person in pain 

(Thacker and Moseley, 2012).  A useful conceptualisation is that pain emerges into 

consciousness in association with an individually-specific pattern of activity across 

cortical and subcortical brain cells (Tracey and Mantyh, 2007).  Innumerable experiments 

and common every-day experiences show that pain is most often triggered by nociceptive 

input.  However, carefully designed experiments in healthy volunteers show that pain can 

be evoked without activating nociceptors (Bayer et al., 1991) and that pain is readily 

modulated by a range of contextual and cognitive factors (Moseley and Arntz, 2007). 
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Figure 2.1 Schematic representation of the basic physiology of tendon pain (adapted 

from (Kuner, 2010, Alberts et al., 2008) and used with permission)  

The peripheral end of nociceptors, or free nerve endings, on thin unmyelinated (type C fibres) or thinly myelinated 

(type A delta fibres) situated in the peritendon and the peripheral portions of tendon tissue contain thermal, heat and 

mechanically activated ion channels.  Changes in the chemical thermal or mechanical environment are transformed 

here to elicit signals or action potentials in the nociceptor.  The signal travels to the dorsal horn of the spinal cord (in 

the superficial laminae I and II), where the nociceptor synapses with second order or spinal nociceptor.  The spinal 

nociceptor sends a signal to the thalamus via the lateral spinothalamic tract and thence the brain.  The medial aspect of 

the spinothalamic tract and the spinoparabrachial tract project to medial thalamus and limbic structures and are believed 

to mediate the emotional component of pain.  A complex evaluative process occurs across multiple brain areas and 

protective outputs are activated.  One such output is pain.  Others include motor output, autonomic, endocrine and 

immune activation.  In addition, descending projections (shown here in red and green) modulate nuclei in the 

brainstem, which in turn send signals down the spinal cord to modulate the same synapse in the dorsal horn.  These 

neurones are activated to either facilitate or inhibit the spinal synapse, thereby either turning nociception up, or turning 

it down.  The manner of modulation here depends on the brain's evaluation of the need for pain and protection.  As 

such, the spinal cord represents the first stage of integration and processing of the nociceptive signal. 
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The relationship between nociception and pain becomes more tenuous as pain persists, 

and research has uncovered profound changes in the response profile of neurons within 

the nociceptive neuroaxis (Moseley and Flor, 2012).  The mechanisms that underlie these 

changes have been extensively reviewed (Wand et al., 2011, Moseley and Flor, 2012, 

Woolf and Salter, 2006).  The clinical manifestations of these changes -- sensitisation and 

disinhibition (or ‘imprecision’) -- are important because they can be compared and 

contrasted with the clinical presentation of tendinopathy.  Sensitisation refers to an 

upregulation of the relationship between stimulus and response where pain is evoked by 

stimuli that do not normally evoke pain – allodynia – and stimuli that normally evoke 

pain evoke more pain than normal – hyperalgesia.  Allodynia and primary hyperalgesia 

are attributed to sensitisation of the primary nociceptor and relate to the area of usual 

pain.  In tendinopathy, if normally pain-free movements, for example jumping, evoke 

tendon pain, this can be termed allodynia.  If palpation of the Achilles tendon evokes 

more pain than usual, this can be termed primary hyperalgesia.  In both scenarios, the 

tendon pain mechanism is over-sensitive.  Notably, tendon palpation is only a moderately 

sensitive clinical test (Cook et al., 2001b) and tenderness, or primary hyperalgesia does 

not correlate with tendon function. 

Secondary hyperalgesia and allodynia are attributed to sensitisation of nociceptive 

neurons within the CNS, collectively called central sensitisation, and relate clinically to 

areas away from the primary ‘zone’.  Tenderness and evoked pain that spread, in a non-

dermatomal, non-peripheral nerve distribution is best explained by central sensitisation 

(Woolf, 2000). 
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The astute clinician will observe that, in the clinical presentation of tendinopathy, there is 

clear evidence of allodynia and primary, but not secondary, hyperalgesia (Kettunen et al., 

2002).  This observation strongly implies the tendon tissue or the primary nociceptors 

that innervate it, are the nociceptive driver of tendon pain.  We must look then more 

closely for potential local sources of nociception.  However, tendinopathy is a chronic 

and persistent pain state and thus a scientist will ponder whether tendinopathy exhibits 

subclinical signs of central sensitisation and disinhibition identified in other chronic 

painful conditions (Leis et al., 2004, Schwenkreis et al., 2003, Stanton et al., 2012).  We 

must then also look for potential central contributions to tendinopathy that may promote 

chronicity but not manifest in secondary hyperalgesia.  To do this it is important to 

understand normal and pathological tendon structure. 

2.4 Tendon histology and pathology 

2.4.1 Normal tendon 

Normal tendons are mainly composed of fibroblastic tendon cells, called tenocytes, 

surrounded by extensive extracellular matrix (ECM).  The ECM is predominantly made 

up of tightly packed collagen fibres (mainly Type I) that are orientated along the primary 

loading direction (Donnelly et al., 2010).  Also present are several proteoglycans (PG) 

(mainly small molecular weight decorin) and other non-collagenous proteins.  Connective 

tissue both surrounds the tendon (peritendon) and infiltrates the tendon (endotendon). 

Tenocytes manufacture all of the components of the ECM (Kjaer et al., 2009).  Tenocytes 

lie end to end in channels between collagen fibres, with cell processes linking the cells 

within and between rows allowing communication (McNeilly et al., 1996).  Gap 
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junctions that link cell processes are capable of being remodelled in hours (Maeda et al., 

2012), and appear to couple cells metabolically, chemically and electrically (McNeilly et 

al., 1996, Alberts et al., 2008, Maeda et al., 2012).  They allow rapid exchange of ions 

and small metabolites between cells and different types have shown to be stimulatory and 

inhibitory in response to load (Waggett et al., 2006).  Gap junction channels are gated 

open more often than closed, therefore it is the selectivity of the channel that dictates 

what passes from cell to cell (Goldberg et al., 2004).  The probability of gap junction 

channels being open or closed is influenced by pH, calcium concentration, the voltage 

across the gap junction and mechanical load (Maeda et al., 2012, Maeda and Tsukihara, 

2011).   

Whilst tenocytes have important roles in manufacturing ECM and load sensing, there are 

other cell types in tendon whose role is currently unclear, including a multi-potent 

population capable of differentiation (Roufosse et al., 2004, Bi et al., 2007).  Mast cells, 

associated with immune function and found near blood vessels in tendon (Scott et al., 

2008) are bone marrow derived and capable of phagocytosis, cytokine production, 

vasoactive substance release and immune receptor expression.  Glial cells, not yet 

investigated in tendon but evident in other connective tissues (Kasantikul and 

Shuangshoti, 1989), share a bone marrow lineage (Bossolasco et al., 2005) and an 

immune role.  Glial cells, which are capable of neurotransmission in chronic injury 

(Wieseler-Frank et al., 2004), communicate information between the peripheral nervous 

system (PNS) and CNS (Neumann, 2001, Jessen and Mirsky, 2005) and when activated 

are implicated in ongoing pain (Cao and Zhang, 2008) and may be another cell type 

potentially involved in tendon pain.  Classic inflammatory cell types have been 
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associated with rupture (Cetti et al., 2003) but have been infrequently shown in chronic 

tendinopathy (Alfredson et al., 1999). 

2.4.1.1 What is the neural supply to the tendon? 

Tendon pain is well localised (implying small receptive fields) (Feindel et al., 1948), 

occurs instantly with loading (implicating the involvement of myelinated/fast fibres) yet 

‘warms up’ (implying a gating mechanism or exercise-induced inhibition).  However, 

few studies have investigated these neural pathways. 

Innervation studies in human tendon show scant innervation in the tendon proper, 

however tendon connective tissue and blood vessels are well innervated (Bjur et al., 

2005, Danielson et al., 2006b) with three neuronal signalling pathways; autonomic, 

sensory and glutamatergic (Bjur et al., 2008, Danielson et al., 2006a, Danielson et al., 

2006b).  Autonomic nerves, particularly sympathetic nerve endings in blood vessel walls 

(Lian et al., 2006), have been reported in the tendon, peritendon and endotendon of the 

patellar tendon (Danielson et al., 2007a, Danielson et al., 2008).  Sensory and 

sympathetic perivascular innervation of the walls of large and small blood vessels occur 

in peritendinous loose connective tissue, and there are some sensory nerve endings in the 

superficial endotendon (Bjur et al., 2005).  Sparse sensory nerves have been identified in 

the body of the patellar tendon (Danielson et al., 2006a, Lian et al., 2006), in contrast 

surrounding structures such as retinaculum and fat pad are richly innervated (Goucke, 

2003, Shaw et al., 2007, Benjamin et al., 2004).  Mechanoreceptors are concentrated at 

myotendinous junctions and tendon insertions.   
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2.4.2 Tendon pathology 

Tendon pathology results in cell activation and proliferation, matrix change (collagen 

disorganisation and increased large PG) and neovascularisation, in various combinations 

and severity (Jozsa et al., 1990, Cook et al., 2005, Alfredson, 2003).  Tendon pathology is 

not always painful (Gisslen et al., 2005) but clinical presentation of tendinopathy is 

almost always associated with pain (tendon rupture may have been previously pain free).  

Change in collagen structure is the most obvious candidate for nociception because it is 

the load bearing structure in tendon, but loss of collagen integrity does not correlate with 

tendon pain (Cook et al., 2004a).  In fact, pain-free tendons can have sufficient structural 

disorganisation that they rupture (Kannus and Jozsa, 1991).   

2.4.2.1 Does the innervation pattern change with pathology? 

There are few afferent nerves within tendon, and innervation patterns do not change with 

pathology (Bjur et al., 2005, Ackermann et al., 2001).  New vessels primarily bring 

autonomic vasomotor nerves (and some sensory nerves) but neovascularisation is not 

present in every painful tendon.  Tendon pain may be associated with nerve ending 

sprouting, or changes to nerve function rather than type, for example Aβ fibre activation 

can cause pain when there is production of nociceptive substances and/or central 

sensitisation (Butler, 2009, Woolf and Salter, 2006, Woolf, 2000).   

Innervation may not be uniform throughout a pathological tendon.  The area dorsal to the 

proximal patellar tendon, which is targeted in some injectable and surgical interventions 

because of the neovascularity in this area, has mainly sympathetic nerves and few sensory 

nerves (Danielson et al., 2008).  The vessels display marked perivascular innervations 

and adrenoreceptor immunoreactions (Danielson et al., 2008).   



25 
 

These changes to innervation do not appear to explain the clinical features of tendon pain.  

To reflect all the clinical features, the local nociceptor must have a threshold for 

activation, be responsive to mechanical stimuli and exhibit saturation.  Tendon pain may 

result from non-nociceptive pathways playing nociceptive roles. 

2.5 Potential contributors to pain 

If local nociception drives tendon pain then the nociceptive signal needs to be relayed to 

the CNS.  One way to interrogate the nociceptive capability of tissue is via 

experimentally induced pain.  Hypertonic saline activates nociceptors via chemically-

driven ion channels.  Hypertonic saline injected into healthy tendon induces pain and 

mechanical sensitivity but no pain referral – a pain pattern similar to that of load induced 

tendinopathy (Slater et al., 2011).  In contrast, hypertonic saline injected intramuscularly 

evokes referred pain (Graven-Nielsen et al., 1997), which clearly implicates convergence 

within the CNS.  However, chemically induced experimental pain studies do not mimic 

the characteristic load-dependent nature of tendinopathy pain (Gibson et al., 2006).  A 

complementary approach is to look more closely at the tendon itself.  As classical (i.e.  

cell-mediated/prostaglandin-driven) inflammation has not been associated with 

tendinopathy and as the innervation pattern does not differ greatly for normal and 

pathological tendon, potential sources of nociception in tendon include changes in the 

matrix, vascular supply, cell function, bioactive substance production, ion channel 

expression, cytokine and neurotransmitter expression, metabolism and 

mechanotransduction) or a combination of these. 
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2.5.1 Matrix changes 

The increased production of large PGs seen with tendon pathology, most notably 

aggrecan, may compromise cell adhesion, migration and proliferation and interfere with 

cell-matrix interaction (Wight et al., 1992).  Large PGs, particularly aggrecan, attract and 

bind water causing the tendon to swell, which will stimulate local C fibres (Fu et al., 

2007) and increase interstitial potassium (K+) and hydrogen (H+) concentrations.  This in 

turn can stimulate nociceptors and influence ion channel expression and/or activation.  

Kubo et al (2012) reported that nociceptive neurons were sensitised by low pH through 

augmenting the mechanical response of thin fibre afferents, and that this sensitisation was 

attenuated by versican, but not by blocking intracellular signalling pathways.   

Larger PGs may also disrupt mechanotransduction, reducing communication between 

cells and between the cells and the ECM (Waggett et al., 2006).  This may result in a loss 

of gap junctions between parallel rows of tenocytes (mediated by connexin 43) and even 

between longitudinal cells.  It is feasible that disruption of gap junctions alters tendon 

homeostasis sufficiently to activate nociceptors.  Cell and consequent matrix changes 

may also compromise gap junction permeability and ion channels that regulate neuronal 

excitability (Grillner, 2003).  Conversely, the disruption of communication in a 

disordered matrix may protect the tendon by isolating the cell and preventing toxic 

communication of substances to healthy neighbours. 

2.5.2 Vascular change 

Increased vascularity has been reported to be a source of nociception in tendinopathy 

(Cook et al., 2005, Ohberg et al., 2001).  Nerves, and receptors such as adrenoreceptors, 

are found in vessel walls in tendinosis and are likely to be associated with angiogenesis 
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and blood flow rather than having any role in nociception.  As the tenocyte is responsible 

for producing the components of the ECM, stimulation of tenocyte receptors may drive 

structural change rather than be involved in nociception (Danielson, 2009).   

Neovascularisation has been associated with degenerative tendinopathy but is not a 

feature of early pathology (Cook et al., 2004a).  Not all painful tendons have increased 

vascularity (Cook et al., 2005, Cook et al., 1998) and vice versa (Cook et al., 2005), 

therefore the vessels or the nerves and receptors on vessel walls fail to explain tendon 

pain across all pathological presentations.  Sclerosing treatment of neovascularity has 

resulted in variable improvements in pain and vascularity (Alfredson et al., 2006, 

Alfredson and Ohberg, 2005, Hoksrud and Bahr, 2011, van Sterkenburg et al., 2010).  

Sclerosants may work by changing the biochemical environment or disrupting neural 

pathways.  If local nociceptors are critical to tendon pain, then they must be present 

across all stages of pathological change, in which case the tenocyte may be the key.   

2.5.3 Tenocyte changes in structure and function 

Tenocytes respond to changes in their mechanical, ionic and osmotic environment 

(Backman and Danielson, 2011, Andersson et al., 2008, Danielson et al., 2007c).  In 

tendinopathy, tenocytes proliferate, become more rounded, and contain a higher 

proportion of protein-producing organelles (Cook et al., 2004a).  These changes appear to 

increase production of substances and receptors involved in nociception (section 2.3.4).  

Cell changes may also alter gap junction function and affect cell communication, 

nociception transmission or mechanotransduction, affecting tendon homeostasis and 

possibly nociceptive communication (Waggett et al., 2006).  In addition to changes in cell 
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structure and communication, the biochemical environment in tendinopathy has a myriad 

of substances that may be involved in nociception and further alter cell function.   

2.5.4 Biochemical changes: cytokines, neuropeptides and neurotransmitters 

There are many biochemical changes in tendinopathy, none of which can fully explain 

tendon pain.  Bioactive substances and their receptors may be important in pain 

behaviour.  Neuropeptides and neurotransmitters, formerly attributed only to neurons, are 

now known to also be produced by tenocytes.   

Autocrine signalling occurs when a signalling molecule binds to a receptor on the same 

cell type.  Paracrine cell signalling functions by signalling to another cell type.  

Signalling agents can have very short half-lives (for example nitric oxide (NO) is less 

than 0.1s) and be influenced by the presence of concurrent substances such as glutamate 

and calcium ions (Ca
2+

)(Zhao et al., 1999).  It is not clear whether autocrine or paracrine 

signalling has a role in tendon pain.   

Tendon pain is likely mediated by substances that have pro- and anti-inflammatory 

effects, for example cytokines (tumour necrosis factor-alpha (TNF) and interleukin 1β 

(IL-1β),signalling molecules (Ca
2+

, adenosine triphosphate [ATP]), neuropeptides 

(substance P [SP], neuropeptide Y) and neurotransmitters such as glutamate.  These 

substances have been studied in other chronic pain conditions (Parkitny et al., 2012) and 

may be important contributors to tendinopathy (both pain and pathology).  Cytokines are 

involved in intercellular communication and modulation of gene expression.  The TNF 

system, implicated in tendinopathy and possibly activated by mechanotransduction, 

seems to be involved in matrix structure change and is capable of inducing apoptosis 
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(Hosaka et al., 2005, Millar et al., 2009, Gaida et al., 2012, John et al., 2010, Uchida et 

al., 2005).  TNF also causes a dose-dependent increase in afferent Aδ and C firing and 

may have a role in tendinopathy nociception (Sorkin et al., 1997).  IL- 1β, upregulated in 

a human tendon cell culture model, is capable of causing cell proliferation and apoptosis 

(Tsuzaki et al., 2003).  These cytokines do not show rapid on/off response profiles, but 

that does not exclude them from being important in tendinopathy.  Substances such as 

TNF and interleukin-6 (IL-6) are among those that have thus far been studied in 

tendinopathy, yet there are many other cytokines that might play a role.  Glial cells, a 

primary expressor of such cytokines, are critical for synaptic transmission (Guo et al., 

2007) in spinal or supraspinal communication (Wei et al., 2008), and may be a feasible 

mechanism by which nociception could be upregulated at the level of the CNS.   

Neuropeptides such as SP and calcitonin gene-related peptide (CGRP) transmit signals 

across a synapse.  Both SP and CGRP are released by the terminals of nociceptors and SP 

has been shown to be released by tenocytes.  SP afferent immunoreactivity has been 

demonstrated at the enthesis (Ljung et al., 2004) and in tendon tissue (Danielson et al., 

2006a, Bjur et al., 2005), which indicates thin fibre sensory innervation, most likely 

serving a nociceptive function.  Substance P (and its receptor, neurokinin-1 receptor [NK-

1 R]) and CGRP have also been identified in nerve fascicles in large and small blood 

vessels in tendinopathy (Alfredson and Lorentzon, 2007).  Binding of SP to its receptor 

has been associated with the transmission of nociception (Levine et al., 1993). 

Substance P can cause vasodilation and protein extravasation in surrounding tissue – a 

process termed neurogenic or peptidergic inflammation.  Substance P increases cell 

metabolism, cell viability and cell proliferation in tenocytes (Backman et al., 2011).  The 
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peptidergic inflammatory mechanism of nociceptors is initiated by nociceptor activation.  

However, antidromic mechanisms driven within the CNS can lead to peptidergic 

inflammation and this raises the possibility that central mechanisms influence tendon 

pain.   

Acetylcholine (ACh), a neurotransmitter in the CNS and PNS that is also produced by 

activated tenocytes (Danielson et al., 2007c), is capable of modulating nociceptive input, 

influencing collagen production, inducing cell proliferation, and regulating vessel tone 

(Vogelsang et al., 1995, Danielson et al., 2007b).  Muscarinic ACh receptors of subtype 

M2 (M2Rs) have been found on tenocytes (in tendons with hypercellularity), nerve 

fascicles and the local blood vessel walls (Danielson et al., 2007b).  Upregulation in the 

cholinergic patterning also correlated with recalcitrance to treatment (Danielson et al., 

2007c).   

Immunoreactions for adrenergic receptors have been found in blood vessel walls, 

tenocytes and in some of the nerve fascicles in the patellar tendon (Danielson et al., 

2007b).  Increases in nerve fibres showing neuropeptide Y immunoreactions as well as 

those involved in synthesis pathway of norepinephrine and epinephrine and their 

receptors have been observed in vessels in pathological tendon (Danielson et al., 2008, 

Danielson et al., 2007b).   

Adenosine triphosphate can be released by neurons and has been implicated in both 

central and peripheral pain mechanisms as it functions as a signalling molecule 

(Newman, 2003).  Adenosine triphosphate facilitates nociceptive behaviour and 

electrolyte transmission, elicits glutamate release (Burnstock and Sneddon, 1985, 
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Burnstock, 2006), acts directly on the dorsal horn, regulates cell death and vascular tone, 

degranulates mast cells and induces prostaglandin synthesis.  Adenosine triphosphate is 

released from damaged cells (Cook and McCleskey, 2002) and could activate primary 

afferent nociceptors. 

High intratendinous levels of glutamate and its receptor, the N-Methyl-D-aspartic acid or 

N-Methyl-D-aspartate (NMDA) receptor, have been demonstrated in tendinopathy (Scott 

et al., 2008, Schizas et al., 2012).  Glutamate, also produced by the tenocyte, is involved 

in nociceptive modulation in other persistent pain states, is involved in vasomodulation, 

is capable of inducing oxidative stress has a role in ECM metabolism and is associated 

with tenocyte proliferation and apoptosis (Molloy et al., 2006, Takeuchi et al., 2006).  

Glutamate receptors can be activated by SP and it is the major neurotransmitter mediating 

fast excitatory transmission in the CNS.  These factors seem to implicate glutamate in 

tendinopathy, however, resolution of tendon pain with rehabilitation does not change 

glutamate levels (Alfredson and Lorentzon, 2003).  However, NMDA receptors require 

glutamate and glycine (also a neurotransmitter) interaction (Petrenko et al., 2003) so 

perhaps it is glycine levels that change (or another substance not examined).  Notably, 

prolonged firing of C fibres is thought to increase glutamate release, which seems 

inconsistent with the on/off non-spreading nature of tendinopathy pain. 

2.5.5 Biochemical changes: metabolites 

All cells and tissues require the maintenance of intracellular and tissue pH, as many 

processes and proteins only function within specific pH ranges (Alberts et al., 2008).  

Cell membrane potential, which is the difference in voltage between the inside and 

outside of the cell, determines the excitability of the cell and is influenced by tissue pH.  
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Lactate can decrease pH, and microdialysis of tendinopathic tissue showed lactate levels 

at rest were double that shown in healthy control tendon (Alfredson et al., 2002).  

Increased lactate, due to a predominant anaerobic metabolism, occurs in tendons of older 

people as well as tendinopathy (Tuite et al., 1997, Floridi et al., 1981), and is 

compounded by the high metabolic rate in tendon pathology (25 times that of normal 

tendon) (Parkinson et al., 2010). 

At physiological pH, lactic acid almost completely dissociates to lactate and hydrogen 

ions, the latter are known to modulate nociceptor activity and alter ion channel expression 

(Uchiyama et al., 2007).  Lactate is not just a waste product; it is an active metabolite, 

capable of moving between cells, tissues and organs.  Lactate can stimulate collagen 

production and deposition, activate tenocytes (Klein et al., 2001) and increase vascular 

endothelial growth factor (VEGF) and neovascularisation (Trabold et al., 2003).  Lactate 

also closes the inhibitory gap junctions between rows of tenocytes, which may exaggerate 

response to loading (Ek-Vitorin et al., 1996).   

Accumulated lactate has been associated with pain in other tissues such as cardiac and 

skeletal muscle and the intervertebral disc (IVD) (Uchiyama et al., 2007), but it has not 

been fully investigated for tendons.  It is notable that tendon pain has some features that 

are consistent with accumulated lactate: rapid easing in symptoms after a change of 

posture (sustained positions are painful in tendinopathy), poor response to anti-

inflammatory medication (true in tendons for most anti-inflammatory medications, those 

that alter pain and function appear to do so by tenocyte down regulation and PG 

inhibition (Christensen et al., 2011, Riley et al., 2001) and sometimes no evidence of 

clear pathology (Butler, 2009).  However, other features require further explanation – 
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transient load-dependent pain (requires gating) and decreasing pain with ongoing activity 

(implies saturation). 

2.5.6 Cell changes: ion channels 

Ion channels, present in cell membranes, alter the flow of ions in and out of a cell and 

respond to voltage, movement or chemicals.  Ion channels in tenocytes may perform a 

number of roles including mediation of calcium signalling, osmoregulation and cell 

volume control, control of resting membrane potential levels and the detection of 

mechanical stimuli (Magra et al., 2007).  Ion channels are important in tendon pain; they 

may be involved in sensing the nociceptive stimuli, communicating with the afferent 

nerves and neuronal transmission to and within the cortex. 

Ion channels are often linked to the cytoskeleton and to an extracellular structure, 

allowing them to be directly gated by mechanical deformation and almost certainly 

altered with a change to tenocyte shape with tendinopathy.  On nerve cells they enable 

neuronal communication (in both the PNS and CNS), communication between different 

tissue types, and the conversion of a force or load into an action potential in a nerve. 

2.5.6.1 Ion channels: sensing the stimulus 

Ion channel expression is likely to change in tendinopathy because of a more acidic 

environment due to excess lactate.  A decrease of the extracellular pH influences the 

expression of acid sensing ion channels (ASIC) (Kellenberger and Schild, 2002).  The 

magnitude of currents in ASICs is sufficient to initiate action potentials in neurons 

(Kellenberger and Schild, 2002), ASICs are activated quickly by hydrogen ions and 

inactivate rapidly despite continued presence of low pH, exhibiting features of saturation.   
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Acid sensing ion channels have been associated with painful conditions that have 

accompanying tissue acidosis and ischemia, and they were therefore originally thought to 

only be expressed by neurons.  However, connective tissue cells of the IVD (Uchiyama et 

al., 2008, Uchiyama et al., 2007), bone cells (Jahr et al., 2005), chondrocytes and 

synoviocytes (Rong et al., 2012, Yuan et al., 2010, Kolker et al., 2010) have been shown 

to express ASICs.  These connective tissues share similarities with tendon; low blood 

supply, few nerves, subject to compression and tension and pain that is not always 

correlated with tissue damage (Jensen et al., 1994).  In IVDs and articular cartilage, cell 

metabolism is almost entirely anaerobic (Risbud et al., 2006, Agrawal et al., 2007) and 

the tissues have high lactate levels and low pH, similar to tendinopathy.  In bone, an 

acidic environment directly impedes osteocyte activity (Arnett, 2008), thus ASICs have a 

role not only in nociception but also cell activity.   

Other ion channels in tendons may be important in nociception.  The transient receptor 

potential cation channel subfamily V member 1 ion channel (TrpV1) is believed to 

function as a molecular integrator of noxious stimuli including heat, acid and endogenous 

pro-inflammatory substances (Cortright and Szallasi, 2004).  Stretch-activated ion 

channels (SAC), voltage-operated ion channels (Wall and Banes, 2005, Banes et al., 

1995) or other mechanically gated channels may be implicated in nociception sensing and 

transmission (Sachs, 2010).  Activation of SACs would fit the load based on/off nature of 

tendon pain and the clinical observation that pain gets stronger with increased loading 

(which would correlate with increased channel activation) and the “warming up” 

phenomenon as ion channels become saturated.  Mechanosensitivity (membrane stretch, 

fluid flow etc.) is phenotypic (Sachs, 2010) and therefore SACs are likely to be selective 
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to other stimuli such as voltage or acid.  SACs have been shown to be blocked by 

gadolinium and more specifically by mechanotoxin 4 (GsMTx4); a peptide that 

modulates ionic currents across calcium, sodium or potassium ion channels and blocks 

capsaicin receptor channels.  Investigation of these blockers may lead to identification of 

potential treatment options for tendinopathy that may address both pain and the 

pathological process. 

Voltage operated calcium channels (VOCC) have been demonstrated in human tenocytes, 

as well as the mechanosensitive tandem pore domain potassium channel (2PK  (+)) 

TREK-1, which is sensitive to membrane stretch, intracellular pH and temperature 

(Magra et al., 2007).  Importantly, these channels are known to be associated with 

electrically excitable cells (Catterall, 1998) so tenocytes may be capable of conducting an 

electrical potential as they open and close in response to voltage across the membrane.   

2.5.6.2 Ion channels: communicating with nerves 

To activate neuronal pathways, receptors and ion channels are required.  Ion channel 

expression in tenocytes may change, but ion channel expression in the afferent nerve may 

also change in response to repeated activation (Woolf and Salter, 2000).  This sensitises 

the primary neuron to the very stimulus that evoked the adjustment.  Ion channels 

transduce noxious stimuli into neuron membrane depolarisations that trigger and conduct 

action potentials from the peripheral site to the synapse in the CNS (McCleskey and 

Gold, 1999).  As there is a limited relationship between pain and the presence of neural 

ingrowth in humans (Cook et al., 2005), additional mechanisms may be performing a 

nociceptive function.  Intercellular signalling via non-synaptic mechanisms are important 

in the nervous system and between tissues and the nervous system but are not as clearly 
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understood as synaptic communication (Barres, 1989).  In fact, cells may communicate 

with glial cells (Charles et al., 1991) via neurotransmitters through neurotransmitter-gated 

ion channels (Usowicz et al., 1989, Barres et al., 1990) and voltage gated ion channels 

(Barres et al., 1990); glial cells may also communicate among themselves.  Cell-cell 

communication within a tendon and with the nearest sensory nerve may well occur via 

this form of signalling.  Alternatively, perhaps load-sensing mechanisms within, or 

separate from, the tendon play a nociceptive function.  If so, they would utilise complex 

threat-evaluation systems within the CNS. 

2.6 How might these changes relate to tendon pain? 

The presence of stretch and ion activated channels in either neurons or tenocytes would 

fit many features of tendon pain.  Ion channels are normally closed in the absence of a 

stimulus, but open for a few milliseconds to allow equalisation along an electrical 

gradient (Johnson and Ascher, 1990).  With prolonged (chemical or electrical) 

stimulation, many of these channels close and desensitise, leaving them refractory to 

further opening unless the stimulus is removed.   

Although ASICs have not been studied in normal, pathological or painful tendons, the 

tendon environment can become acidic (Alfredson et al., 2002) to levels that would open 

ASIC channels if they were expressed by tenocytes or neurons.  Desensitisation occurs 

with persistent stimulation of ASICs after approximately three minutes (Jones et al., 

2004), which may explain the clinical feature of tendons being initially painful during 

activity then warming up.  Recovery from desensitisation occurs slowly, over many 

hours, which may fit with later pain and stiffness.  Acid sensing ion channels are rapidly 

activating and inactivating (< 5ms to activate, 400 ms to deactivate) (de Weille et al., 
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1998) which may also fit with the on/off nature of tendon pain.  Further investigation of 

the presence and role of ion channels in tendon pain is warranted. 

To be a practical theory, tendon pain must be explained across the range of clinical 

presentations.  These presentations may be a combined result of changes in structure, 

biochemical levels and cell function that interact to cause pain.  Theoretically, in reactive 

tendinopathy (as described by Cook and Purdam 2009) there may be increased expression 

of nociceptive substances because of cell activation and proliferation, but no change in 

innervation.  In degenerative tendinopathy there may be little expression of nociceptive 

substances due to cell inactivation or death but greater innervation.  At both ends of the 

spectrum pain is possible.  The painfree tendon may have substantial matrix 

disorganisation and cell compromise, but insufficient production of nociceptive 

substances and /or the neural network to reach a threshold to cause pain.  An example is 

tendon rupture in asymptomatic people, where tissue threatening loads are not 

communicated to the CNS as pain prior to tendon rupture. 

2.7 Central mechanisms – the spinal cord and brain 

Primary nociceptors have their proximal synapse in the dorsal horn of the spinal cord 

where they communicate with spinal nociceptors, using glutamate or SP.  The spinal 

nociceptor projects to the thalamus and then onward to access the network of cortical and 

subcortical areas associated with pain (Apkarian et al., 2005).  Experimental pain studies 

reveal that the contralateral insular cortex, the anterior cingulate cortex, cerebellum, the 

contralateral thalamus, the putamen, primary and secondary somatosensory cortex, 

prefrontal cortex and premotor cortex are involved in the pain experience, although much 

variability exists (Minoshima and Casey, 1999, Casey, 1999b, Casey, 1999a, Crofford 
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and Casey, 1999, Coghill et al., 1999) and recent discoveries suggest this network of 

brain areas more accurately reflects a ‘salience matrix’ than a pain-dedicated matrix 

(Henry et al., 2011, Lee et al., 2009).   

There is no theoretical or clinical reason to conclude that tendon pain serves an 

alternative purpose to other types of pain – to protect the painful part.  This rather 

pragmatic view requires acceptance that the entire evaluation of whether or not a tendon 

is in danger occurs outside of consciousness, and that the spinal nociceptor is just one 

contributor to this evaluation.  Theoretical models that attempt to integrate the research 

on pain all emphasise the multifactorial nature of pain and the complex and bidirectional 

interactions that occur between the state of the body and pain.  This brings challenges 

because it raises the possibility that higher centres can target local tissues, if the brain 

concludes that they are in danger.   

The tendon, attached bone and muscle, and overlying skin are all represented within the 

brain.  All bodily representation (including motor, sensory, visual and auditory) is plastic 

and is influenced by use, injury, pain and disease (Henry et al., 2011, Chen et al., 2006, 

Schieber, 2001, Nudo et al., 2001, Bara-Jimenez et al., 1998, Rossini et al., 1994).  

Although motor and sensory representations, cortical excitability (or descending 

inhibition) and cognitive modulation of pain have all been well studied in other pain 

states, little research has been undertaken on tendon pain.   

2.7.1 Does tendon pain centralise? 

The PNS and CNS neural networks that mediate nociception demonstrate plasticity in 

pathological states (Kuner, 2010).  The regions that are most likely upregulated are the 
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tendon itself, the nociceptor, the dorsal horn, or in the brain.  Sustained peripheral 

nociceptive activity may lead to the development of central sensitisation (Butler, 2009).  

Although central sensitisation accounts for widespread pain and hyperalgesia/allodynia in 

chronic pain patients, excessive pain response is not a clinical feature of tendon pain 

regardless of symptom chronicity.  This may be explained by the on/off nature of tendon 

pain, reducing the likelihood of long-term potentiation or depression, or local saturation 

of the receptor that would then fail to stimulate the afferent nerve.   

Few studies have examined if upregulated central nociceptive processes are involved in 

tendon pain states (Slater et al., 2011, van Wilgen et al., 2013).  Tendinopathy pain would 

seem a unique chronic pain because pain generally occurs during loading, and although 

there is more pain with increasing load it disappears once the load is removed.  Spreading 

of pain (for example secondary hyperalgesia) is not a common clinical feature of 

tendinopathy, especially in the lower limb.  However, developing symptoms on the other 

side is common (Paavola et al., 2000) and this mirroring is often attributed to bilateral 

loading patterns, although CNS neuroimmune mechanisms offer an equally feasible 

explanation (Guo et al., 2007).  The odds ratio of rupturing the other Achilles tendon after 

a unilateral rupture is 176, when compared to the general population (6% of the 

participants ruptured the contralateral tendon) (Aroen et al., 2004).  This may be due to 

high bilateral loads, but may also indicate central drivers to pathology and /or pain or 

systemic or genetic factors.  Bilateral tendinopathy in both the loaded and unloaded limb 

of baseball pitchers would support this (Miniaci et al., 2002).  This view is further 

strengthened by data from an animal model where bilateral cell changes were observed in 
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unilaterally loaded rabbits (Andersson et al., 2011) and a unilateral chemically induced 

model of tendinopathy in horses (Williams et al., 1984). 

There are several features of tendon pain that suggest cortical changes.  High frequency 

train of input (e.g. repetitive high tendon load) strengthens synaptic transmission, and 

makes the next cell within the CNS more excitable for several days (Woolf and Salter, 

2000).  In tendinopathy, substantial time between high loads is important to control pain 

(Kountouris and Cook, 2007).  It is possible that this may be not only related to local 

tendon adaptation such as collagen production and local cellular responses, but also to the 

sensitivity of the pathway.   

Tendon pain has been associated with local sensory change such as increased mechanical 

sensitivity (pain with activity and tendon pressure) (Maffulli et al., 2003, Almekinders et 

al., 2003).  Individuals with unilateral lateral epicondylalgia (LE) demonstrated 

hyperalgesia and bilateral changes to pressure pain thresholds (Fernandez-Carnero et al., 

2009).  The affected side was worse than the unaffected side, and both sides were worse 

than controls.  Individuals also showed bilateral changes to thermal sensitivity (Ruiz-Ruiz 

et al., 2011).  These differences in mechanical and thermal hyperalgesia may indicate 

central sensitisation (or at least potentially secondary hyperalgesia).  However, another 

study in tendons demonstrated no differences in cold and heat pain, cold and warm 

detection thresholds (van Wilgen et al., 2013).  Furthermore, secondary hyperalgesia may 

simply reflect persistent nociceptive input as it has been demonstrated even in acute pain 

such as inversion ankle injury (Ramiro-Gonzalez et al., 2012).   

Van Wigen et al (2013) completed quantitative sensory testing in people with and 

without patellar tendinopathy to assess central sensitisation.  The pressure pain thresholds 
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of asymptomatic athletes differed significantly from athletes with a diagnosis of patellar 

tendinopathy (van Wilgen et al., 2013).  Mechanical pain threshold and vibration 

threshold were found to be significantly lower in people with patellar tendinopathy.  

Reduced mechanical pain thresholds or pinprick allodynia may reflect the involvement of 

central sensitization (myelinated Aδ-fibres). 

No study has investigated corticospinal responses of muscle in lower limb tendinopathies, 

there are two studies in the upper limb including one that investigated corticospinal 

excitability (CSE) of the infraspinatus in people with rotator cuff (RC) tendinopathy 

(Ngomo et al., 2014) and reported decreased CSE compared to the unaffected side (no 

control group).  The second study reported increased CSE of affected muscles in people 

with persistent lateral elbow pain compared with a control group (Schabrun et al., 2015).  

Data appear conflicting and the measure used to represent CSE were different between 

studies.  Furthermore, use-dependent plasticity may affect results, especially in upper 

limb studies.  It is unclear if these findings may be translated to lower limb tendinopathy. 

If there are minimal cortical changes in tendinopathy, it is important to know if a tendon 

transmits nociception in a way that protects the brain from central change.  First, long 

term cortical plasticity changes involve long term potentiation (LTP) (repetitive increase 

in the strength of synaptic transmission that lasts for more than a few minutes) (Butler, 

2009) or long term depression (LTD) (involving gamma-aminobutyric acid [GABAergic] 

pathways).  The nature of tendon pain, being on/off, may prevent LTP or LTD.  Second, 

local inflammation, which is not a feature of tendinopathy, is an important event in the 

onset of many chronic pain states (Skaper et al., 2012, Weng et al., 2012, Guillot et al., 

2012, Latremoliere and Woolf, 2009, Padi and Kulkarni, 2008, Wu et al., 2008).  During 
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inflammatory processes, pro-inflammatory mediators (e.g. prostaglandins etc.) that are 

released from damaged tissues activate receptors, stimulate mast cells to release further 

pro-inflammatory cytokines, which lowers nociceptive threshold firing and increases the 

rate of firing.  Third, the activation of intracellular second messengers is required and 

subsequent alterations to gene and ion channel expression may be a more transient 

change with expression changing with the removal of the painful load.   

2.7.2 Central mechanisms – future directions 

There may be non-nociceptive mechanisms that play a nociceptive role in tendon pain.  

One such mechanism may be related to an internal calculation of tendon load.  This idea 

is consistent with the modern idea of pain being about protection and not dependent on 

nociception, and shares characteristics with the central governor theory of fatigue 

(Noakes et al., 2004).  Alternatively, tendon pain may reflect an error in the internal 

calculation of tendon load.  Several of the local dysregulations discussed here could 

contribute to erroneous load-information.  These ideas are speculative but not outrageous 

– that central evaluation of danger to body tissue modulates pain is well accepted (see 

(Butler and Moseley, 2003) for review), and that internal comparators evaluate predicted 

and actual motor responses has been established for some time (von Holst, 1954, 

Gandevia, 1996, Gandevia et al., 1996). 

2.8 Summary of the current understanding of tendon pain 

The molecular biology of tendon in pathological and healthy states highlights many 

potential contributors to pain and the search for these needs to extend beyond the tendon.  

Nociception could occur from cell–cell signalling via ion channels that communicate 

with an afferent neuron that could transmit, suppress or amplify the nociceptive signal.  
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Nociception may be modulated spinally or above and descending mechanisms may exert 

nociceptive pressure that manifest locally.  Finally, pain could be evoked via non-

nociceptive mechanisms through a load-detection system, which itself could be disrupted 

via local or central dysfunction.  The question of the pain of tendinopathy, physiological 

or pathophysiological, remains unanswered; however there is evidence for both; tendon 

based nociceptive contributions and extensive mechanisms within the periphery and the 

CNS.  Importantly for clinicians, tendon pain is complex and requires thorough 

assessment of both musculoskeletal and neural contributors as well as excellent clinical 

reasoning to account for nociceptive input from local tendon pathology as well as 

potential central mechanisms.   

Although many tendons succumb to tendinopathy, few are suitable for studies on pain.  

Several tendons have complex surrounding structures that can contribute to nociception, 

some, such as the Achilles affect a diverse group of people, and yet others are difficult to 

access, diagnose and image.  On the other hand, the patellar tendon provides the best 

model to investigate tendon pain, it occurs in a relatively homogeneous population 

(primarily young athletes that play jumping sports), it is a superficial tendon and the 

motor area in the cortex is accessible for investigation.  Therefore the patellar tendon will 

be used in the studies in this thesis; the next section will review its clinical presentation.   

2.9 Overview of the patellar tendon 

The patellar tendon attaches the quadriceps muscle group (rectus femoris, vastus 

medialis, vastus lateralis and vastus intermedialis) to the tibial tuberosity and is an 

extension of the quadriceps tendon where the patellar is embedded as a sesamoid bone 

(Figure 2.2).  A critical role of the patellar tendon in athletic activities is to store and 
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release energy during jumping and change of direction activities, making movements 

faster and more metabolically efficient (Anderson and Pandy, 1993).   

 

Figure 2.2 The patellar tendon in relation to quadriceps musculature and bony 

landmarks (used with permission – artwork by Shan Shan Zhang).   

 

Tendinopathy is most commonly related to the extrinsic factor of overload (Cook and 

Purdam, 2009, Ferretti, 1986) though it is the result of a complex interaction between 

intrinsic (person related) and extrinsic (environment related) risk factors.   
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2.10 Factors affecting tendon health 

There are a number of intrinsic risk factors including medical conditions and 

anthromorphology (van der Worp et al., 2011) that are linked with tendinopathy 

including; rheumatologic conditions (example see (Mobasheri and Shakibaei, 2013, 

Filippucci et al., 2009, Burner and Rosenthal, 2009, Nalebuff and Potter, 1968)), diabetes 

(Sasaki et al., 2007, D'Ambrogi et al., 2005, Ramirez and Raskin, 1998, Machtey, 1986, 

Campbell and Feldman, 1975) and genetic based conditions that affect connective tissue 

such as Marfan syndrome and Ehlers–Danlos syndrome (Callewaert et al., 2008), 

physical attributes include increased waist to hip ratio (Rechardt et al., 2010, Gaida et al., 

2010, Gaida et al., 2004, Cook et al., 2004b) and decreased ankle dorsiflexion lunge 

range (Backman and Danielson, 2011, Whitting et al., 2011, Malliaras et al., 2006b).  

These associated factors may reduce tendon capacity to repetitively transmit high tensile 

load during jumping and landing, leaving it vulnerable to overload and pain. 

2.11 Patellar tendinopathy 

Patellar tendinopathy (PT) is a common and debilitating injury that affects athletes in 

sports such as volleyball and basketball (Gisslen et al., 2005, Cook et al., 1997, Cook et 

al., 1998, Lian et al., 2005).  Patellar tendinopathy is recalcitrant to treatment (Danielson 

et al., 2007c), impairs function (especially power based movements) and can cause a 

decline in performance or even withdrawal from health promoting physical activity 

(Cook et al., 1997).  The seriousness of this condition was demonstrated by studies that 

showed 50% of athletes with patellar tendon injury were forced to retire from sport, and 

continued to have pain with stairs when surveyed 15-years later (Kettunen et al., 2002) 
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and more than a third of patients presenting to a sports medicine clinic with PT were 

unable to return to sport within six months (Cook et al., 1997).   

The prolonged recovery may be partly attributed to the clinical features.  A ‘warm-up 

phenomenon’ is well described where pain is diminished as exercise continues, only to be 

very painful the next day (Kountouris and Cook, 2007).  Clinically, it is noted that this 

warm-up pattern is often confusing for people with PT and can result in fluctuations 

between overload (as the tendon warms up during activity so athletes continue) and rest / 

underload (as the tendon is very painful the next day thus athletes often feel the need to 

remove all load).  Both underload and overload can be detrimental for tendon (Cook and 

Purdam, 2009).  The attempt to control symptoms with fluctuation between loading and 

periods of rest may also delay consultation with a medical practitioner, diagnosis and 

rehabilitation (Khan and Maffulli, 1998).   

2.11.1 Diagnosis of patellar tendinopathy 

Patellar tendinopathy is a clinical diagnosis based on the presence of localised pain at the 

proximal attachment of the tendon to the patella (Ferretti et al., 1983, Khan et al., 1998, 

Cook et al., 2000a).  Importantly, pain remains confined to the proximal attachment and 

temporally linked with loading regardless of the length of time of symptoms (Khan et al., 

1998) and this feature of localised pain is used clinically to differentiate it from other 

potential diagnoses of anterior knee pain.  Despite the localised nature of tendon pain, 

tendon palpation is only a moderately sensitive but not specific test, and mild tenderness 

is frequently present in asymptomatic jumping athletes (Cook et al., 2001b). 
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Patellar tendon pain is aggravated by tendon load that requires energy storage and release 

within the tendon, for example when jumping and landing (Cook and Purdam, 2003, 

Wilson and Best, 2005, Cook and Khan, 2003).  In addition to a history of pain at the 

inferior pole of the patella with jumping and landing, the best clinical pain provocation 

test is the single leg decline squat (SLDS) (typical error measurement = 0.50, 95% CI 

0.41-0.62, n = 50 knees) (Purdam et al., 2003) (Figure 2.3).  This squat is completed on a 

board set at 25 degrees, which preferentially loads the patellar tendon (Zwerver et al., 

2007, Kongsgaard et al., 2006).  Pain at the inferior pole is recorded by the participant 

providing a numerical rating score between zero and ten with zero meaning no pain and 

ten denotes maximal pain.  Importantly, while the SLDS may be provocative for other 

anterior knee pain conditions, the pain remains localised to the inferior pole in PT. 
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Figure 2.3 The single leg decline squat used to assess patellar tendon pain (Zwerver 

et al., 2007) used with permission 

There is a poor correlation between pathology visualised on imaging and pain (Cook et 

al., 1998), therefore US or MRI are not considered essential to make a diagnosis.  While 

abnormality on US itself does not constitute a diagnosis of tendinopathy, it can be used to 

establish the presence or absence of pathological tendon (Khan et al., 2002) and is 

considered superior to MRI for tendon imaging (Campbell and Grainger, 2001, Warden 

et al., 2007).  The pathology is most commonly located in the posterior region (deepest 

portion) of the proximal patellar tendon as this area is most likely subjected to greater 

tensile strains especially during jumping and deep squatting (Dillon et al., 2008).  There 

are various imaging appearances considered to represent pathological tendon, including 
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thickening and hypoechogenic areas within the tendon (Appendix V).  More recent 

advances in US technology such as ultrasound tissue characterisation (UTC) provide a 

more sensitive assessment of tendon pathology than traditional greyscale US as the image 

is standardised relative to a bony landmark (the patella) and the probe is fixed in a tracker 

that eliminates errors associated with transducer tilt (Docking et al., 2012, van Schie et 

al., 2010b). 

2.11.2 Quantifying patellar tendon function 

The Victorian Institute of Sport Assessment tool for the patellar tendon (VISA-P) is used 

to quantify patellar tendon pain and function (Visentini et al., 1998) (Appendix W).  The 

VISA-P is scored out of 100 points, with 100 representing pain-free full function and 

normal healthy individuals score 95-100 points (Visentini et al., 1998).  The VISA-P has 

high test-retest (r = .99, n = 54 knees) and inter-tester (r =. 99, n = 47 knees) reliability 

(Khan et al., 1996) and a change in score of greater than 13 points (or >15.4% change 

from original score) has been shown to be the minimum clinically important difference 

(MCID) (Hernandez-Sanchez et al., 2014).  The VISA-P is used both clinically and in 

research to provide a measure of severity (lower scores indicate high levels of pain and 

dysfunction) and quantify the effectiveness of interventions.   

2.12 Current rehabilitation concepts in tendinopathy 

2.12.1 Exercise stimulates tendon  

Experimental pain studies in healthy people demonstrate that strength training has the 

capacity to induce analgesia (Koltyn, 2000), and therefore warrants investigation in 

tendon pain.  Tendon load through exercise is the only stimulus used in rehabilitation of 
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tendinopathy that has been shown to positively affect the tendon matrix (Kjaer et al., 

2009), reduce pain over time and improve function (Ingber, 2003a, Ingber, 2003b, 

Silbernagel et al., 2007a).   

Loading induces tenocytes to produce structural proteins used in the extracellular matrix 

(ECM), and in vitro studies have shown that different loading stimuli alter tenocyte 

responses and ultimately tissue composition and tissue mechanics.  For example, cyclical 

strain of around 10% of equine extensor tendons caused proliferation of tenocytes 

(Goodman et al., 2004), but at 5% strain no cell proliferation or increases in 

glycosaminoglycan (GAG) content were observed, only upregulation of collagen 

synthesis (Screen et al., 2005).  Conversely, a lack of loading can negatively affect the 

ECM (Lavagnino and Arnoczky, 2005).    

Reduction of load achieved through the release of loaded cell matrix gels resulted in 

increased breakdown of collagen and a reduction in type I collagen production at 24 

hours (Lavagnino and Arnoczky, 2005).  Similarly, removal of strain or inactivity causes 

tissue to become disorganised (Kjaer et al., 2005) thus altering the mechanical properties 

of the tendon.  These laboratory based studies support the concept of optimisation of load 

in tendon rehabilitation.   

In vivo studies have demonstrated that loading increased collagen turnover (Langberg et 

al., 2001) and tendon stiffness in trained athletes compared with controls (Couppe et al., 

2008, Rosager et al., 2002) and in the elderly following strength training (Reeves et al., 

2003).  Increased collagen turnover has also been reported in tendinopathic tendons after 

eccentric training (Langberg et al., 2007) and heavy slow strength (concentric / eccentric) 
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training (Kongsgaard et al., 2009).  Different types of training may have varied effects; 

strength training but not plyometric training, has been shown to increase Achilles tendon 

stiffness (Kubo et al., 2007).  Long duration protocols, but not short duration, using 

isometric contractions increased tendon stiffness (Kubo et al., 2001).  The increase in 

collagen turnover and increases in stiffness may contribute to more effective force 

transmission from the contractile elements to bone (Bojsen-Moller et al., 2005).    

The adaptation of tendon to load contributes to the mechanical and structural properties 

of tendon (Kjaer et al., 2009, Kjaer et al., 2005, Kjaer et al., 2006).  Load is also 

important in modifying the rate of force development and efficiency of the muscle 

(Bojsen-Moller et al., 2004).  Loading, in particular strength training, has a number of 

benefits for the muscle architecture including; hypertrophy (increase in cross sectional 

area), strength and changes to the substrates that improve efficiency (Gonyea et al., 1986, 

O'Shea, 1966, Chui, 1964).  Strength training alters tendon and muscle characteristics and 

these changes may be part of the mechanism behind functional improvement in people 

with tendinopathy.   

2.12.2 Evidence for loading in tendinopathy 

There is evidence that eccentric exercise reduces pain and allows return to function in 

recalcitrant tendinopathy (Woodley et al., 2007, Jonsson and Alfredson, 2005a, Young et 

al., 2005b, Ohberg et al., 2004).  It has been shown to be more effective than passive 

treatments such as ultrasound, frictions, ‘wait and see’, stretching, splinting and also 

concentric only exercise (Woodley et al., 2007).  However, eccentric exercise, the most 

commonly researched muscle contraction type in tendinopathy, increased pain in the first 

two to four weeks of a 12-week program (Alfredson et al., 1998). 
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Many studies investigating eccentric exercise have investigated Achilles tendinopathy 

and have recruited older people (mean age > 40 years) who are aiming to return to 

recreational level activity (for example, (Mafi et al., 2001b, Norregaard et al., 2007, 

Alfredson et al., 1998)).  The results of these studies with older less active people are 

frequently, and possibly inappropriately, applied to athletes in the clinical setting with 

other tendinopathies, such as PT.  When athletes have been studied, it has been shown 

that eccentric exercise can induce patellar tendon pain in those with asymptomatic tendon 

pathology when used prophylactically in the pre-season (Fredberg et al., 2008a).  

Eccentric exercise in season is provocative (Visnes et al., 2005), or there is a risk of poor 

adherence (Woodley et al., 2007) suggesting that athletes should rehabilitate their 

tendinopathy while not actively training and playing their sport.   

Despite the widespread clinical use of eccentric exercise in PT rehabilitation, there are 

limited data that demonstrate a positive effect on clinical outcome measures (Visnes and 

Bahr, 2007).  No study that has a positive result has been conducted inseason.  In fact, 

there are no data about suitable rehabilitation for athletes with PT during the competitive 

season.   

The eccentric protocol provokes pain and traditionally progression is made based upon 

inducing certain levels of pain (Alfredson et al., 1998, Young et al., 2005b).  It is possible 

that painful exercise may have negative effects along the neuroaxis (such as long term 

potentiation) that may predispose people to recurrence.  It is important to consider that 

exercises that do not evoke pain may have benefits beyond athlete adherence, such as 

reducing the strength of synapses associated with nociception.  Investigation into other, 

non-provocative muscle contraction types is warranted.    
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There are few investigations into other muscle contraction types such as isometric 

exercise or isotonic (concentric / eccentric) for people with tendinopathy.  No published 

studies have investigated the use of isometric exercise in the rehabilitation of 

tendinopathy.  Heavy slow strength training (isotonic) has been compared to eccentric 

exercise (Kongsgaard et al., 2010).  The 12-week study compared eccentric exercise, 

isotonic exercise and a glucocorticoid injection and all groups improved in tendon pain 

and function significantly at twelve weeks.  No data were reported on pain provocation 

during or immediately after exercise when completing isotonic exercise.  At the 6 month 

follow up, treatment satisfaction was highest in the isotonic group.  The activity in any 

group was not significantly different to baseline (nor was the amount reported), thus it is 

possible that participants had not returned to their chosen level of activity.  It is unclear 

from these data whether isotonic strength training is suitable for inseason athletes, when 

patellar tendon pain is at its highest (Cook and Purdam, 2014).   

Of the studies that have demonstrated improvement in tendon pain and function with 

exercise over time (for example, (Silbernagel et al., 2007b, Dimitrios et al., 2012)) the 

mechanism behind clinical improvement is unknown and symptomatic improvement does 

not appear to correlate with changes on imaging of tendon pathology (Drew et al., 2014).  

Therefore, it is pertinent to review the neuromuscular adaptations to exercise and 

potential mechanisms behind pain reduction (both immediately and over time) at a 

corticospinal level.   

2.13 Strength training: implications for the CNS 

Neuromuscular adaptations to strength training require an understanding of the neural 

control of skeletal muscle as well as an appreciation of the neuroplasticity that may occur 
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with pain or strength training.  An overview of the neural control of skeletal muscle is 

provided (Appendix X).   

2.13.1 Concepts of neuroplasticity in the M1 

Neuroplasticity is the ability of the nervous system to undergo structural and functional 

changes in response to activity (Pascual-Leone et al., 2011, Munte et al., 2002).  It can be 

a positive adaptive change in response to frequent stimuli or after injury or illness when 

the changes enable function, but maladaptive changes can occur that offer no functional 

advantage (Henry et al., 2011).  Repeated muscle activation manifests as use-dependent 

neuroplasticity of the M1 and its projections (Butefisch et al., 2000).   

Muscle activation is modulated by a balance between excitatory and inhibitory control of 

neurons that synapse on the motor neuron pool (Farina et al., 2014); excitatory synapses 

transmit action potentials from a pre-synaptic neuron that causes an action potential in a 

post-synaptic neuron due to depolarisation and the reverse is true for inhibitory synapses 

as action potential generation is depressed due to hyperpolarisation.  Excitatory synapses 

use glutamate as their neurotransmitter, whereas, inhibitory synapses use γ-Aminobutyric 

acid (GABA).  There are two types of GABA receptors that respond to the 

neurotransmitter, GABAA and GABAB.   

GABAB receptors mediate long interval cortical inhibition and the silent period 

(McDonnell et al., 2006), which were not examined in this thesis.  GABAA receptors are 

ligand gated ion channels and are located on the inhibitory neurons that synapse onto 

corticospinal cells in the M1 to mediate short-interval intra-cortical inhibition (SICI) (Ilic 

et al., 2002, Ziemann, 2003) and influence motor unit activation.  The TMS paired-pulse 

design delivers a sub-threshold conditioning stimulus that activates inhibitory circuits that 
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use GABA as their neurotransmitter causing synaptic inhibition of neurons that are 

activated by the supra-threshold test stimulus.   

Changes to SICI have been proposed as a primary mechanism behind neuroplasticity 

(Wolff et al., 1993).  It is not known whether patellar tendon pain is associated with 

changes to CSE and/or SICI of the quadriceps, thus these corticospinal responses needed 

to be investigated.   

2.13.2 Quantifying neuroplasticity of the Primary motor cortex  

An overview of the theory that underpins TMS and the relevant terms are provided, as 

this technique was used in Chapters 3-6.  The method(s) for each study appears in 

Chapters 3-6 and given the importance of standardising TMS technique including, 

electrode placement and participant set up, in obtaining reliable TMS responses 

(Thickbroom et al., 1999a, Carroll et al., 2001b) additional information pertaining to the 

TMS methods used is provided in Appendix U.   

Transcranial magnetic stimulation is a non-invasive method of investigating the function 

of the corticospinal pathway, membrane excitability and synaptic efficacy by using a 

magnetic field to induce electrical currents in conductive neural tissue of the M1 (Carroll 

et al., 2001b).  This enables quantification of corticospinal excitability (CSE), cortical 

inhibition (in this thesis, SICI) and topographical representation.  The stimulus evokes 

multiple descending waves via action potentials in corticospinal neurons.  The first direct 

wave is thought to arise from excitation of the corticospinal cell itself and it is followed 

by indirect waves, which are thought to stem from transynaptic excitation of corticospinal 

cells by different sets of intracortical neurons (Aimonetti and Nielsen, 2001, Boroojerdi 

et al., 2001).  The magnetic stimulation evokes a motor response (twitch) in the muscle 
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that is recorded using sEMG on a target muscle; the response is known as a motor evoked 

potential (MEP) (Figure 2.4).  The amplitude of the MEP is influenced by inhibitory and 

excitatory connections descending onto the motor neuron pool at the time of stimulation 

(Carroll et al., 2001a).  Transcranial magnetic stimulation can be applied as a single or a 

paired-pulse paradigm. 

Single-pulse TMS can be delivered at different stimulus intensities that correspond with 

an MEP of increasing amplitude until plateau, which represents MEPMAX.  Paired-pulse 

TMS, with an inter-stimulus interval of three milliseconds, can explore SICI (Trompetto 

et al., 2001).  The inter-stimulus interval is the time between the sub-threshold 

conditioning stimulus and the supra-threshold test stimulus.  It is the ratio between the 

amplitudes of the conditioning and test stimuli that represents SICI and can be used as an 

indicator of intracortical neuronal processing.   

The following terms that relate to TMS testing are summarised (Figure 2.4); 

MEP: if the current applied is of sufficient amplitude and duration, it will depolarise 

neural tissue and be recorded as an MEP.  From the MEP a number of measures can be 

derived to probe both the corticospinal responses.   

Latency: a measure of the corticospinal conduction time is measured from the time of 

stimulation to the onset of the MEP and reflects both peripheral and central pathways. 

Silent period (SP): provides an indication of the strength of inhibition in the 

corticospinal pathway and is a combination of subcortical (spinal cord) and cortical 

inhibition (Carroll et al., 2001a).  It is measured as the time from onset of MEP until the 

return of sEMG activity.  Latency and SP were not calculated in this work because other 
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measures of CSE and cortical inhibition (SICI) were used, therefore definitions are 

provided for completeness. 
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Figure 2.4 Terms associated with the motor evoked potential  

MEP, motor evoked potential. sEMG, surface electromyography 

 

Motor threshold (MT): the minimum stimulator intensity where at least three out of five 

stimuli produced an MEP with amplitude ≥ 200 microvolts (μV).  Due to the location of 

the quadriceps muscle group representation on the M1 (near the vertex), the active motor 

threshold (AMT) rather than resting motor threshold is traditionally used, as AMT 

requires lower stimulation intensity and also reduces variability of MEP responses 

(Wassermann et al., 1996).  Therefore AMT was used throughout this work and all TMS 

testing was completed during 10% maximal voluntary isometric contraction (MVIC).  

Reliable MEPs can be obtained from the quadriceps muscle (Goodwill et al., 2012, 

Latella et al., 2012b) (Figure 2.5). 
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Figure 2.5 Example of overlays of motor evoked potentials from the quadriceps of 

one participant   

Motor evoked potentials are recorded from the rectus femoris using surface electrodes whilst delivering 

stimuli via transcranial magnetic stimulation.  M, denotes the stimulus. 

 

Stimulus response curve: a stimulus response curve was constructed by obtaining a 

series of MEPs at different stimulus intensities until plateau.  The studies in this thesis 

used a ramped protocol (Pearce et al., 2013a).  The stimulus response curve was 

constructed by, dividing the mean MEP amplitude corresponding to a stimulus intensity, 

by the maximal compound wave (MMAX) for that participant.   

Stimulus response curves provide information about the strength of the corticospinal 

projection to the muscle by correlating TMS stimulus intensity and output in the muscle 

(Kidgell and Pearce, 2011).  The curve is reported to be a sigmoid shape (Kidgell and 

Pearce, 2011) and the slope of the curve is believed to reflect the size of the cortical 
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representation and the distribution of excitability within the corticospinal projection 

(Smith et al., 2011).  The area under the curve is an overall measure of corticospinal 

output and projection strength (Pitcher et al., 2003).   

2.13.3 Maximising neuroplasticity induced by strength training and rationale for 

training 

The specific neural changes that occur in strength training reportedly account for as much 

as 60% of the strength increases observed (Narici et al., 1989).  The contribution of the 

neurophysiological adaptations to strength gains are demonstrated by, the significant 

strength improvements shown to occur prior to muscle hypertrophy (Yue and Cole, 1992, 

Enoka, 1988), increases in strength following motor imagery (Leung et al., 2013) and in 

the contralateral untrained limb in cross-education strength studies (Fimland et al., 2009, 

Goodwill et al., 2012, Hendy et al., 2012a, Kidgell et al., 2011).   

The specific neural and cortical changes that can occur with strength training include the 

number of neurotransmitter receptors on a synapse and an optimisation of the 

biochemical environment for synaptic efficacy (Abraham, 2008).  Strength training can 

influence both supraspinal and spinal mechanisms, such as increased motor unit 

discharge rate (Christie and Kamen, 2010), increased central motor drive, elevated motor 

neuron excitability and reduced presynaptic inhibition (Aagaard et al., 2002a, Aagaard et 

al., 2002b, Kidgell and Pearce, 2011, Kidgell et al., 2010, Kidgell et al., 2011, Pearce et 

al., 2013b).   

However, strength training designed to facilitate neuroplasticity of the M1 incorporates a 

number of elements aside from the applied load.  Externally paced strength training, 

which increases the complexity of the task (Carroll et al., 2011), has been shown to 
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induce changes to CSE and SICI in healthy people (Kidgell and Pearce, 2011, Weier et 

al., 2012a).  External pacing constrains the movement enforcing control and attention and 

can be achieved with simple addition of auditory cueing with a metronome. This makes 

the muscle contraction similar to a skilled task, thus when external auditory pacing cues 

have been used in heavy strength training, use-dependent plasticity has been comparable 

to skill training (Leung, in press).  Importantly, self paced strength training, even when 

using heavy loads that would challenge neuromuscular control, has not been shown to 

produce changes in CSE and SICI (for example, (Leung,  in press; Carroll, 2002; 

Ackerley, 2011)).  Earlier studies proposed that strength and skill training induced 

different adaptive changes (Jensen et al., 2005, Adkins et al., 2006) however more recent 

data have consistently shown similar changes to skill training in CSE and SICI are 

observed when strength training is externally paced (Kidgell and Pearce, 2011, Weier et 

al., 2012a, Goodwill et al., 2012, Kidgell et al., 2010).        

Interestingly, motor imagery that requires participants to focus attention and imagine 

muscle contractions have also been shown to induce changes in CSE (Clark et al., 2004, 

Fadiga et al., 1999) and increases in CSE were augmented with a more complex task 

(Roosink and Zijdewind, 2010).  This poses the question whether actual load is important 

for modulation of CSE or if imagined load may be sufficient.  In fact, heavy imagined 

and heavy active contractions have demonstrated similar neural processes, (Leung et al., 

2013) except that there appear to be differences in the locus of motor inhibition.  In 

preparation for actual contractions, impulses are inhibited at the spinal cord level to 

prevent premature firing of motor neurons.  In contrast, during imagined contractions, the 

inhibition that prevents movement is controlled at a cortical level (Stinear et al., 2006) 
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indicating that differences in the locus of inhibition are present between imagined and 

actual contractions.  Furthermore, strength gains are greater during actual compared with 

imagined contractions, reinforcing the fact that adaptations resulting from strength 

training are not purely confined to the M1 (Leung et al., 2013).   

Evidence suggests contracting with load (rather than imagined contractions) may be 

important in rehabilitation interventions. First, motor imagery ability strongly influences 

an individual’s corticospinal response to imagery training (Williams et al., 2012) 

indicating there is variability in the general population in response to such training.  This 

may limit its effectiveness as an intervention.  Furthermore, imagery is unlikely to 

provide the necessary stimulus for tendon and muscle (section 2.12).  Second, increases 

in strength following motor imagery of heavy muscle contractions have been 

demonstrated (16% increase in maximal voluntary isometric contraction in a 3-week 

training intervention, 4 sets of 6-8 imagined repetitions at 80% 1 repetition maximum 

[RM]) (Leung et al., 2013).  However, the group that performed actual repetitions 

demonstrated a 39% increase in strength (p = 0.027) indicating that actual muscle 

contractions are more effective (for strength).  It is worth noting that the motor imagery 

group were cued to imagine lifting heavy loads and this was also the case in another 

study demonstrating strength increases with motor imagery where they were shown 

videos of peoples completing calf raises with a heavy barbell (Zijdewind et al., 2003) and 

muscles of the hand during imagined maximal isometric contractions (Yue and Cole, 

1992).   

These studies also suggest heavy load may be important as studies that used loads of 80% 

1RM (active or imagined) were identified to produce strength changes, thus load would 
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appear to be an important consideration in optimising neuroplasticity of the M1.  Heavy 

load isolated for the quadriceps muscle group can be provided using a leg extension 

machine with external weights and furthermore, open kinetic chain exercise, for example 

seated leg extension for the quadriceps muscle group, have been shown to produce higher 

neuromuscular activation than closed kinetic chain exercise (for example, squat) 

(Andersen et al., 2006) thus this may provide a stronger training stimulus.   

2.13.4 Summary of load protocols that may optimise stimulation for tendon, neuromuscular 

and corticospinal adaptation 

There are a number of factors that appear important in designing a rehabilitation 

intervention in tendinopathy to address each potential level of dysfunction.  First, heavy 

load has shown to be successful in tendon rehabilitation and matrix stimulation 

(Kongsgaard et al., 2009, Kongsgaard et al., 2010), muscle architecture, hypertrophy and 

neuromuscular adaptations (Mitchell et al., 2012, Aagaard et al., 2002a, Andersen et al., 

2006) as well as modulation of corticospinal responses (Goodwill et al., 2012, Kidgell et 

al., 2010, Latella et al., 2012b).  Second, open chain leg extension exercises may optimise 

neuromuscular activation (Andersen et al., 2006).  Lastly, and potentially of critical 

clinical importance, is the additional of external pacing to optimise neuroplasticity of the 

M1.   

The type of muscle contraction that may be most efficacious is unknown as there are a 

lack of studies that have investigated isometric and isotonic muscle contractions in 

tendinopathy. Eccentric, isometric and isotonic muscle contractions have been shown to 

improve the strength and efficacy of the neural circuits that control muscle in normal 

participants (Carroll et al., 2009, Carroll et al., 2002a, Kidgell and Pearce, 2011, Aagaard 
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et al., 2002a).  However, no studies have investigated excitability and inhibition of neural 

circuits in people with tendon pain.  Studies have demonstrated poorer/lower muscle 

function is exquisitely linked to pain, both experimentally and in a range of 

musculoskeletal conditions (Ingber, 2003a, Ingber, 2003b, Ingber, 1993, Hodges and 

Richardson, 1996, Hodges and Richardson, 1999).   

2.13.5 Pain models 

Experimentally induced pain is capable of changing motor control and thus provide 

opportunity to study transient responses to nociceptive input.  There are multiple models 

constructed from experimentally induced pain that attempt to describe motor control 

changes and the relationship with pain including the pain-adaptation and the pain-spasm-

pain model.  The theories present somewhat conflicting predictions on how pain affects 

motor output and both are equivocally supported by the literature.   

The pain-spasm-pain model proposes that pain results in increased muscle activity that 

will in turn cause pain (Roland, 1986).  In contrast, the pain adaptation model postulates 

that pain actually reduces activation of agonist muscles and increases activation of 

antagonist muscles (Lund et al., 1991) to reduce movement velocity and the range of 

motion to avoid further mechanical provocation of pain and damage to tissues.  Several 

studies have investigated changes in motor control (usually the agonist muscle) using 

either experimentally induced pain or different MSK conditions. 

2.13.5.1 Evaluating cortical output during pain 

Whilst, nociception is the neural process of encoding noxious stimuli and is the most 

common trigger for pain, pain is an output of the CNS that is modulated by a range of 

contextual and cognitive factors (Moseley and Arntz, 2007).  The experience of pain 
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from transient, noxious stimuli, where participants are advised it will subside, may be 

different to the experience of musculoskeletal (MSK) pain, particularly as it becomes 

more longstanding, thus corticospinal measures and changes to biomechanics or motor 

patterning reported for these two scenarios will be discussed separately. 

Studies that have investigated the effect of acute noxious stimuli in normal participants, 

most commonly use intra-muscular hypertonic saline or capsaicin injections that result in 

immediate, dose dependent pain (Scanlon et al., 2006).  Pain is associated with a loss of 

contraction force (Graven-Nielsen et al., 1997, Henriksen et al., 2011b) and muscle 

endurance (Graven-Nielsen et al., 1997) and reduced sEMG activity of the painful muscle 

and increased antagonist muscle activity (Graven-Nielsen et al., 1997), which is 

consistent with the pain adaptation model (Lund et al., 1991).  However, as previously 

outlined this may not be representative of people with MSK pain.   

A recent systematic review by Heales et al., (2013) on the sensory and motor deficits of 

the non-injured side of patients with unilateral tendon pain included one study in the 

patellar tendon and one study in the Achilles tendon and 18 in the upper limb tendons 

reflecting the paucity of literature in lower limb changes.  The two included lower limb 

studies investigated arch height in PT (Crossley et al., 2007) and an imaging paper of the 

Achilles tendon (Grigg et al., 2012).  It is not clear how arch height and imaging changes 

may relate to sensory or motor control changes, thus the sensory or motor control 

changes in lower limb tendinopathy require further investigation.  Interestingly, a recent 

systematic review in chronic regional pain syndrome only identified data from upper-

extremity studies (Di Pietro et al., 2013).  It is possible that differences in functional 

reorganisation in the primary somatosensory (and/or M1) cortices following upper limb 
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versus lower limb injury may exist that limit the extrapolation of upper limb findings to 

the lower limb.  Given that the predominant role of the upper limb musculature is to 

position and control the hand in space, and the fact the hand is well represented on the 

somatosensory cortex and M1, injury to upper limb regions may have different 

manifestations associated with chronicity to the lower limb.  There appears to be a bias 

towards investigations of upper limb conditions.   

There are several studies in lower limb tendinopathy demonstrating motor control 

changes.  People with chronic unilateral Achilles tendinopathy have showed an increase 

in the volitional wave (v-wave), which measures the magnitude of motor output from 

alpha motorneurons (α-motorneurons), relative to their other side (Wang et al., 2011).  

They also had reduced normalised rate of force development (RFD) and higher antagonist 

(tibialis anterior) to agonist (soleus) sEMG ratios during explosive contractions, which 

somewhat supports the pain-adaptation model.  This is in contrast to an experimental 

Achilles tendon pain model (injection of intratendinous hypertonic saline) where pain 

was associated with reduced sEMG activity in the agonist, synergistic and antagonist 

muscles (Henriksen et al., 2011a).  Thus, it appears that experimental tendon pain models 

may not reflect load induced tendinopathy.  The conclusions that can be drawn from 

these studies are that, (1) there appear to be changes to motor control but there are few 

studies and (2) experimentally induced tendon pain may not represent changes to motor 

control present in load induced tendinopathy. 

Given the limited studies of motor control or corticospinal responses using techniques 

that may enable inference of the locus of adaptation, it is pertinent to review some of the 

more global biomechanical studies that have been conducted in tendinopathy.  
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Tendinopathy can be provoked during the stretch shortening cycle (SSC).  The SSC is 

where an eccentric contraction immediately precedes a concentric contraction.  This 

manoeuvre produces greater force output than an isolated concentric contraction.  In 

jumping, horizontal landing places the highest load on the patellar tendon compared with 

a vertical landing, despite the latter having higher ground reaction forces (Edwards et al., 

2010) and quickly moving out of this position after landing demonstrates the SSC in 

volleyball.  The SSC is taxing for skeletal muscles and is enabled by the viscoelastic 

properties of the tendon (Kubo et al., 2005).  Changes to jumping biomechanics can infer 

changes to motor control even if not explicitly studied.   

2.13.5.2 Differences in biomechanics and motor output: pain versus pathology 

Data has shown that people with PT jumped higher than controls (termed the ‘jumpers 

knee paradox’) and that better jumping ability was a risk factor for developing PT 

(Visnes et al., 2013).  The odds ratio of developing jumper’s knee (sic) (either at the 

proximal insertion or quadriceps insertion) among young active volleyball players in an 

elite training environment, when corrected for previous training was 1.79 (95% CI 0.96 to 

3.35).  However, talented jumpers may be more likely to play in positions that require 

more jumping such as outside hitters and blockers compared with setters, therefore they 

may actually jump more with trainings and games.  However, it may not be simply 

volume of load (defined as jumping repetition multiplied by the amount of training over 

the course of a period), but changes within the jumping and landing pattern that leads to 

symptoms. 

Van de Worp et al., (2014) systematically reviewed studies that investigated jumping 

biomechanics in people with PT and included six studies (n = 49 controls, n = 18 
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symptomatic PT, n = 13 asymptomatic PT and n = seven tendon pathology).  There were 

no significant differences between controls and participants with PT in kinematics, 

however the meta-analysis only included two of the six studies (n = six athletes with 

symptomatic PT).  There were no differences between controls and those with a past 

history of PT (currently asymptomatic).  The only significant differences were in those 

participants with tendon pathology compared with controls.  The presence of tendon 

pathology was associated with a different landing strategy compared with controls in 

horizontal landing resulting in more hip flexion, higher hip extension velocity, more knee 

flexion and higher knee extension velocity than controls (Edwards et al., 2010).  It would 

be interesting to prospectively follow these athletes, as it is known that tendon pathology 

is a risk factor for developing symptoms (Malliaras and Cook, 2006).  The differences in 

their landing strategy may be protective due to the presence of pathology or might 

potentially place them at increased risk of symptoms.  Conversely, they may have tendon 

pathology as a result of this landing strategy.  While jumping is provocative for PT, 

strength training appears beneficial in rehabilitation.  There is also evidence muscle 

activation may be analgesic.   

2.13.6 Evidence that loading reduces pain 

Eccentric exercise, which is the most commonly prescribed (and researched) exercise for 

the treatment of tendinopathy (for example, (Frohm et al., 2007b, Jonsson et al., 2008, 

Kongsgaard et al., 2006, Maffulli et al., 2008, Purdam et al., 2004, Shalabi et al., 2004, 

Visnes and Bahr, 2007, Woodley et al., 2007)) is painful to complete (Alfredson et al., 

1998).  Management of tendinopathy is especially problematic during the competitive 

season, during which there are constant time and performance pressures (Cook and 
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Purdam, 2014).  When eccentric exercise has been completed in the competitive season, 

there has been poor adherence due to pain, and either no benefit (Visnes et al., 2005) or 

poorer outcomes (Fredberg et al., 2008b).  Athletes are reluctant to cease sporting activity 

to complete eccentric exercise programs (Jonsson and Alfredson, 2005b), and they may 

be more adherent with exercise strategies that reduce pain to enable ongoing sports 

participation.   

Exercise-induced pain relief would have several clinical benefits.  First, athletes may be 

able to manage their pain with exercises either immediately prior to, or following, 

activity.  Second, exercise is non-invasive and without potential pharmacological side 

effects or sequelae of long-term use that are associated with some interventions.  Third, 

exercises that reduce pain are likely to have greater adherence.  Therefore, alternative 

muscle contraction types other than eccentric exercises warrant investigation.   

Isotonic exercise (heavy slow concentric and eccentric strength training) has been shown 

to be as effective as eccentric only exercise in PT for pain and participation (Kongsgaard 

et al., 2009, Frohm et al., 2007b), however the immediate effect of isotonic exercise on 

pain has not been studied.  A single bout of strength training that used isometric muscle 

contractions have been shown to reduce pressure pain thresholds in normal participants 

(Kosek and Ekholm, 1995, Koltyn and Umeda, 2007) but have not been investigated in 

people with tendon pain.  The analgesia following a local isometric contraction 

demonstrated in previous studies of normal participants is widespread (Hoeger Bement et 

al., 2011), which implicates CNS involvement and warrants investigation. 
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2.13.7 Summary of muscle contraction parameters with regards to tendinopathy 

It appears that the use of both isometric and isotonic strength training require 

investigation for their utility in tendinopathy management.  Isometric strength training 

has been shown to be analgesic in experimental studies of healthy people and this 

warrants investigation in those with PT.  Heavy isotonic load is beneficial for strength 

(Bird et al., 2005) and parameters may be matched for comparison to isometric 

contractions including length of time under tension and rating of perceived exertion 

(RPE).  As there were no protocols for tendon loading that may induce analgesia, 

protocols were developed with pilot testing (Appendix Y). 

2.13.8 Summary of clinical outcome measures and interventions used based upon review of 

the literature  

Patellar tendinopathy was diagnosed using clinical testing and UTC imaging in a cohort 

of jumping athletes (basketball, volleyball, Australian football and martial arts).  Pain at 

the inferior pole of the patella during the SLDS that did not radiate or refer was required 

for the clinical diagnosis of PT in all studies.  The VISA-P was used to quantify tendon 

pain and function.  With the exception of Chapter 3 that classified athletes into PT or 

other AKP, athletes with pain other than PT were excluded.  As tendon pathology on 

imaging and pain do not correlate, the combination of clinical and imaging tests allowed 

for separation of people with unilateral or bilateral symptoms and /or pathology (as it is 

not known how the ipsilateral M1 is affected in tendinopathy) and to ensure that control 

participants neither had patellar tendon pain nor ultrasound abnormality that may affect 

their corticospinal responses.   
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Corticospinal responses were quantified using single-pulse (to evaluate CSE) and paired-

pulse (to evaluate SICI) TMS.  Strength training, specifically isometric muscle 

contractions have been shown to induce immediate and widespread analgesia in studies 

of healthy people (evidenced by increased PPTs) thus warranted investigation in PT 

(Chapter 4).  Evidence supports strength training in the rehabilitation of tendinopathy and 

it is known to have positive effects on tendon matrix and muscle architecture.  There is 

evidence for heavy, externally paced strength training being capable of modifying 

corticospinal control of muscle in healthy people.  Based upon the evidence for strength 

training in tendon rehabilitation, muscle adaptation and neurophysiological mechanisms, 

a number of parameters were considered in study design and the process of piloting two 

protocols was provided (Appendix Y).  Therefore, the strength training interventions used 

in this thesis (Chapters 4-6) utilised a leg extension machine, heavy load with 

intervention protocols matched for rating of perceived exertion (RPE), time under tension 

and rest to ensure the only difference in groups was muscle contraction type (isometric or 

isotonic) and importantly, used external pacing to maximise the opportunity for 

neuroplasticity.  Furthermore, the inseason RCT intervention study (Chapter 5) was 

chosen to be 4-weeks in duration as the primary area of interest was the neuromuscular 

changes, in the absence of changes in muscle morphology.   
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Chapter 3. Is corticospinal excitability differentially modulated in 

jumping athletes with and without anterior knee pain? 

3.1 Declaration for thesis Chapter 3 

In the case of Chapter 3, the nature and extent of my contribution to the work was the 

following: 

Nature of 

contribution 

Extent of 

contribution (%) 

 

Elevated corticospinal excitability in patellar tendinopathy compared 

to other anterior knee pain or no pain. 
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3.2 Chapter introduction, aim and hypothesis 

As discussed in Chapter 2, patellar tendinopathy (PT) is a highly prevalent and 

debilitating injury in athletes who play sports that require stretch shortening of the 

quadriceps musculotendinous unit such as jumping or change of direction (Gisslen et al., 

2005, Cook et al., 1997, Cook et al., 1998).  Therefore, it is important to understand the 

corticospinal excitability (CSE) of the quadriceps muscle in people with and without 

anterior knee pain (AKP).  For this study, athletes with knee pain were further sub-

grouped into PT and other AKP.   

First, pilot testing was undertaken to establish the specific effect of regular jumping, and 

not just habitual physical activity, on the CSE of the quadriceps (Appendix Y).  Based on 

these data, jumping athletes displayed significantly greater CSE than non-jumping 

athletes (p=0.002) and there was no effect of gender (p=0.26) therefore, male and female 

jumping athletes were included in all studies of this thesis.  The inclusion of jumping 

athletes with other AKP enabled investigation of the potential for nociceptive specificity 

influencing the corticospinal control of the quadriceps.  Therefore, the aims of this 

chapter were; 

Aim: To compare the CSE via a stimulus response curve in jumping athletes that have PT 

with activity matched athletes that have no pain and those with other AKP. 

Hypothesis: It was hypothesised that jumping athletes with PT and other AKP pain would 

have greater CSE, evidenced by an increase in the slope of the stimulus response curve, 

than those with no pain but there would be no differences between PT and other AKP in 

CSE. 

Null hypothesis: There will be no differences in CSE between the three groups. 
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This chapter presents a cross sectional study that used single-pulse TMS to obtain 

stimulus response curves.  A full equipment list is provided (Appendix Z).  The 

manuscript has been accepted with major changes by the Scandinavian Journal of Sports 

Medicine .   

3.3 Participants 

Participants in this study were aged over 18 years of age.  Those below 18 years were 

excluded for two reasons.  First, athletes under this age may have adolescent injuries that 

mimic patellar tendinopathy pain including Sinding-Larsen—Johansson syndrome 

(Barber Foss et al., 2012, Barber Foss et al., 2014, Barbuti et al., 1995, Medlar and Lyne, 

1978).  Second, the guidelines for the safe application of TMS recommends participants 

are aged over 18 years (Chipchase et al., 2012).  Participants over 60 were excluded due 

to the potential for age related changes to CSE (Sale and Semmler, 2005). 

Further exclusion criteria for transcranial magnetic stimulation (TMS) included a past 

history of epilepsy or seizure activity, heat convulsion, head injury or history of epilepsy 

and seizure in first degree relatives, psychiatric or neurological illnesses (including brain 

injury or cranial surgery), metal implants in the head (outside the mouth) any metallic 

particles in the eye, implanted electrical biomedical device (defibrillator, acoustic 

device), pregnancy, use of medications that affect arousal level, excessive use of caffeine 

or energy drinks, sleep deprivation and the inability to speak, read and write English 

(Rossi et al., 2009). 
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3.4 Abstract 

Introduction Anterior knee pain (AKP) is a frequent clinical presentation in jumping 

athletes and may be aggravated by sustained sitting, stair use and loading of the 

quadriceps.  Corticospinal activation of the quadriceps in athletes with AKP has not yet 

been investigated, but is important in guiding efficacious treatment.  Method This cross-

sectional study assessed corticospinal excitability (CSE) of the quadriceps in jumping 

athletes using transcranial magnetic stimulation (TMS).  Groups consisted of Control (no 

knee pain); PT (localised inferior pole pain on single leg decline-squat [SLDS]); and 

other AKP (non-localised pain around the patella).  SLDS (numerical score of pain 0-10), 

VISA-P, maximal voluntary isometric contraction (MVIC), active motor threshold 

(AMT), CSE and Mmax were tested.  Results 29 athletes participated; control n = 8, PT n 

= 11, AKP n = 10.  There were no group differences in age (p = 0.23), body mass index 

(p = 0.16) or MVIC (p = 0.38).  PT had elevated CSE compared to controls and other 

AKP (p < 0.001), but no differences were detected between AKP and controls (p = 0.47).  

Discussion CSE appears to be greater in PT than controls and other AKP.  An improved 

understanding of the corticospinal responses in different sources of knee pain may direct 

better treatment approaches.    
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3.5 Introduction 

It can be difficult for the clinician to establish and identify the key nociceptive 

contribution to anterior knee pain (AKP) as many structures contain nociceptors.  The 

most commonly involved structures in non-traumatic presentations of knee pain are 

thought to be the patellofemoral joint (PFJ) and patellar tendon (Cook et al., 2000b, 

Wood et al., 2011, Baquie and Brukner, 1997) however the contribution of the fat pad to 

nociception is unknown.  Anterior knee pain can have similarities in clinical presentation 

where wasting of the quadriceps is observed (Ferretti et al., 1985, Young et al., 1982)  but 

it is not known if clinically similar conditions have comparable corticospinal control of 

the quadriceps.  Understanding how the corticospinal pathway modulates muscle 

activation across conditions may provide new and important information that will enable 

the development of targeted and effective guidelines for rehabilitation.   

Anterior knee pain may be aggravated by jumping and landing and change of direction 

activities and frequently has an insidious onset that may be due to overload, where 

clinicians may find it difficult to pinpoint the cumulative or relative overload.  There are 

no consistent findings on imaging to confirm involvement of particular tissue in the 

clinical presentation, with tendon or PFJ pathology present on imaging in asymptomatic 

individuals (Cook et al., 2001a, Witvrouw et al., 2005).  Palpation is of limited clinical 

utility as tendon palpation may induce pain in athletes for whom PT is not the cause of 

their AKP (Cook et al., 2001b).  Patellar tendinopathy pain can be provoked on the single 

leg decline squat test (Purdam et al., 2004) but is likely to be painful for other types of 

AKP, thus it is not diagnostic but a pain provocation test with diagnosis relying on 

clinician judgment.   
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While there are clinical similarities between different presentations of AKP, there are 

also differences including pain behaviours and specific aggravating factors.  PT at the 

proximal insertion is not common in running athletes, presumably because patellar 

tendon load is low during running (Scott and Winter, 1990), yet other AKP can be very 

painful during running (Besier et al., 2009).  PT rarely causes pain at rest and does not 

result in global joint swelling, whereas other AKP, for example PFP can ache diffusely 

following activity and can be associated with joint swelling (Malek and Mangine, 1981).  

PT is associated with a warm-up phenomenon in which pain reduces during activity, but 

is painful the next day (Kountouris and Cook, 2007), whereas people with other AKP 

often report increasing pain during activity.  Whilst the term ‘jumpers knee’ is used 

interchangeably with PT, athletes involved in jumping sports also spend a significant 

amount of time in knee flexion (i.e. volleyball), resulting in retropatellar compression 

(Wallace et al., 2002).  Similarly, these athletes may also frequently land on their knees 

irritating other anterior knee structures.   

Of the common AKP conditions, PT has two distinguishing clinical features that assist 

with diagnosis; (1) localised, non-radiating pain, and (2) dose-dependent load-related 

pain (Ferretti et al., 1990, Kountouris and Cook, 2007).  All other presentations may be 

clinically grouped as AKP due to the clinical difficulty in ascertaining the exact 

nociceptive structure (e.g. fat pad).  The similarities in non-traumatic AKP presentations 

make it vital to understand if the corticospinal control over the associated quadriceps 

muscle is differentially modulated in PT compared with other AKP as this may influence 

rehabilitation.   



79 
 

Muscle and therefore tendon loading is driven by the corticospinal control of the muscle.  

Several musculoskeletal conditions have been shown to result in persistent changes in the 

control of the affected area and can alter the topography of the primary motor cortex 

(M1) (Tsao et al., 2008, Schwenkreis et al., 2010, Nijs et al., 2012) .  These changes may 

be positive and protective, or may be negative and even contribute to symptoms or 

resistance to rehabilitation.  Nociceptive input from local tissue may result in differences 

in corticospinal control that can be addressed for optimal rehabilitation.   

A review by Heales (2014) reported bilateral sensory and motor deficits in people with 

unilateral tendon pain, providing rationale that corticospinal deficits might exist.  Of the 

20 papers included in that systematic review, 18 investigated upper limb conditions (17 

lateral elbow tendinopathy and one rotator cuff ), indicating a paucity of literature 

investigating CNS involvement in lower limb tendinopathies.  Furthermore, it has yet to 

be determined if different clinical conditions at the same anatomical location impacts the 

corticospinal pathways.   

Current approaches for managing AKP are likely to be improved with a better 

understanding of the contributors to pain and dysfunction.  Whilst these pain conditions 

have local nociceptive drivers, treatment directed solely at these local contributors have 

had variable results in, for example PFP (Crossley et al., 2001) and PT (Larsson et al., 

2012), with the most effective rehabilitation strategies focussing on exercise based 

therapy.  Exercise therapy is usually directed towards the quadriceps and an improved 

understanding of the corticospinal control of the quadriceps may improve the 

understanding of the similarities or differences in various AKP presentations and 

treatment approaches.  Therefore, the aim of this study was to determine if individuals 
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with PT possess altered corticospinal excitability of the quadriceps muscles compared to 

‘undefined anterior knee pain’ or asymptomatic individuals.  

3.6 Method 

Active, healthy men and women aged over 18 years were recruited to participate in this 

cross-sectional study.  Participants were recruited from sub-elite volleyball and basketball 

competitions and by word of mouth.  Athletes that participated in jumping activities three 

times per week (for example two training sessions and one game) were invited to 

participate by using stands at basketball and volleyball events and flyers.  Standard 

transcranial magnetic stimulation (TMS) exclusion criteria were applied that includes 

past history of epilepsy or seizure activity, heat convulsion, head injury or history of 

epilepsy and seizure in first degree relatives, psychiatric or neurological illnesses 

(including brain injury or cranial surgery), metal implants in the head (outside the mouth) 

any metallic particles in the eye, implanted electrical biomedical device (defibrillator, 

acoustic device), pregnancy, use of medications that affect arousal level, excessive use of 

caffeine or energy drinks, sleep deprivation and the inability to speak, read and write 

English (Rossi et al., 2009, Chipchase et al., 2012), and anyone with lower limb injury 

(other than knee pain) within the past twelve months were also excluded.  This study was 

approved by university ethics committees, conformed to the declaration of Helsinki and 

all athletes provided written informed consent.   

3.6.1 Surface electromyography and transcranial magnetic stimulation 

The area of electrode placement was shaved, abraded and cleaned with 70% isopropyl 

alcohol.  Bipolar gel Ag-AgCl electrodes were placed over the mid belly of the rectus 

femoris muscle and the grounding electrode was placed over the patella and subsequently 
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used as a common reference for all electrodes.  The exact area of placement was three 

fifths of the distance between the anterior superior iliac spine (ASIS) and the upper 

border of the patella.  sEMG signals were amplified (1000x),  bandpass filtered (high 

pass at 13 Hz, low pass at 1000 Hz), digitized online at 2 kHz for 500 ms, recorded and 

analysed using PowerLab 4/35 (ADInstruments, Bella Vista, Australia). 

Familiarisation with TMS and the maximal voluntary isometric contraction (MVIC) 

torque were conducted prior to the experimental testing session.  The MVIC torque for 

the quadriceps on the tested side was recorded in N·m using an isokinetic dynamometer 

(Biodex system 4 Pro, 1 Biodex Medical 2 Systems, Shirley USA).  The participant was 

seated in 90 degrees hip flexion and quadriceps were tested at 60 degrees knee extension 

with three efforts completed with identical instructions, vocal encouragement and set-up 

for each trial, with two minutes rest between efforts.  MVIC torque was defined as the 

maximum torque recorded during these three efforts.  This was also used to establish the 

10% MVIC for TMS testing.   

Measures of CSE were obtained using single-pulse TMS.  The accuracy of TMS was 

optimised by aligning the coil with reference markers on a tight fitting cap worn by 

participants and marked with a latitude-longitude matrix, positioned with reference to the 

nasion-inion and interaural lines (Wilson et al., 1993).   

Single-pulse stimulus-response (SR) curves were obtained during low-level isometric 

contractions of the quadriceps muscle group.  Low level contractions were performed by 

maintaining the knee joint at 60º flexion, while performing a 10% MVIC, which equated 

to 10 ± 2% of root mean square EMG (rmsEMG) during MVIC.  The 10% isometric 
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contraction was reported to be a pain free task for all participants.  Consistent muscle 

activation was confirmed by recording pre-stimulus rmsEMG throughout the session 

(Goodwill et al., 2012).  For a single SR curve, 10 stimuli were delivered at each intensity 

from 90% of the participant’s active motor threshold (AMT) until plateau (in 5% 

increments to achieve a SR curve).  The stimuli were delivered using a ramped protocol 

(Pearce et al., 2013a).  The amplitude of the motor evoked potential (MEP), slope and 

V50 of the SR curve represents corticospinal excitability (Carroll et al., 2001b) and the 

top represents MEP maximum.   

TMS was delivered using a Magstim 200
2
 stimulator connected via a BiStim unit 

(Magstim Co, Dyfed, UK) and a 110-mm concave double-cone coil (maximum output of 

1.4 T) was used.  The motor hotspot for the rectus femoris muscle (with posterior-to-

anterior induced current flow in the M1) was determined.  Sites were explored in the 

estimated motor region of the quadriceps to ascertain the optimal site or ‘hot spot’: the 

site at which the largest MEP response was recorded.   

3.6.2 Maximal compound muscle action potential 

Direct muscle responses were obtained from the rectus femoris muscle by supramaximal 

electrical stimulation (pulse width 2000 µs; DS7A, Digitimer, UK) of the femoral nerve 

under resting conditions.  The site of stimulation that produced the largest M-wave was 

located by positioning the bipolar electrodes in the femoral triangle.  An increase in 

current strength was applied to the femoral nerve until there was no further increase 

observed in the amplitude of the sEMG response (MMAX) (Goodwill et al., 2012, Weier 

et al., 2012a).  To ensure maximal responses, the current was increased an additional 
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20% and the average MMAX was obtained from five stimuli, with a period of 6-9 s 

separating each stimulus.   

3.6.3 Grouping by knee pain status 

Participants were separated into one of three clinical groups by the same experienced 

sports physiotherapist (but a different researcher to the one conducting TMS testing) on 

clinical presentation.  Patellar tendinopathy was defined as pain localised to the inferior 

pole of the patella reported during jumping and landing activities and during testing on 

the single leg decline squat (SLDS).  Participants provided a numerical pain rating score 

for the decline squat on an 11-point numerical rating scale (NRS), anchored at left with 

‘0, no pain’ and at right with ’10, worst possible pain.’  Athletes with bilateral symptoms 

were asked to nominate their most painful knee on the SLDS and this was the testing leg 

(measures of quadriceps torque were taken from this side only and the contralateral 

hemisphere was stimulated with TMS.)  The clinical diagnosis of PT was supported by 

the presence of characteristic features on ultrasound (US) imaging (e.g. hypoechoic area).  

Imaging abnormality in isolation without the clinical presentation of PT did not constitute 

a diagnosis of PT as jumping athletes can have tendon imaging abnormality without 

tendon pain (Cook et al., 2001b).  Diagnosis of other AKP was made by the same 

physiotherapist based upon clinical presentation – radiating / non-localised AKP during 

jumping and landing activities and during testing on the SLDS (Figure 3.1).  This term 

was chosen because the specific structure is difficult to ascertain clinically when the pain 

is vague and no definitive clinical or imaging test exists.  The SLDS was used for all 

participants as it elicits AKP in many conditions (however, pain only remains localised in 
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PT).  Control participants had neither pain on testing, nor tendon abnormality on 

ultrasound.   

 

Figure 3.1 Difference in the clinical presentations of patellar tendinopathy (far left) 

and other variations of anterior knee pain 

3.6.4 Blinding 

The TMS tester remained blinded to knee pain status throughout testing.  Grouping into 

control, PT and other AKP was conducted by a different researcher to the one that 

performed the TMS testing.  All data were analysed blind to knee pain status.   

3.6.5 Demographics 

Athletes were asked to complete a VISA-P, which is a questionnaire about patellar 

tendon pain and function that is scored between 0 and 100 with 100 being maximal pain-

free function (Visentini et al., 1998).  Participant age and body mass index (BMI) were 

also recorded.   
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3.6.6 Data analyses 

Each stimulus was automatically flagged with a cursor.  The peak-to-peak amplitude of 

MEPs evoked in the period 10-50 ms after stimulation was analysed using LabChart 8 

software (ADInstruments, Bella Vista, NSW, Australia).  Peak-to-peak values (μV) were 

averaged, normalised to Mmax and multiplied by 100.  To construct SR curves, stimulus 

intensity was plotted against MEP amplitude, then fitted with a non-linear Boltzmann 

equation using Prism 6 (Graphpad software Inc., California, USA) (Weier et al., 2012b).  

The slope is given in arbitrary units.  V50 represents the stimulus intensity at which the 

MEP amplitude is 50% of the MEPmax (half peak slope). 

3.6.7 Statistical analyses 

Tests of normality were applied (Shapiro-Wilk normality test).  Where data were 

normally distributed, mean and standard deviation (SD) were calculated and data were 

analysed using a one way ANOVA and post hoc t-test.  Where data were not normally 

distributed, or failed other assumptions of parametric statistics, median and range were 

obtained and data were analysed using the equivalent non-parametric test (Kruskal-Wallis 

or Mann Whitney U) and post hoc analysis (Dunns multiple comparison test or 

Kolmogorov-Smirnov test).  Significance was set at α=0.05.   

3.7 Results 

Thirty two athletes were recruited and three athletes without AKP were found to have 

patellar tendon abnormality and were excluded from the control group.  Therefore, 

twenty nine jumping athletes were included: eight controls, 11 participants with PT and 

ten with AKP (Table 3.1).  The PT group included three athletes with bilateral symptoms.  

There were no differences between the groups for age (p = 0.23), BMI (p = 0.16), MVIC 
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(p = 0.38) or duration of symptoms between the AKP and PT groups (p = 0.81).  The 

mean VISA-P score in the control group was significantly higher than the PT and AKP 

group (p < 0.001) but there were no differences between PT and AKP groups (p = 0.40).  

The SLDS NRS scores differed between control group and the PT and AKP pain groups 

(p < 0.001) but there were no differences between PT and AKP (p = 0.71).  
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Table 3.1 Participant characteristics  

 Controls PT AKP 

Number  8 (n = 7 men, 1 

woman) 

11 (n = 10 men, 1 

woman) 

10 (n = 6 men, 4 

women) 

Age (median + range) 26 years  

(18-37) 

26 years  

(18-37) 

26.5 years 

(18-37) 

BMI (median + range) 24.44  

(21.84-27.68) 

25.49  

(22.95-34.91) 

25.02  

(19.71-29.48) 

Length of time of symptoms (median months + 

range) 

N/A 90 

(5-192) 

90 

(12-264) 

Activity details Volleyball n=5 Volleyball n=7 Volleyball n=7 
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Martial arts n=1 

Basketball n=2 

Australian football n=1 

Basketball n = 3 

Australian football n=1 

Basketball n=2 

VISA-P (mean±SD) 97.5 ± 2.66 

 

56 ± 18.18*  

 

64  ± 18.85* 

Pain during SLDS (mean ± SD)  0 5.36 ± 2.01* 5 ± 2.40* 

MVIC torque (N◦m) 

(median+range) 

172.50 

(134-284) 

194.82 

(113-294) 

160.50 

(115-303) 

BMI: body mass index.  MVIC: maximal voluntary isometric contraction torque. *denotes significantly different from control group, no difference between PT 

and AKP p<0.05 
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There were no differences between groups in active motor threshold (p = 0.06, Cohens d 

1.07, r = 0.47), V50 (p = 0.58) or the top of the curve (p = 0.51, Table 3.2).  The PT 

group demonstrated significantly higher CSE (a steeper slope of the SR curve) than the 

other groups did (Table 3.2; p < 0.001; Figure.3.2) however there were no differences 

between groups for V50 (p = 0.58) or the top of the curve (p = 0.51).   
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Table 3.2 Corticospinal responses  

 AMT 

(mean±SD) 

Slope (AU) 

(mean±SD) 

V50 (AU) 

(median+range) 

Top (AU) 

(mean±SD) 

Control 42 ± 7.90 6.02 ± 1.54 19.06 

(13.35-29.87) 

57.26 ± 18.56 

PT 34.5 ± 5.93 2.75 ± 0.84* 17.70 

(1.44-35.92) 

48.39 ± 20.03 

AKP 37.1 ± 5.09 6.67 ± 2.00 18.94 

(6.85-39.35) 

48.73 ± 14.34 

AMT: Active motor threshold.  *denotes significantly different from control and AKP p < 0.001 AU: 

Arbitrary units 

 

Figure 3.2 Stimulus response curve data (group mean ± SEM) for the control group 

and the patellar tendinopathy group 
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3.8 Discussion 

This study demonstrated for the first time that jumping athletes with PT experienced 

elevated CSE for the rectus femoris muscle compared to healthy activity matched 

controls and people with other AKP.  This is a novel finding that may help to inform 

rehabilitative practices for PT, with a focus on restoring normal corticospinal control to 

the knee extensors. 

Patellar tendinopathy appears to evoke excitatory abnormalities, evidenced by a sharp 

rise in the slope and immediate plateau of the SR, rather than a traditional and expected 

sigmoid curve (Mathias et al., 2014) observed in controls and AKP.  The slope reflects 

the physiological strength of corticospinal projections onto the motorneuron pool, 

membrane excitability and corticospinal cell recruitment (Smith et al., 2011).  Therefore, 

the increase in peak slope observed for the rectus femoris of people with PT indicate 

hyper excitability and an altered ability to modulate corticospinal control of the rectus 

femoris muscle.  The reasons for these physiological phenomena may be protective to 

reduce activation or tendon load; however the lack of difference in force producing 

capabilities (MVIC torque) between groups does not support this explanation.  The 

similar MVIC torque in all groups may reflect the knee joint angle that testing was 

completed in, that is there may be deficits in other ranges that were not observed.  

Interestingly, the lack of strength deficit observed supports previous research where those 

with PT are better jumpers, termed the jumpers knee paradox (Visnes et al., 2013).   

The lack of difference between groups in V50 or top indicates that there are other factors 

relating to PT that contribute to the different corticospinal responses.  Other factors may 

include stage of pathology, potential changes to control of antagonist muscles and 
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inhibitory mechanisms.  Inhibitory mechanisms (not measured in this study) also 

influence the slope of the SR curve due to synaptic inputs altering descending drive to the 

muscle.  The use of single-pulse TMS provides a response that is reflective of the net 

excitatory drive to the muscle, but does not provide any information as to the site of 

contributing synaptic activities.  Therefore, the slope of the SR curve is influenced by the 

balance between excitatory and inhibitory mechanisms so despite large forces still 

possible (evidenced by MVIC torque and no difference in the top), the ability to recruit 

the quadriceps in a smooth graded pattern may be impossible resulting in an “on or off” 

pattern though the net drive to the muscle is maintained.  To put in a clinical context, 

people with PT may have difficulty grading activation of their rectus femoris muscle in 

functional tasks and may overshoot or undershoot recruitment compared with task 

demands.   

It is difficult to explain the lack of differences in the CSE with pain from varied 

structures of AKP.  Activity has been shown to influence the motor cortex (Nudo, 2003).  

However, activity does not appear to sufficiently explain the difference in CSE in people 

with PT as participants were all involved in jumping activities three times per week.  

Clearly, enhanced CSE is not simply a consequence of having pain, because the AKP 

group had pain of comparable intensity and duration.  It is possible however, that the 

differential results are due to the differing clinical presentations and reflect the more 

precise functional relevance of the patellar tendon to rectus femoris activation.  A change 

in corticospinal drive reflects the predicted need for protection as hypothesised on the 

basis of modern models of pain and motor control (Moseley et al., 2003, Hodges and 

Moseley, 2003).  Moreover, the testing procedure did not provoke pain, but did provoke 
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differential corticospinal effects which would also be predicted on the basis of 

widespread central nervous system adaptations that are considered part of chronic pain 

states excitability and inhibitory mechanisms (see (Wand et al., 2011{Moseley, 2012 

#98) for reviews).  The current finding suggests that real time noxious input does not 

mediate the effect as testing was painfree.  This study showed clear abnormalities in 

corticospinal function in a condition that is characterised by strictly load-dependent and 

localised pain, both of which are inconsistent with other chronic pain states (see (Rio et 

al., 2014) for review).   

Another consideration is that corticospinal abnormalities in people with non-PT anterior 

knee pain affect other quadriceps muscles such as the vastis medialis oblique (VMO).  

One study has reported changes in corticospinal control in the quadriceps in people with 

PFP (On et al., 2004).  That study recorded from the VMO and vastus lateralis, rather 

than rectus femoris and also used the size of MEP response as an indicator of CSE rather 

than a SR curve (so data were not normalised to the individuals MMAX).  Although the 

contrasting results of that study and ours might simply reflect different methods and 

analysis, it is also possible that they reflect condition-specific and nuanced alterations in 

cortical function, a possibility that would have potentially important implications for our 

understanding of knee function in both health and disease.   

The active motor threshold is another representation of CSE.  We did not find any 

differences in AMT in people with PT and controls, which contrasts with Ngomo et al., 

(2015) and Strutton et a., (2005) findings in rotator cuff tendinopathy and people with 

low back pain respectively.  However, there were differences in study design; the Ngomo 

et al (2015) study compared affected and unaffected side, which, with upper limbs, would 
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presumably involve marked use profiles due to handedness.  The current study compared 

symptomatic PT with active, healthy age matched controls and only collected unilateral 

data.  It is possible due to bilateral changes reported in tendon pathology (Docking et al., 

2014) that the contralateral side may not be an ideal control.  Certainly, there are other 

persistent pain states that are characterised by bilateral abnormalities of motor cortical 

excitability, even when symptoms are unilateral (Di Pietro et al., 2015).  It is not known 

if bilateral changes in CSE exist in unilateral lower limb tendon presentations.   

It is also possible that there may be differences in the corticospinal responses associated 

with tendinopathy depending upon the location and contextual factors around the injury.  

For example, the upper and lower limbs have different sensory representation and the 

upper limb is often involved in activities of daily living and self care.  This frequency of 

nociceptive input may drive long term potentiation and be a point of difference between, 

for example, someone with PT who experiences pain during volleyball (a presumably 

enjoyable activity) in which they participate three times per week and someone with 

lateral epicondylalgia who experiences pain during manual labour (work they may not 

enjoy) and during simple daily tasks (lifting the kettle) that they perform frequently.  

Modern pain theories remind us of the potential of real time and persistent modulatory 

effects of a wide range of variables on cortical protective function, not least pain and 

motor control.  We recognise that though PT is predominantly an ‘athlete’s condition’, it 

remains vulnerable to such effects (Moseley et al., 2003).   

There may be important clinical implications from these data.  It is possible that aberrant 

neural control of the muscle may cause abnormal tendon loads and represent a disruption 

of their internal load sensing (Rio et al., 2014).  Furthermore, these corticospinal changes 
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associated with tendon pain may contribute to recalcitrance as quadriceps activation may 

indeed be irritating the tendon.  As this was a cross-sectional study, causality cannot be 

established as it is unknown if these changes may precede the onset of tendon pain.  

Examining corticospinal changes in people with tendon pathology and no pain may 

contribute to our understanding of the “chicken or the egg” in pathology and pain.  

Whether the abnormalities we have discovered reflect an enhanced protective strategy or 

a risk for further pain or pathology is unknown.   

There are limitations of this study.  We chose the rectus femoris muscle because it is the 

only one of the quadriceps muscle group where the fibres continue to become the patellar 

tendon (the others blend with the retinaculum), and the concept that there is preferential 

wasting of certain quadriceps muscles is unsupported in PFP (Giles et al., 2013) and there 

are no data for other AKP (such as fat pad) and quadriceps wasting.  It is likely a range of 

knee conditions were included in the AKP pain sample and future larger studies should 

aim to sub-group these, though it is likely to be difficult as no agreed criteria exist for 

PFP or fat pad involvement.  This study utilised clinical assessment and may be 

strengthened by further imaging, however the link between imaging changes in many 

musculoskeletal conditions and pain remains somewhat tenuous (Rio et al., 2014).  

Future studies should examine other muscles including antagonists and other 

tendinopathies and compare with musculoskeletal conditions that cause similar pain at 

the same anatomical location.   

3.9 Perspective 

We contend that this study reinforces that it is important to look outside the tendon to 

improve our understanding of tendon pain and patient outcomes.  The finding that CSE 
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was abnormal in people with PT but not other AKP, may lead us to develop alternative 

approaches to management and prevention of PT.  However, future larger studies should 

aim to sub-group AKP if possible.  It is possible that rehabilitation may need to utilise 

principles of neuroplasticity to address corticospinal response (as well as tendon-based 

concepts) to try to improve outcomes.  Future studies should determine if these responses 

precede pain, are reversible with successful rehabilitation or may be a predictor of 

recalcitrance.   
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4.2 Chapter introduction, aims and hypotheses 

The previous study identified that people with patellar tendinopathy (PT) displayed 

greater corticospinal excitability (CSE) than healthy controls however cortical inhibition, 

which also contributes to the net drive to the quadriceps muscle, was not examined.  

Paired-pulse transcranial magnetic stimulation (TMS) allows short-interval intra-cortical 

inhibition (SICI) to be quantified.  In addition to recording the corticospinal responses 

(CSE and SICI), this study also investigated the immediate and sustained analgesic effect 

of an acute bout of loading on tendon pain and muscle torque, by comparing two types of 

quadriceps muscle contractions — either isometric or isotonic.  This single blinded cross 

over study aimed to answer an important clinical question: what type of muscle 

contraction could be used to reduce tendon pain immediately and what are the effects on 

muscle performance?  The aims and hypotheses of this study were: 

Aim one: To investigate the immediate and sustained analgesic effect of isometric and 

isotonic muscle contractions pain during the single leg decline squat (SLDS) in people 

with PT. 

Hypothesis one: Isometric muscle contractions will induce greater immediate analgesic 

effects than isotonic muscle contractions. 

Null hypothesis one: There will be no differences in analgesic effects between isometric 

and isotonic muscle contractions.  

Aim two: To quantify SICI following isometric and isotonic muscle contractions in 

people with PT. 
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Hypothesis two: Isometric but not isotonic muscle contractions will cause a release of 

SICI (reduced cortical inhibition). 

Null hypothesis two: There will be no differences between isometric and isotonic muscle 

contractions for their effect on SICI. 

Aim three: To measure quadriceps muscle isometric torque following isometric and 

isotonic muscle contractions. 

Hypothesis three: Isometric muscle contractions will cause an increase in muscle torque 

that will not be observed following isotonic muscle contractions.  

Null hypothesis three: There will be no differences between muscle contraction types on 

muscle torque. 

The equipment and personnel used for this study were the same as those used for Chapter 

3 (Appendix Z).  Additional equipment specific to this study included the use of paired-

pulse TMS, a metronome, stop watch, and a leg extension machine (Figure 4.1) to 

conduct the isotonic intervention.  The Biodex Pro described in Chapter 3 was used for 

the isometric condition so that maximal voluntary isometric contraction (MVIC) torque 

of the quadriceps could be tested (Appendix U, Figure U2).  This set up also provided 

visual feedback of torque to ensure that 70% MVIC was maintained throughout the 

intervention.   

Pilot testing was undertaken to match the isometric and isotonic protocols for RPE and to 

ensure that they could be completed in full.  Pilot testing was also used prior to data 
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collection to check that there were no interactions from testing or repeated testing within 

the session (Appendix Y). 

 

Figure 4.1 The leg extension machine used for the intervention in Chapter 4  

(Deakin University Laboratory) 

4.3 Correlation 

In addition to the published data, a correlation was conducted to examine the relationship 

between a reduction in pain and the release of SICI.  The greater the decrease in pain, 

evidenced by a reduction in pain on the SLDS, the greater the percentage change in 

inhibition (r = 0.75, r
2 
= 0.6, Figure 4.2).  This study has been published in the British 

Journal of Sports Medicine.   
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Figure 4.2 Correlation between change in motor inhibition and change in pain with 

a single bout of isometric strength training  

SLDS: single leg decline squat 
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4.4 Abstract 

Few interventions reduce patellar tendinopathy (PT) pain in the short term.  Eccentric 

exercises are painful and have limited effectiveness during the competitive season. 

Isometric and isotonic muscle contractions may have an immediate effect on PT pain.  

Methods This single blinded, randomised cross-over study compared immediate and 45-

minute effects following a bout of isometric or isotonic contractions. Outcome measures 

were PT pain during the single leg decline squat (SLDS, 0-10), quadriceps strength on 

maximum voluntary isometric contraction (MVIC) and measures of corticospinal 

excitability and inhibition. Data were analysed using a split-plot in time repeated 

measures ANOVA.  Results Six volleyball players with PT participated. Condition 

effects were detected with greater pain relief immediately from isometric contractions: 

isometric contractions reduced SLDS (mean ± SD) from 7.0 ± 2.04 to 0.17 ± 0.41 and 

isotonic contractions reduced SLDS (mean ± SD) from 6.33 ± 2.80 to 3.75±3.28 (p < 

0.001).  Isometric contractions released cortical inhibition (ratio mean ± SD) from 27.53 

± 8.30 to 54.95% ± 5.47 but isotonic contractions had no significant effect on inhibition 

(pre 30.26 ± 3.89, post 31.92 ± 4.67) (p = 0.004). Condition by time analysis showed 

pain reduction was sustained at 45-min post isometric but not isotonic condition (p < 

0.001). The mean reduction in pain scores post isometric was 6.8/10 compared with 

2.6/10 post isotonic.  MVIC increased significantly following the isometric condition by 

18.7 ± 7.8%, and was significantly higher than baseline (p < 0.001) and isotonic 

condition (p < 0.001) and at 45 minutes (p < 0.001).  Conclusion: A single strength 

training bout of isometric contractions reduced tendon pain immediately and for at least 

45 minutes post intervention and increased MVIC.  The reduction in pain was paralleled 
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by a reduction in cortical inhibition, providing insight into potential mechanisms. 

Isometric contractions can be completed without pain for people with PT.  The clinical 

implications are that isometric muscle contractions may be used to reduce pain in people 

with PT without a reduction in muscle strength.  

Key words: tendon pain, isometric, patellar tendinopathy, exercise, isotonic, 

corticospinal 

 

What are the new findings?  

 Heavy isometric exercise immediately reduced patellar tendon pain that was 

sustained for at least 45 minutes 

 People with patellar tendinopathy have higher amounts of cortical muscle inhibition 

for their quadriceps than normative values from healthy controls 

 Heavy isometric exercise reduced cortical muscle inhibition and may be a factor in 

the mechanism of pain reduction    

 Isotonic exercise did not result in sustained pain relief or any changes to muscle 

inhibition 
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How might it impact on clinical practice in the near future? 

 Isometric exercise may be used as analgesia - to reduce pain immediately in patellar 

tendinopathy  

 Isometric exercise may be useful inseason, pre or post activity when alternate 

loading such as eccentric exercise has not shown to be beneficial 

 Patellar tendon pain affects muscle inhibition – isometric exercise may be used to 

reduce pain and change muscle inhibition without a reduction in muscle strength 
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4.5 Introduction  

Tendinopathy (tendon pain and dysfunction) in athletes is difficult to manage.  

Eccentric exercise, which is the most commonly prescribed exercise for the treatment 

of tendinopathy (Frohm et al., 2007b, Maffulli et al., 2008, Visnes and Bahr, 2007, 

Woodley et al., 2007), is often painful to complete (Alfredson et al., 1998).  

Tendinopathy is especially problematic in the competitive season, where there are 

constant time and performance pressures (Cook and Purdam, 2014). Where eccentric 

exercise has been completed in the competitive season, there has been poor adherence 

due to increased pain, and either no benefit (Visnes et al., 2005) or worse outcomes 

(Fredberg et al., 2008a).  Athletes are reluctant to cease sporting activity to complete 

eccentric exercise programs (Jonsson and Alfredson, 2005b), and they may be more 

compliant with exercise strategies that reduce pain to enable ongoing sports 

participation.  

Exercise-induced pain relief would have several clinical benefits.  First, athletes may 

be able to manage their pain with exercises either immediately prior to, or following, 

activity.  Second, exercise is non-invasive and without potential pharmacological side 

effects or sequelae of long-term use that are associated with some interventions.  

Third, exercises that reduce pain are likely to have greater adherence.  Therefore, 

alternative muscle contraction types other than eccentric exercises warrant 

investigation.   

Isotonic exercise (heavy slow concentric and eccentric strength training) has been 

shown to be as effective as eccentric only exercise in patellar tendinopathy for tendon 

pain and activity participation (Kongsgaard et al., 2009, Frohm et al., 2007b) 

however, the immediate effect of isotonic exercise on pain has not been studied. 

Isometric muscle contractions have been shown to reduce pressure pain thresholds in 
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normal participants (Kosek and Ekholm, 1995, Koltyn and Umeda, 2007) but have 

not been investigated in tendon pain.  The pain inhibition following a local isometric 

contraction demonstrated in previous studies of normal participants is widespread 

(Koltyn and Umeda, 2007), implicates central nervous system (CNS) involvement 

and warrants investigation.  

The effect of exercise on the motor cortex may be modulated in the presence of pain.  

Exercises that are painful to complete may change motor control and cause cortical 

reorganisation, as pain itself is known to alter cortical representation (Tsao et al., 

2011).  

This may contribute to persistence of tendon pain through the continuation of aberrant 

motor patterns. In the CNS, the primary regions involved in motor control are the 

primary motor cortex and corticospinal tract, which activate the motorneuron pool 

and control motor function.  Changes in motor output however, are a combination of 

changes in the excitatory and inhibitory neural pathways.  This motor neuroaxis can 

be investigated using single-pulse transcranial magnetic stimulation (TMS).  Paired-

pulse TMS can measure short-interval intra-cortical inhibition (SICI), which is 

thought to be mediated at a cortical level via GABAA receptors (Ziemann, 2003), 

rather than at the spinal cord and quantifies the effect of the inhibitory neurons that 

synapse onto pyramidal cells in the primary motor cortex (Kobayashi et al., 2008).   

Exercise, the cornerstone of tendon rehabilitation, is capable of changing both 

excitatory and inhibitory measures (Goodwill et al., 2012, Pitman and Semmler, 

2012).  No study has examined if exercise can immediately reduce tendon pain and if 

exercise changes the motor neuroaxis.  This may clarify the mechanism behind 

clinical improvement following exercise based rehabilitation (Drew et al., 2014).   
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The primary aim of this study was to determine if either isotonic or isometric exercise 

would induce immediate pain relief in PT.  The secondary aim was to explore the 

mechanisms and investigate changes to cortical motor function.  Therefore, this study 

compared an acute bout of isometric and isotonic quadriceps loading on patellar 

tendon pain, maximal voluntary isometric strength and measures of corticospinal 

excitability and inhibition.     

4.6 Method 

This was a within subjects, single blinded, randomised cross over trial with two 

intervention arms (Figure 4.3).  Six male volleyball athletes (median age 26.9 years, 

range 18-40yrs) who were taking no medication were recruited for the study.  Three 

had unilateral pain and three had bilateral patellar tendon pain.  This study was 

approved by university ethics committees and all athletes provided written informed 

consent.  Diagnosis of PT was made by the same experienced sports physiotherapist 

on clinical presentation – pain localised to the inferior pole of the patella during 

jumping and landing activities and during testing on the single leg decline squat 

(SLDS). The diagnosis was confirmed by the presence of characteristic features on 

ultrasound imaging (e.g. hypoechoic area).  All athletes were playing once per week 

and training twice per week.  The TMS tester was blind to intervention status during 

testing and all data were analysed blind to intervention status.  All testing was 

completed exactly one week apart to ensure stability of loading prior to testing 

(training and game days were consistent).  The order of intervention was randomised 

by asking the athlete to draw an opaque sealed envelope with no external markings 

(concealed randomisation) (Schulz and Grimes, 2002b). 
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Figure 4.3 Testing protocol of week two and three  

SLDS: single leg decline squat; MVIC: maximal voluntary isometric contraction; AMT: active motor threshold; SICI: short-interval intra-cortical inhibition; RM: repetition 

maximum 
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4.6.1 Baseline testing 

At week one, baseline testing was completed without any intervention to ensure that 

the strength and pain testing measures and TMS measures themselves did not affect 

the primary outcome measures and to familiarise participants with the equipment and 

protocol.  Athletes with bilateral symptoms were asked to nominate their most painful 

knee on the single leg decline squat and measures of quadriceps torque were taken 

from this side only and the contralateral hemisphere was tested with TMS.  Athletes 

were asked to complete a VISA-P, a questionnaire about patellar tendon pain and 

function that is scored between 0 and 100 with 100 being maximal pain free function 

(Visentini et al., 1998). At week two and three, baseline measures were repeated (to 

enable comparison to week one baseline as well as the baseline of that intervention 

session).     

4.6.2 Pain and strength testing 

Tendon pain and quadriceps strength were tested at baseline.  The single leg decline 

squat, a reliable patellar tendon pain provocation test (Purdam et al., 2003), was 

completed on each leg.  Participants provided a numerical pain rating score for the 

decline squat on an 11-point numerical rating scale (NRS), anchored at left with ‘0, 

no pain’ and at right with ’10, worst possible pain’.  Maximal voluntary isometric 

contraction (MVIC) torque for the quadriceps on the tested side was recorded in N◦m 

using isokinetic equipment (Biodex system 4 Pro, 1 Biodex Medical 2 Systems, 

Shirley USA) with three efforts completed with identical instructions, vocal 

encouragement and set up for each trial at 60 degrees of knee flexion.  The outcome 

was the maximum peak torque recorded during these three efforts.  
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4.6.3 Transcranial magnetic stimulation and electromyography 

Baseline measures of corticospinal excitability and short-interval intra-cortical 

inhibition (SICI) were obtained using single and paired-pulse TMS respectively.  We 

optimised the accuracy of TMS by aligning the coil with references markers on a tight 

fitting cap worn by participants and marked with a latitude-longitude matrix, 

positioned with reference to the nasion-inion and interaural lines (Wilson et al., 1993).    

Single-pulse stimulus-response curves were obtained during low-level isometric 

contractions of the quadriceps muscle group.  Low level contractions were performed 

by maintaining the knee joint at 60º of flexion, while performing a 10% MVIC, which 

equated to 10 ± 2% of root mean square EMG (rmsEMG) during MVIC (Table 1).  A 

10% isometric contraction is a non-painful task for someone with PT.  Consistent 

muscle activation was confirmed by recording pre-stimulus rmsEMG throughout the 

session. For a single modified stimulus-response curve, 10 stimuli were delivered in 

20% increments from 90% of the participant’s active motor threshold (AMT) up to 

170% of their AMT.  The stimuli were delivered using a ramped protocol (Pearce et 

al., 2013a).  The amplitude of the motor evoked potential (MEP) or slope of the 

stimulus-response curve represents corticospinal excitability (Carroll et al., 2001a).  

SICI is a subthreshold stimulus that activates inhibitory interneurons that synapse 

onto pyramidal neurons in the M1 and results in reduced number of action potentials 

by the subsequent suprathreshold stimulus (Reis et al., 2008).  To quantify SICI, 10 

single-pulse stimuli and 10 short-interval paired-pulse stimuli were delivered in 

random counterbalanced order. Intensity was set at 120% of AMT, which was 

determined during familiarisation and adjusted if there was a change in AMT. The 

conditioning stimulus for paired-pulse stimulation was set at 80% of AMT, the inter-
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stimulus interval was 3 milliseconds, and posterior to anterior current flow was used 

to induce I3 waves (Garry and Thomson, 2009, Ilic et al., 2002). Muscle activation 

during testing does not affect SICI (Ilic et al., 2002).  SICI is represented as a 

percentage ratio where high levels of inhibition are indicated by a low SICI ratio.  

Therefore an increase in the SICI percentage represents a reduction in inhibition.  

Participants were tested at the same time of day and the same day of the week 

(Chipchase et al., 2012).  TMS was delivered using two Magstim 200
2
 stimulators 

connected via a Bistim unit (Magstim Co, Dyfed, UK) and a 110-mm concave 

double-cone coil (maximum output of 1.4 T).  The motor hotspot for the rectus 

femoris muscle (with posterior-to anterior-induced current flow in the cortex) was 

determined and AMT were established as the intensity at which at least five of 10 

stimuli produced MEP amplitudes of greater than 200μV recorded from the rectus 

femoris (RF) muscle.  The RF muscle was selected as the tendon fibres of the RF 

muscle are the only tendon fibres of the quadriceps muscle group that continue over 

the anterior surface of the patellar to form the patellar tendon (Reider et al., 1981), 

which was the tendon of interest.  Valid EMG data for RF can be captured with 

surface electrodes.  

The area of electrode placement was shaved to remove fine hair, rubbed with an 

abrasive skin rasp to remove dead skin, and then cleaned with 70% isopropyl alcohol.  

Bipolar gel Ag-AgCl electrodes (8 mm diameter, model E258S; Biopac, Goleta, CA, 

USA) were placed over the RF muscle (centre-centre inter-electrode distance = 2 cm). 

A grounding electrode was placed over the patella and subsequently used as a 

common reference for all electrodes. All cables were fastened with tape to prevent 

movement artefact. The exact area of placement was three fifths of the distance 

between the anterior superior iliac spine (ASIS) and the upper border of the patella. 
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An impedance meter was used to check impedance did not exceed 10 kΩ prior to 

testing. sEMG signals were amplified (1000x),  bandpass filtered (high pass at 13 Hz, 

low pass at 1000 Hz), digitized online at 2 kHz for 500 ms, recorded and analysed 

using PowerLab 4/35 (ADInstruments, Bella Vista, Australia). 
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Table 4.1 Mean (± SEM) Root mean square EMG: condition average as a 

percentage of EMG recorded during maximal isometric contraction   

 

 

 

 

 

 

 

PP denotes paired-pulse.  SP denotes single-pulse. 

 

Pre-stimulus rmsEMG activity was determined in the rectus femoris muscle 100 ms 

prior to each TMS stimulus during pre and post testing. Any trial in which pre-

stimulus rmsEMG exceeded 10 ± 2% of maximal rmsEMG were discarded and the 

trial repeated.  The surface rmsEMG was calculated from a 500 ms segment that 

occurred during the asymptote of each MVC and was calculated as the amplitude of 

the RMS value. 

4.6.4 Maximal compound muscle action potential 

Direct muscle responses were obtained from the rectus femoris muscle by 

supramaximal electrical stimulation (pulse width 2000 µs; DS7A, Digitimer, UK) of 

the femoral nerve under resting conditions. The site of stimulation that produced the 

largest M-wave was located by positioning the bipolar electrodes in the femoral 

triangle. An increase in current strength was applied to the femoral nerve until there 

was no further increase observed in the amplitude of the sEMG response (MMAX). To 

Exercise SP 130% AMT  SP 120% AMT  PP  

 Pre Post  Pre Post  Pre Post  

Isotonic 

Trials 

10.80 ± 

0.15 

10.69 ± 

0.16 

 

10.34 ± 

0.18 

10.25 ± 

0.17 

 

10.77 ± 

0.16 

10.69 ±  

0.16 

 

Isometric 

Trials 

10.42 ± 

0.11 

10.67 ± 

0.10 

 

10.63 ± 

0.16 

10.69 ± 

0.12 

 

10.47 ± 

0.13 

10.25 ± 

0.15 
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ensure maximal responses, the current was increased an additional 20% and the 

average MMAX was obtained from five stimuli, with a period of 6-9 s separating each 

stimulus. MMAX was recorded at baseline and following the intervention, to ensure 

that there were no changes in peripheral muscle excitability that could influence MEP 

amplitude (Carroll et al., 2002a).   

4.6.5 Intervention protocols 

Protocols were matched for time under load and rest between sets (set at two minutes 

to allow muscle recovery) (Ahtiainen et al., 2003b) (Table 4.2).  Repetition maximum 

and MVIC were determined in the familiarisation session.  As muscle work during 

isometric exercise and isotonic exercise cannot be directly measured, protocols were 

matched for perceived exertion on the basis of pilot studies.  Isotonic repetitions were 

paced by a metronome. The metronome was also used for isometric contractions, so 

as to control for any potential confounding effect.  Furthermore, auditory cues have 

been shown to be beneficial on the induction of neuroplasticity (Goodwill et al., 2012, 

Hendy et al., 2012a, Kidgell and Pearce, 2010, Kidgell et al., 2011, Latella et al., 

2012b, Weier et al., 2012a).    
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Table 4.2 Loading protocols in the study 

Exercise Protocol Parameters 

 

 

 

Apparatus 

 

Prescription 

 

Recovery 

 

Loading Bolus 

Isometric Biodex Pro 5 x 45 sec at 60° 2 min 70% MVC 

Isotonic  

Leg Extension 

Machine 

 

4 x 8 Reps 

4 sec eccentric phase 

3 sec concentric phase 

 2 min  100% 8RM 

MVC, maximal voluntary contraction. Sec, seconds. Reps, repetitions. RM, repetition maximal 

 

4.6.6 Follow-up testing and time course 

Testing immediately after the intervention consisted of pain and strength testing 

measures (SLDS and MVIC), MMAX, and TMS measures (stimulus-response curve 

and SICI). Testing for MMAX was timed so that it was tested a minimum of 4-5 

minutes after training (Selvanayagam et al., 2012, Lentz and Nielsen, 2002).  Single 

leg decline squat and MVIC were also tested 45 minutes post-intervention (Figure 

4.3). 

4.6.7 Data analyses 

The peak-to-peak amplitude of MEPs evoked in the period 10-50 ms after stimulation 

were analysed using LabChart 8 software (ADInstruments, Bella Vista, NSW, 

Australia) after each stimulus was automatically flagged with a cursor, providing 

peak-to-peak values in μV, averaged and normalised to the MMAX and multiplied by 

100.  To construct stimulus-response curves, stimulus intensity was plotted against 
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MEP amplitude, then fitted with a non-linear Boltzmann equation using Prism 6 

(GraphPad software Inc., California, USA) (Weier et al., 2012a).  

The conditioning MEP amplitude was expressed as a percentage of the unconditioned 

test MEP amplitude to calculate the level of intracortical inhibition.  

4.6.8 Statistical analysis 

All data were screened with the Brown–Forsythe test and found to be normally 

distributed (all p > 0.05) and thus the assumptions of the ANOVA were not violated. 

A split-plot in time, repeated measures ANOVA was used to compare the effect of 

each condition (isometric and isotonic) on pain, strength, and corticospinal 

excitability and inhibition. When appropriate, univariate and post-hoc t-tests (with 

Bonferoni correction) analyses for pairwise comparisons of means for each dependent 

measure were used when significant interactions were found. For all tests, if the 

assumption of sphericity was violated the Huynh-Feldt correction was applied.  Alpha 

was set at p < 0.05, and all results are displayed as means±SD and CI where 

appropriate within the text.  Where mean ± SEM are reported, this has been indicated.  

4.7 Results  

Participants had substantial tendon pain, the mean VISA-P was 52.8 (47.5-66.5).  

There were no systematic differences detected in baseline SLDS pain, stimulus 

response slope, SICI or MVIC at the first or each subsequent testing session 

indicating sufficient wash-out between sessions.  Therefore, only pre and post 

intervention data (week two and three) are reported.  There were no differences 

detected in MMAX at any time point (p = 0.88).  The 10% muscle contraction 

maintained during TMS testing was a painfree activity for participants.  
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Baseline SLDS pain did not differ significantly prior to either intervention.  Pre-

isometric intervention pain (mean ± SD) was 7/10 ± 2.04 and pre-isotonic 

intervention pain was 6.33/10 ± 2.80 (p > 0.99).  Isometric exercise reduced pain on 

the SLDS (mean ± SD) immediately from 7/10 ± 2.04 to 0.17/10 ± 0.41 (p = 0.004); 

the reduction was sustained at 45 minutes (p < 0.001) (Figure 4.4).  Isotonic exercise 

resulted in immediate pain relief on SLDS (mean ± SD) from 6.33/10 ± 2.80 to 

3.75/10 ± 4.67 (p = 0.04) but this was not sustained at 45 min.  This corresponds to an 

immediate mean reduction in pain following isometric exercise of 6.8/10 compared 

with 2.6/10 post isotonic exercise.  Individual data are shown in Figure 4.5. 
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Figure 4.4 Single leg decline squat (tendon pain) pre & post intervention: Mean 

(± SD) changes in single leg decline squat pre and post isometric and isotonic 

strength training   

Immediately following an acute bout of isometric strength training, SLDS numerical pain rating scale 

improved by 87% and was sustained at 45 minutes post compared to isotonic.  Immediately following 

an acute bout of isotonic strength training, SLDS numerical pain rating scale improved by 42%, 

however by 45 minutes post the intervention, it was not significantly different to baseline. * denotes 

different to pre-intervention (p < 0.05); † denotes different to same time point for the isotonic 

intervention (p < 0.05.) 
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Figure 4.5 Individual participant data for SLDS pre, post and at forty-five 

minutes: SLDS pain scores at each interval for individual participants. (a) 

isometric intervention (b) isotonic intervention  

Note due to the same pain scores reported for different participants, lines in the isometric intervention 

graph overlap. 

 

An increased MVIC torque was observed immediately after the isometric intervention 

(mean increase of 18.7% compared with baseline isometric, mean difference between 
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isometric and isotonic 27 N◦m, 95% CI 12.96 to 41.04, p < 0.001) that was sustained 

for at least 45 minutes post-intervention (mean increase from isometric baseline 

17.4%, mean difference between isometric and isotonic 30.5 N◦m, 95% CI 16.46 to 

44.54, p < 0.001). This increase was significantly different to the isotonic exercise 

that resulted in a small but non-significant reduction in MVIC immediately following 

the intervention and at 45 minutes after (Figure 4.6).   

 

 

 

Figure 4.6 Maximal voluntary isometric strength: Mean (± SD) Maximal 

voluntary isometric contraction torque pre and post isometric and isotonic 

strength training   

Immediately following an acute bout of isometric strength training, isometric strength increased by 

19% and was sustained at 45 minutes post compared to no change following a single bout of isotonic 

strength training.  * denotes different to pre-intervention (p < 0.05); † denotes different to the same 

time point for the isotonic intervention (p < 0.05.)  
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The mean SICI ratio prior to the isometric intervention was 27.53 ± 8.30% (Figure 

4.7) and prior to the isotonic condition was 30.26 ± 3.89 (p = 0.31).  There was a 

significant condition by time effect immediately post; isometric exercise significantly 

released this inhibition to 54.95% ± 5.47% (an increase in SICI ratio) (mean 

difference compared with isotonic 23.66, 95% CI 12.28 to 35.05, p = 0.004) (Figure 

4.7).  Inhibition was not measured at 45 minutes.    
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Figure 4.7 Effect of intervention types on SICI    

There were no differences at baseline in SICI.  Short-interval intra-cortical inhibition (SICI) before and 

after isometric and isotonic interventions. *denotes significant to pre (p < 0.05); † denotes significant 

to isotonic group (p < 0.05.)  --- denotes range of normal SICI ratio reported in the literature for the 

quadriceps. 
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There was no difference in SLDS pain scores in the contralateral leg after a unilateral 

exercise intervention in people with bilateral PT, however there were only three 

participants.  There were no systematic differences detected between isometric and 

isotonic exercise in corticospinal excitability as represented by the slope of the 

modified stimulus-response curve (p = 0.81). 

4.8 Discussion 

Isometric exercise immediately reduced patellar tendon pain with the effect sustained 

for at least 45 minutes. There was a smaller magnitude immediate effect for isotonic 

exercise that was not sustained.  Release of intracortical inhibition was associated 

with pain reduction and may be implicated as an underlying mechanism for the 

changes in pain. There was an increase in MVIC post isometric exercise that may be 

attributed to a decrease in intracortical inhibition.  Time course testing of SLDS and 

the inclusion of a purely baseline measure (no intervention) one week prior to the first 

intervention session demonstrated that changes were due to the intervention and not 

TMS or MVIC testing.   

The pain reduction observed following isometric exercise may be due to the cortical 

changes observed and motorneuron pool recruitment, and/or driven by changes at a 

tissue level.  Spinal and supraspinal activation strategies and signals may be different 

depending upon the type of contraction (Duchateau and Enoka, 2008). The percentage 

of motor unit activation during an isometric contraction is significantly higher than 

during either eccentric or concentric contractions (Babault et al., 2001).  These 

differences may be due to the signal discharged from the spinal cord and/or the 

central activation of the α (cells bodies located in the ventral horn of the spinal cord 

that innervate extrafusal muscle fibres) or γ (innervate intrafusal muscle fibres found 

13 
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within the muscle spindle) motorneuron pools (Tax et al., 1990).  The distinction 

between isometric contraction and an isotonic contraction is simply whether there is 

fibre length or whole muscle length change (Ishikawa et al., 2005).  During a 

concentric/eccentric action there must be constant modulation of motor unit activity 

as less is required in the eccentric phase.  There is also greater feedback from muscle 

spindles during eccentric contractions (Hulliger et al., 1985).  It has been 

hypothesised that there may be unique activation patterns rather than simply a scaled 

down version of the activation signal used during the concentric movement related to 

torque requirements (Enoka, 1996, Nardone and Schieppati, 1988) and that there is 

more cognitive attention required during eccentric actions especially in planning and 

movement execution (Duchateau and Enoka, 2008).  However, this is quite complex 

as different studies report different size motor evoked potentials (representing 

cortical) and H-reflexes (representing peripheral) depending upon contraction type  

(Abbruzzese et al., 1994).   

Local tissue effects may include changes to cell metabolism, receptor expression and 

the biochemical environment during isometric exercise, which are then transmitted to 

the CNS.  For example, the balance of ion channel and receptor operated channel 

function may change in milliseconds (Hudspith et al., 2006).  This would implicate a 

different local tissue effect when completing an isometric compared with an isotonic 

muscle contraction.  A potentially important finding in this unilateral protocol was 

that there was no effect on the contralateral leg pain in those with bilateral PT (n=3) 

however this warrants further investigation with greater numbers.  The changes to 

intracortical inhibition indicate no widespread CNS pain inhibition (a feature 

following isometric exercise that has been reported in populations without 

musculoskeletal pain using pressure pain thresholds).  The lack of any detectable 
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effect on the contralateral knee pain of those with bilateral pain demonstrates that the 

analgesia observed on the exercised leg is not simply a consequence of systemic 

inhibitory control, although it does not rule out this consideration.  

Cortical reorganisation reflects changes in the response profile of brain cells. 

Reorganization of the M1 can be detected by changes in both the magnitude of the 

muscle response and the cortical topographical motor maps that are evoked by 

stimulation. Although the changes might occur anywhere along the motor neuroaxis, 

they are generally attributed to changes in cortical excitability. We did not observe an 

effect of a single bout of isometric or isotonic contractions on cortical excitability 

however this protocol employed modified stimulus response curves.  Therefore, it 

cannot be ruled out that changes were simply not observed using this method.  

Furthermore, neuroplastic changes to the M1 could require repeated and targeted 

strategies to address them.   

Unlike cortical excitability, SICI appears to be mediated through low threshold 

GABAA receptor dependent inhibitory pathways (Ziemann, 2003) and was altered 

with a single bout of isometric exercise.  Strength training is known to modulate 

inhibition in normal controls (Aagaard et al., 2000) however few studies have 

examined intracortical inhibition in other musculoskeletal conditions.  In 

osteoarthritis-related pain, inhibition did not significantly differ from the control 

group whereas in chronic neuropathic pain following peripheral nerve lesion, there 

was a significant reduction in inhibition (Schwenkreis et al., 2010).  When normal 

volunteers are subjected to experimental muscle pain SICI levels are increased 

(Chipchase et al., 2012), however the intervention protocol of the current study was 

non-painful.  Despite the limited literature available for comparison, the high levels of 



 127 

inhibition present in people with PT, (mean of 27% whereas data reported for the 

quadriceps in normal participants ranges between 50-70%) (Goodwill et al., 2012) 

appears to be a novel finding.  Further, this was altered following a single bout of 

isometric exercise. 

Inhibition affects motor patterning by altering the number of action potentials that 

reach the corticospinal pathway to activate the motorneuron pool.  People with PT 

appear to be using large amounts of inhibition to moderate their motor output, which 

may be an aberrant control mechanism compared with normal motor control.  This 

strategy may contribute to the recalcitrance of PT and may be a new and important 

consideration in effective rehabilitation.  Furthermore, isometric exercise but not 

isotonic exercise modulated inhibition in those with PT, which improves the net 

corticospinal drive to the motorneuron pool.  This change occurred without evidence 

of a systematic decline in muscle performance (fatigue), as muscle performance 

(MVIC) was actually improved by the isometric protocol.  This difference between 

the protocols indicates the effect is not simply the result of load or exercise based 

analgesia but is task specific and only observed during isometric contractions.  The 

clinical implications are that isometric exercise using 70% of MVC may be a useful 

protocol prior to activity to reduce pain without inducing muscle fatigue.  Increased 

inhibition may be a method of reducing motor recruitment in PT and could be an 

important finding to address in rehabilitation. 

Motor evoked potentials are reduced during experimental pain conditions (Le Pera et 

al., 2001).  The testing and intervention protocols here were not painful and this 

excludes the possibility that the observed effect reflects competitive inhibition or 

diffuse noxious inhibition.   
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There are a number of limitations of the study.  First, it is acknowledged that the 

sample size was small.  The robustness of the study was improved by the cross over 

design and three week protocol where sessions were completed on the same day at the 

same time of day with consistent loading prior (and therefore tendon pain).  However, 

it is unknown if the results are generalisable given the small numbers.  Second, these 

results are not applicable to people with anterior knee pain and may be specific to PT.  

The diagnosis of PT is important, it is not expected that positive results would be 

observed if other presentations of anterior knee pain were included, for example 

heavy quadriceps loading may aggravate someone with patellofemoral pain, due to 

the compression in this position.  Third, this study only included men but did include 

both unilateral and bilateral pain presentations.  Lastly, the inclusion of a non-

intervention control group would provide greater quantification of the changes 

observed.       

This study has several clinical implications.  Despite the small sample size, 

participants reported a broad pain severity at baseline reflecting the variability of 

clinical presentations.  Furthermore, there were no non-responders to isometric 

exercise regardless of pain severity or length of time of symptoms.  In contrast, there 

was variation in the amount of pain reduction following isotonic exercise (and 

significantly less than isometric) and the effect was not retained at forty five minutes 

thus it may be a less attractive pain relief option.  The clinical implications are that 

isometric exercise may be used to reduce pain and motor inhibition in the early stages 

of rehabilitation and provide an important option for clinicians to offer in painful 

tendons that are difficult to load.  There may be a role for using isometric exercise to 

reduce motor inhibition and improve responses to strength training as it is currently 

known that deficits persist despite rehabilitation (Harno et al., 2000).  Tendon 
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rehabilitation needs to be progressed beyond isometric exercise to enable a resilient 

tendon to return to sport, however this may provide an important option for clinicians 

to offer in painful tendons that are difficult to load without aggravating symptoms or 

potentially pre-strength training sessions in latter stages.   

As a further consideration, the optimum prescription of isometric exercise for pain 

reduction is not yet known.  Whilst this study extensively piloted different protocols 

prior to data collection, further studies should identify optimal load, length of time 

under tension, rest and sets.  In summary, this is the first study to demonstrate 

immediate pain reduction using strength training in people with tendinopathy.  Future 

research should continue to investigate exercise for pain relief in other tendons and 

also provide optimal guidelines around dosage. 
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5.2 Chapter introduction, aim and hypothesis 

Chapter 4 demonstrated the analgesic effect of an acute bout of quadriceps loading 

and that it is possible to modulate both pain and short-interval intra-cortical inhibition 

(SICI) with isometric load, however it is important to evaluate the cumulative effect 

inseason to determine its clinical utility.  This chapter presents a randomised clinical 

trial (RCT) that investigated the clinical effect of externally paced isometric and 

isotonic muscle contractions in producing an immediate reduction in pain during the 

single leg decline squat (SLDS) and this has been submitted to the Clinical Journal of 

Sports Medicine.   

Based upon the differences observed in motor drive in Chapter 3-4 the intervention 

used in the RCT was specifically designed to optimise corticospinal response.  

Several decisions were made based upon this goal. 

First, four weeks was selected as strength training studies of short duration (<4-

weeks) have demonstrated significant improvements in strength in the absence of 

muscular hypertrophy, which implicated corticospinal changes as the mode of effect 

(Deschenes et al., 2002).  Secondly, strength training has been shown to improve 

corticospinal excitability (CSE) when elements of skill are included, such as attention 

to the task and requiring co-ordination of the timing of the movement with a 

metronome, to induce long term potentiation (LTP) (Nudo et al., 2001) (Chapter 2).  

The inclusion of constraints around the movement pattern is important, self paced 

strength is insufficient to produce a corticospinal change (Carroll et al., 2002b).  The 

protocols used in this trial were similar to Chapter 4 in that it used external pacing to 

control the movement pattern including time under load and these auditory cues have 

been shown to be important for cortical change (Goodwill, 2012; Rothman, 2001; 
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Thomas, 2001; Lan, 2001; Kidgell, 2011; Kidgell, 2011).  Changes were made to the 

protocol to prevent muscle soreness in the athletes who were in the competitive 

season (Appendix Y). 

A sham intervention was not included as these are athletes with pain who are looking 

for symptom relief.  Isotonic contractions, which were shown to be well tolerated in 

Chapter 4, were used rather than eccentric contractions as this was an in season 

intervention and painful exercise via eccentric loading was likely to result in study 

dropouts (Woodley et al., 2007).   

The aim of this study was; 

Aim: To investigate the immediate analgesic effect of strength training that uses either 

isometric or isotonic muscle contractions over a 4-week inseason period. 

Hypothesis: Strength training that uses isometric muscle contractions will provide 

greater immediate analgesia than strength training that uses isotonic muscle 

contractions.   

Null hypothesis: There will be no differences between the isometric and isotonic 

groups in immediate analgesia. 

The transcranial magnetic stimulation (TMS) testing equipment was the same as for 

Chapter 4.  Additionally, athletes were provided with access to a leg extension 

machine.  If they were not a member of a gymnasium with a leg extension machine, a 

4-week membership was arranged at a convenient gymnasium.  All athletes were also 

provided with a SLDS board to enable pre and post numerical rating scale (NRS) of 

pain testing.  This study received funding from the Australian Institute of Sport 

Clinical Research Fund (CRSCAS).   
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5.3 Participants 

The ethics approval obtained for the previous chapters was amended to include 

athletes aged over 16 years of age to maximise the number of athletes eligible for 

inclusion in the RCT. 
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5.4 Abstract 

Objective This study aimed to compare the immediate analgesic effects of two 

strength programs in inseason athletes with patellar tendinopathy (PT).  Strength 

training is non-invasive, a principle stimulus for corticospinal and neuromuscular 

adaptation, and may be analgesic.  

Design: Within season randomised clinical trial.  Data analysis was conducted 

blinded to group. 

Setting: Sub-elite volleyball and basketball competitions. 

Participants: 20 jumping athletes aged over 16 years, participating in 

games/trainings three times per week with clinically diagnosed PT.  

Interventions: Two quadriceps strength protocols were compared; (1) isometric leg 

extension holds at 60 degrees knee extension (80% of their maximal voluntary 

isometric contraction) or (2) isotonic leg extension (at 80% of their eight repetition 

maximum) four times per week for 4-weeks. Time under load and rest between sets 

was matched between groups.  

Outcome measures: (1) Pain (0 – 10 numerical rating score) during single leg 

decline squat (SLDS), measured pre and post intervention sessions. (2) VISA-P, a 

questionnaire about tendon pain and function, completed at baseline and after four 

weeks. 

Results: 20 athletes with PT (18 men, mean 22.5 ± 4.7 years) participated (isotonic n 

= 10, isometric n = 10).  Baseline median SLDS pain was 5/10 for both groups 

(isotonic range 1-8, isometric range 2-8).  Isometric contractions produced 

significantly greater immediate analgesia (p < 0.002).  Week one analgesic response 

positively correlated with improvements in VISA-P at four weeks (r
2 
= 0.64).  
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Conclusions: Both protocols appear efficacious for inseason athletes to reduce pain, 

however isometric contractions demonstrated significantly greater immediate 

analgesia throughout the 4-week trial.  Greater analgesia may increase the ability to 

load or perform.      

Key words: isometric, isotonic, strength training, analgesia, inseason, patellar 

tendinopathy, exercise 

5.5 Introduction 

Patellar tendon pain can be debilitating and cause attrition from physical activity 

(Cook et al., 1998).  However, athletes can often continue to play with tendon pain yet 

at reduced training volumes or frequency to prioritise participation in 

games/competition.  Performance might be compromised in people with chronic or 

recurrent pain due to physical deficits associated with tendinopathy (Coombes et al., 

2009, Rio et al.), excessive cognitive demand associated with pain (Eccleston and 

Crombez, 1999), decreased cognitive resources (Berryman et al., 2013), or disrupted 

spatial and motor representations associated with evaluation of ongoing threat (see 

(Moseley and Flor, 2012, Rio et al., 2014) for relevant reviews).  Thus, it is important 

to investigate methods of reducing tendon pain inseason that allow the athlete to fulfil 

their playing and training commitments.   

Exercise-based treatments are but one type of the many available treatments for 

tendinopathy.  Other options include injection therapies (Gosens et al., 2012, Muneta 

et al., 2012), extracorporeal shockwave therapy (Standaert, 2012, Zwerver et al., 

2011b), surgery (Maffulli et al., 2011, Alfredson, 2011) and many other treatments 

that are not without risk and often come at great expense.  Furthermore, invasive 

interventions are frequently based on animal models of induced tendon injury that 
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may not replicate the pathoaetiology of human load-based tendinopathy (i.e. 

collagenase injections (Lui et al., 2011)) nor do they have long term data on their 

efficacy. Finally, and importantly, athletes are often reluctant to follow advice to have 

downtime after such interventions, which means they either have the treatment but not 

the downtime, or decline the treatment altogether.    

Tendon load through exercise is the only stimulus that positively affects the tendon 

matrix (Kjaer et al., 2009) and has been shown to reduce pain perception and improve 

function over time (Silbernagel et al., 2007a).  There are a number of variably 

efficacious exercise programs for tendinopathy (Morrissey et al., 2011, Woodley et 

al., 2007); however, few studies have compared the effect of different exercise 

regimes on immediate analgesia.  Immediate improvement in symptoms throughout 

an exercise-based rehabilitation program may lead to better adherence or improved 

performance.   

Several studies have evaluated eccentric exercise in patellar tendinopathy (PT) with 

clinical outcomes.  It has been shown that eccentric exercise increased pain in the first 

two to four weeks (Alfredson et al., 1998).  Investigations of eccentric exercise 

inseason have either shown no benefit (Visnes et al., 2005) or worse outcomes 

(Fredberg et al., 2008a).  Given that eccentric exercise is poorly tolerated by the 

inseason athlete, other muscle contraction protocols warrant investigation.   

One study has directly compared isotonic contractions (heavy slow strength) with 

isolated eccentric exercise.  Isotonic contractions were as effective as eccentric only 

exercise in PT and with higher patient satisfaction over time (Kongsgaard et al., 

2009).  The immediate effect (either increase or decrease in tendon pain) was not 

reported.  Athletes in that study remained active if their pain was less than 3/10 on a 
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numerical rating scale (NRS) and activity levels were not significantly different to 

baseline thus findings may not be applicable to the inseason environment.  Rio et al., 

(2015) reported that isometric contractions demonstrated superior pain relief in terms 

of immediate effect on single leg decline squat pain (SLDS) lasting at least 45 

minutes and without a decline in muscle performance.  However, this was a single 

intervention and the cumulative effect in the intervention inseason is unknown.  

Neither isometric nor isotonic contractions resulted in an increase in pain in the Rio et 

al., (2015) study, thus these contraction types may be better tolerated than eccentric 

contractions in an inseason trial.  

There are clear benefits to inducing immediate analgesia without muscle fatigue in a 

sporting environment.  Athletes may choose to complete the protocol immediately 

prior to training or competition, which could result in continued and/or greater 

participation in competitive sport.  Therefore, the primary aim of this study was to 

compare the immediate effect of strength training that involved either isometric or 

isotonic muscle contractions on patellar tendon pain during a 4-week competitive 

season in jumping athletes.  It was hypothesised that isometric muscle contractions 

would provide greater immediate analgesia than isotonic contractions.  The secondary 

aim of the study was to compare the effect of isometric and isotonic contractions on 

pain and function as measured by the VISA-P after four weeks.  It was hypothesised 

that both groups would improve more than the minimum clinically important 

difference (MCID) after 4-weeks.       

5.6 Method 

This randomised clinical trial over 4-weeks had two intervention arms, either 

isometric or isotonic quadriceps muscle contractions.  Male and female volleyball and 
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basketball athletes aged over 16 years were recruited from sub-elite and elite 

competitions.  The study was approved by the Monash University Human Research 

Ethics Committee (MUHREC), Australia (CF12/0230 – 2012000067). This trial was 

registered in the Australian New Zealand Clinical Trial Registry 

(ACTRN12613000871741) and all athletes provided written informed consent.  These 

data formed part of larger trial (van Ark et al, unpublished data).   

Clinical diagnosis of PT was defined as pain localised to the inferior pole of the 

patella during jumping and landing activities and during testing on the SLDS, a 

reliable patellar tendon pain provocation test (Purdam et al., 2004, Zwerver et al.). 

The diagnosis was confirmed by the presence of characteristic features on ultrasound 

imaging (e.g. hypoechoic area and/or tendon thickening).  Exclusion criteria were the 

existence of other knee pathology, previous patellar tendon rupture, previous patellar 

tendon surgery, inflammatory disorders, metabolic bone diseases, and type II 

diabetes, use of fluroquinolones or corticosteroids in the last 12 months, known 

familial hypercholesterolemia and fibromyalgia. 

5.6.1 Baseline testing 

Participant height (cm) (Seca 213) and weight (kg) was recorded (Omron HN283) 

without footwear.  Measurements were recorded three times and the mean was 

recorded if there was any variability.  VISA-P, a questionnaire about patellar tendon 

pain and athletic function were completed where a score of 100 represents full pain 

free function (Visentini et al., 1998).  Baseline maximal voluntary isometric 

contraction (MVIC) of the quadriceps was tested and recorded for participants 

randomised to the isometric group.  Eight repetition maximum (8RM) was tested for 

isotonic group.  This provided the starting weight for week one.  All testing was 
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completed on the same leg extension machine that each individual participant used for 

the duration of the trial. 

5.6.2 Randomisation procedure 

Randomisation was completed using the random number generator function (Excel 

2007©)   and concealed inside an unmarked, individual opaque envelope (Schulz et 

al., 2002).  Participants selected a small envelope from a larger opaque, unmarked 

envelope that contained the code for the groups.   

5.6.3 Intervention 

Investigators determined the starting weights in the first session as described above.  

This session also demonstrated the intervention and the exercise diary.  The exercise 

diary recorded the weight completed for each session and the pre- and post-exercise 

pain scores.  This was a numerical rating score (NRS) from zero to ten whilst 

completing one single repetition on the single leg decline squat (SLDS) for each leg.   

Both protocols were completed on a leg extension machine (Table 5.1). The leg 

extension machine was chosen as a way of isolating the quadriceps muscle group 

without pain (Rio et al., in press).  As muscle work during isometric and isotonic 

muscle contractions cannot be directly measured, protocols were matched for ratings 

of perceived exertion during pilot studies.  All participants were provided with an 

auditory recording, which also served to pace participants and match time under 

tension and rest periods.  The recovery length of one minute was chosen to allow 

muscle recovery (Ahtiainen et al., 2003b).  Athletes were requested to avoid other 

quadriceps exercises during the 4-weeks but were free to complete all other gym, 

training and competition.   
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Table 5.1  Isometric and isotonic muscle contraction protocols used in the study 

 Isotonic Isometric 

Parameters 4 x 8 @ 80% 8RM 

Seven seconds per repetition: 

Four -second eccentric phase 

immediately followed by a three 

second concentric phase. 

5 x 45 second holds @ 

80%MVIC 

Recovery One minute between sets One minute between sets 

Knee joint angle Through a chosen, comfortable 

range of motion between 10-90 

degrees 

60 degrees flexion 

External pacing Audible recording with 

metronome set at 1hz and verbal 

instructions to retain attention to 

task 

Audible recording including 

metronome set at 1Hz and verbal 

instructions to retain attention to 

task 

Progression 2.5% progressive overload 

weekly if able 

2.5% progressive overload 

weekly if able 

Key - MVC: maximal voluntary contraction, 8 RM: Eight repetitions maximum, MVIC: maximal voluntary 

isometric contraction.  Note: the protocol was modified Chapter 4 to prevent delayed onset muscle soreness. 

Each participant was contacted weekly by a researcher and weight was increased by 2.5% if all 

sessions were completed at the previous weight and if the athlete felt they could increase the 

weight on their leg extension machine exercise.  Otherwise the weight was maintained for a 

further week.  If participants were not able to complete their repetitions (for example due to 
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fatigue induced muscle shaking), they were instructed to lower the weight on the machine for the 

next repetition and still complete the entire session so that there was equal time under tension.   

5.6.4 Follow-up 

At the end of four weeks, participants completed a VISA-P and returned their completed exercise 

diaries. 

5.6.5 Outcome measures  

The primary outcome measure for the study was the difference in pain during a SLDS before and 

after every intervention session.  The secondary outcome measure was the VISA-P completed at 

baseline and 4-weeks, a change in score of more than 13 has been shown to be the minimum 

clinically important difference (MCID) for the VISA-P (Hernandez-Sanchez et al., 2014). 

5.6.6 Data and statistical analysis 

For those athletes with bilateral symptoms, the side that they reported the highest NRS on the 

SLDS at baseline training was chosen for analysis.  If this was equal, the limb was chosen at 

random.  Change in pre and post NRS pain scores were calculated by subtracting the pre from 

the post score for every session.  If the data did not satisfy assumptions of parametric statistical 

tests, then the equivalent non-parametric analysis was used.  Starting weights were recorded and 

mean and standard deviation is presented.  For those participants who returned their diaries but 

missed sessions, the last observation carried forward (LOCF) method was applied. Athletes who 

were randomised but did not complete any sessions were excluded from analysis (Heyting et al., 

1992).  Intention to treat analysis was performed for athletes who failed to return their booklets 

but were known to complete at least one session; they were allocated a pre NRS score of five and 

a post NRS score of five so that the change score was zero.  This conservative option was 
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selected to avoid overestimating the effect by using the group median (Heyting et al., 1992).  

Area under the curve was used to measure exposure, in this case analgesia from the intervention 

training.  A correlation was performed between the response in week one and the final VISA-P 

change score to identify potential responders to inseason training.  Significance was set at 

α=0.05. 

5.7 Results 

Twenty nine athletes were randomised to the study, seven athletes did not complete any of the 

intervention sessions as they were unable to be contacted by the researchers after randomisation.  

Two athletes dropped out during the intervention period, one for personal reasons and the other 

for an unrelated injury (both prevented basketball participation). Both were excluded from 

analysis as they were no longer playing/training three times per week.  Twenty athletes were 

included in the analysis, ten in each group. One athlete in the isotonic group and two athletes in 

the isometric group did not return their booklet and were therefore allocated a change score of 

zero for the duration of the intervention period.  The groups did not differ at baseline for 

measures of tendon pain and function (SLDS and VISA-P) and starting load (Table 5.2).  

Athletes in both groups continued to play and train three times per week, with no athlete missing 

any games or team training sessions due to tendon pain.  Data were not normally distributed and 

non-parametric analysis was used.    
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Table 5.2 Baseline comparison of the intervention groups  

 Isotonic N=10 

 

Isometric N=10 

 

Bilateral symptoms 

Gender 

N=5 

N=9 men 

N=3 

N=9 men 

SLDS (median + range) 5/10 (1-8) 5/10 (2-8) 

VISA-P (0-100) 

median+range 

69.5 (46-83) 72.5 (13-88) 

Starting weight 

(mean±SD) 

29.5kg±9.88 29.5kg±9.59 

SLDS, single leg decline squat; VISA-P, Victorian Institute of Sport Questionnaire Patellar tendon 

Reduction in pain between pre and post measures of every intervention session was greater for 

the isometric group (mean ± SD change = 1.8 ± 0.39) than it was for the isotonic group (0.9 ± 

0.25, Cohens d = 2.75, p < 0.001; Figure 5.1).  This corresponded to a greater volume of area 

under the curve (AUC) that is increased analgesia in the isometric group (AUC isometric 26.00, 

isotonic 14.23).
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Figure 

5.1 Mean±SEM decrease in pain between pre and post measures for the isotonic group 

(circles) and isometric group (squares) for each training session  

 

Both groups improved their VISA-P over the 4-weeks and there were no significant differences 

between groups at follow up (p = 0.99).  There was variability in the response including two 

athletes whose VISA-P score was worse in the isotonic group and two whose scores did not 

change (one in each group) (Figure 5.2).  Neither group median was greater than the MCID, the 

isotonic group score change was 10.5 points and the isometric group change was 11.5 points.  

The median VISA-P in both groups was greater than 80/100 at the end of the four week 

intervention (isotonic group 80/100, range 60-94 and isometric group 84/100, range 41-100).  

Five athletes out of ten in the isotonic group achieved greater than 80/100 and seven athletes out 

of ten achieved greater than 80/100 at the end of 4-weeks.   
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Figure 

5.2 

Change 

in 

VISA-P 

score 

following 4-week intervention 

MCID, minimum clinically important difference (13 points) 

 

There was a moderate positive correlation between the mean change in NRS in week one and the 

change in VISA-P score (r
2 

= 0.64).  Approximately sixty percent of the variance in the VISA-P 

change from baseline to follow up was explained by the analgesic response to exercise in week 

one. 

The starting weight for participants was mean 29.5 ± 9.6kg in the isometric group and 29.5 ± 

9.9kg in the isotonic group.  The weight increase was modest over 4 weeks; 0.9 ± 3.5kg for the 

isometric group and 1.45 ± 1.7kg for the isotonic group.  If athletes had progressed according to 

the 2.5% increase, the overall increase would have been at least 3kg for both groups over the 4-

weeks.   
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5.8 Discussion 

Isometric muscle contractions resulted in significantly greater immediate analgesia than isotonic 

muscle contractions in a 4-week trial whilst athletes were playing and training.  There are 

potential benefits to the increased immediate pain relief demonstrated by isometric exercise.  

First, less pain may lead to higher activity intensity or participation in more training sessions.  It 

is also possible that athletes may spend less time in pain over the course of the week, particularly 

in light of previous research demonstrating at least a 45 minute effect associated with isometric 

but not isotonic exercise (Rio et al., in press).  There are several additional benefits to reducing 

evoked pain with strength training including, removing fear of exercise (Vlaeyen and Linton, 

2000), improved self efficacy in that they can modulate their own pain (and this is analgesic in 

itself) (Wiech et al., 2006) and an improved sense of control, as anxiety, closely linked to low 

sense of control, has differential and synergistic effects on pain (Wiech et al., 2014).  At a tissue 

level there may be benefits to the quadriceps muscle architecture (Young et al., 1983), tendon 

properties (Kubo et al., 2002) and cortical drive to the quadriceps (Weier et al., 2012a).  

Analgesia from rehabilitation is also likely to promote increased adherence with completing the 

rehabilitation.  

There are several potential centrally mediated mechanisms that may explain the anti-nociceptive 

effect of motor activation.  Motor centres have direct projections to the dorsal horn (Kandel et 

al., 2012) and also to midbrain centres that are themselves powerful generators of descending 

inhibition.  Completing maximal or near maximal effort without tissue damage reinforces 

positive effects (Butler, 2009).  Furthermore, fatiguing tasks that require effort and demand 

attention compete with pain to influence the output generator (Nakagawa et al., 2013, Bantick et 

al., 2002).  However, these mechanisms may not explain the differences between isometric and 
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isotonic muscle contractions as both protocols required fatiguing motor activation with cognitive 

demand.  Therefore, they may also be differences in the local tissue response to the two types of 

contractions (such as nociceptive receptor stimulation or change to the biochemical environment) 

and / or unique differences in the cortical activation pattern between isometric and isotonic 

muscle contractions.  Previous studies have reported a hypoalgesic effect of exercise depending 

upon the type; aerobic exercise reduced perception of experimentally induced pain in healthy 

people (effect size for threshold d = 0.41, intensity d = 0.59), dynamic / isotonic exercise 

(threshold d = 0.83, intensity d = 0.75) and isometric exercise (threshold d = 1.02, intensity d = 

0.72) (Naugle et al., 2012).   

There were no differences between groups in the VISA-P after 4-weeks and neither group 

median was greater than the MCID (a change score of 13 or 15.4% of their original score).  The 

VISA-P is a robust measure and is not traditionally repeated in clinical practice or in research 

after only 4-weeks.  There was variability in response as ten athletes (five in each group) 

improved more than 13 points, and 12 athletes scored more than 80 on their VISA-P at follow-up 

(five in the isotonic group and seven in the isometric group).  A VISA-P score of less than 80 is 

considered to represent tendon pain that is causing impairment and reduced function (Visentini et 

al., 1998) indicating an important clinical shift in about half of the participants here in not just 

pain but also function.   

There was a positive correlation between increased analgesia in the first four sessions (week one) 

and a greater increase in the VISA-P after four weeks.  Early response to either intervention 

explained approximately 60% in the variance of the final VISA-P score.  This may assist 

clinically with identifying those athletes that will respond to inseason load to induce analgesia.  
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The two athletes that scored lower in the VISA-P at the end of the intervention in the isotonic 

group reported pain reduction throughout the intervention in their pre- and post-exercise scores.  

It is difficult to reconcile these results and future studies may consider inclusion of qualitative 

data to better identify individual factors that lead to a positive outcome.     

This pragmatic randomised clinical trial demonstrated that both isometric and isotonic exercise 

were well tolerated in the inseason athlete.  Both protocols appear to be efficacious inseason in 

contrast with previous studies investigating eccentric exercise (Fredberg et al., 2008a, Visnes et 

al., 2005).  Athletes did not miss any game or training sessions due to tendon pain, which is 

important as training sessions are sometimes sacrificed to prioritise games even at the sub-elite 

and elite levels.     

The weight increase for both groups was small and half of what was calculated based upon a 

2.5% weekly increase.  The projected increase was based on hypertrophy studies and may not be 

possible on top of inseason loads or in a cohort with musculoskeletal pain.  Alternatively, 

supervision of sessions actually may have assisted weight progression, as heavy load has been 

shown to be important in reducing tendon pain perception (Rio et al., 2015).  It is possible that 

athletes were fearful of overload and too conservative.  The most plausible explanation is that 

increments on the leg extension machines were more than 2.5% thus the next increment was too 

great and in many cases it was difficult to find small appropriate weights.         

This study had multiple strengths that provide immediate clinical utility.  First, it was an 

inseason intervention (when tendon pain is highest) that was specifically aimed at providing 

analgesia.  Second, it was a short term study and this may have improved adherence, although 

adherence is likely to be high with an intervention that reduces pain.  Athletes could choose 
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when to complete the intervention, thus making it convenient.  They could also then utilise the 

analgesia at a time they considered most beneficial and that may be prior to games and/or 

following games.  Third, it was a pragmatic trial, it reflects real life where training loads and 

game volume were uncontrolled; for example volleyball matches can be up to five sets but may 

only be three.   

This study had limitations, most importantly the missing exercise booklets from athletes.  The 

decision to use a zero change score is conservative as the median change score of both groups 

was positive.  This approach can dilute the effect size, whereas using the group median may 

inflate the effect size.  Importantly, these athletes were not drop outs (in which case it may be 

considered that they dropped out due to a negative effect).  The VISA-P score for the athlete in 

the isotonic group was unchanged (so perhaps using a change score of zero is appropriate) but 

the two athletes in the isometric group for whom LOCF was used, VISA-P changed by four and 

13 points thus using a change score of zero may not reflect their analgesic response.  The two 

athletes that dropped out during the trial were also excluded as they were no longer playing / 

training three times per week and therefore scores may artificially improve due to reduced 

tendon load.   

As this was a pragmatic trial, sessions were not supervised and thus may not have all been 

completed. As athletes chose when to complete the intervention sessions, it was not feasible to 

provide supervision.  Athletes were reporting consistent pain reduction with the protocols (in 

both groups) therefore it is expected that adherence was high (as it was beneficial) and that the 

exercise diaries were completed accurately.   
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Athletes were requested to remove other quadriceps exercises from their training for four weeks.  

This was due to two factors.  First, as part of this study, corticospinal responses were recorded 

from a subset of the population and other quadriceps training would have impacted upon those 

results.  Second, it is a clinical observation that many of the other quadriceps exercises that 

people complete are actually provocative for patellar tendon pain, such as lunges where the knee 

is forward of the ankle.  Therefore, it was preferable to reduce nociceptive drive where possible 

by limiting these and evaluating the effect of one non-provocative quadriceps exercise.  It is 

possible athletes continued quadriceps exercises and did not inform researchers.    

The audio file was provided to externally pace and counters the potential variability in the way 

the exercises were completed, but it is not known if this was used by all athletes for every 

session.  It is also unknown if the same results would be observed without the use of the auditory 

pacing as this has been shown to be important for modifying both corticospinal excitability and 

inhibition (Leung et al., in press) and these process may underpin the results observed.  Future 

studies should consider recording when the athletes completed the protocol in relation to pre/post 

training or games or on rest days.  This would provide more information about when the timing 

of such interventions has the greatest benefit.    

In conclusion, it is possible that both isometric and isotonic protocols have a role in the in season 

athlete and that individualised clinical decision making could further enhance athlete response.  

This is not possible in an RCT.  This study however provides clinicians with two potential 

options in athletes with PT inseason without fear of increasing tendon pain.  A pragmatic 

approach would be to select the protocol that provided more pain relief as this is likely to be 

preferable for the athlete and these data would support the use of isometric exercise in that 

instance.  The NRS response in week one also appears to be correlated with VISA-P change at 4-
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weeks.  Exercise based analgesia could be used to reduce pain following high intensity sessions 

or prior to games/trainings.  Future studies should attempt to record load beyond participation to 

determine if increased pain relief allows athletes to load more and if this has positive or negative 

ramifications.     

  



 154 

Chapter 6. A novel concept in tendon rehabilitation 

6.1 Declaration for thesis Chapter 6 

In the case of Chapter 6, the nature and extent of my contribution to the work was the following: 

Nature of 

contribution 

 

Extent of 

contribution (%) 

Tendon neuroplastic training: changing the way we think about tendon 

rehabilitation  

70 

 

 

The following co-authors contributed to this work: 

Name Nature of contribution 

Kidgell D Assistance with study design, input into 

methodology used and preparation of the 

manuscript 

Moseley GL Preparation of the manuscript 

Purdam C Assistance with protocol design and 

preparation of the manuscript 

Docking, SI 

 

Gaida J 

Data collection and analysis of the US 

images, preparation of the manuscript 

Preparation of the manuscript 

 Preparation of the manuscript 



 155 

Cook J Senior supervision, assistance with 

protocol design and preparation of the 

manuscript 

 

The undersigned hereby certify that the above declaration correctly reflects the nature and extent 

of the candidates and co-authors contributions to this work. 

Candidate’s signature (and date) 

Main supervisor’s signature (and date) 

  



 156 

6.2 Chapter introduction 

Patellar tendinopathy (PT) was shown to be associated with alteration in the corticospinal control 

of the quadriceps muscle, with both elevated corticospinal excitability (CSE) and increased 

cortical inhibition (reduced short-interval intra-cortical inhibition ratio [SICI] ratio).  This 

finding further challenges current rehabilitation in that it may not adequately address these 

corticospinal control issues.  Chapter 6 provides a concept of potential rehabilitation in 

tendinopathy that incorporates aspects of heavy strength training shown to be beneficial for 

tendon and muscle as well as external pacing shown to be essential for modulation of CSE and 

SICI.  This manuscript has been submitted to the British Journal of Sports Medicine and the 

supplementary files are provided (Appendix AA).  The aim of this study was to provide a 

potential framework for tendon rehabilitation based upon the findings from Chapters 2-5. 
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Tendon neuroplastic training: changing the way we think about tendon rehabilitation 

6.3 Abstract 

Tendinopathy can be resistant to treatment and often recurs, implying that we currently have 

suboptimal treatment approaches.  Rehabilitation programs that have been shown to be 

successful in terms of pain and return to sport outcomes usually include strength training.  

Muscle activation can induce analgesia, improving self-efficacy associated with reducing one’s 

own pain.  Furthermore, strength training is beneficial for tendon matrix structure, muscle 

properties and limb biomechanics.   

However, current tendon rehabilitation may not adequately address the corticospinal control of 

the muscle, which may result in altered control of muscle recruitment and consequent tendon 

load and this may contribute to recalcitrance or symptom recurrence.  The aims of this concept 

paper are: (1) to review what is known about changes to the primary motor cortex and motor 

control in tendinopathy, (2) identify the parameters shown to induce neuroplasticity in strength 

training and (3) align these principles with tendon rehabilitation loading protocols to introduce a 

combination approach termed tendon neuroplastic training (TNT).  Preliminary data of strength 

training in patellar tendinopathy that incorporated neuroplasticity paradigms are provided.  

Outcomes of interest include the effect on tendon pain, corticospinal excitability and short-

interval intra-cortical inhibition.   

Strength training is a powerful modulator of the central nervous system.  In particular, 

corticospinal inputs are essential for motor unit recruitment and activation, however, specific 

strength training parameters are important for neuroplasticity.  Strength training that is externally 

paced and akin to a skilled movement task has been shown to not only reduce tendon pain, but 
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modulate excitatory and inhibitory control of the muscle, and therefore potentially tendon load.  

An improved understanding of the methods that maximise the opportunity for neuroplasticity 

may be an important progression in how we prescribe exercise based rehabilitation in 

tendinopathy for pain modulation and potentially restoration of the corticospinal control of the 

muscle-tendon complex.    

 

 

 

 

 

  

Summary – what are the new findings? 

 Tendinopathy is associated with changes to motor control that appear to be 

bilateral and persistent even following rehabilitation 

 Current rehabilitation may not adequately address motor control issues as self-

paced strength training (the mainstay of treatment) does not alter corticospinal 

drive to muscle – this may contribute to recalcitrance and recurrence of 

tendinopathy 

 Tendon neuroplastic training (TNT) proposes a concept of strength based 

loading that is an important stimulus for tendon and muscle, but with strategies 

known to optimise neuroplasticity of the motor cortex and drive to the muscle. 
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6.4 Introduction 

The clinical outcomes of treatment of tendinopathy vary - there is currently no single effective 

treatment.  Unimodal interventions aimed solely at peripheral tissue, in this case tendon, are 

unlikely to address complex corticospinal and neuromuscular adaptations associated with 

persistent pain.  The term corticospinal control of the muscle, will in this paper refer to motor 

unit activation as a result of excitatory and inhibitory corticospinal inputs onto the spinal motor 

neuron pool, which will ultimately affect tendon loading and motor performance.  Therefore, it is 

logical to explore the corticospinal pathway in people with tendinopathy.   

Given the high incidence of bilateral tendinopathy (Cook et al., 1998) and bilateral pathology 

with predominantly unilateral load in animal (Andersson et al., 2011) and human studies 

(Miniaci et al., 2002), it is also important to consider the corticospinal control of the non-painful 

side in tendinopathy.  A frequent and frustrating phenomenon is the clinical presentation of the 

previously unaffected side, following rehabilitation.  These observations pose several clinical 

questions; what are the differences in motor control between those with tendinopathy and those 

without (that may predispose people to tendinopathy or may be adaptations)? Are there side to 

side differences associated with unilateral tendinopathy? How well does our current 

rehabilitation address these issues of motor control?  

6.4.1 Motor control in people with and without tendinopathy 

In tendon research, muscle strength, usually represented by maximal voluntary contraction 

(MVC), is far more often evaluated than motor control is.  Interestingly, there is no consistent 

pattern of strength or performance change (either increase or decrease) that has been shown 

across those tendons that have been studied, which may conflict with clinical perception that 

pain is likely to result in strength loss due to disuse or willingness to protect the injured part 
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consciously or subconsciously.  For example, people with Rotator Cuff (RC) tendinopathy have 

been shown to be 15% stronger in measures of abduction on their symptomatic side than controls 

(Brox et al., 1997) and this has also been shown in Lateral Epicondylagia (Bisset et al., 2006).  

Athletes with jumper’s knee have been shown to be better jumpers than athletes without jumpers 

knee (Visnes et al., 2013), however several studies report less strength on the symptomatic side 

than in controls (see (Heales et al., 2013) for review).  Thus, there are conflicting data.  People 

with PT displayed greater cortical inhibition in their quadriceps responses (Rio et al., 2015) than 

healthy individuals (Weier et al., 2012b).  Increased cortical inhibition has been shown to be 

associated with phasic nociceptive stimuli (Dube and Mercier, 2011), which describes tendon as 

pain is consistently linked with loading and therefore often phasic rather than tonic for many 

tendons.  While there is increased cortical inhibition altering motor drive in PT, there was also 

greater excitability than controls inferring differences in the balance of excitability and inhibition 

of motor control compared with healthy controls.  It may be that strength changes still represent 

a decrease from that individual’s potential performance. 

A recent systematic review by Heales et al., (2013) on the sensory and motor deficits of the non-

injured side of patients with unilateral tendon pain included one study in the patellar tendon and 

one study in the Achilles tendon, but 18 studies in the upper limb tendons. There is clearly a 

paucity of literature investigating lower limb changes.  The two included lower limb studies were 

one on arch height in PT (Crossley et al., 2007) and an imaging paper of the Achilles tendon 

(Grigg et al., 2012).  It is not clear how arch height and imaging changes may relate to sensory or 

motor changes, thus the sensory or motor changes in lower limb tendinopathy require further 

investigation.  Interestingly, a recent systematic review in complex regional pain syndrome 

(CRPS) only identified suitable data from upper-extremity studies (Di Pietro et al., 2013).  It is 
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possible that differences in functional reorganisation in the primary somatosensory (and/or M1) 

cortices following upper limb versus lower limb injury may exist that limit the extrapolation of 

upper limb findings to the lower limb.  Given that the predominant role of the upper limb 

musculature is to position and control the hand in space, and that the hand is well represented on 

the somatosensory cortex and M1, injury to upper limb regions may have manifestations 

associated with chronicity that are different from those for the lower limb.  There appears to be a 

bias towards investigations of upper limb conditions.   

The cross sectional design of all studies that have investigated motor control in tendinopathy 

makes it difficult to infer causality and the potential impact of handedness or use-profiles 

(especially in upper limb studies) (Kloppel et al., 2007, Baumer et al., 2007, Volkmann et al., 

1998).  That is, there is a more complex relationship at play, as for example, talented jumpers are 

also more likely to play in positions that require more jumping (outside hitter in volleyball 

compared with setter) (Bahr and Bahr, 2014) and participants may be more vulnerable to tendon 

pain in their dominant limb, which is also likely to have been stronger to begin with.  These 

factors will also affect measures of strength and the stimulus response characteristics of the 

corticospinal cells of the primary motor cortex (M1).  Furthermore, maximal strength 

performance data are vulnerable to cognitive and motivational factors (Kroll, 1970, Peacock et 

al., 1981).  Importantly, maximal strength measures may not discern the motor control resulting 

from a balance of excitatory input and the effect of inhibitory neurons synapsing on the M1. 

Indices of maximum strength may not provide enough detail about muscle-tendon loading at 

sub-maximal levels, nor the ability to grade recruitment (St Clair Gibson et al., 2001) or 

appropriately timed patterns of activation according to the required task, especially in a painful 

state (for example see (Hodges and Richardson, 1999, Wadsworth and Bullock-Saxton, 1997), 
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all of which have significant implications for function and load attenuation (Seitz et al., 2011).  

Athletes with patellar tendinopathy (PT) have greater excitability in their quadriceps (rectus 

femoris) muscles responses to M1 stimulation that was not observed in controls (jumping 

athletes without pain) (Rio et al., unpublished).  As stated, athletes with PT also have greater 

cortical inhibition (Rio et al., 2015) than healthy controls (Weier et al., 2012b).  This reflects an 

imbalance between the excitatory and inhibitory mechanisms that control muscle activation and 

may be a protective response consequent to repeated nociceptive stimuli (such as jumping).   

Jumping and landing mechanics will be influenced by motor control changes that include both 

peripheral and central contributions to lower limb activation.  People with patellar tendon 

abnormality (pathology observable on ultrasound) have demonstrated landing patterns different 

from those of controls and importantly, have less variability in movement than healthy controls 

(Edwards et al., 2010).  The invariable motor pattern implies that corticospinal control is altered 

in some way and may be due to protective strategies underpinned by evaluative processes 

relating to the consequence or meaning of the motor task (Moseley and Hodges, 2006).  In the 

case of patellar tendon abnormality, invariable motor patterns may reflect a strategy to avoid 

pain during jumping (consequence) as well as the competing desire for optimal performance 

(meaning).  In fact, people with PT are better jumpers than those without - termed the ‘jumpers 

knee paradox’(Visnes et al., 2013).   

Less variability has been observed in asymptomatic controls who demonstrate a protective 

postural strategy when they expect their back to hurt (Moseley et al., 2004a) and people with 

recurrent back pain who demonstrate a protective strategy even when they are pain free (Hodges 

and Richardson, 1996).  Moreover, a reduction in normal variability of postural adjustments has 

been observed during experimentally induced pain, and failure to reinstate normal variability has 
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been proposed as a possible risk for recurrence (Moseley and Hodges, 2006).  Such findings 

raise the possibility that an invariable motor pattern observed in PT may reflect a system less 

adaptable to environmental perturbations, - an undesirable state (Stergiou and Decker, 2011).  

Indeed, movement variability has been proposed as an important feature in actually preventing 

injury (Bartlett 2007).  

Though the predicted goal of adopting a different motor strategy is protection, non-resolution of 

the strategy may in fact increase the likelihood of symptom recurrence (Moseley and Hodges, 

2006).  Given the high recurrence rate of tendinopathy, it is pertinent to consider that there may 

be non-resolution of motor strategies even in currently asymptomatic people with history of 

tendon pain, or tendon pathology that predispose to symptoms or symptom recurrence.  This may 

also reflect the competing desire for optimal performance and this adds complexity to 

rehabilitation as the strategy adopted and that may be the default pattern, will reflect both the 

consequence and meaning unless there has been significant change to inputs (of which 

nociception is only one).  The presence of a positive ‘culture’ of PT in jumping sports such as 

volleyball where playing with tendon pain is common (and may reinforce a concept that pain 

during activity doesn’t equate to tissue damage) will probably serve to maintain the motor 

control strategy.  These contextual factors are likely to further influence the experience of pain 

(Moseley and Arntz, 2007) and will vary depending upon the environment and one’s own 

experiences.  

Cross sectional studies do not allow elucidation of whether tendon pathology, or the presence of 

tendon pain, changes motor control, or vice versa.  That pain will often be accompanied by 

altered motor output would be predicted on the basis that both pain and motor output can be 

effective at protecting us from bodily threat.  A common finding in studies of motor control 
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during pain is altered corticospinal drive to the motor neuron/muscle.  However, this 

phenomenon of greater CSE has also been observed during testing that was non-painful, in 

people with PT compared to activity matched controls and people with other anterior knee pain 

(Rio et al., unpublished).  Furthermore, there were no differences between groups for activity, 

muscle strength (measured by maximal voluntary isometric contraction torque of the 

quadriceps), muscle activation (represented by surface electromyography) or measures of motor 

neuron activation (maximal femoral nerve stimulation), so it seems plausible that the increase in 

CSE was associated with the PT regardless of the fact that there was no pain during testing.  It is 

possible that their net motor drive to the quadriceps muscle group is unaltered (or even that they 

may not be as good as they could be) however, controlled activation and the motor strategy may 

be affected.  This also implies the motor task still has potential ‘consequence’ and ‘meaning’ in 

the absence of nociception, which fits with the invariable and abnormal landing strategy 

observed in people with tendon pathology.        

Current tendon rehabilitation may fail to adequately address the multitude of contributing factors 

to altered motor control, which would include not only muscle strength and tendon capacity but 

corticospinal control encompassing excitability and inhibition as well as belief systems about 

pain and contextual factors.   

6.4.2 Motor control changes may be bilateral 

The lack of consistent abnormalities in muscle strength on the patient’s affected leg may simply 

reflect similar abnormalities being present on the contralateral limb.  Heales et al., (2013) 

reported that the contralateral asymptomatic side was weaker than controls in upper limb 

tendinopathy, though abduction in those with RC tendinopathy was an exception and no data 

were reported for the lower limb.  Interestingly, data from low back pain studies are also variable 
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with some reporting both hypo-activity and others reporting hyperactivity, depending upon the 

muscles and tasks investigated (see (Hodges & Moseley 2003) for review).  Strength deficits 

persist following surgery and rehabilitation in unilateral Achilles tendinopathy however the side-

to-side strength difference was relatively low (7.2-8.8%) and may actually reflect a bilateral 

motor control deficit (Ohberg et al., 2001).  However, while the direction of change (increases or 

decreases in muscle performance) is not consistent, it does appear that a change in motor control 

may occur bilaterally.    

Regardless of whether motor control changes are a cause of pain or epiphenomena, changes to 

motor control may not just be bilateral but system-wide.  There is an increasing body of evidence 

that multiple sites are frequently affected due to complex intrinsic and extrinsic factors, and 

contralateral pathology and/or the development of symptoms is common.  That is, once tendon 

pain (or pathology) is established at one site, there appears to be the potential for increased risk 

of tendinopathy elsewhere.  Notwithstanding systemic risk factors that predispose tendinopathy 

such as diabetes and elevated cholesterol, there may be other considerations including an 

increase in global sympathetic drive (Jewson et al., 2015).  Whilst it is likely that loading is 

similar for both legs and bilaterality of pathology (and or pain) may be therefore somewhat 

expected, data from the upper limb with markedly different use profiles (such as baseball 

pitchers) (Miniaci et al., 2002) and unilaterally loaded animal models that demonstrate bilateral 

pathology (Andersson et al., 2011) implicate systemic or nervous system involvement in 

tendinopathy.  The inter-hemispheric connections and potential for modulation at the spinal cord 

level are both potential avenues for bilateral changes outside of bilateral loading that have not 

been investigated.   
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It is possible that the other side may display differences in response to unilateral nociception (or 

insult) similar to what is observed in injury such as stroke.  The adaptive response seen following 

stroke includes increased inhibition on the affected side and increased CSE to the unaffected 

limb (Butefisch et al., 2008).  Furthermore, there is actually increased inter-hemispheric 

inhibition from the non-affected hemisphere to the lesioned hemisphere that further increases the 

inhibition on the affected side, during activation of the unaffected limb (Butefisch et al., 2008).  

This has a biological advantage to perhaps improve efficiency of the unaffected side, however 

remains a challenge in rehabilitation (as the affected side has significant inhibition and is further 

increased during activation of the unaffected limb).   

To investigate the unaffected side in people with PT, 13 jumping athletes (six control 

participants, seven with unilateral PT) were recruited (Rio, unpublished data available as a 

supplementary file).  Participants were tested bilaterally with transcranial magnetic stimulation 

(TMS) including their active motor threshold and a stimulus response curve as well as short-

interval intra-cortical inhibition (SICI) using rectus femoris as the target muscle.  When 

compared with healthy, activity matched controls, preliminary data in athletes with PT 

demonstrate hyper excitability on their affected side, supporting previous research (Rio et al., 

unpublished) and also displayed markedly increased cortical inhibition (n = 4 affected side SICI 

ratio 17.12%, n = 6 controls 58.78%).  This motor control strategy may be likened to a novice 

driver controlling the speed of their car with one foot on the brake and one on the accelerator.  

Interestingly, the contralateral pathway controlling the unaffected side appears less excitable than 

both the affected side (similar to that observed in stroke), and controls, and also displays 

increased cortical inhibition (n = 4, unaffected side 19.13%) (where lower SICI percentage ratio 

represents greater cortical inhibition).  These preliminary findings appear to replicate the 
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findings of unilateral stroke that affects the M1, in particular the plausibility of greater inter-

hemispheric inhibition and involvement of bilateral changes.  However, the sample size is small 

and warrants further investigation with greater numbers.  It does highlight the danger of using the 

unaffected side as a control in studies of motor control, excitability or inhibition in people with 

tendinopathy.  This also requires further evaluation as the clinical implications are considerable - 

strength training in the affected limb may continue to drive inhibition to the unaffected limb 

unless we can improve our understanding of techniques that modulate excess inhibition.     

Given the propensity for lower limb activities to be bilateral and symmetrical for efficiency 

(ambulation, jumping etc), the changes in the unaffected side may be an attempt to achieve 

motor control homeostasis in a system trying to protect a region.  That is, there are combined and 

perhaps competing demands of protecting a vulnerable, or apparently vulnerable tendon, and still 

producing torques sufficient for optimal performance.  This may be argued for many 

tendinopathies not just in athletes but people involved in manual labour or any outcome 

dependent task.   

The contralateral motor control changes may also contribute to, or explain the high injury rate of 

the contralateral tendon following rehabilitation as loading patterns are likely to be different (as 

corticospinal drive of the unaffected side is altered). This provides support for a rehabilitative 

strategy that targets the corticospinal control of both sides however; the strategies may need to be 

different.  Strategies that modulate inhibition on the affected side as well as pain, such as 

isometric muscle contractions in patellar tendinopathy (Rio et al., 2015) should be evaluated for 

their potential effect on inter-hemispheric inhibition and inhibition of the ipsilateral M1.  

Rehabilitation that is capable of modulating pain and inhibition of both M1 may yield important 

advances in tendon management.   
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6.5 The key question is what happens first? 

There are two theories about the relationship between pain and changes in muscle control (see 

(Hodges and Moseley, 2003) for review) and neither is supported unequivocally by the literature.  

They propose either, changes in muscle activity cause pain (sometimes termed pain-spasm-pain 

model or vicious cycle of pain in the pain literature) or that changes in muscle activity serve to 

protect the area by limiting movement (the pain adaptation model) (Lund et al., 1991).   

Experimental pain studies that demonstrate transient changes to motor control after a transient 

nociceptive stimulus (Graven-Nielsen et al., 1997, Le Pera et al., 2001, Farina et al., 2001) as 

well as studies in a number of chronic conditions provide support for the pain adaptation model 

(Lund et al., 1991).  The definitive study that studies motor control before the onset of pain 

remains elusive.   

Hyper-excitability of the quadriceps in athletes with PT has been correlated with length of time 

of symptoms (Rio, unpublished data available as a supplementary file) and changes in 

infrapsinatus excitability in people with RC tendinopathy were correlated with chronicity 

(Ngomo et al., 2014).  This does not exclude the possibility that aberrant motor control precedes 

the first onset of tendinopathy but provides a strong rationale that changes in motor control occur 

in response to nociceptive barrage.  The potential for unilateral nociceptive input to drive motor 

control changes bilaterally (or even system wide) underlines the importance of improving our 

understanding of nociception-motor interactions (Nijs et al., 2012) particularly in a condition of 

chronic nociception where the nociceptive driver is unknown. 

The pain adaptation model proposes that agonist activity is reduced and the antagonist activity is 

increased with pain (Lund et al., 1991).  This may be the case in PT as there were no differences 
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in MVIC between athletes with PT and controls (Rio et al., unpublished). However in a separate 

study, following isometric exercise that reduced their pain, the MVC of the quadriceps of 

athletes with PT increased by 18.7% implying their agonist activity (the quadriceps) was in fact 

inhibited (reduced) prior to isometric exercise (Rio et al., 2015).  The hamstrings that serve as 

the antagonists have not been measured.  Most testing is completed in the laboratory with a 

single joint movement for simplicity, for example leg extension however, agonists and 

antagonists would change during a more complex movement such as a counter movement jump.  

The threat to tissue (as far as the brain is concerned) may remain even after pain reduction and 

return to sport, as tendon may not have ‘healed’ (many consider tendinopathy to be failed 

healing) (see (Cook and Purdam, 2009) for review).  In this context, there may be ongoing 

monitoring and persistent changes to corticospinal control of muscle (to protect the tendon) as 

the M1 and its projections may consider it to be vulnerable.  Alternatively, the motor control 

changes that occur in tendinopathy may not spontaneously resolve or normalise following 

recovery indicating rehabilitation may not address motor activation leaving people vulnerable to 

recurrence of symptoms.  

People can and do recover in terms of pain and function despite tendon pathology remaining 

unchanged on clinical imaging (Drew et al., 2014).  One plausible explanation for this at a tissue 

level is that the tendon may structurally compensate in the area around the pathological lesion. 

That is, the volume of structurally intact tissue increases as an adaptive response (Docking and 

Cook, 2015).  This tendon may be thicker but potentially amenable to improvements in 

mechanical strength (Docking and Cook, 2015) through graded rehabilitation that would also 

alter muscle properties.  Non-painful motor activation would also improve self efficacy so there 

are a number of potential mechanisms linking rehabilitation (in particular strength training) to 
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improvements in symptoms.  However, given the clinical observation that “once a tendon, 

always a tendon” reflecting the strong tendency for symptom recurrence, there is clearly room 

for improvement in our strategic approach.  Given the differences in motor control observed 

across tendinopathies, how well does current rehabilitation address motor control?   

6.6 Strength training and motor control 

Self-paced strength training describes a process without external timing cues (such as visual or 

auditory) and involves activation of broader cortical and sub-cortical regions (Cohen et al., 1998, 

Gerloff et al., 1998).  Studies that have used external pacing, for example with a metronome, 

have demonstrated increases in excitability in both skill (visuomotor tracking) (Ackerley et al., 

2011) or short term strength training (Kidgell and Pearce, 2010, Kidgell et al., 2010).  Leung (in 

press, 2015) investigated the effects on excitability and inhibition of a single bout of visuomotor 

tracking with self-paced strength training and metronome based strength training.  They found 

that both skilled training and metronome paced strength training, but not self paced strength 

training increased excitability and released inhibition in both the trained limb and in the 

untrained limb.  This has implications for tendinopathy rehabilitation as both CSE and inhibition 

have been shown to be different compared with controls.   

6.7 Current tendon rehabilitation and proposed concept 

Current rehabilitation aims to restore tendon and muscle properties using exercise with a variety 

of paradigms.  There is evidence for the efficacy of eccentric only contractions (Frohm et al., 

2007a, Frohm et al., 2007b, Jensen and Di Fabio, 1989, Jonsson et al., 2008, Kongsgaard et al., 

2006, Mafi et al., 2001a) and heavy slow strength (involving both a concentric and eccentric 

component) (Kongsgaard et al., 2009) in improving pain and function in Achilles and Patellar 



 171 

tendinopathy.  Protocols that include strength training (load) appear to have the greatest stimulus 

for the tendon and muscle.   

However, deficits in muscle performance have been shown to persist following surgical 

intervention plus rehabilitation or rehabilitation alone for tendinopathy, despite positive clinical 

outcomes (Ohberg et al., 2001, Paavola et al., 2000).  Current prescription of tendinopathy 

rehabilitation is best described as self paced where patients are provided exercises with guidance 

of repetitions, sets and load (all of these are variable and no gold standard exists) but 

importantly, without external pacing.  Given the high recurrence rate of tendinopathy and 

persistent motor changes following rehabilitation (Paavola et al., 2000), it is possible current 

rehabilitation fails to restore corticospinal control of the muscle-tendon complex(s). 

Rehabilitation protocols are historically directed at local tissue adaptation (muscle hypertrophy 

and tendon) and there has been little if any focus on modulating corticospinal control.  It is 

possible that these approaches therefore only address some of the neuromuscular and muscle-

tendon changes in tendinopathy.  Furthermore, passive uni-model treatments such as injections 

are unlikely to address any of the local or central deficits (Figure 6.1a-d). 
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(a) A passive intervention fails to address strength and capacity of the tendon or muscle as load is required to 

stimulate these tissues, this leads to an inability to perform the task and an undesired outcome on the left.  

An example may be an injection into the tendon aimed at restoring tendon structure.  Simultaneously, 

motor control has not been addressed thus the drive to the muscle may be unchanged and the outcome 

remains undesirable.  

 

(b) This likely describes most current clinical rehabilitative approaches that focus on strength.  The local tissue 

has probably improved in its characteristics (tendon mechanical properties, muscle strength) however the 
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drive to the muscle has not been addressed due to the nature of self paced strength training thus the 

outcome may still be undesired (perhaps in terms of recurrence).  

 

(c) In this example, the focus may be purely on trying to alter the biomechanics or motor control with 

repetition and feedback about the task (for example proprioception exercises).  This not only has been 

shown to have poor integration into the sporting environment, it also has not addressed the tissue capacity.  

Therefore, the local feedback to the CNS is likely to maintain the motor control pattern as an ongoing 

protective or adaptive strategy. 
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(d) The concept of TNT includes using strength training to address tendon as load is the only stimulus shown 

to promote the matrix.  Furthermore, strength training improves muscle architecture.  In this example, the 

external pacing of strength training also serves to address cortical muscle control in an attempt to improve 

the muscle recruitment pattern and therefore also tendon load.  

Figure 6.1 Summary of different approaches of tendon rehabilitation and effects on 

strength and motor control 

 

Externally paced strength training, such as with the use of a metronome, is capable of inducing 

ipsilateral and contralateral changes to the excitability and inhibition in healthy participants 

(Kidgell and Pearce, 2010, Kidgell et al., 2011, Latella et al., 2012b, Pearce et al., 2013b, Weier 

et al., 2012a).  To investigate this concept in a PT model, a protocol was developed that used 

externally paced strength training, termed Tendon Neuroplastic training (TNT) (protocol 

available in Rio et al., unpublished).  Two strategies were trialled, either isometric or isotonic 

quadriceps muscle contractions, using TNT (the combination of heavy strength training and 

externally pacing) due to a lack of efficacious inseason loading options and both active 

treatments.  This had a clinical basis to answer the questions: which program may reduce pain 

immediately inseason and was there any difference between them over a four week trial.  As 

both groups were externally paced with the training, it was hypothesised they would both 

improve in excitability and inhibitory control.  However, one protocol may be better for 

analgesia and this may also affect control, particularly cortical inhibition.       

A subgroup of nine athletes completed the corticospinal testing before and after the 4-week TNT 

intervention (that recruited 29 athletes) and one of the athletes completed weekly testing (Figure 

6.2).  A supplemental file is available with the method and full data-set.   
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Isometric exercise provided greater immediate analgesia (Rio, et al., unpublished data) and both 

protocols reduced pain significantly over the 4-week trial (van Ark et al., unpublished data).  

There were no differences between groups after 4-weeks.  A case study demonstrates that there 

are changes in excitability over the course of 4-weeks and week 4 most closely represents normal 

CSE in jumping athletes without PT.   
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6.2 Individual weekly response to tendon neuroplastic training (isometric protocol) Mean ± 

SEM MEP amplitude  

(note error bars are too small to be seen) MEP, motor evoked potential 

 

Testing showed that TNT, using either isometric or isotonic muscle contractions changed 

inhibition (p = 0.008) (Figure 6.3).  Preliminary data for the individuals and group responses are 

provided.  The values are a percentage representing cortical inhibition of the quadriceps where 

normative values (for those without PT) are 50-70% (Weier et al., 2012a).  All athletes improved 

to be within the normal range following the intervention so this represents a physiologically 
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important change.  There were differences between the isometric and isotonic group (Figure. 

6.3), however clinical implications are limited based on small sample size.  Furthermore, a larger 

study that compared self paced with externally paced would elucidate if the effects are associated 

with a reduction in nociception or the use of external pacing or a combination.  Data in healthy 

participants would support the use of external pacing over self pacing in targeting the M1 and 

given nociception-motor interactions (Nijs et al., 2012), external pacing may augment changes.   
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Figure 6.3 Individual cortical inhibition responses to tendon neuroplastic training by 

muscle contraction type   

Isometric: p = 0.06, Isotonic: p = 0.25, TNT group including both paradigms: p = 0.008.  Each individual 

participants data are provided with diamond denoting pre-intervention and triangle denoting post-intervention for 

that person. 

 

6.8 Conclusion and clinical implications 

Self paced strength training targeted to improving muscle architecture, which would describe the 

current prescription of most clinical programs, may not adequately address the differences in 

excitability and inhibition that has been observed in PT and may be a feature of other 

tendinopathies.  The alterations to corticospinal control of muscle may manifest as a different 

motor strategy (for protection) however, this could contribute to ongoing morbidity or 

vulnerability to symptom recurrence.  Movement variability is important and is sometimes lost in 
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musculoskeletal pain conditions even if nociceptive input is absent.  Aberrant tendon load from 

altered motor control may be transmitted to tendon causing perpetuation of nociceptive input.  

However, the altered pattern also appears to serve the desire for performance because many 

studies demonstrate that people with tendinopathy display superior strength or performance.  

Current rehabilitation for tendinopathy focuses on strength training because it stimulates the 

physiological adaptation of muscle and tendon.  However, strength training that is externally 

paced has also been shown to be able to modulate tendon pain and corticospinal control of 

muscle.  The concept of TNT incorporates loading that has been shown to be efficacious both in 

the short and long term for tendinopathy, in a painfree protocol, which is tolerated by athletes in 

a competitive environment as well as those parameters that promote changes to corticospinal 

muscle control.  The current program may induce change by reducing tendon pain.  As clinicians 

and scientists, it is important that we progress our understanding of the mechanisms behind 

improvement (or lack thereof) to improve patient outcomes in tendinopathy.  This will need to 

also consider rehabilitation that addresses the unaffected side, which appears to display motor 

adaptations as well as explore how belief systems may impact the prognosis of people with 

tendinopathy.    
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Chapter 7.  General Discussion 

The studies in this thesis used transcranial magnetic stimulation (TMS) to investigate the 

corticospinal responses of the rectus femoris muscle in people with patellar tendinopathy (PT) as 

well as the ability of heavy, externally paced strength training to modulate tendon pain, 

corticospinal excitability (CSE) and short-interval intra-cortical inhibition (SICI) both 

immediately, and as a 4-week inseason intervention.  The publications that contributed to this 

thesis, by chapter, found (1) that the local nociceptive driver of tendon pain is unknown and there 

are features of tendon pain consistent with both physiological and pathophysiological 

mechanisms, and that while tendinopathy may represent a disruption to internal load sensing, the 

corticospinal control of muscle in people with tendinopathy had not been explored, (2) that the 

CSE was greater in jumping athletes with PT than it was in control participants and those with 

other anterior knee pain (AKP), (3) externally paced isometric muscle contractions induced 

immediate analgesia, which lasted at least 45 minutes and decreased cortical inhibition thereby 

improving quadriceps muscle torque, (4) externally paced isometric muscle contractions induced 

greater immediate analgesia than isotonic muscle contractions in a 4-week inseason intervention, 

though both were well tolerated and, finally (5) that the studies in this thesis support the concept 

of strength training that is externally paced for the modulation of tendon pain and corticospinal 

control of muscle.   

7.1 Patellar tendon pain is associated with greater corticospinal excitability and 

greater inhibition of the quadriceps 

Chapter 3 focussed on the corticospinal control of the rectus femoris muscle in people with PT.  

The hypothesis was partially supported, in that jumping athletes with PT exhibited hyper-

excitability in the corticospinal responses of their quadriceps to M1 stimulation, and this was not 
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observed in control participants or participants with other AKP.  Furthermore, there were no 

differences between groups in MMAX, which is a measure of the α-motorneuron pool, thus 

changes were confined to the M1.  The increased slope of the stimulus response curve in people 

with PT represents an increase in the strength of corticospinal projections onto the quadriceps 

motorneuron pool, increased membrane excitability and corticospinal cell recruitment (Smith et 

al., 2011) and is indicative of the extent of motor representation on the M1.  There were no 

differences between the three groups in the top of the curve, which represents MEPMAX, or group 

MVIC torques.  Therefore, people with PT have the ability to produce high force, evidenced by 

no group differences in MVIC and normal peripheral drive (evidenced by no group differences in 

MMAX) however excitability demonstrated an adaptive plasticity associated with PT.         

This may represent maladaptive plasticity as it may perpetuate symptoms, however it can equally 

reflect an adaptive strategy given the balance of task demands includes high performance.  It is 

unlikely to be simply use-dependent plasticity as participants in all groups were jumping athletes.   

To put this in a clinical context, when an athlete with PT jumps they may have increased 

corticospinal drive and recruitment from their quadriceps motorneuron pool by activating 

maximally, or near maximally once a threshold is reached.  That is, small jumps may only recruit 

an appropriate level of motorneuron activity but at a certain point, an athlete with PT will recruit 

maximally when an athlete without PT would still be recruiting sub-maximally and appropriately 

to the level of the task. This supports the concept of a disruption of internal load sensing 

(Chapter 2) and an inability to match motor output with task demand.  It is important to note that 

jumping is a complex task and is also influenced by other factors that determine motor unit 

activation and activation of other muscles.   
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The sharp slope in the curve followed by plateau, rather than smooth graded recruitment to 

increasing stimulation was observed in all participants with PT and with small SD.  This pattern 

of recruitment may also result in an invariable pattern (as their quadriceps may be recruited at 

high levels each time for a given task) and this concept is supported by a review by Van der 

Worp et al., (2014) who reported an invariable landing pattern was associated with re-

development of PT symptoms in those with a past history of tendon pain.  However, force 

steadiness studies would be required to provide further information about how corticospinal 

responses may affect function.    

An invariable strategy with differences to the balance of CSE and SICI may also result in 

quadriceps muscle fatigue or central fatigue earlier than a painfree athlete and importantly, is 

likely to transmit different forces to the patellar tendon than a painfree athlete.  Whilst tendon 

forces were not measured in this study, they are directly related to the level of quadriceps 

activation.  The concept of tendon overload, especially during jumping has been examined by a 

number of studies. 

Lian et al., (2003) found that high level volleyball players with PT (n = 24) performed better than 

an asymptomatic control group (n = 23) in a counter movement jump and this phenomenon is 

also reported in people with RC tendinopathy who were stronger on their symptomatic side 

compared with controls in measures of abduction.  However, in the Lian et al. study (2003), the 

PT group completed significantly more hours of weight training during each week and were 

heavier, thus jumping ability may have been linked to strength and muscle mass (Visnes et al., 

2013).  Equally, increased body mass may have also been a factor in the development of PT 

(Gaida et al., 2004).  What is clear from the studies demonstrating superior jumping ability is 

that despite patellar tendon pain, athletes were still able to load maximally (or at very high 
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levels), supporting data from this thesis where MVIC and the top of the curve were comparable 

to controls.  However, this still may represent a deficit when compared to their potential. 

Athletes with previous PT have demonstrated a stiffer landing strategy, that is, less knee joint 

flexion during the first part of landing impact (Bisseling et al., 2008) that may have contributions 

from the greater CSE observed in the studies in this thesis.  This adaptation may serve to limit 

knee joint flexion range (thus limiting eccentric to concentric turnaround range) and would be 

supported by the pain adaptation model as a protective strategy (Lund et al., 1991).  That is, if 

rehabilitation has failed to change the corticospinal control of their quadriceps, even if they were 

currently asymptomatic, it is possible that a stiff landing strategy is driven by persistent 

alterations in their corticospinal activation.  This pattern of altered quadriceps recruitment may 

continue to transmit abnormal loads to the tendon, thus may partly explain why recurrence of 

tendinopathy is so high.  Recurrence may also be related to positional load within the athletic 

environment. 

Jumping load can be different even within a sport depending upon the positional demands (Bahr 

and Bahr, 2014).  Within the volleyball population PT is more common in outside hitters and 

middle blockers as they perform a higher number of maximal jumps than setters and utility 

players (Bahr and Bahr, 2014).  One of the challenges is that even within a volleyball cohort, the 

middle blockers and outside hitters, who are prone to PT due to load, are also most likely going 

to outperform other positions (such as setters) in a jumping test, as that is the strength of their 

game.  Visnes et al., (2013) in a 5-year prospective study demonstrated that jumping ability was 

a risk factor for developing PT.  However, it is likely that the better jumpers on entry to an elite 

program will complete more jumping during training sessions throughout the program as they 
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will be blockers and hitters.  It seems that better jumpers are also more likely to jump more often 

and these combined factors lead to patellar tendon pain.    

Only jumping athletes were recruited for the studies in this thesis as they were shown to have 

different CSE compared with active non-jumpers in pilot testing (Appendix Z).  In Chapter 2 

they were then classified as controls, PT or other AKP.  Better jumping ability or volume of 

jumping (due to positional demands) may contribute to the increased excitability observed in 

people with PT, though it is unlikely as all of the included volleyball players were hitters and 

blockers and competing at an elite or sub-elite level.  However, jumping ability and jumping load 

(as in number of jumps) were not measured in this study (and a range of jumping sports were 

included).  It is worth noting that volleyball athletes comprised majority of the sample in each 

group and no setters were included in the studies in this thesis (neither in controls nor other 

groups).  The groups were matched on key factors reported to influence the M1, specifically 

number of sessions per week that included jumping activity and recruited from elite and sub-elite 

competitions with high loads and were not different in age, sex or length of time of symptoms in 

the two groups with pain.   

Higher MVIC has been previously associated with better jumping performance and increased 

excitability (Heroux and Tremblay, 2006) however there were no differences in MVIC between 

groups, thus differences observed in CSE were not a function of the group with PT being 

stronger.  The increase in excitability observed, and quadriceps muscle representation on the M1, 

is most likely to be associated with patellar tendon pain.  Whilst PT and other AKP conditions, 

such as PFJ pain, share many clinical similarities in presentation, it appears from these data there 

are differences in the corticospinal activation of the rectus femoris muscle dependent on 

nociceptive specificity. 
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No previous study has investigated nociceptive specificity.  The corticospinal control of the 

quadriceps muscle group has been previously compared between control participants and those 

with PFJ pain (On et al., 2004).  Patellofemoral pain was associated with increased excitability of 

the VL and VMO, evidenced by higher MEP / MMAX ratio however, the MMAX reported by On et 

al., (2004) was significantly lower in the PFP group than the control group (approximately half), 

which is not easily explained.  Maximal stimulation of the peripheral nerve should recruit the 

entire motor neuron pool and has been shown to not change with strength training (Aagaard et 

al., 2002b).  The participants in the PFP group in the On et al., (2004) study may have had 

significant muscle atrophy, however MMAX changes have been reported in conditions such as 

motorneuron disease (de Carvalho et al., 2007), no studies were located that reported decreased 

MMAX associated with musculoskeletal pain.  The significantly lower MMAX in the PFP group 

may reflect factors outside of their pain condition, such as a genetically predetermined 

difference, equipment issues or potentially a lack of blinding during data collection.  There were 

no differences between groups in MMAX in any of the studies in this thesis, including in those 

with other AKP that would almost certainly include PFP.   

There are several key differences between PT and other AKP, first tendon pain has a precise 

location regardless of length of time of symptoms in those with PT.  There may be receptors 

isolated to the tendon that transmit noxious stimuli, as well as potentially different noxious 

stimuli in tendon (the local driver is unknown but appears unrelated to traditional triphasic 

inflammation).  These local factors may contrast to other AKP conditions and impact on the 

manifestations of chronic nociception within the M1.  For example, inflammation is linked with 

wind-up and secondary hyperalgesia (Latremoliere and Woolf, 2010); inflammation does not 

appear to be a feature of PT, nor is wind-up or secondary hyperalgesia observed in PT (Chapter 
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2).  Furthermore, the primary afferent neuron in PT may synapse with either a nociceptive 

specific or wide dynamic range neurons in the spinal cord.  This may influence modulation of 

both intensity as well as the lack of spreading of pain in PT as radiation and referral of pain is 

linked with progressive recruitment of wide dynamic range neurons spreading along the spinal 

cord (Jensen et al., 2001).  It would appear that the corticospinal response is diverse in different 

conditions and not simply related to nociception itself.   

It is possible these corticospinal changes are present in a proportion of the population and that 

they predispose people to develop PT symptoms.  This is a novel theory in some chronic pain 

conditions based on the normal distribution of responses to noxious stimuli and the small body of 

data indicating some people may experience increased risk of developing chronic pain conditions 

(Edwards, 2005).  Response to sensory testing studies demonstrate population wide distributions 

of normal responses, and given the wide spread of responses it is possible that people who are 

more sensitive in these studies would be at an increased risk of developing chronic pain 

(Edwards, 2005).  Theoretically, these people would be then more vulnerable to persistent pain 

than someone without this underlying risk profile of sensory sensitivity, if they sustained an 

injury (that is, it appears nociception is still an important initial driver of chronic pain) (Gracely 

et al., 1992, Woolf, 2011).  However, it may not be possible to extrapolate the sensory 

sensitivities studies directly to motor control.  If underlying changes to CSE pre-disposed people 

to PT, it would be expected that a wider distribution of excitability would have been observed in 

the control population including individuals with CSE similar to that observed in the PT group, 

which was not the case.  The controls in this work (n = 13 people across studies, data for n = 19 

M1 as bilateral data were collected in some) would have included (presumably) people that have 

increased future risk of developing PT if it were a consequence of pre-existing CSE, though 
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greater numbers would be needed to support this statement.  There is evidence in LBP from a 

prospective cohort study with follow up at 4 and 8 years that low PPT were associated with, but 

did not predispose people to, low back pain (LBP) (O'Neill et al., 2011).   

The answer to the question of ‘cause or consequence’ would only be possible with a large 

prospective study that included ongoing and regular measures of CSE, load (both jumping and 

weights) and MVIC in young athletes.  Transcranial magnetic stimulation despite being non-

invasive can be uncomfortable, isn’t appropriate for some people (Chipchase et al., 2012) and 

obtaining measures such as stimulus response curves is time consuming, thus large participant 

numbers can be challenging.  Furthermore, studies have demonstrated that tendinopathy and 

tendon pathology is present in children and adolescents (Cook et al., 2000b), so the age of 

inclusion for such a study would ideally be pre-pubertal, raising ethical concerns.  While it 

cannot be concluded that it was tendon pain that caused increased CSE from a cross-sectional 

study, the important clinical question would be: how can we modulate tendon pain?  

7.2 Isometric exercise induces immediate analgesia 

Chapter 4 compared an acute bout of two types of strength training, isometric or isotonic muscle 

contractions.  The clinical outcome measure was the effect on patellar tendon pain using the 

SLDS.  Hypothesis one was supported as isometric muscle contractions induced greater 

analgesia immediately than isotonic muscle contractions and this effect was sustained at 45 

minutes.  This is the first study to investigate immediate analgesia using muscle contractions in 

tendinopathy.  The mechanisms behind the analgesia are unknown and may involve 

combinations of changes to the local biochemical environment reducing nociceptive drive or 

modulation at spinal or supraspinal levels.   
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Spinal and supraspinal contributions to inhibitory modulation of noxious stimuli have been 

termed endogenous pain inhibition (Knauf and Koltyn, 2014, Lannersten and Kosek, 2010, van 

Wijk and Veldhuijzen, 2010).  Although local changes in the tendon, surrounding tissue or its 

receptors, cannot be investigated easily in human participants the key question is: is the analgesic 

effect of isometric exercise in PT driven by changes that are generated in the CNS (top down) at 

the tendon level (bottom up)?  

7.2.1 ‘Top down’ versus ‘bottom up’ pain modulation in persistent musculoskeletal pain 

Gwilym et al., (2010) demonstrated restoration of thalamic grey matter volume in patients 

following hip replacement surgery for osteoarthritis (OA).  This implies that modification of the 

nociceptive drive (that is removal of the nociceptive stimulus) reversed functional grey matter 

changes (and potentially changes along the neuroaxis) in a chronic nociceptive condition.  Hip 

OA is an interesting model the nociceptive drive is removed with total hip joint replacement 

(unless functional nervous system changes have a predominant contribution to pain perception, 

in which case surgery may not change pain).  However, removal of nociceptive information with 

denervation of tendon or local anaesthetic may actually place the tissue at risk of further damage 

as it is still responsible for load transmission.  A surgical scraping technique that de-innervates 

tendon by debriding the richly innervated peritendon and separating the underlying nerves and 

fat reduces pain (Alfredson, 2011) and this technique has been shown to improve both unilateral 

and contralateral symptoms even when conducted on only side (Achilles tendon) (Alfredson et 

al., 2014).  Denervation of a tendon appears to remove the feedback from the periphery thus 

removing nociceptive drive but may also remove other important functions such as load sensing.  

It is unclear if this surgery (and removal of nociception) would restore corticospinal control of 
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muscle.  It is important to investigate non-invasive methods of analgesia and exercise, 

specifically strength training as it is a simple clinical intervention for tendon pain. 

7.2.2 Isometric exercise in patellar tendinopathy: endogenous pain inhibition? 

Modulation of nociceptive input to alter evoked pain can occur with goal directed behaviour 

(Lorenz et al., 2003), which reduces the amount of attention given to the nociceptive stimulus 

that in turn reduces pain (Moseley et al., 2004b, Defrin et al., 2010, Van Damme et al., 2010, 

Van Ryckeghem et al., 2011).  The isometric muscle contraction task required visual and 

auditory attention as the protocol was externally paced and represents endogenous pain inhibition 

(EPI).  The addition of an attention demanding component activates areas such as the 

dorsolateral prefrontal cortex, important for continuous monitoring of the external world, 

maintenance of information in short term memory and governing efficient performance control 

in the presence of interfering stimuli (Lorenz et al., 2003) as well as areas involved during 

cognitively demanding tasks such as the perigenual anterior cingulated cortex.  However, the 

same external pacing cues were also used during the isotonic protocol (metronome and verbal 

attention to task), thus competing attention is unlikely to explain the difference between the two 

muscle contraction types.  With sustained sub-maximal contractions, there are changes to group 

III and IV muscle afferent (both are mechanically sensitive fibres) firing rates particularly with 

peripheral and central fatigue, and this alters excitability and inhibition (Taylor et al., 2000) that 

may be involved in the nociception-motor interaction.  Protocols were also matched for time 

under load, rest between sets and pilot studies were used to match them on rating of perceived 

exertion for load and muscle effort.  Therefore, the key difference appears to be the type of 

contraction.   
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Many different types of exercise have been shown to have a hypoalgesic effect and the 

magnitude appears to be dependent on the mode of exercise; aerobic exercise reduced perception 

of experimentally induced pain in healthy people (effect size for threshold d = 0.41, intensity d = 

0.59), dynamic / isotonic exercise (threshold d = 0.83, intensity d = 0.75) and isometric exercise 

(threshold d = 1.02, intensity d = 0.72) (Naugle et al., 2012).  However, the duration of change to 

pain perception was not measured in the Naugle et al. (2012) study thus their results cannot be 

compared with the 45 minutes of induced analgesia following isometric exercise in PT.   

In normal healthy participants (12 men, 12 women), sub-maximal isometric exercise resulted in 

increased PPTs, over the contracting muscle, the contralateral muscle and a distant resting 

muscle, indicative of endogenous pain inhibition (Kosek and Lundberg, 2003) or exercise 

induced hypoalgesia (EIH) (Koltyn and Umeda, 2007).  There was a significant difference 

between the PPTs, being higher at the contracting site than distal sites (Kosek and Lundberg, 

2003).  However, following cessation of exercise the PPTs returned to baseline.  This contrasts 

with the study presented in this thesis demonstrating sustained analgesia at 45 minutes, therefore 

the mechanisms behind analgesia in people with PT may be different to experimentally induced 

pain.  The studies in this thesis did not measure PPTs (sensory) but instead used a pain 

provocation test during an active task.   

Bilateral EIH, evidenced by increased PPTs in healthy women was recorded following unilateral 

short duration sub-maximal isometric exercise (40-50% of maximum) (Koltyn and Umeda, 

2007).  This was not observed in the present tendon study where only unilateral pain was 

reduced in people with bilateral tendinopathy (n = 3).  Isometric load was heavier (70% of 

maximum) and the protocol was different (5 x 45 seconds compared with 2 x 2 minutes used by 

Koltyn (2007)).  It is possible that the nociceptive stimulus used in the PPT study (pressure to 
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elicit pain) may be an example of conditioned pain modulation (CPM) (crudely ‘pain inhibits 

pain’) (Ellingson et al., 2014, Moont et al., 2010) that altered pain perception rather than, or as 

well as, the isometric exercise.   

When populations with chronic pain are studied, data on the effect of exercise and analgesia are 

highly variable, implicating some dysfunction of their normal sensory processing and potentially 

endogenous pain inhibition strategies.  For example, women with a diagnosis of fibromyalgia 

report reduced PPTs, indicative of increased pain perception to a lower nociceptive stimuli 

following sub-maximal isometric exercise (Kosek et al., 1996).  The response to isometric 

exercise appears to be different in people with PT than fibromyalgia (though tendinopathy is a 

persistent pain state) as pain was reduced, however sensory testing was not conducted.     

Despite small numbers of participants with bilateral PT (n = 3), analgesic effects were not 

reported bilaterally in a unilateral isometric contraction protocol, in fact there was no change in 

their contralateral SLDS score following isometric exercise.  Whilst this study needs to be 

repeated with greater numbers, this implies the effect was unlikely to be EIH as classically 

described (Koltyn, 2000) as widespread analgesia would be expected.  Furthermore, the lack of 

bilateral effect would imply that widespread inhibitory drive was not the mechanism behind 

analgesia in PT with isometric exercise.  It is not known if these endogenous mechanisms are 

disrupted in tendinopathy.    

Modulation of noxious stimuli is influenced by a range of factors outside of the nociceptive 

characteristics.  Modulation of noxious stimuli by contextual factors has been demonstrated in a 

number of studies and can manipulate pain perception including both inhibition and 

enhancement (Moseley and Arntz, 2007).  The participants in the cross over study (Chapter 4) 

that examined isometric and isotonic exercise were provided with identical instructions 
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regardless of intervention (isometric or isotonic) thus it is unlikely that they had expectations of 

one type of contraction over the other.  Furthermore, there are no studies of this kind, nor are 

these muscle contraction types used extensively clinically (eccentric only exercise still dominates 

clinical practise) so it would also be unlikely they would present for the study with preconceived 

bias towards one type of muscle contraction over the other for its analgesic effect.  All testing 

was conducted in the same laboratory and the same time of day exactly 1 week apart to minimise 

the possible influence of circadian rhythms on pain that has been observed in other chronic 

nociceptive conditions (Bellamy et al., 2002) and stabilise the previous days loading, which also 

alters tendon pain (Kountouris and Cook, 2007).   

Padawer and Levine (1992) proposed that pre-testing the painful stimulus, (in Chapter 4-5 this 

would be the pain provocation test, the SLDS) causes the resultant reduction in pain in the post 

test (repeated SLDS) rather than the exercise intervention.  Their study, using a Soloman design 

where only some of the participants complete both pre and post test, provided compelling 

evidence to support this hypothesis.  However, the cross over design utilised in Chapter 4 

provided equal exposure of all participants to the SLDS testing.  If the induced analgesia was a 

pain test artefact, it would be expected that there would be no difference between the isometric 

and isotonic conditions.  Furthermore, based on this hypothesis, the NRS for the SLDS should be 

lowest 45 minutes after the exercise due to several exposures to the painful SLDS test when in 

fact it had returned to baseline in the isotonic condition. 

The immediate analgesic effect in the isotonic condition is consistent with the study by Koltyn 

and Arbogast (1998).  Similarly, they reported that pain perception (measured with PPT) 

returned to baseline within 15-20 minutes.  Given the lack of reduction in cortical inhibition 
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following the isotonic condition, it is possible that the mechanisms behind the analgesic effect 

were different for isotonic and isometric conditions. 

This is supported by Kosek & Ekholm (1995) who reported PPTs remained elevated in the 

recovery period following long duration isometric quadriceps contraction in healthy participants 

indicating an analgesic effect.  However, no study has previously compared isotonic and 

isometric exercise in a population with MSK pain for the immediate effect on pain.  

Furthermore, the literature has used sensory testing (usually PPT) as it is the only possible 

method in someone without a current pain condition.  The study in Chapter 4 is the first study to 

investigate the use of strength training for its immediate effect on a pain provocation test.   

7.2.3 Generalisability of isometric exercise in patellar tendinopathy to other tendons 

Interestingly, the protocol used by Kosek and Lundberg (2003) to investigate isometric exercise 

tested different contraction sites of the upper and lower limb.  Contraction of infrapsinatus but 

not quadratus femoris gave rise to additional activation of unilateral segmental nociceptive 

effects.  This implies there may be some upper and lower limb differences in endogenous 

modulation or sensory processing.  As PT was the focus of this thesis, the results may not be 

generalisable to other tendons, especially those of the upper limb.   

Some of the upper limb tendons, such as supraspinatus may have a different function and 

composition, for example the patellar tendon is an energy storage tendon and supraspinatus 

appears to be better defined as a positional tendon and these have been shown to have a different 

matrix structure (Screen et al., 2013).  Upper limb tendons have different motor and sensory 

representations and use profiles influenced by handedness, the upper limb neurons are shorter 

thus conduction time from the periphery is less and this may influence features such as wind-up 
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(Chapter 2).  However, these data may be reflective of other lower limb tendons such as the 

Achilles tendon, which is also an energy storage tendon.  The clinical utility of isometric 

exercise lies not only in its ability to induce analgesia immediately but for its immediate 

modulation of corticospinal control and warrants investigation in other tendons.     

7.3 Isometric exercise reduces cortical inhibition 

It is not known where along the neuroaxis that the nociceptive input was altered or modulated 

following the isometric muscle contraction protocol.  However, the reduction in pain following 

isometric exercise was paralleled by a release of cortical inhibition, in this case SICI, which 

partially supported hypothesis two.  This would imply an alteration in the number or intensity of 

inhibitory neurons synapsing on the corticospinal cells within the motor cortex or the amount of 

neurotransmitter (GABAA).  If we consider the pain adaptation model, this suggests a reduction 

in peripheral nociceptive input from the isometric contraction that enabled a release of SICI.   

Conversely, it is possible that isometric exercise may have caused a release of inhibition that 

altered muscle activation reducing nociceptive drive.  However, it does not appear that isometric 

exercise is purely exercised induced hyperalgesia in PT as discussed in the previous section as 

logically, you would expect to see bilateral pain reduction, and potentially but not necessarily, 

the same effect in the isotonic group.  In contrast, isotonic exercise showed no effect on SICI.  

The local analgesic effect indicates that the tendon, muscle and corticospinal pathway needed to 

be stimulated thus the precise changes at all these levels are unknown.  Furthermore, the 

increased cortical inhibition observed in people with PT prior to isometric exercise may be 

protective, so it would follow that this would only be released following a reduction in 

nociceptive drive. 
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The increased inhibition in people with PT contrasts to the study by Kittelson et al., (2014) who 

found no difference in SICI between people with knee OA and matched controls.  It is possible 

that the competing demands in PT of protection and optimal performance result in a different 

characteristic corticospinal response compared with OA where competing demands may be 

protection and function.  Participants with OA and matched controls were also older adults and 

thus may have age related changes in corticospinal control.   

 A single bout of isometric exercise reduced patellar tendon pain, however the cumulative effects 

of repeated bouts on pain and cortical control warranted investigation.  Furthermore, there were 

no efficacious rehabilitative options for athletes inseason.  Therefore, it was important to 

establish in a real world environment if repeated isometric exercise training was tolerated by 

athletes with PT inseason.  Isotonic exercise also showed a smaller but still significant analgesic 

effect and was therefore an appropriate comparator for an RCT.   

7.4 Isometric exercise induces greater analgesia than isotonic contractions inseason 

There are clear benefits to reducing pain immediately in an athletic environment where the 

primary goal is performance.  Whilst isometric and isotonic muscle contractions were both 

shown to reduce pain, isometric exercise resulted in increased immediate analgesia, which 

supported the study’s hypothesis.  Muscle contractions that cause greater immediate analgesia 

may be the athletes’ choice.   

Importantly, all of the studies in this thesis utilised principles of externally paced strength 

training to exploit the processes leading to neuroplasticity.  This contrasts with clinical practice 

where rehabilitation is traditionally self paced.  It stands to reason that current rehabilitation may 

not adequately address motor changes in PT.  However, it is also possible that isometric exercise 

(regardless of whether it is self or externally paced) reduces nociceptive drive and this alters 
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inhibition outside of plastic changes to cortical control.  Future studies should compare these 

training conditions (self paced and externally paced) to establish the mechanism behind changes 

in pain. 

7.5 Limitations of the thesis 

The greatest challenge and limitation of the studies in this thesis pertain to sample size.  Though 

TMS is non-invasive, it is uncomfortable and can be time consuming to conduct.  It can be 

difficult to schedule participants repeatedly at the same time of day and this is important to avoid 

the effect of circadian rhythms and also variations in tendon pain and tendon load.  For example, 

all participants who were included in the intervention studies and underwent repeated testing 

(Chapters 4-6) were tested on the same day of the week and time of day.  This meant their 

previous day loading was as stable as possible (i.e. following a volleyball game) as the 24 hour 

response to tendon load can influence SLDS pain substantially.  This ensured that any changes 

were associated with the intervention and not fluctuations in load.  In the cross over study 

(Chapter 4), the same timing of testing was used to ensure baseline SLDS scores did not vary 

week to week.  These were considered important variables to control, even in a pragmatic and 

clinically relevant study such as the RCT.  Study 2 was a cross over study to ascertain the effects 

by comparing each individual with themselves in two separate interventions as well as a baseline 

with no intervention.  Though it was robustly conducted, it would have been improved with 

greater numbers. 

Greater numbers would also enable detailed analysis of pain and pathology subgroups and their 

combinations on corticospinal control.  The LBP and stroke literature indicate that inter-

hemispheric inhibition and changes in the ipsilateral M1 are present in those conditions, thus 
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greater numbers of participants and the ability to collect inter-hemispheric measures would have 

enhanced the studies. 

The RCT used an auditory file for external pacing.  The rest period was not as long as the 

protocol for the acute cross over study.  The exercise was continuous, alternating from leg to leg 

and immediate change of leg was used to try to avoid participants fast-forwarding through an 

enforced rest period.  This reduced the rest period to 1 minute per leg compared with 2 minutes 

per leg, which should have been sufficient for muscle recovery but may have induced aspects of 

central fatigue (Gandevia, 2001, Taylor and Gandevia, 2008). 

Ideally, participants would have completed supervised training to check technique and assist 

with increasing their weights in the RCT.  However, this was not possible with 20 participants.  

The lack of individual supervision does mimic real life where athlete’s complete exercises 

unsupervised.  Further follow up testing sessions, especially with those that had undergone TMS 

testing, to establish the longer term effects of the interventions would have improved the study.  

The RCT was conducted towards the end of the volleyball season and many athletes do not 

continue to load their patellar tendons in the off –season so it would have also been interesting to 

retest TMS responses in their off-season to observe whether corticospinal changes from the 

intervention were retained.  A control group would have provided detail about how corticospinal 

control may or may not change over the course of a competitive season.   

The precision and consistency of TMS can be improved with equipment that ensures the location 

of stimulation is the same each time.  Participant’s heads were measured according to published 

protocols, an accepted criterion was used to establish AMT and each trial was repeated if 

rmsEMG was high or there was variability in the size of the MEP amplitude compared with other 
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trials at the same intensity, however such equipment would enhance the reliability of delivering 

the stimulus to the exact spot each time. 

A number of other factors including genetic variants are associated with tendinopathy and 

neuroplasticity, however this was outside the scope of this thesis.  Finally, the findings in these 

studies may not be generalisable to other tendons and further research is required. 

7.6 Clinical implications and strengths of the thesis 

The studies in this thesis investigated a novel concept in PT.  The corticospinal control of the 

quadriceps including the CSE and SICI was different to controls and modifiable with heavy, 

externally paced strength training.  Corticospinal control of the quadriceps would influence the 

load transmission to tendon in functional activities.  Differences compared with healthy controls 

may indicate an abnormal balance of CSE and SICI that may balance demands of protection and 

performance.  Addressing these changes may provide novel directions for rehabilitation.  

Conversely, these data may indicate that some people are vulnerable to PT due to pre-existing 

motor control differences and this would provide a basis for considering the risk factors for 

developing PT.  It is plausible that strength training may be used to modify nociceptive drive, 

which may in turn alter corticospinal control.  Merely addressing CSE or SICI without 

attempting to modify nociceptive drive in what appears to be a chronic nociceptive condition 

may be futile. 

There are a number of strengths of the studies in this thesis that enhance clinical relevance.  All 

studies in this thesis included athletes, and groups that were compared were matched for many 

important factors known to influence the M1, and timing of TMS sessions was tightly controlled 

to minimise changes in preceding load that may affect tendon pain and potentially TMS 

responses.  Substantial pilot testing was undertaken including measuring the effect of jumping 
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load on CSE in an active population as well as the interventions used throughout the studies.  

Therefore, these results may be considered reflective of athletes with PT and healthy jumping 

control participants and include interventions that are relevant to athletes playing and training 

with tendon pain.  Furthermore, Chapter 4-6 pertain to interventions conducted inseason.   

These are the first studies to demonstrate two efficacious strength training programs for inseason 

PT management.  This is also the first study to demonstrate an analgesic effect of isometric 

loading that may be used to reduce tendon pain but not reduce muscle performance.  This has 

immediate beneficial clinical implications. 

The interventions used in this thesis were not only pilot tested but based upon the tendon, muscle 

and neuroscience literature to try to optimise the protocols.  Importantly, externally paced, but 

not self paced strength training has been shown to alter corticospinal control of muscle in healthy 

people mainly via a release in SICI.  The alteration to corticospinal control, in particular changes 

to SICI in people with PT was demonstrated in this thesis following an intervention that used 

externally paced strength training.  All TMS testing and analysis were conducted blinded to 

group.  While sub-grouping reduced numbers, it also enhances the validity of the findings as the 

contralateral limb was never used as a control and separating unilateral and bilateral 

presentations of pain and pathology will enable an improved understanding of how these factors 

influence the M1.  In particular, Chapter 6 provides preliminary data to build on to test these 

potentially exciting new avenues for tendon rehabilitation.     

7.7 Conclusions and future directions 

Studies in this thesis found increased CSE and cortical inhibition responses of the M1 were 

associated with PT.  This may represent imbalanced corticospinal control of the quadriceps 

muscle, which may contribute to persistent altered motor control and invariability that has been 
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reported in PT.  It may have negative implications; changes to motor control may contribute to 

treatment resistance and symptom recurrence through aberrant load transmission to tendon.  

However it is also possible that the motor control changes reflect the complex demands for both 

performance and protection.  Differences in corticospinal control of muscle may exist in some 

individuals and this may precede tendon pathology or pain and contribute to an increased risk of 

developing pathology or pain, however the cross sectional study design used in this thesis did not 

enable cause and effect to be determined.  Future studies with prospective design may enable a 

better understanding of these factors.     

Isometric muscle contractions were more analgesic for PT than isotonic muscle contractions, and 

isometric contractions modulated SICI, which resulted in increased quadriceps MVIC torque.  

This finding has positive implications for clinical utility in PT as isometric muscle contractions 

may be used prior to sport to reduce pain without a decline in quadriceps MVIC (representative 

of muscle performance) and this warrants investigations in other tendons.  Furthermore, studies 

in this thesis also demonstrated two efficacious inseason programs though isometric exercise 

provided greater immediate analgesia thus may be the athlete’s choice. 

Finally, if external pacing is important in the rehabilitation of tendinopathy to address 

corticospinal drive to the muscle, we may need to change the way we prescribe strength based 

rehabilitation.  The parameters that stimulate muscle and tendon remain important, however, the 

precise application of these including the use of auditory or visual cueing would be equally 

important.   
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Appendix D. Publication: Do isometric and isotonic exercise 

programs reduce pain in athletes with patellar tendinopathy 

inseason? A randomised clinical trial  

 

Abstract 

Objectives: Many athletes with patellar tendinopathy participate in sports with symptoms 

during or after activities. Current treatments do not decrease pain inseason; eccentric 

exercises inseason result in an increase in pain. This study examined if isometric and isotonic 

exercises relieved pain in competing athletes with patellar tendinopathy. 

Design: Randomised clinical trial 

Methods: Jumping athletes with patellar tendinopathy playing at least three times per week 

participated in this study. Athletes were randomised into an isometric or isotonic exercise 

group. The exercise programs consisted of four isometric or isotonic exercise sessions per 

week for 4-weeks. Pain during a single leg decline squat (SLDS) on a Numeric Rating Scale 

(NRS; 0-10) was used as the main outcome measure; measurements were completed at 

baseline and at 4-week follow-up.  

Results: Twenty-nine athletes were included in this study. Median pain scores improved 

significantly over the 4-week intervention period in both the isometric group (Z=-2.527. 

p=0.012, r = -0.63) and isotonic group (Z=-2.952, p=0.003, r= -0.63). There was no 

significant difference in NRS pain score change (U = 29.0 p=0.208 r=0.29) between the 

isometric group (median (IQR), 2.5 (1-4.5)) and isotonic group (median (IQR), 3.0 (2-6)). 

Conclusions: This is the first study to show a decrease in patellar tendon pain without a 

modification of training and competition load and the first study to investigate isometric 

exercises in a clinical setting. Both isometric and isotonic exercise programs are easy-to-use 

exercises that can reduce pain from patellar tendinopathy for athletes inseason. 
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Introduction 

Patellar tendinopathy, also known as jumper’s knee, is an overuse injury of the patellar 

tendon that causes pain and dysfunction. It is a common injury in sports that involve 

explosive movements that load the extensor mechanism of the knee.
1
 High prevalence rates 

are reported in jumping sports such as volleyball and basketball (45% and 32% in elite 

athletes respectively).
1
  

Many different modalities are used for the treatment of patellar tendinopathy, however 

treatments like injections, shockwave and surgery require athletes to cease sporting activities 

2-4
. Exercise may be the best treatment for tendinopathies as histopathological changes and 

clinical improvements in pain and function have been demonstrated.
5
 Most studies have been 

conducted using eccentric exercise protocols
6-8

 and early studies showed positive results. 

However, eccentric exercises are not effective when used inseason and might even make 

symptoms worse in athletes with patellar tendinopathy.
7,9,10

 Moreover, when eccentric 

exercise was used prophylactically inseason in asymptomatic soccer players with pathology 

on imaging, there was a higher risk of developing a jumper’s knee.
11

  

Many athletes play with jumper’s knee symptoms and pain negatively affects capacity to train 

and perform in matches. They cope with their injury because pain often decreases after warm-

up but returns and is worse the day after activity. Isometric and isotonic exercises have the 

potential to decrease pain while continuing sport activities.
12,13

 Isotonic muscle contractions 

(heavy slow strength training 3-5 times per week) resulted in a significant reduction in pain 

after a 12-week program.
14,15

 Isometric exercises have been found to decrease tendon pain in 

athletes with patellar tendinopathy in the short-term (45 minutes).
16

 It is unknown if isometric 

exercises can decrease tendon pain over a longer period of time and if repeated isometric 

exercises are beneficial.  

The aim of this study was to examine whether isometric and isotonic exercises relieve pain in 

competing athletes with patellar tendinopathy. It was hypothesised that both isometric and 
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isotonic exercises would decrease pain in athletes with patellar tendinopathy inseason and that 

isometric exercises would decrease patellar tendon pain more than isotonic exercises.  

 

Methods  

This study was a randomised trial of two interventions – participants were randomly assigned 

to one of two exercise intervention groups. The study was approved by the Monash 

University Human Research Ethics Committee (MUHREC), Australia (CF12/0230 – 

2012000067). All participants provided written informed consent. This trial was registered in 

the Australian New Zealand Clinical Trial Registry (ACTRN12613000871741).  

 

Participants were volleyball and basketball players (16-32 years) playing or training at least 

three times per week, presenting with patellar tendinopathy diagnosed by an experienced 

physiotherapist. Inclusion criteria consisted of focal tendon pain at the inferior or superior 

pole of the patella and a history of exercise associated knee pain at the same spot. Exclusion 

criteria were existence of other knee pathology, previous patellar tendon rupture, previous 

patellar tendon surgery, inflammatory disorders, metabolic bone diseases, type II diabetes, 

use of fluroquinolones or corticosteroids in the last 12 months, known familial 

hypercholesterolemia and chronic pain conditions.  

 

Players from Victorian volleyball leagues and basketball leagues who played or trained at 

least three times per week were approached at their game or training venue. After baseline 

measurements were performed, participants were given an exercise program. Participants 

were randomised to an exercise program by the draw of a sealed opaque envelope from 40 

identical envelopes that were randomised using a randomisation table created by computer 

software (20 in each group). The program was demonstrated (including repetition maximum 

testing) at the gym where they were going to perform their exercises. Every week participants 
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were followed-up in person or by phone, asking participants if they encountered any problems 

with the exercise program. After the 4-week exercise program baseline measurements were 

repeated.  

 

Both groups performed a 4-week exercise program with exercises performed four times per 

week. The isometric and isotonic exercise program were matched for time under tension and 

rest. Pilot testing was used to ensure that the protocols were matched for rate of perceived 

exertion. The isometric exercise consisted of 5 x 45 second single leg isometric contractions 

of each leg on a leg extension machine. Isometric contractions were performed at 80% of 

maximal voluntary contraction with a knee joint angle of 60 degrees.  

Isotonic exercise consisted of four sets of eight repetitions of single leg isotonic contractions 

of each leg on a leg extension machine. Isotonic contractions consisted of a three second 

concentric phase immediately followed by a four second eccentric phase and were performed 

on 80% of 8 repetitions maximum. After performing the exercises for each leg, participants 

rested for 15 seconds before continuing with the first leg again.   

Weight was increased by 2.5% every week if possible. If pain was experienced during an 

exercise or if participants were not able to complete their repetitions with proper execution 

(e.g. shaking during the contraction), they were instructed to lower the weight for the 

following repetitions and complete the entire session (equal time under tension). Audio files 

that counted the timing of the exercises were provided for use during their exercises to 

standardise the speed of repetition and rest and therefore time under tension for all 

participants.  

 

The primary outcome measure was pain during a single leg decline squat (SLDS) scored on a 

numeric rating scale (NRS) (0 -10), which is a provocative clinical test to monitor tendon 

pain.
17,18

 The VISA-P, a questionnaire on pain and function of the knee,
19

 was also completed. 

The score on the VISA-P ranges from 0-100, 100 being a completely asymptomatic and fully 

functioning athlete. Participants were asked about their average tendon pain compared to the 
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beginning of the exercise program on a global rating of change scale from very much worse (-

4) to very much better (+4). 

All outcome measures were administered at baseline and four weeks later at the end of the 

program. Only the worst knee was used in the analysis of the data in athletes with bilateral 

patellar tendinopathy.  

NRS pain scores on the SLDS had a non-normal distribution, and non-parametric tests were 

used to test for differences. A Wilcoxon signed rank test was conducted to test for differences 

between baseline and follow-up measurements for NRS pain score during SLDS within each 

group. A Mann-Whitney U test was used to test for differences between the isometric and 

isotonic intervention group. As secondary analyses, the same tests were performed for the 

VISA-P score. Analyses were conducted using IBM SPSS Statistics 20 software and an alpha 

of 0.05 was considered significant.  

 

Results 

Participants were included in the trial between August 2013 and July 2014 (Figure 1). 

Thirteen participants were randomised to the isometric group and 16 to the isotonic group. 

Group characteristics did not differ at baseline (Table 1) and mean adherence to the exercise 

program was 81%. Median pain scores improved significantly over the 4-week intervention 

period within the isometric group (Z=-2.527. p=0.012, r = -0.63) and within the isotonic 

group (Z=-2.952, p=0.003, r= -0.63) (Table 2). There was no significant difference in NRS 

pain score change (U = 29.0 p=0.208 r=0.29) between the isometric group (median (IQR), 2.5 

(1-4.5)) and isotonic group (median (IQR), 3.0 (2-6)) (Table 2). Median VISA-P scores also 

improved significantly over the 4 week intervention period within the isometric group (Z= -

2.201, p=0.028, r=-0.55) and within the isotonic group (Z=-2.952, p=0.003, r=-0.66). There 

was no significant difference in VISA-P score change (U = 39.5 p=0.965 r=-0.01) between 

the isometric group and isotonic group (Table 2). The median perceived global rating of 



 29 

change (-4 to +4) for tendon pain at follow-up compared to pre-intervention was +2.3 (2.0-

3.0). 

 

Discussion 

This study showed a decrease in pain in athletes with patellar tendinopathy during a season 

with both isometric and isotonic exercises. The VISA-P also showed a significant 

improvement over time, which indicates that not only pain but also function of the knee 

improved in this population. No significant difference between the isometric and isotonic 

exercise group was found. 

In the field of tendinopathy, where exercise is the primary and most effective treatment 

available,
20,21

 relatively few studies have been conducted on exercise programs for patellar 

tendinopathy.
22

 Improvements in pain have been reported when strength exercise/training is 

used as rehabilitation. Kongsgaard et al
14

 showed a similar improvement in pain after 12 

weeks of heavy slow strength training as our study. After 6 weeks of a heavy slow isotonic 

exercise rehabilitation program, Cannell et al
15

 also found a decrease in pain. Other studies 

have focussed on eccentric exercises as rehabilitation, and these exercise protocols also 

relieved pain in non-competing athletes.
7,23,24

 Eccentric exercise inseason has no effect or 

even worsens patellar tendinopathy symptoms.
7,9,10

 The findings of our study using isotonic 

and isometric exercise are in contrast with eccentric exercises inseason. 

Previous studies investigating short-term effects of isometric and isotonic exercises on 

(tendon) pain
12,16

 have found a decrease in pain post exercise. Isometric exercises resulted in a 

significant decrease in tendon pain and cortical inhibition (present at elevated levels in 

patellar tendinopathy); pain relief lasted for at least 45 minutes after isometric exercises, 

while a much smaller decrease in pain and no change in cortical inhibition was found after 

isotonic exercises.
16

 In contrast to these studies on the acute effects of isometric and isotonic 

exercise, our study found no difference between isotonic and isometric exercise after 4 weeks. 

Previous studies suggest it may be that isometric exercises have a greater effect in reducing 
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acute pain, while isotonic exercise may cause a more gradual decrease in pain.
15,16

 How 

exercises affect pain is still unclear. An ongoing debate about pain in (patellar) tendinopathy 

exists; it is still unclear if pain is physiological or pathophysiological or a combination in 

patellar tendinopathy.
25

 

 

Our study has an important contribution to the conservative management of patellar 

tendinopathy, in particular for inseason athletes with patellar tendinopathy. It also confirms 

the recent shift in the literature away from isolated eccentrics for the rehabilitation of patellar 

tendinopathy.
26,27

 More high quality research in this field is needed to find the best treatment 

strategy for every phase of tendinopathy.
28

  

The dosage and type of exercise are important characteristics of an exercise program. A high 

percentage of repetition maximum (RM) has been used in our study for the isometric (80% 

1RM) as well as the isotonic exercises (80% 8RM). Beneficial effects from physical training 

for tendons require high load per repetition.
29

 Furthermore, a high percentage of RM in leg 

extension exercises has been shown to improve muscle strength and neural activation.
30

 The 

leg extension machine was used to isolate the load through the rectus femoris and patellar 

tendon as much as possible. The optimal dosage and loading strategy to reduce tendon pain 

still have yet to be determined. Despite the positive effect of exercise for tendinopathy, both 

in research labs and in the clinic, the precise mechanism of effect has not yet been determined 

and further research is required.  

 

Our study had relatively small numbers in the intervention groups. Despite small group sizes, 

we found significant improvements in pain scores in both groups. There were no data on 

which to base an a priori sample size calculation, as this was the first study to compare these 

exercise programs. The group sizes in this study are similar to other studies investigating 

exercise programs for patellar tendinopathy.
22

 The 4-week follow-up was relatively short as 

the study was designed to investigate if an (initial) decrease in patellar tendon pain could be 
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achieved in competing athletes. Another limitation was that sessions were not supervised and 

no random checks for compliance in the gym were performed. This was a real-life study, 

supervision of all patients was therefore not feasible and it reflects what is done in clinical 

practice. The chance to successfully implement the exercise programs in practice with a high 

adherence of the patient might also be greater than in studies with a more controlled 

environment.  

Conclusion 

This study was, to our knowledge, the first to find positive results for athletes with patellar 

tendinopathy without modification of the training and competition load and it was the first 

study to investigate isometric exercises in a clinical setting. Both isometric and isotonic 

exercise programs can reduce pain and improve function in athletes with patellar 

tendinopathy inseason.  

 

Practical implications 

 This study shows that isometric and isotonic exercises can decrease pain in athletes 

with patellar tendinopathy inseason. 

 The exercises are easy to perform and also have the advantage over conventional 

eccentric training that they are less time-consuming for the athlete.  

 The programs should be applied in a situation in which an athlete has pain inseason 

or in the first weeks after a patient comes to a sports medicine/physiotherapy clinic 

with patellar tendinopathy symptoms. 

  Pain decrease in the relatively short term possibly increases the adherence of 

patients with a program and reduces the chance of transition to invasive and more 

expensive treatments. 
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Table 1. Characteristics of the population  

Characteristics 

 

Isometric group 

 n=13 

Isotonic group  

n=16 

Total 

n=29 

Age, yr 

mean ± SD (range) 

22.9 ± 4.9 (16-30) 23.1 ± 4.7 (17-32)  23.0 ± 4.7 (16-32) 

Sex (male/female) 12/1 15/1 27/2 

Duration of symptoms, months  

mean ± SD (range)  

30.8 ± 26.1 (1-84) 39.6 ± 39.1 (1-120) 35.8 ± 33.8 (1-120) 

BMI, kg/m
2 

mean ± SD (range)
 

23.7 ± 2.0 (19.8-26.5) 24.2 ± 3.7 (18.9-34.7) 24.0 ± 3.0 (18.9-34.7) 

Unilateral/bilateral symptoms 6/7 7/9 13/16 
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Table 2. Main outcome measures at baseline and follow-up for the intervention groups and 

total population. 

measurements Isometric group Isotonic group Total 

NRS pain SLDS – 

baseline  

median (IQR) 

6.3 (5.3-7.0) 

n=8 

5.5 (4.0-6.0) 

n=11 

6.0 (4.0-7.0) 

n= 19 

NRS pain SLDS – 

4wk 

median (IQR) 

4.0 (2.0-5.0)* 

n=8 

2.0 (1.0-3.0)* 

n=11 

2.0 (2.0-3.8)* 

n=19 

VISA-P – baseline 

mean ± SD (range) 

63.1 ± 22.4 (13-88) 

n=8 

66.6 ± 12.1 (46-83) 

n=10 

65.1 ± 16.9 (13-88) 

n=18 

VISA-P – 4wk 

mean ± SD (range) 

76.1 ± 17.0
^
* (41-

100) 

n=8 

78.7 ± 13.3* (59-98) 

n=10 

77.6 ± 14.7* (41-

100) 

n=18 

Number of exercise 

performed per week, 

median (IQR) 

3.0 (2.5-3.9) 

n=9 

3 (2.75-3.75) 

n=11 

3.1 (2.8-3.8) 

n=20 

Tendon pain change 

compared to pre-

intervention on GRC 

(-4 - +4), median 

(IQR) 

+2.5 (.5-3.0) 

n=9 

 

+2 (2-3) 

n=11 

+2.3 (2.0-3.0) 

n=20 
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* Significant difference from baseline (p<0.05) 
^
Minimal clinical important difference from 

baseline 

IQR = Inter quartile range, GRC = global rating of change scale  
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Appendix E. Publication: Heel pain a practical approach 

  



 40 

  



 41 

  



 42 

  



 43 

  



 44 

  



 45 

Appendix F. Publication: Does the adolescent patellar tendon 

respond to five days of cumulative load during a volleyball 

tournament? 
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Appendix G. Publication: Relationship between compressive loading 

and ECM changes in tendons 
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Appendix H. Publication: Junior Australian football injury research: 

Are we moving forward? 
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Appendix I. Publication: The epidemiology of injury for an elite 

junior Australian Football cohort 
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Appendix J. Publication: The relationship between pre-season fitness 

testing and injury in elite junior Australian football players  
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Appendix K. Publication: The juxtaposition of science and medicine 

in sport. 
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Appendix L. Publication: Patellar tendinopathy 
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review and meta-analysis  
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Abstract 

Background: Tendon pathology and tendinopathy have been reported in children and adolescents; 

however, the age of onset and prevalence of the conditions have not been examined systematically. 

Objective: To examine the prevalence of lower limb tendon pathology and tendinopathy in children 

and adolescents and the factors associated with the conditions in this population. 

Methods: Six databases were searched (Medline, CENTRAL, EMBASE, Scopus, Web of Science and 

AMED). Studies were included if the prevalence of lower limb tendon pathology and/or tendinopathy 

were reported in humans under the age of 18. Studies were divided into method of diagnosis (physical 

examination, ultrasound and questionnaire) and further into studies that reported prevalence data by 

tendon (reported two data points (right and left) for each participant) and those that reported prevalence 

data for participant (reporting one data point (right or left) per participant). 

Results: Sixteen studies met the inclusion criteria. Lower limb tendinopathy prevalence (presence of 

pain and dysfunction) ranged between 8.2% and 33.3%, and increased in prevalence as age increased 

up to 18 years. The odds ratio for studies reporting tendinopathy by tendon was 0.37 [0.20, 0.69] in 

favour of boys presenting with tendinopathy. Study aims and reporting methods were heterogeneous.  

Conclusions: The onset age of lower limb tendinopathy in children and adolescents has not been 

widely studied. The systematic review found that tendinopathy is present in children and adolescents 

and increased in prevalence with age up to 18 years. Male sex was significantly associated with 

tendinopathy in studies that reported tendinopathy by tendon.  

 

 

Key points 

 Lower limb tendon pathology and tendinopathy is present in children and adolescents, which 

coincides with the ages of puberty and biological maturation. 

 Male sex is significantly associated with tendinopathy in studies that reported tendinopathy by 

tendon. 

 The findings indicate a need for longitudinal investigations into age of tendon pathology and 

tendinopathy onset, as well as further research into whether puberty is associated with tendon 

pathology and tendinopathy development. 
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Introduction 

Tendinopathy is a debilitating musculoskeletal condition in the work place and on the sporting field 

that can result in substantial morbidity and disability [1-4]. Tendon pathology is the term used for the 

presence of tendon injury seen on clinical imaging, and can occur with or without pain (Fig1)[1, 3]. 

Tendon pathology in the presence of pain is known as tendinopathy [1, 5, 6]. For the purpose of this 

systematic review the term tendon pathology will refer to tendon injury diagnosed on imaging 

(hypoechoic areas or vascularity on ultraound), irrespective of the clinical diagnosis. The term 

tendinopathy will only include those clinically diagnosed with tendon pain with or without pathology. 

Tendinopathy is defined as the clinical syndrome of pain and dysfunction within a tendon, and while it 

is currently the preferred term used to describe symptomatic tendon pathology [3], other terms have 

been used to describe this presentation in the past [1, 5]. Tendonitis was the term originally used to 

describe an inflamed and painful tendon [5, 7, 8], however this definition assumes the injury is 

accompanied by an inflammatory response [1]. A number of histopathological, biochemical and 

molecular research papers have reported the limited inflammation, with the lesion best described as 

non-inflammatory tendinosis [8]. Inflammation has rarely been shown to be a leading component of 

tendon pathology however it may be a characteristic at some point [9]. The term tendinopathy is 

therefore recommended for the clinical presentation of tendon pathology [5, 7, 8]. 

Ultrasound and magnetic resonance imaging are commonly used to diagnose tendon pathology [10], 

and ultrasound has been found to be a valid measure of tendon pathology [1, 11]. The presence of 

abnormalities (hypoechoic areas or vascularity) is not always associated with tendinopathy because 

asymptomatic pathology exists in a large proportion of the active population [12]. Therefore ultrasound 

diagnosis of tendon pathology will give a different prevalence rate to diagnosing tendinopathy by 

recording pain and dysfunction through physical examination and questionnaires. Further 

inconsistencies in tendinopathy diagnosis can exist due to tendon pathology and pain occurring at 

different areas of the muscle-tendon-bone complex.  

A common area for a tendon to be injured in adults is at its bony insertion [13]. This is known as the 

enthesis, or osteotendinous junction, and is the site of concentrated force between the tendon and bone 

[13, 14]. In children, an apophysis is a growth centre at the osteotendinous junction. Apophyseal 
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injuries are common (apophysitis), particularly during development, however they are different to 

injuries that occur at the enthesis (enthesopathy) in adults [13, 15].  

At the patellar tendon, injury occurs at both bony ends of tendon; the enthesis in adults or apophysis in 

children. Tendon injuries also commonly occur at the Achilles, tibialis posterior, hamstrings, 

supraspinatus and both the flexor and extensor tendons of the elbow [7]. Tendon pathology and 

tendinopathy commonly occur later in life in the supraspinatus tendon and extensor tendons of the 

elbow [16-19], however this is not true of all tendons. Pathology and tendinopathy in the Achilles and 

the patellar tendons have been reported earlier in life among athletes [20-23].  

The prevalence of tendon pathology and tendinopathy in children has been poorly investigated. 

However recent cross-sectional and prospective studies have reported cases of both patellar tendon 

pathology and tendinopathy between the ages of 14 – 19 years [23-25]. Gisslen et al. [25] reported 

patellar tendon pathology in 39.2% of 14 – 18 year old volleyball players, and diagnosed patellar 

tendinopathy clinically in 14.2% of the same population. Although puberty usually begins just prior to 

these ages, the most significant physical growth and development occurs during the adolescent years 

[26]. 

Biological development occurs at different ages in boys and girls. Girls typically reach puberty 

between the ages of 9 – 13 years, while boys are generally later to reach puberty (10 – 14 years) and 

two to three years later to complete it [26, 27]. More recently, studies into children and adolescents 

have been investigating the role of puberty in sports injury and performance to establish if it is a more 

reliable determinant than age alone. A six-year prospective study by Johnson et al. [28] investigated 

growth and developmental factors associated with injury in elite schoolboy soccer players and found 

that skeletal age is a factor in injury. Similarly Gastin et al. [29] investigated junior Australian football 

players and discovered that running fitness, speed, and functional performance all increased 

significantly with biological maturity. With tendon load and sex as known risk factors for tendinopathy 

[3], puberty should be investigated in tendon development. 

As a result, there is a need to systematically review the current literature on tendon pathology and 

tendinopathy in children and adolescents. Determining the age at which onset of pathology and 

symptoms occur, as well as synthesising current data on risk factors for tendon pathology and 
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tendinopathy in children and adolescents would enable future studies to target the populations most at 

risk of tendon pathology and tendinopathy.  

The impact of puberty, sex and age on the development of tendon pathology and tendinopathy is not 

clear. This review seeks to synthesise existing knowledge of tendon pathology and tendinopathy in 

children and adolescents, and investigate if the age of development of these conditions is known. 

The primary aim of the systematic review was to examine the age lower limb tendinopathy and tendon 

pathology was reported in children and adolescents. The secondary aims were to examine if puberty or 

gender were associated with the development of lower limb tendinopathy in children and adolescents.  

 

Methods 

Search strategy 

The electronic literature search was conducted in June 2014, utilising the entire holdings of Medline, 

CENTRAL, EMBASE, Scopus, Web of Science and AMED to identify studies examining 

tendinopathy and/or tendon pathology in children and adolescents. No limitations were applied to 

publication year, however only studies in English were considered. The medical subject headings used 

included tendon injuries and tendinopathy and plain text searching used (Tend#nopath*, Tend#nitis, 

Tend#nos#s, (Jumper* ADJ1 Knee*), (Tendon ADJ1 Pain*), (Tendon ADJ1 Strain*), Child*, 

Adolescent*, Prepubescent*, Peripubescent*, Postpubescent*, Pubescent*, Youth*, Teen*) as given in 

Online Resources 1 and 2. Articles were imported into referencing software (Endnote X7.1, Thomson, 

New York, NY). 

Eligibility criteria 

Case series, case reports and case studies were excluded. To be eligible, a study had to have more than 

80% of participants under the age of 18 years and report prevalence data on lower limb tendinopathy in 

humans. Studies were excluded if their population all had pathology (eg: studies on treatment), or 

where no baseline prevalence data could be extracted. Studies were also excluded if the cause of 

tendinopathy was related to medication/drug, congenital conditions, trauma or systemic condition. If 

multiple publications occurred using the same population, the study that had the largest participant 

number was used. If the number of participants were the same, the most recent study was included.  
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Quality assessment 

Methodological quality was examined with a quality assessment tool that was developed by the authors 

to identify sources of bias in the four study designs (cohort, cross-sectional, case-control, and a 

prospective case-control). It was designed with reference to the Critical Appraisal Skills Programme 

[CASP] [31], Downs & Black [32] and the PEDro Scale [33] as shown in Online Resource 3. The 

papers were assessed by one reviewer (MS). Scores were represented as a percentage as three questions 

were not applicable to cross-sectional studies. 

Data extraction 

Data were extracted from the included papers by one researcher (MS). In prospective studies that 

examined onset of tendinopathy, baseline and follow up data were included. In prospective studies that 

investigated treatments or risk factors, only baseline prevalence data were extracted.  

Statistical analysis 

Meta-analysis for age of tendinopathy onset was not possible as the papers were heterogeneous in data 

measured and reported. Where possible the mean, standard deviation and range of the participants’ age 

were synthesised to address the review’s primary aim. To ensure that diagnosis did not bias the 

findings, the papers were separated by their method of diagnosis that included physical examination, 

ultrasound imaging, questionnaire or a combination of methods. Studies that reported prevalence data 

for each tendon (reported two data points (right and left) for each participant) and those who reported 

prevalence data for participant (reporting one data point (right or left) for each participant) were also 

separated for analysis [34]. Due to the diverse study periods and designs, only baseline data from 

prospective studies were synthesised. 

 

Results 

The search of six databases yielded 696 unique papers from which 669 were excluded based on tit le 

and abstract using the inclusion and exclusion criteria. The remaining 27 papers were obtained and read 

in full; eleven did not meet the inclusion criteria and were excluded leaving 16 papers included in the 

review ([12, 21-25, 30, 35-43], Fig2). The studies scored from 44% to 100 % on the quality assessment 

tool, indicating variability in the quality of included studies.  



 108 

Six studies utilised a longitudinal cohort design [21, 23, 25, 35, 37, 41] that followed participants 

prospectively from 7 months to 3 years. Four studies were of cross-sectional study design [22, 38, 39, 

43]; six were case-control studies [12, 24, 30, 40, 42], one of which followed participants prospectively 

over one year [36]. Of the studies included, five examined basketball players [12, 24, 35, 37, 38], five 

examined volleyball players [23, 25, 30, 41, 42] and two studies evaluated dancers [22, 43]. The 

remaining four studies included participants in skiing [36], American football [21], figure skating [39] 

and general activity ([40], Table 1). 

The methods of diagnosis included ultrasound, physical examination and questionnaire. This was 

dependent on the study’s intended outcome, which varied between using imaging to diagnose all 

tendon pathology in basketball players, to reporting prevalence of self-reported injuries in sport. These 

different diagnostic strategies provided very different prevalence rates (Tables 2-5).  

Primary outcomes 

Five papers diagnosed tendinopathy using physical examination, their diagnostic criteria differed yet 

was primarily based around provoking tenderness and pain when palpating the tendon ([21, 22, 35, 36, 

40], Table 2). The prevalence ranged from 8% to 33%, while the age of participants ranged between 14 

and 20 years. The mean age and tendinopathy prevalence were plotted for all five studies, which 

suggested that tendinopathy prevalence increased with age up to 18 years (Fig3).  

Two papers investigated tendon pathology using ultrasound [12, 37]. Neither paper reported outcomes 

by age and the prevalence of pathology ranged from 19% to 36% (Table 3). 

A questionnaire was used by two papers to investigate the type and prevalence of injuries among junior 

elite figure skaters and dancers ([39, 43], Table 4). Both questionnaires requested information on past 

or present injuries (frequency, site and type) and training history. Due to the nature of the studies, 

neither described the method used for tendinopathy diagnosis and subsequently scored poorly on the 

quality assessment. The prevalence of tendinopathy ranged from 19% to 36% between the ages of 14 

and 18 years. 

Seven papers investigated tendinopathy and tendon pathology diagnosed by physical examination and 

ultrasound [23-25, 30, 38, 41, 42]. Extracted data were synthesised with data from other papers by age 

range and tendinopathy prevalence. There was a higher prevalence of tendon pathology identified on 
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US compared to tendinopathy clinically diagnosed, demonstrated by the seven papers that investigated 

both pathology and tendinopathy (Table 5, Fig4).  

3.2 Secondary outcomes 

Seven papers investigated the association between gender and tendinopathy and were synthesised in a 

meta-analysis. Four of the papers reported prevalence using two data points per participant (by tendon), 

whilst three papers reported prevalence using one data point per participant (by participant). The odds 

ratio for studies reporting tendinopathy by tendon was 0.37 [0.20, 0.69] in favor of boys presenting 

with tendinopathy (Fig5). The odds ratio for the three studies investigating tendinopathy by participant 

was not significant. No studies reported data on puberty or biological age of participants.  

 

4 Discussion and limitations 

This review showed that children and adolescents can have tendon pathology and tendinopathy, and 

that the prevalence of tendinopathy was significantly higher in boys when investigated by tendon. 

When investigating by participant, the relationship was not significant. No studies reported data on 

puberty.  

With a significant difference in tendinopathy shown between boys and girls when analysing data by 

tendon, and with no significant difference when analysing data by participant, boys may be more likely 

to develop bilateral symptoms than girls. This finding is in contrast to studies on adult tendinopathy 

[44]. Cook et al. [44] examined unilateral and bilateral tendinopathy between men and women and 

found no differences between men and women for bilateral symptoms, but instead found men to be 

twice as likely as women to have unilateral patellar tendinopathy [44].  

However the analysis of data by limb rather than by person (use of both tendons as data) has limitations 

[34]. Statistical analysis relies on each data point representing an independent unit however this is 

compromised if multiple data points are collected from the same person, which is what occurred in six 

of the 16 included papers. There are systemic factors that relate to both limbs in tendinopathy and 

instead of doubling the sample size, the independence assumption is compromised [34]. Analysing data 

by limb can result in an over-reporting bias and the significance of boys having more tendinopathy has 

to be questioned due to the method of data analysis. 
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4.1 Heterogeneity 

The difference in diagnostic criteria between studies made it difficult to synthesise findings. Six of the 

16 papers reported data from each tendon while the remaining ten papers recorded one data point per 

participant (either right or left). Two papers that investigated tendon pathology diagnosed with US also 

used the same sport and age group yet reported a different prevalence of tendon pathology. The 

prospective imaging study by Cook et al. [37] reported a prevalence of tendon pathology in 19% of 

tendons, while the cross-sectional study by Cook et al. [12] investigated pathology by participant and 

calculated the prevalence of tendon pathology as 36%. Diagnosing and reporting tendon pathology data 

by tendon instead of by participant may have contributed to the difference between these two findings. 

An alternate explanation may be the difference in sex distribution between studies, with the prospective 

imaging study by Cook et al. [37] recruiting 8 boys and 18 girls compared to the cross-sectional study 

by Cook et al. [12] which recruited 71 boys and 64 girls.  

There was considerable variation in reported tendon pathology and tendinopathy prevalence between 

the 16 studies. This may have been due to the broad age ranges investigated by the studies (from 8 to 

20 years). Tendon pathology was more prevalent than symptomatic tendinopathy, which supports 

previous studies that describe asymptomatic tendon pathology [2, 23, 37, 44]. This is demonstrated by 

the seven studies that investigated tendinopathy through both methods of diagnosis. Gisslen & 

Alfredson [25] reported the prevalence of symptomatic tendinopathy identified on physical 

examination to be 14%. For that same population, tendon pathology was identified on ultrasound in 

39% of the tendons examined. Similarly, Visnes et al. [23] reported tendinopathy prevalence in 10% of 

the population, whilst tendon pathology was reported at 29%.  

Cook et al. [44] showed in a prospective study that not all tendons with pathology on US will become 

symptomatic, however many studies have shown an increased risk of developing symptoms if you have 

tendon pathology [2]. The prevalence of adult tendinopathy in high loading sports such as volleyball 

and basketball, is estimated between 40-50% [45-47], which is similar to the US results of the Gisslen 

& Alfredson [25].  

Not all studies aimed to examine the prevalence of tendinopathy or tendon pathology. Some studies 

aimed to examine sporting injuries in general
 
[21, 22, 36, 39, 40, 43]. Aside from Galanty et al. [40], 

these studies reported substantially lower prevalence than studies that investigated tendon pathology 
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and tendinopathy alone. Studies investigating sporting injury may have underestimated the prevalence 

of tendon pathology and tendinopathy as the methods of diagnosing injury are not sensitive to tendon 

symptoms. However Galanty et al. [40] reported a tendinopathy prevalence of 33.1% despite 

investigating all injury prevalence and type. This prevalence was greater than many papers that 

investigated tendinopathy and tendon pathology alone [24, 25, 37, 41, 42] and may be attributed to the 

recruitment bias [40]. The study advertised a no charge consultation, diagnosis and rehabilitation 

advice by a qualified physician and it was possible that students would volunteer if they already had 

knee pain.  

4.2 Tendon load 

Tendon load is a known risk factor for tendon pathology and tendinopathy [48, 49] and tendon load 

may have varied between the study populations and affected the prevalence of tendon pathology and 

tendinopathy. The prevalence of adult tendinopathy in jumping sports has been reported to be between 

40% and 50%
 
[45-47]. Studies by Cook et al. [12] and Gisslen & Alfredson [25] reported the 

prevalence of tendon pathology between 36% and 39% in high loading (basketball and volleyball) 

adolescents. In contrast, the study by Le Gall et al. [21] investigated American football and identified a 

tendinopathy prevalence of 8%. American football typically has a lower prevalence of patellar 

tendinopathy compared with volleyball and basketball players [50], again possibly attributed to less 

jumping load.  

4.3 Implications for future research 

Few studies have investigated tendon pathology and tendinopathy development in children and 

adolescents. The systematic review identified the need for longitudinal investigations into age of 

tendon pathology and tendinopathy onset in children and adolescents, as well as further research into 

whether puberty is associated with tendon pathology and tendinopathy development. The review also 

emphasised the need for a clear set of guidelines in terms of diagnosing tendinopathy. This would then 

allow for a more synthesis of results across studies. Further investigation also needs to be conducted 

into whether tendinopathy is primarily a bilateral or unilateral condition, and what risk factors 

predispose people to developing tendinopathy in both or one side. Up to this point, few studies have 

investigated the long-term effects of tendon pathology, as identified on ultrasound imaging, and its 

likelihood of progressing to symptomatic tendinopathy in children and adolescents. Prospective cohort 

studies are required to further answer this question.  
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Future studies should aim to consolidate current patellar tendon pathology literature in children and 

adolescents due to the prevalence and morbidity of this condition. Investigating not only patellar 

tendon pathology but also the development and maturation of the patellar tendon through puberty, will 

enable a better understanding of the condition, and help with future prevention and treatment in 

children and adolescents. 

 

5 Conclusion 

The onset age of tendon pathology and tendinopathy in children and adolescents has not been widely 

studied. The systematic review of current literature suggests that tendinopathy is present in children 

and adolescents and differs in prevalence across these ages. Male sex was significantly associated with 

tendinopathy in children and adolescents in studies that reported prevalence by tendon. Further 

research is needed to determine the role that puberty plays in tendinopathy development. As this 

systematic review demonstrates the presence of the conditions during the developmental years, tendon 

pathology and tendinopathy may occur much earlier than previously thought, in which case future 

research could prevent the progression of tendinopathy at a much earlier stage. 
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Tables 

Table 1: Study characteristics and key findings of included papers 

Study Method of 

diagnosis 

QA Study design Sport Tendon Cohort 

size 

Sex Key findings 

Backman 

(2011) 
PE 89% Cohort study Basketball 

Patellar 

tendon 
75 Both 

Patellar tendinopathy was present in junior elite basketball 

players, more so in those with low ankle dorsi flexion 

range.  

Bergstrom 

(2001) 
PE 83% 

Case-control – 

prospective 

study 

Skiing 
Patellar 

tendon 
45 Both 

“… jumper’s knee seemed to be related to growth and an 

increased level of activity.” Page 148* 

Galanty 

(1994) 
PE 75% 

Case-control 

study 

Not 

specified 

Patellar 

tendon 
142 Both 

Tendinopathy was present in children and adolescents, 

more so in the active population. 

Steinberg 

(2011) 
PE 78% 

Cross-

sectional study 
Dance 

Achilles 

tendon 
1336 Female 

Tendinopathy was present in children and adolescent 

dancers. 

Le Gall 

(2007) 
PE 44% Cohort study 

American 

football 

Achilles, 

patellar and 

adductor 

tendons 

233 Male 

Tendinopathy was present in children and adolescent 

American football players. 

 

Cook (2004) US 89% 
Case-control 

study 
Basketball 

Patellar 

tendon 
135 Both 

Asymptomatic tendons (sonographic changes) were shown 

to progress to symptomatic tendinopathy. 

Cook 

(2000)b 
US 78% Cohort study Basketball 

Patellar 

tendon 
26 Both 

Tendinopathy and tendon changes were present in junior 

elite basketball players. 
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Table 1: (Continued) 
 

Study Method of 

diagnosis 

Quality 

assessment 

Study design Sport Tendon Cohort 

size 

Sex Key findings 

Gisslen 

(2005)a 
PE and US 100% Cohort study Volleyball 

Patellar 

tendon 
60 Both 

Tendinopathy and tendon changes were present in 

children and adolescent volleyball players, more 

prevalent in males. 

Gisslen 

(2007) 
PE & US 100% Cohort study Volleyball 

Patellar 

tendon 
22 Both 

Tendinopathy and tendon changes were present in 

children and adolescent volleyball players.  

Cook 

(2000)a 
PE and US 92% 

Case-control 

study 
Basketball 

Patellar 

tendon 
163 Both 

Tendinopathy and tendon changes were present in 

junior elite basketball players, more prevalent in boys 

Gisslen 

(2005)b 
PE and US 92% 

Case-control 

study 
Volleyball 

Patellar 

tendon 
112 Both 

Tendinopathy and tendon changes were present in 

children and adolescent volleyball players, more 

prevalent in males. 

Toprak 

(2012) 
PE and US 92% 

Case-control 

study 
Volleyball 

Patellar 

tendon 
120 Female 

Tendinopathy and tendon changes were present in 

junior elite female volleyball players. 

Cook (2001) PE and US 78% 
Cross-

sectional study 
Basketball 

Patellar 

tendon 
163 Both 

Tendinopathy and tendon changes were present in 

junior elite basketball players. 

Visnes 

(2014) 
PE and US 78% Cohort study Volleyball 

Patellar and 

quadriceps 

tendon 

68 Both 

Tendinopathy and tendon changes were present in 

junior male & female volleyball players; sex, training 

volume, match exposure and jumping ability are 

significant risk factors in jumper’s knee. 

Dubravcic-

Simunjak 

(2003) 

Questionnaire 67% 
Cross-

sectional study 

Figure 

skating 

Achilles and 

patellar tendon 
469 Both Tendinopathy was present in junior elite figure skaters. 

Kish (2003) Questionnaire 56% 
Cross-

sectional study 
Dance Undefined 173 Both Tendinopathy was present in young dancers. 

Cook (2000)a – Patellar Tendinopathy in Junior Basketball Players; Cook (2000)b – Prospective Imaging Study of Asymptomatic Patellar Tendinopathy in Elite Junior Basketball Players 

Gisslen (2005)a – Neurovascularisation & Pain in Jumper’s Knee; Gisslen (2005)b – High Prevalence of Jumper’s Knee and Sonographic Changes in Swedish Elite Junior Volleyball Players 

* a direct quote was used due to the study not presenting any statistically significant findings for patellar tendinopathy yet their findings concluded that the study “seemed’ to show a trend. 
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Table 2: Tendinopathy diagnosis – Physical Examination 

Author 

(year) 

QA 

% 

Definition Control/ 

tendinopathy 

Chronological 

Age 

Age of 

population 

N
o.
 M:F Other 

Backman et 

al. (2011) 

89 History of activity-related anterior knee pain and 

reduced function of the knee, distinct palpation 

tenderness corresponding to the painful area, and knee 

pain provoked by a previously described single-legged 

decline squat test. 

 

 

Tendinopathy 17.4 ± 1.3 17.8 ± 1.6; 

range = 14.4-

20.6 

12 38:37 N/A 

Control 17.9 ± 1.7 63 

Bergstrom 

et al. (2001) 

83 Pain at the inferior pole of the patellar. Undefined how 

pain was provoked. 

Tendinopathy N/A 17; range = 

15-19 

15 7:8 Tendinopathy in 

5/21 Males, 10/24 

Females 

 

 

Control N/A 30 

Galanty et 

al. (1994) 

75 Anterior knee pain defined clinically as peripatellar, 

patellar tendon, or tibial tuberosity diagnosed by pain 

on physical exam. 

 

 

Tendinopathy N/A 16.6 ± 1.5; 

range = 10-18 

47 79:63 26/79 Males, 21/63 

Females 

Control N/A 95 

Le Gall et 

al. (2007) 

44 Undefined. Physical examination. Tendinopathy N/A 13.3 ± 0.3; 

range = 12.3-

14.4 

19 233:0 N calculated from 

“8.1% had 

tendinopathy” 

 

 

Control N/A 214 

Steinberg et 

al. (2011) 

 

78 Tendonitis in the ankle or foot. Note that this does not 

take into account patellar tendinopathy, assumed to be 

included in “knee injuries” category. 

 

Tendinopathy N/A 13.3; range = 

8-16 

251 0:1336 Knee tendinopathy 

excluded as not 

differentiated in 

results 
Control N/A 1085 
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Table 3: Tendon pathology diagnosis – Ultrasound 

 
Cook (2000)a – Patellar Tendinopathy in Junior Basketball Players; Cook (2000)b – Prospective Imaging Study of Asymptomatic Patellar Tendinopathy in Elite Junior Basketball Players 

Gisslen (2005)a – Neurovascularisation & Pain in Jumper’s Knee; Gisslen (2005)b – High Prevalence of Jumper’s Knee and Sonographic Changes in Swedish Elite Junior Volleyball Players 

Author 

(year) 

QA % Definition Hypoechoic / 

control 

Chronological 

age 

N
o.
 M:F Other 

Cook et al. 

(2000)b 

78 An ultrasonographic abnormality was defined as 

either (1) a hypoechoic region, evident in both the 

longitudinal and the transverse scans or (2) a fusiform 

swelling without hypoechoic areas. 

 

 

Hypoechoic Range = 14-18 10 tendons 

(19.2%) 

8:18 No mean age was given. 

Note: Five people were 

excluded as they had 

‘jumper’s knee-like 

symptoms’ 

 

Control 

 

42 tendons 

Cook et al. 

(2004) 

 

89 An ultrasonographic abnormality was defined as 

abnormality in the fibre structure of the tendon 

evident in both the longitudinal and the transverse 

scans. 

 

Hypoechoic Range = 14-18 49 

(36.3%) 

71:64 No mean age was given 

 

Control 

 

86 
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Table 4: Tendinopathy diagnosis – Questionnaire 

 

 

Author (year) QA % Chronological age Prevalence reported M:F Other 

Dubravcic-Simunjak et 

al. (2003) 

 

67 Range = 13-20 48/469 participants (10.2%) 233:236 Jumper’s knee and Achilles tendonitis results were included 

across single, pair and ice dancing divisions 

 

 

Kish et al. (2003) 56 15.2 ± 3.23; range = 8-18 7% 6:167 Pathology was reported at ‘tendonitis’ 
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Table 5: Tendinopathy diagnosis – Physical examination and ultrasound 

 
Physical examination Ultrasound 

Author 

(year) 

QA 

% 

Chronologi

cal age 

(SD) 

Definition of 

diagnosis 

Group Prevalence 

of symptoms 

Other Definition of 

diagnosis 

Group Prevalence 

of pathology 

Other 

Cook 

(2000)
1
 

92 16.3; range 

= 14-18 

Palpation of knee, 

tendon attachment to 

inferior pole of 

patellar 

Male 

Basketball 

Players 

15/140 

tendons 

(11%) 

N calculated 

from “2% and 

11% in 

tendons...” 

Hypoechoic regions 

observed in axial and 

longitudinal planes 

Abnormal 

tendons 

71/268 

tendons 

(26%) 

N calculated 

from “26% of 

the basketball 

players...”  

Female 

Basketball 

Players 

 

3/128 

tendons 

(2%) 

 

Normal 

tendons 

 

197/268 

tendons 

(74%) 

Cook 

(2001) 

78 16.4 (1.0); 

range = 

14.2-18.7 

Pain moderate-severe 

on palpation of 

inferior pole of 

patellar 

Basketball 

players 

62/299 

tendons 

(21%) 

Age converted 

from months to 

years.  

Hypoechoic regions 

observed in axial and 

longitudinal planes 

Abnormal 

tendons 

63/299 

tendons 

(21%) 

N/A 

 

Normal 

tendons 

 

236/299 

tendons 

(79%) 

Gisslen 

(2005)
1
 

100 Range = 

15-19 

Tender on palpation 

of inferior pole of 

patellar and pain 

during provocative 

tests knee extensors 

Male 

volleyball 

players 

10/58 

tendons 

(17%) 

Baseline data 

was used 

Hypoechoic regions 

observed in transverse 

and longitudinal 

planes 

Male 

volleyball 

players 

26/58 

tendons 

(45%) 

Baseline data 

was used 

 

Female 

volleyball 

players 

 

7/62 tendons 

(11%) 

 

Female 

volleyball 

players 

 

21/62 

tendons 

(34%) 

Gisslen 

(2005)
2
 

92 Range = 

15-19 

Tender on palpation 

of inferior pole of 

patellar and pain 

during provocative 

tests of knee 

extensors 

Male 

volleyball 

players 

10/58 

tendons 

(17%) 

Control group 

was not used 

as no 

tendinopathy 

was present 

Hypoechoic regions 

observed in transverse 

and longitudinal 

planes 

Male 

volleyball 

players 

22/58 

tendons 

(38%) 

N/A 

 

Female 

volleyball 

players 

 

2/56 tendons 

(3%) 

Female 

volleyball 

players 

 

11/56 

tendons 

(20%) 
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Table 5: (Continued) 

 

Cook (2000)a – Patellar Tendinopathy in Junior Basketball Players; Cook (2000)b – Prospective Imaging Study of Asymptomatic Patellar Tendinopathy in Elite Junior Basketball Players 

Gisslen (2005)a – Neurovascularisation & Pain in Jumper’s Knee; Gisslen (2005)b – High Prevalence of Jumper’s Knee and Sonographic Changes in Swedish Elite Junior Volleyball Players 

 
Physical examination Ultrasound 

Author 

(year) 

QA 

% 

Chronologi

cal age 

(SD) 

Definition of 

diagnosis 

Group Prevalence 

of symptoms 

Other Definition of 

diagnosis 

Group Prevalence 

of pathology 

Other 

Gisslen 

(2007) 

100 Range = 

15-16 

Tender on palpation 

of inferior pole of 

patellar and pain 

during provocative 

tests of knee 

extensors 

Baseline 

Male 

Volleyball 

4/22 tendons 

18%) 

Baseline data 

was used 

N/A N/A N/A N/A 

 

Baseline 

Female 

Volleyball 

 

4/22 tendons 

(18%) 

N/A N/A 

Toprak 

(2012) 

92 Range = 

11-16 

Knee joint extensor 

provocative test and 

lower pole of patellar 

palpated 

Active 

Volleyball 

Female 

 

13/60 

participants 

(22%) 

Control group 

was not used 

as no 

pathology data 

was present 

N/A N/A N/A N/A 

Visnes 

(2014) 

78 Range = 

15-16 

a) history of pain in 

patellar tendon;  

b) tenderness on 

palpation over 

described area 

Baseline 

Male 

Volleyball 

11/74 

participants 

(15%) 

Baseline data 

was used 

Clearly defined 

hypoechoic areas seen 

in both longitudinal 

and transverse US 

scans 

Abnormal 

tendons 

46/158 

participants 

(29%) 

Baseline data 

was used and 

interpreted 

from results 

and discussion 

 

Baseline 

Female 

Volleyball 

 

6/84 

participants 

(7%) 

 

Normal 

tendons 

 

112/158 

participants 

(71%) 
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Figure legends 

All figure files were created using MSOffice Word. 

 

Fig1 Tendon pathology flow chart 

Fig2 PRISMA flow diagram  

Fig3 The relationship between age and tendinopathy prevalence as diagnosed by physical examination  

The bar width indicates the age range of the study’s population, whilst the number within the bar is the 

tendon pathology or tendinopathy prevalence 

Fig4 The comparison of age and tendinopathy prevalence across studies 

Fig5 The comparison between participant sex and tendinopathy prevalence between the ages of 14 and 

19 years (tendon) 
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Electronic Supplementary Material (Online Resources) 

All ESM files were created using MSOffice Word. 

 

ESM_1 Terms used to search databases 

ESM_2 Sample electronic database search in full 

ESM_3 Quality assessment tool 

 

 

  



 126 

Appendix N. Publication: Warm up BJSM guest editor 

  



 127 

Appendix O. Publication: Patellar tendinopathy and its diagnosis 
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Appendix P. Publication: Tendinopathy: what about the pain? 
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Appendix Q. Publication: Explaining ultrasound images of tendon 

pathology 
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Appendix R. Publication: Matching tendinopathy stage with 

efficacious intervention 
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Appendix S. Book chapter: To hell and back: Achilles insertional 

tendinopathy 

Ebonie Rio, Sean Docking, Jill Cook, Mark Jones 

Subjective Assessment [1hd] 

Demographics and social history [2hd] 

Judy, a 55 year old post-menopausal woman, presented with a 13 month history of 

right-sided insertional Achilles tendon pain. She lived at home with her husband in a 

single storey house with three steps at the entrance. Judy enjoyed her employment as 

a full time medical receptionist and her usual work day primarily involved sitting, but 

she also got up and down frequently to photocopy and file. She was previously a 

teacher and enjoyed the change of occupation. Prior to her Achilles pain, Judy liked to 

walk every day for 3.5 km and 5-6 km each day on weekends. She described a very 

active social life and also enjoyed Pilates twice a week. She had been unable to 

exercise since having her Achilles pain and had gained about 15 kgs; she was 

unhappy about both her inability to exercise and the weight gain.  

 

Pain presentation [2hd] 

Judy presented wearing a removable rigid walking boot on her right foot that caused 

her to walk with a limp due to the leg length discrepancy. Her pain was confined to 

the Achilles insertion at the superolateral calcaneus; there was no spreading of pain 

and she was able to localize it with one finger (Figure x.1). She reported no sensation 

changes (no pins and needles or numbness). Judy also experienced occasional pain in 

the lumbar region that was eased with Pilates and did not radiate to her legs. 
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However, she had to cease Pilates as she felt her Achilles pain walking from the car to 

the fitness centre. She considered the lumbar pain was unrelated to her Achilles pain. 

Judy also reported right knee pain that had no impact on her walking and was not 

painful now. She further reported also having bilateral lateral hip pain that was mildly 

symptomatic and aggravated at night lying on her side. She was unsure if this 

preceded the Achilles pain. 

 

Insert Figure x.1 here 

 

Onset of pain [2hd] 

Judy reported no change to her activity level preceding the onset of symptoms; no 

overload (e.g. increase in tendon load associated with change in activity) or relative 

overload after a period of time off. However, when questioned specifically about 

change in load before her symptoms started, she acknowledged that she had increased 

her walking around that time but thought the most significant change was the 

purchase of new shoes. She felt that the shoes rubbed on her heel in the area of her 

pain, but she persisted with wearing them as the podiatrist had prescribed them. When 

her symptoms were not improving the podiatrist changed her orthotics four times 

without any effect. Judy reported no previous history of Achilles symptoms in either 

tendon or any other tendon pain or rupture. 

 

Behaviour of symptoms [2hd] 

Judy described her pain as ‘agony’ after walking only a few minutes without the 

walking boot. Her pain was worse if she had to walk up an incline, longer distances or 
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faster. The Achilles pain was described as a grabbing pain that was highly irritable 

with pain rated as 9/10 on a numerical rating scale.  Her pain was worse when 

walking in barefoot and flat shoes were more aggravating than shoes with a heel. She 

was unable to wear the shoes that she felt were linked to the onset of symptoms 

because of the pain. Pressure over the area was painful, especially with shoes that 

rubbed on her heel. The pain was worse during activity but ached afterwards 

depending upon how far or long she had walked, and it had started to bother her at 

work. There was a clear relationship between greater amounts of loading and 

increased pain. Judy reported that her symptoms were eased by the controlled ankle 

movement (CAM) walker boot and she now felt reliant on it. 

 

Judy’s morning pain and stiffness were severe; she reported crying with 10/10 pain in 

the morning and the pain taking hours to settle. She was now barely walking 

anywhere due to fear of pain and reported rarely leaving the house because her 

activity was so restricted, and this had helped ease her morning symptoms. When her 

symptoms were at their worst she experienced night pain but had none currently.  

 

Rest eased the Achilles pain temporarily but it recurred once she returned to activity. 

During the past 13 months she had tried extended periods of rest and reduced 

activities (longest period was 7 weeks) but also took non-steroidal anti-inflammatory 

medication, so was unsure if it was the rest or medication that was helpful. She 

reported 8 weeks of complete pain relief from a glucocorticoid injection into the 

painful area, however the pain then returned to the same level. 
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Patient Perspectives: Expectations / goals / understanding of the problem [2hd] 

Judy reported fear of pain that was now limiting her activity. She did not feel that she 

was ever going to get better and was concerned that her only option was surgery. Judy 

described her tendon as being weak and likely to snap. Her husband was a radiologist 

and she had had multiple ultrasounds of her tendon with the tendon reported as 

degenerative, abnormally thickened and having neovascularisation. She admitted to 

not knowing what all this meant but thought that ‘it sounded bad’ and these terms 

concerned her. She was also fearful of not being able to walk without the walker boot. 

 

General health [2hd] 

Judy had several co-morbidities and was on medication for many of them (Table x.1), 

but these had been unchanged since the onset of the Achilles symptoms. She was 

really very keen to become active again, lose weight and try to reduce her 

medications.  Judy had no red flags, for example, no recent loss of weight or cauda 

equina symptoms, nor did she have constant pain. 

 

Insert Table x.1 here 

 

Previous interventions [2hd] 

Judy had tried multiple interventions delivered by several different practitioners. After 

the orthotic changes by the podiatrist had not helped she presented to her 

rheumatologist who managed her arthritis. The rheumatologist indicated a 

glucocorticoid injection would resolve the problem, and Judy had almost exactly 8 
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weeks of pain relief after injection before her pain returned. She then returned to the 

rheumatologist who tried a second glucocorticoid injection. This time Judy felt she 

had missed the spot and reported it felt like she couldn’t get the injection in, and she 

had no symptom relief. She reported losing faith in this management and then saw a 

sports physician who told her not to have another cortisone injection under any 

circumstances as the tendon may rupture. The sports physician recommended a 

platelet rich plasma (PRP) injection and stated that 80% of patients get better with this 

treatment. Judy reported that the PRP injection was the most painful experience of her 

life and her pain was worse despite resting completely for two weeks after the 

injection.  

 

Judy then sought treatment from a physiotherapist who gave her through-range 

eccentric exercises off a step. The exercises were very painful to perform and the 

tendon was not improving, but she was told to persist and ignore the pain as this was 

necessary for the tendon to recover. When the tendon pain did not settle, she was told 

it must be because she had poor core stability and was prescribed Pilates exercises. 

She was also told to try hydrotherapy but all these made no difference. The pain failed 

to improve after several months of physiotherapy. 

 

Judy visited her rheumatologist three months before presenting. The rheumatologist 

expressed annoyance that she had seen anyone else as ‘I manage you.’ She was 

advised to have another cortisone injection. She declined as she was fearful of tendon 

rupture. Her rheumatologist decided that the tendon must be overloaded and put her in 

a rigid walker boot for 6 weeks. She was not given any advice of when or how to 
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remove the walker boot or resume activity, and 13 weeks had now passed. She was 

also referred to a surgeon for removal of her Haglund’s morphology (the superolateral 

protruberance of the calcaneus). Judy saw the surgeon who advised recovery would 

take more than 1 year and thus she should have the operation soon. 

 

Three weeks ago Judy thought she would try another physiotherapist. The assessment 

included hopping, jumping and lunging. These exercises were all painful and after 

attempting them three times she couldn’t get out of bed for 3 days and so she didn’t 

go back to the therapist. Judy acknowledged being nervous about what today’s 

assessment would entail.   

Start Box x.1 here 

Reasoning question: 

1. Based on your subjective examination, please discuss your ‘diagnostic reasoning’ 

regarding the most likely ‘Source of Nociception and Associated Pathology’ and 

your hypothesis about the dominant ‘Pain Type’ (i.e. nociceptive, peripheral 

neuropathic, maladaptive central nervous system sensitization), highlighting the 

clinical features supporting your hypotheses. 

Answer to Reasoning Question: 

The Achilles tendon insertion is the most likely source of nociception and 

tendinopathy is the most probable diagnosis/pathology. Morning pain and stiffness is 

a hallmark of Achilles tendinopathy. It is common for this to last up to 30 minutes; 

anything over 60 minutes may indicate a systemic contributor or cause of the tendon 
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pain (notably inflammatory diseases). There are two key clinical questions that 

support a diagnosis of Achilles tendinopathy: 

Where is the pain?   

Achilles tendon pain is localized and does not spread regardless of the length of time 

of the symptoms. In this case, Judy had pain at the lateral part of the insertion. Pain in 

the Achilles can also occur at the mid-substance, where patients commonly use two 

fingers to ‘pinch’ the area of pain. 

What aggravates the pain? 

Achilles tendon pain is aggravated by activities involving high tendon loads for the 

Achilles, especially energy storage loads. Low energy storage load activities include 

brisk walking, whereas high energy storage load activities involve running or change 

of direction. Activities such as cycling and swimming are low tendon load, and if 

these are the aggravating activities a clinician should have a high index of suspicion 

that the Achilles is not the source of nociception. Tendinopathy appears to be 

nociceptively driven as with Judy’s presentation, and it is always intimately linked 

with loading. When a low tendon load activity is the aggravating factor there may be 

another pain source such as neural irritation or the Achilles peritendon structures. 

These presentations will usually have a more diffuse pain pattern than Achilles tendon 

pain.  

 

In insertional Achilles tendinopathy, movement into dorsiflexion causes compressive 

loading where the tendon is compressed against the calcaneus; this can aggravate both 

pain and pathology (Cook and Purdam, 2012). Low load activities such as cycling can 

cause pain because of repeated compressive loads. Walking with low heeled shoes or 
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barefeet are typically more aggravating than with shoes with a higher heel. The 

Haglund prominence is an anatomical morphology, not a deformity, as it reduces load 

on the tendon insertion into the distal calcaneus by allowing compression of the 

Achilles tendon against the superior calcaneus (Benjamin et al., 2004).  Removing 

this surgically exposes the insertion to greater load, increasing load on the tendon that 

has not adapted to full load on the insertion. Patients who display this morphology can 

have successful outcomes using rehabilitation without surgery (Fahlstrom et al., 2003, 

Jonsson et al., 2008).  

Judy does not report any symptoms associated with maladaptive central nervous 

system sensitization, however it is well known that the experience of pain is 

modulated by conceptual and contextual factors. As such, education is critical so that 

language does not contribute to Judy’s fear and pain experience. Therefore, increasing 

her understanding of tendinopathy and the rehabilitation process is likely to have a 

positive effect. 

Posterior ankle pain has a number of differential diagnoses. The key differential 

diagnosis is posterior ankle impingement. Patients with impingement report pain in 

full passive and active plantar-flexion activities, including kicking in swimming (that 

would not typically aggravate the Achilles tendon). The retrocalcaneal bursa is part of 

the Achilles enthesis and should be managed as part of an insertional Achilles 

tendinopathy, and is therefore not considered in any separate diagnosis. Where there 

is local neural entrapment or pain referral, the pain location is generally more diffuse 

than with Achilles tendon pathology.   
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2. What is your interpretation of Judy’s ‘Perspectives on her Experience’ (e.g. her 

understanding of her condition, fears, stress, coping, etc.)? Do you anticipate 

needing to address this in your management? 

Answer to Reasoning Question: 

Judy reported being concerned that her pain would not improve and she was fearful of 

the suggested surgery. She was extremely concerned about the loading aspect of the 

clinical assessment as removing the boot and being examined had previously made 

her pain worse. Overall she had very poor understanding of her condition and what 

was the best way to improve her symptoms.  

3. Please discuss the potential ‘Contributing Factors’ (intrinsic and extrinsic) to the 

development of Judy’s problem, and to her ongoing pain and disability. 

Answer to Reasoning Question: 

Reduction in oestrogen during menopause can contribute to tendon pathology and 

pain in older women. Information about her menopausal status and other, sometimes 

associated, general health issues will be important to ascertain.   

 

The increase in Judy’s weight has implications for both load on the Achilles and for 

circulating cytokines associated with visceral fat deposits that in turn are associated 

with tendinopathy (Gaida et al., 2008). The onset of Achilles tendon pain usually 

coincides with a change in load, in this case a mild change in activity and footwear 

that may have aggravated her tendon by direct compression on the site (rubbing) or 

through being too low in heel height. The presence of these other co-morbidities can 
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increase the risk of developing Achilles tendon pain, with an amplified response to 

changes in load.   

4. Can you please highlight any aspects of Judy’s presentation (e.g. pathology, 

clinical presentation, co-morbidities, medications, previous interventions) you 

feel signal the need for ‘Precaution in the Physical Examination and Treatment’? 

Answer to Reasoning Question: 

This tendon has been under-loaded as Judy has been wearing a CAM walker boot for 

13 weeks following several months of reduced activity. Physical tests that include 

high tendon load activities (such as hopping) are inappropriate for this tendon and 

indeed she had previously had a poor response to assessment that included high 

tendon load activities. Assessment should only continue as guided by individual 

patient responses. Tendon pain typically increases with tendon loading, however it is 

not necessary or recommended to complete all possible tests for each patient. Judy 

had no recent loss of weight or cauda equina symptoms, nor did she have constant 

pain. Her pain seemed to be of a mechanical origin as it was intimately linked with 

loading.   

Clinical Reasoning Commentary: 

Diagnostic reasoning regarding pain type, potential sources of nociception and 

associated pathologies, commences in the subjective examination and is continued 

throughout the physical examination and ongoing management, where diagnostic 

hypotheses are tested further. As discussed in Chapter 1, these diagnoses are 

formulated on the basis of established (research and experience based) clinical 

patterns. The specificity of musculoskeletal diagnoses varies with differing problems 
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and diagnostic tests. When the ability to identify specific sources of nociception and 

associated pathology is limited (e.g.non-specific low back pain), such as where overt 

pathology may not exist or clinical diagnostic tests lack validity to isolate sources of 

nociception, impairment based diagnoses (e.g. motion segment symptom provocation, 

mobility and control) become the focus. In contrast, problems such as insertional 

tendinopathy have clearer clinical patterns as discussed here that can be differentiated 

from other sources of nociception and pathology. While management will be largely 

guided by impairment based reasoning (i.e. patient’s specific clinical presentation 

within the common clinical pattern), more accurate diagnostic classification enables 

more targeted research to identify effective management strategies that can then be 

tailored to the individual patient. 

 

Judy’s clinical presentation is judged as ‘nociceptive dominant’ and typical for 

tendinopathy that is intimately linked with loading. However despite this, conceptual 

and contextual influences on the modulation of patients’ pain experiences (e.g. Judy’s 

understanding of tendinopathy and associated fear) are highlighted and linked to 

management reasoning regarding education and care with language that may 

contribute to Judy’s already expressed fears. This underscores the important reality 

discussed in Chapters 1 and 3 that unhelpful patient perspectives, commonly 

associated with maladaptive central nervous system sensitization, can present in any 

patient and with any dominant pain type and are therefore important to assess and 

manage to optimise clinical outcomes and potentially reduce the risk of progression to 

chronicity. 
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Contributing factors to the development and maintenance of patients’ problems can be 

intrinsic or extrinsic and modifiable or non-modifiable. As discussed in Chapter 1, 

identification of contributing factors is important in management, both for reducing 

immediate symptoms and disability, and for minimizing the likelihood of recurrence. 

Consideration of contributing factors also informs judgments regarding the hypothesis 

category ‘Prognosis’. This emphasizes the importance of undertaking medical/general 

health screening for co-morbidities and their management which may represent 

contributing factors that vary in the extent they are modifiable. Other factors such as 

patient weight, activity pattern and footwear are all modifiable and important to 

management reasoning, as are most physical impairments assessed in the physical 

examination (e.g. mobility, control/strength both locally and throughout the rest of the 

kinetic chain).  

Similarly, the hypothesis category ‘Precautions and contraindication to physical 

examination and treatment’ should be based on co-morbidities and red flags screened, 

plus patients’ individual clinical features, for example those related to constancy, 

severity and irritability of symptoms, as well as patient perspectives such as fear. 

Stop Box x.1 here 

 

Physical Assessment [1hd] 

Observation [2hd] 

Judy had a profound loss of muscle bulk of the right calf that was affecting both 

soleus and gastrocnemius. She had an obvious Haglund morphology on both calcanea, 

with increased swelling over the right insertion.   
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Gait [2hd] 

Judy walked with a waddling gait and avoided pushing off on both feet. She had a 

reduced stride length and cadence.  

Knee to wall lunge [2hd] 

Right - 0cm and very painful at the end of range at Achilles insertion; Left 5 cm.  

Functional assessment [2hd] 

Judy had a lack of strength and power throughout the left leg when hopping; she had 

poor control, poor elevation and inability to hop with a consistent tempo. She was 

able to complete 16 heel raises on the left leg before fatiguing (Table x.2). The right 

side was only assessed with four double leg heel raises that produced pain (VAS 4/10) 

with an uneven weight distribution (more weight on the left leg). The pain was 

localized to the lateral heel that Judy could point to with one finger. The choice to 

limit her assessment was firstly, because the tendon had been unloaded in the boot 

and secondly, due to her fear of being over-assessed as she had been by the previous 

physiotherapist. She was unable to do a single leg heel raise on the right because of 

fear of pain.  

 

Insert Table x.2 here 

 

No assessment of her joints was undertaken at this point as the pain was clearly 

tendon mediated. If there was an equivocal response to initial treatment then further 

assessment of surrounding structures (such as the joints) would be undertaken.  

Imaging [2hd] 
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While Judy had previous imaging of her Achilles, further investigation using 

Ultrasound Tissue Characterization (UTC) was suggested to quantify the structural 

integrity of the tendon. UTC is a novel imaging modality that utilizes conventional 

ultrasound by capturing 600 contiguous transverse images over a 12cm region. From 

this a 3-dimensional image is rendered where the stability of pixel brightness over the 

length of the tendon can be quantified into four echo-types (van Schie et al., 2010b). 

Previous research has validated these echo-types against equine histopathological 

specimens (van Schie et al., 2010b). It is an ideal tool to monitor tendon structure as it 

quantifies tendon structure and has a high degree of repeatability.  

 

Judy’s right Achilles tendon appeared focally thickened at the calcaneal insertion 

(Figure x.2) with the overall UTC echo-pattern compromised compared to the 

contralateral Achilles. A diffuse area of disorganization was observed within the 

tendon (Figure x.3) characterized by an increase in echo-type III (red pixels), 

indicating disorganized fibrillar structure, and echo-type IV (black pixels), 

representing amorphous matrix (Figure x.4). This area of disorganization was 

confined to a 1cm region at the calcaneal insertion, with the mean cross-sectional area 

(CSA) of the pathological lesion comprising approximately 40% of the transverse 

image. Her left Achilles did not appear thickened and the overall echo-pattern was 

within normal parameters. 

 

Insert Figures x.2, x.3 and x.4 here  
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Despite an area of disorganization present within the tendon, the UTC results were 

explained to Judy with a focus on the volume and mean CSA on aligned fibrillar 

structure (Figure x.5). Despite the area of pathology and increased mean CSA of 

disorganized echo-types (echo-types III and IV), Judy’s right Achilles also had an 

increased mean CSA of aligned fibrillar structure compared to the contralateral 

tendon and structurally normal tendons. Previous research has shown that this is a 

common feature of pathological tendons (40 of the 41 pathological Achilles tendons 

contained similar or an increased mean CSA of aligned fibrillar structure) (Docking et 

al., 2014). It appears the pathological tendon compensates for areas of disorganization 

by increasing its dimensions to ensure there is sufficient aligned fibrillar structure 

(Docking et al., 2014). 

 

Previous imaging had a negative impact on Judy’s perception of her tendon. She was 

referred for a UTC scan to provide reassurance her tendon could tolerate load. It was 

explained to Judy that she should not focus on the extent of disorganization as she had 

a sufficient amount of aligned fibrillar structure.   

 

Insert Figure x.5 here 

 

VISA-A Questionnaire [2hd] 

The VISA-A score documents pain and function of the Achilles tendon (Robinson et 

al., 2001). It was developed for mid-Achilles problems but similarities allow its use in 

those involving the insertional Achilles tendon, although it may be less sensitive to 

change. One-hundred points is full pain-free function, 80 points suggests there is pain 
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sufficient to affect function, and 60 points indicates difficulty in function (Silbernagel 

et al., 2007a). Judy’s VISA-A score was 23 points suggesting profound pain and 

functional deficits.  

Start Box x.2 here 

Reasoning Question: 

5. In your Answer to Reasoning Question 1 you indicated Judy’s subjective 

presentation was consistent with an Achilles tendinopathy. Would you please 

highlight the physical examination findings that support that clinical pattern and 

also whether the physical examination supported your previous hypothesis 

regarding the dominant Pain Type being nociceptive? 

Answer to Reasoning Question: 

Tendon pain frequently results in a loss of muscle bulk not only in the attached 

muscles (gastrocnemius and soleus) but often in other parts of the kinetic chain. In 

Judy’s case this loss of bulk was likely to be exacerbated by the boot that completely 

unloaded the musculotendinous unit. Part of the rationale for strength training in 

rehabilitation is to address these muscle as well as tendon capacity. 

 

The physical examination includes tendon loading tests where increasing pain is 

expected with increasing tendon load. However, it is not always appropriate (as it was 

not in this case) to complete all the examination and as such physical examination 

confirmation of tendinopathy was not possible, although the provocation of her 

localized pain with four double leg heel raises is consistent with a tendinopathy. 

Similarly, this specific reproduction of pain was consistent with her activity 
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restrictions described in the subjective examination and fit with the nociceptive 

dominant pain type that was hypothesized.   

6. What is the relationship between UTC imaging and clinical symptoms and signs 

and how do you use the UTC findings to inform your management? 

Answer to Reasoning Question: 

While UTC quantifies tendon structure, it still does not correlate with clinical 

symptoms and pain. The disconnect between pain and structure within the tendon has 

been well documented in the literature (Cook et al., 2001a, Khan et al., 1996).  

 

Education is a key part of imaging and its utilization. In low back pain, the 

inappropriate use of imaging has been linked to ‘over-medicalization’, a decrease in 

patients’ self-perceptions of health, and a contribution to fear-avoidance behaviours 

(Flynn et al., 2011). Judy had a classic fear response to the negative words used in 

imaging reports.  

 

The UTC’s ability to quantify the volume of aligned fibrillar structure can help 

counter any negative understandings that the patient may have about their tendon. If 

the tendon contains similar or an increased amount of aligned fibrillar structure 

compared to normal the patient easily recognizes they have enough normal tendon 

structure to tolerate load and that load management strategies should be embraced.  

Clinical Reasoning Commentary: 
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While provocation of Judy’s localized pain with the double leg heel raises is 

considered consistent with tendinopathy, the reasoning evident in this answer 

highlights the value of the physical examination beyond diagnostic confirmation. In 

this example, the assessment is reduced to avoid aggravation of the problem and in 

consideration of Judy’s expressed fears. A specific physical impairment is identified 

and measured (4 double leg heel raises) that will inform exercise dosage and enable 

outcome monitoring of progress. 

 

The disconnect between pain and structure within the tendon reflects the broader 

disconnect between musculoskeletal pain and pathology generally. Despite this 

limitation, confirmed pathology should not be disregarded. Pathology must be 

considered with respect to precautions in examination and treatment (e.g. caution with 

applying excessive load to tendons demonstrating significant degeneration), and with 

respect to evidence supporting management and prognosis. Here the UTC is used in a 

novel educative way whereby the aligned fibrillar structure, rather that the pathology 

(e.g. areas of disorganization), is highlighted to give Judy confidence in her tendon 

and to enhance her motivation for exercise. 

Stop Box x.2 here 

Treatment [1hd] 

Education [2hd] 

Education for Judy focused on: 

1. Debunking the myths and reducing fear around language 

2. Understanding the importance of load  

3. Teaching her when and how to ‘listen’ to her tendon. 
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Debunking the myths and reducing fear around language [3hd] 

Terminology such as tear or degeneration can have a profound impact on an 

individual’s perception of their injury and their capacity for improvement. The UTC 

was vital to address Judy’s fear around rupturing the tendon. Education about load 

helps to reduce fear of movement and empower patients. It is important to understand 

that tendon pain is not inflammatory. Cytokines that are present in tendinopathy may 

have a role in cell signaling and the pathology itself, however their role is currently 

unknown. Clinically, it is important that patients and clinicians understand that the 

approach required is different to that for an injury with classic inflammation.  

 

Understanding the importance of load [3hd] 

It is vital to understand tendon load; both the loads that led the patient into trouble, 

and also that load is the most important factor in their rehabilitation. There are four 

types of load and each has a different effect on the tendon. Tensile load maintains 

fibrous tissue, compressive load can form or maintain cartilage, and a combination of 

these loads can form or maintain bone (Ingber, 2005). 

 

High tensile tendon load is present in any activity that requires a tendon to store and 

release energy. For the Achilles tendon, this may include walking, running or 

hopping. However, when completing these activities, there are other loads on the 

tendon. For example, walking uphill will increase the compressive load on the 

Achilles insertion by increasing the amount of dorsiflexion.   
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When a patient understands that tendon pain increases with excessive tendon loading, 

you can explain how to modify loading to reduce symptoms. For example, Judy 

should avoid any dorsiflexion such as stretching and use shoes with a substantial heel 

to reduce compressive loads and increase low tensile tendon loads.  

 

Conversely, tendon load is also the only intervention that can improve tendon pain 

and function, and the only stimulus shown to improve tendon mechanical properties 

(Kongsgaard et al., 2010). We often see patients who have been treated by 

practitioners who have an over-reliance on passive therapies that fail to address 

tendon or kinetic chain capacity. Tendons respond slowly to load, thus loading should 

be progressed in a very considered manner. 

 

Teaching her when and how to ‘listen’ to her tendon [3hd] 

Tendons may occasionally be uncomfortable during rehabilitation. It is important that 

Judy listens to her tendon’s response to loading. That being said, we don’t advocate 

painful rehabilitation as has been reported with eccentric protocols (Alfredson, 2003), 

and in fact early load such as isometric exercise should cause an immediate reduction 

in tendon pain. The tendon response in the 24 hours after activity is the most 

important gauge of progression. For the Achilles, it is possible to gauge progress 

using the length of time of morning pain or stiffness, or pain with a hop in athletes 

who present with a higher level of function. 

 

Response to load can vary and it has implications for the loading program. If pain 

increases, the loading (or diagnosis) is wrong. If the pain response stays the same 
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while load is increased this is acceptable. For example, many athletes who place very 

high loads on their tendon in sport do not have a zero pain score the next day but are 

able to complete training and competition. If their pain is stable on a loading test, the 

tendon has not been aggravated by the load. The ideal scenario is reduction of pain 

with increasing load. 

 

Instruction in home exercise [2hd] 

Judy was prescribed double leg calf raise holds with body weight in plantar-flexion. 

She was too fearful to start with just a single leg. This was tested in the clinic and 

prescribed as five isometric holds of 45 seconds each (with two minutes rest between 

each isometric hold) as this was manageable without any muscle fasciculation. On 

immediate reassessment after the isometric exercise, Judy was able to perform 

twenty-five double leg raises with a pain score of 0/10 (previously four raises at 4/10). 

Judy was instructed to complete these throughout the day at work as no equipment 

was required. Judy was also given single leg seated calf raises twice a day and she 

chose to hire a seated calf raise machine (Figure x.6) so that she could complete these 

easily at home. 

 

Insert Figure x.6 here 

  

Start Box x.3 here 

Reasoning Question: 
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8. Judy had received a variety of treatments in the past without success. Would you 

provide a brief overview of the research evidence for the efficacy of the more 

common therapeutic interventions and discuss your reasoning for the specific 

exercises and dosage you selected for Judy? 

Answer to Reasoning Question: 

Judy had predominantly had passive treatments in the past that failed to address 

strength or improve capacity in the muscle-tendon unit and the kinetic chain. The 

standard eccentric exercise program was inappropriate as she had an insertional 

Achilles problem (Cook and Purdam, 2012). Eccentric exercises over a step have 

been shown to not be beneficial for insertional Achilles tendinopathy due to the 

compression against the calcaneus in dorsiflexion (Cook and Purdam, 2012, Jonsson 

et al., 2008). Judy’s presentation was also too painful for the modified eccentric 

exercise program for insertional Achilles tendinopathy (Jonsson et al., 2008). 

Appropriate load exercises such as isometric load out of compression has been found 

to be clinically beneficial for tendon pain, and has been shown to reduce pain 

instantly and for at least 45 minutes in a patellar tendon study (Rio et al., 2015). 

Clinical experience supports that isometric load is also beneficial for other tendon 

pains. It is important that the load is appropriate for the individual. Seated calf raises 

using a machine are a good way of starting below body weight in some patients and 

building up. At the other extreme, some high level athletes require the addition of 

external load such as using a Smith machine whilst doing calf raises. 

 

Glucocorticoid injections reduce tendon cell proliferation and activity (Scutt et al., 

2006) and offer pain relief.  However, they should never be used in isolation and 
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without load management and tendon rehabilitation. Some studies have shown poorer 

outcomes when they are included in treatment but data for the Achilles is limited 

(Coombes et al., 2010).   

 

PRP is no more effective than placebo (de Vos et al., 2010) and should not be 

presented as a gold standard of treatment for tendinopathy. 

Clinical Reasoning Commentary: 

As evident here, clinical reasoning about ‘Management’ should be evidence-

informed, tailored to patients’ individual presentations (e.g. with respect to mode of 

exercise and dosage), and monitored (reassessed) to determine effect and guide 

progression. 

Stop Box x.3 here  

Between treatments [2hd] 

Judy was encouraged to contact the therapist with any questions or if she had any 

problems between appointments. Part of the education about tendon load also 

included information about how to use load (isometrics) to reduce pain if there was a 

flare-up. The morning pain score is used to indicate how the tendon responded to the 

loading of the day before. The decision was made by the therapist and Judy to 

continue in the boot for the first week and then slowly wean her off the boot by 

increasing walking (firstly only around the house) without it. Due to the long period 

of time in the boot, removing it entirely would have resulted in a large increase in 

tendon load to which the tendon was unaccustomed. 
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Second Appointment (two months after initial assessment) [1hd] 

Subjective Assessment [2hd] 

Judy reported much less fear of her tendon and was no longer wearing the boot. Judy 

had only taken two weeks to completely cease using the boot, which was faster than 

anticipated. However, she used the morning score to confirm that her tendon was 

tolerating her gradual reintroduction of walking in shoes. Her Achilles was no longer 

bothering her at work. She had no morning pain or stiffness. She was still bothered by 

walking with barefeet or when wearing flat shoes, or shoes that rubbed on her heel 

(these scenarios gave her morning pain and stiffness of 4-6/10 depending upon the 

length of time). She had been walking pain-free every 3 days for approximately 2-3 

km providing she wore her tennis shoes. This had been built up according to her 

education, that is specific distances were not provided; instead Judy was encouraged 

to ‘listen’ to her tendon and modify or increase her load accordingly. In terms of 

general health, Judy had been in hospital recently for a routine colonoscopy where her 

heart had gone into atrial fibrillation that didn’t settle so she was admitted overnight. 

 

Goals: Judy had planned a trip to the mountain range of the Kimberley region in 

northwestern Australia in 3 months time and wanted to be able to walk every day and 

enjoy her holiday without pain. Her new goal was also to be pain-free and to be able 

to walk downstairs normally.   

 

Physical Assessment [2hd] 

On observation Judy was in normal shoes. There was no redness of her calcaneus and 

her muscle bulk had improved but still was not as large as the contralateral side. On 
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her knee to wall test she recorded 9cms on the left side and 5 cm on the right, again an 

improvement from the first visit. Her gait had also improved; she was not limping and 

was pushing off both feet. Functionally Judy could perform 18 calf raises on the left 

side, but on the right side she was still afraid to initiate a single leg calf raise. 

However she could take full body weight once in plantar-flexion (during a double leg 

raise with weight shifted to the right side). She was able to do more than 25 double 

leg raises. 

 

Imaging [3hd] 

Judy was referred for a follow-up UTC scan on her right Achilles. The overall echo-

pattern for the right Achilles tendon had improved in comparison to the previous scan 

(Figure x.7). While the percentage of normal tendon fascicles (echo-type I) was 

similar, a significant decrease in the percentage of echo-type III and IV was observed. 

The diffuse pathological area at the calcaneal insertion was still apparent, however a 

reduction in the mean CSA (from approximately 40% to approximately 10%) was 

observed with the length remaining unchanged (Figure x.8). A decrease in the mean 

CSA of disorganized tissue was observed with the mean CSA of aligned fibrillar 

structure remaining similar (Figure x.9). 

 

Insert Figures x.7, x.8, x.9 here 

 

VISA-A [3hd] 

Her VISA–A score had increased to 63 out of 100, still indicating substantial pain and 

dysfunction but considerably improved from the previous time.  
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Treatment [2hd] 

Education [3hd] 

We continued the discussion around footwear to avoid compression at the insertion by 

utilizing a shoe with a substantial heel raise and to slowly increase walking load and 

be consistent with shoes and activity. Tendons respond poorly to change so 

consistency in rehabilitation and walking load is important. Judy was reminded the 

most important time to ‘listen’ to the tendon was the morning after a walk. A return to 

walking plan was developed together according to tendon loading principles.  

Exercise [2hd] 

Judy’s rehabilitation was progressed. She was to complete the isometric holds one 

day, followed by a double leg raise with weight shift to the right leg the next. She also 

completed left leg raises for a cross-over strengthening effect (Hendy et al., 2012a, 

Kidgell et al., 2011).  If Judy had walked too much and experienced an increase in 

morning symptoms, she was to increase the frequency of completing the isometric 

holds during the day. Judy was taught how to progress these between now and the 

next appointment. She also started sit to stand exercises for general quadriceps and 

gluteal muscle function. Based on assessment of the number of repetitions Judy could 

perform with good control through the full kinetic chain, she was started with four 

sets of six repetitions and given information about progressing to encourage a strength 

and endurance focus. 

Third Appointment (7 months later, 9 months after initial assessment) [1hd] 

Subjective Assessment [2hd] 
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Judy reported that she had had a wonderful holiday and walked at least 3 km per day 

and felt no pain. She avoided barefoot walking and was adherent with her exercises 

and walking before her holiday. Since she had returned, she had been less diligent 

with her exercises and reported having occasional walking pain. There was no change 

in her general health, and a recent check-up with her rheumatologist found everything 

was stable. Judy reported occasional pain at the top of the double calf raise home 

exercise. Footwear choice was still important as her boots which were very flat 

aggravated her pain. She remained fearful of flat shoes and had purchased new 

wedged sandals for summer that had an external heel to ensure there was no 

compression from excessive dorsiflexion nor did they rub on the insertion. Her 

current activity consisted of walking 2.5 km per day and one session of Pilates per 

week. 

Physical Assessment [2hd] 

Judy had no swelling or redness over the calcaneus and her other assessment tests 

were similar to the previous assessment. She was able to single leg heel raise ten 

times, however assessment of her technique revealed that she was supinating at the 

top of range. This decreases the load on the calf and is a ‘cheat movement’. Judy was 

instructed on the correct way to perform calf raises and was only able to complete six 

repetitions with the correct technique.  

Imaging [2hd] 

The overall echo-pattern for the right Achilles was stable in comparison to the first 

follow-up scan (Figure x.10). All four echo-types were similar with little variation 

observed over the length of the tendon. The diffuse area of disorganization was still 

apparent and the size and length of the area of pathology had remained unchanged. 
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Insert Figure x.10 here 

 

Goals and expectations [2hd] 

Judy expected now to return to her pre-injury level of walking and two Pilates 

sessions per week. She also expressed that she now expected the tendon would get 

better and that she would be able to return to full activity.   

Treatment [2hd] 

Re-education of her calf raise technique (Figure x.11) was undertaken to ensure 

appropriate alignment and calf activation to avoid posterior ankle pain. This included 

taking a video for Judy to watch. A trial of soft tissue work on her calf to increase 

knee to wall distance effected no change on her range of movement. 

 

Insert Figure x.11 here 

 

Judy’s home exercises were progressed to increase her strength on both sides by (1) 

changing her double leg calf raise with weight shift to the right, (2) adding single 

right leg calf raises with isometric holds, and (3) continuing to increase her walking 

distance.  

All the education previously delivered to Judy was reiterated and she was again told 

how to avoid exacerbations and what to do if one occurred. She clarified her future 

self-management and was happy to continue to monitor and manage her tendon.  
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Start Box x.4 here 

Reasoning Question: 

9. Earlier you indicated that UTC imaging does not correlate with symptoms and 

signs. Would you discuss the value of using imaging as an outcome measure of 

clinical improvement? 

Answer to Reasoning Question: 

If repeat imaging is utilized, it is critical that the patient’s expectations are managed. 

A number of studies have shown that clinical improvement is not mediated by 

improvements in tendon structure (Drew et al., 2014). Importantly, the patient should 

be educated that their tendon is likely to remain abnormal / pathological even if their 

pain has improved. When repeat scanning with UTC, the ideal scenario is to hopefully 

see improvements in tendon structure coinciding with a decrease in pain and increase 

in tendon load. However, an equally suitable outcome is that the tendon’s structure 

remains stable coinciding with a decrease in pain and increase in tendon load. 

Explaining to the patient that the tendon’s ability to return to normal is limited and 

that the tendon will find a state of equilibrium is of critical importance in minimizing 

negative psychological outcomes with imaging. 

 

Clinical Reasoning Commentary: 

The value of imaging as an outcome measure is clarified and its value as a resource 

for education is re-emphasized. ‘Reasoning about Teaching’, a ‘Clinical Reasoning 

Strategy’ (i.e. focus) discussed in Chapter 1, emphasizes that teaching, like all 

management tools, needs to be tailored to the individual patient and reassessed to 
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evaluate the patient’s understanding (learning) and other effects (e.g. altered fear and 

behavior).  

Stop Box x.4 here 

No further appointments were made and Judy was advised to continue to increase her 

exercises as able with the ongoing goal of being able to complete 20 single leg calf 

raises at least three times a week.  
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Appendix T. Book chapter: Managing tendinopathies 
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Appendix U. Details pertaining to optimising reliability of 

transcranial magnetic stimulation method  

Selection of representative muscle from the quadriceps group 

The tendon fibres of the rectus femoris muscle are the only tendon fibres of the 

quadriceps muscle group that continue over the anterior surface of the patellar to form 

the patellar tendon (Reider et al., 1981).  The tendon fibres of the vasti muscles 

(vastus medialis, vastus intermedialis and vastus lateralis) insert mainly at the margins 

of the patella or blend with the retinacular of the knee (Reider et al., 1981).  There are 

no data to support preferential wasting of particular quadriceps muscles in other 

anterior knee pain (AKP) such as patellofemoral pain (PFP) (Giles et al., 2013), thus 

the rectus femoris muscle was chosen as the representative muscle of the quadriceps 

in all studies.  Surface electromyography was applied to the rectus femoris muscle 

(Figure U1) and this process is detailed in the methods of all papers.       

 

Figure U1 Surface electrode placement on the rectus femoris muscle 
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Transcranial magnetic stimulation technique 

The following pertains to the method for maximising the reliability of the TMS 

techniques used in this thesis.  The skin where the surface electrodes were to be 

placed was prepared to reduce impedance by shaving, abrading and cleaning with 

70% isopropyl alcohol.  Bipolar gel Ag-AgCl electrodes were placed over the rectus 

femoris muscle (Figure U1) and the grounding electrode was placed over the patella 

and subsequently used as a common reference for all electrodes.  These electrodes 

were placed on the rectus femoris with an inter-electrode distance (centre to centre) of 

20mm. The exact area of placement was three fifths of the distance between the 

anterior superior iliac spine (ASIS) and the upper border of the patella, with the 

reference (ground) electrode being placed on the patella to ensure no muscle activity 

was recorded.  All cables were fastened with tape to prevent movement artefact.  

sEMG signals were amplified (1000x), bandpass filtered (high pass at 13 Hz, low pass 

at 1000 Hz), digitized online at 2 kHz for 500 ms, recorded and analysed using 

PowerLab 4/35 (ADInstruments, Bella Vista, Australia). 

The participants’ skull was measured from nasion-inion and intra-aural anatomical 

landmarks to assist with estimating the location of the M1 (Figure U2).  
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Figure U2 Landmarks used to approximate the location of the M1. 

 

The TMS coil was placed over the contralateral M1 in the region estimated to 

represent the quadriceps (rectus femoris) muscle group based on human topography 

(Figure U3). 

 

 

 

 

 

 

 

 

Figure U3 Indication of the location of the primary motor cortex and representation of 

muscles (art work by Shan Shan Zhan used with permission) 

 

Nasion: superior to the bridge of the 

nose 

Inion: the most prominent projection of the 

occipital bone 

Primary motor cortex 
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Transcranial magnetic stimulation was applied to the skull via a double cone coil 

(Figure U4) held tangentially to the skull in the anterior-posterior direction with the 

patient seated (Figure U5).  Sites were explored in the estimated motor region of the 

quadriceps to ascertain the optimal site or ‘hot spot’: the site at which the largest MEP 

response was recorded.  Optimisation of the hot spot reduces the variability and 

number of MEPs that need to be recorded (Brasil-Neto et al., 1992).   

 

 

Figure U4 The double cone coil was used in this work to deliver the stimulus 
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Figure U5 Participant set up for Transcranial magnetic stimulation  

a) TMS coil over the participant skull (the picture on the right denotes the direction of current for 

the circular coil held in the anterior posterior direction). 

b) TMS stimulator (a BiStim unit, to two Magstim 2002 stimulators (Magstim, Dyfed, UK)).  

c) Visual feedback of torque for participant 

d) Isokinetic equipment providing strength 

(Source: Deakin University Laboratory and http://www.med.upenn.edu/lcns/noninv.shtml)  

 

The stimulus intensities used to establish the TMS stimulus response curves were determined 

for each individual according to their AMT and individual hot spot.  Participants were asked 

to maintain a 10% MVIC using visual feedback from a computer display (Figure U6).   

http://www.med.upenn.edu/lcns/noninv.shtml
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Figure U6 Visual display of 10% maximal voluntary isometric contraction that 

was to be maintained during delivery of each stimulus   

The top horizontal line was the target.  The researcher delivering the stimulus could visualise this 

screen also thus ensure stimuli were applied during the appropriate level of contraction.  The rise in red 

line demonstrates the participant increasing force until the target, then once stable the stimulus was 

applied to the M1 and is observed on the screen as a spike.  Participants were then given a rest prior to 

the next stimuli. 

 

At each stimulus intensity, 10 stimuli were applied over the contralateral M1, with the 

percentage of stimulator output delivered in a progressive fashion commencing at 

10% below AMT and increasing in 5% increments of stimulator intensity until 

plateau of MEP amplitude was observed (MEPMAX).  Each stimulus was delivered in 

random intervals every 10 to 12 sec to avoid stimulus anticipation, and a minimum of 

60 seconds rest was provided between each set of stimuli to reduce the possibility of 

muscle fatigue (Carroll et al., 2001b).  Sets of peak to peak MEP amplitudes were 

averaged for each trial as recommended to reduce variability (Carroll et al., 2001a, 

Ridding and Flavel, 2006.  Peak to peak MEP amplitudes increase with stimulus 

intensity until saturation (MEPMAX) {Chen, 2000 #8781).  The stimulus response 
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curve was constructed by plotting mean MEP amplitude, normalised to the 

participants MMAX against stimulus intensity (Kidgell and Pearce, 2011). 

Paired-pulse TMS was used to explore SICI.  This delivers a sub-threshold stimulus 

(70% AMT) and a supra-threshold stimulus (120% AMT) at an interstimulus interval 

of 3ms. 

In order to calculate SICI, MEP amplitude was calculated as a ratio by applying the 

following equation (Weier et al., 2012a). 

 

          SICI = 

MEPpp 

× 100 MEPsp 

 

Where; 

 MEPpp represents the average MEP amplitude from the paired-pulse stimuli. 

 MEPsp represents the average MEP amplitude from the single-pulse stimuli. 

 

Maximal voluntary isometric torque: The maximum voluntary isometric 

contraction (MVIC) torque of all participants was determined by three attempts at 

1RM of isometric leg extension at a knee ankle of 60° using an Isokinetic 

dynamometer (Biodex system 4 Pro, 1 Biodex Medical 2 Systems, Shirley USA) 

(Figure U7).  Participants were placed in a seated position of 90 degrees hip flexion 

and the axis of the dynamometer was then aligned with the anatomical axis of the 

knee joint, using the joint line as a landmark.  The leg was held to the dynamometer 

lever arm using a padded strap positioned 5 cm superior to the malleoli of the ankle.  

The participant was asked to contract their quadriceps maximally three times for five 
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seconds with 90 seconds rest between efforts and identical instructions and 

encouragement was provided through all testing sessions to achieve MVIC torque.  

The highest peak torque of the three trials was recorded as their MVIC torque.   

 

 

Figure U7 Biodex (Biodex system 4 Pro, 1 Biodex Medical 2 Systems, Shirley USA) 

equipment.  The participant is seated and testing leg strapped to lever, shown here for left leg set up.  

The screen provides visual feedback of the torque level, which is pre-set to 10% of their MVIC.  

(Source: http://biomechanics.uoregon.edu/MAL/clinical.html)  

 

Once MVIC was obtained, 10% MVIC was calculated as all TMS testing was 

conducted during 10% MVIC quadriceps contraction.  The MVIC root mean square 

EMG (rmsEMG) activity was also recorded.  The rmsEMG reflects the mean power 

of the signal and is the preferred recommendation for smoothing (Wren et al., 2006).  

During testing, to maintain 10% MVIC, visual feedback was provided, however any 

http://biomechanics.uoregon.edu/MAL/clinical.html
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trials where rmsEMG was too high or too low were discarded and retested.  Testing 

during 10% MVIC enables lower stimulus intensities to be used (Carroll et al., 2001b) 

and reduces the variability of MEPs (Kiers et al., 1993, Thickbroom et al., 1999a, 

Thickbroom et al., 1999b).  

Maximal compound wave (MMAX): The maximal compound wave is the direct 

motor response obtainable by electrically stimulating the peripheral nerve.  The MEP 

can be normalised to the maximal compound wave for each individual as this makes 

the size of the MEP relative to that individuals own motor neuron pool.  The maximal 

compound wave was obtained for studies in the quadriceps from the femoral nerve of 

the side of the muscle being tested.  Participants were supine on a plinth with the limb 

being tested hanging freely over the edge (Figure U8).   

 

Figure U8 Participant testing position to obtain MMAX   

Patient lies supine with leg that is being tested hanging freely off the plinth and femoral triangle 

exposed 
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The femoral nerve is accessible in the femoral triangle, which is bounded by the 

inguinal ligament superiorly, the medial border of the adductor longus muscle 

medially and the medial border of the sartorius muscle laterally (Figure U9).  Its floor 

is formed by the pectineus, adductor longus and iliacus muscles and roof is fascial.  

Within the femoral triangle from lateral to medial are the femoral nerve, femoral 

artery, femoral vein and a canal containing lymphatic vessels.  The femoral artery is 

easily located by palpation (strong pulse felt with the finger tips) and the femoral 

nerve is immediately lateral to this.   

 

Figure U9 The femoral triangle (left image for right leg and photograph mirror 

image for left leg) (artwork by Shan Shan Zhan used with permission)  

 

The M-wave was obtained by direct supra-maximal electrical stimulation (pulse 

duration 1 ms) under resting conditions.  A high-voltage constant current stimulator 

(DS7, Digitimer®, Hertfordshire, UK) was used to deliver each electrical pulse.  

Stimulation was delivered by positioning bipolar electrodes over the femoral triangle.  

An increase in current strength was applied until there is no further increase in sEMG 
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amplitude (MMAX).  To ensure maximal responses, the current was increased an 

additional 20% and the average MMAX obtained from five stimuli will be delivered 

and recorded at 0.2 Hz.  
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Appendix V. The use of ultrasound to determine the presence of 

pathology in the patellar tendon 

 

Ultrasound (US) images of the patellar tendon were captured using ultrasound tissue 

characterisation (UTC), which consists of an ultrasound probe (SmartProbe 10L5, 

Terason 2000; Teratech) mounted in a tracking device (UTC Tracker, UTC Imaging).  

This set up standardises the transducer tilt angle in relation to the tendon.  The tracker 

device moves the ultrasound probe automatically at a constant speed perpendicular to 

the long axis of the patellar tendon from the inferior pole of the patella distally.  An 

ultrasound image of the transverse plane of the tendon is captured every 0.2 mm over 

the length of the patellar tendon.  The UTC software (UTC 2010, UTC Imaging) 

constructs the sagittal and coronal planes from the transverse images creating a 3D 

ultrasound data-block (van Schie et al., 2010a). 

Most commonly, grey scale US is used to identify three main features that indicate 

tendon abnormality; hypoechoic area and anterior/posterior (AP) diameter.  These 

features reflect alterations in the tendons acoustic impendence and size due to 

increased ground substance (Cook et al., 2004a) and collagen fibril separation (Jozsa 

et al., 1990).  These pathological changes appear to be staged (Cook and Purdam, 

2009) and the presence of any or all of them indicate abnormal tendon structure.  

A single researcher conducted the ultrasound and analysed the images for the 

presence of pathology indicating tendon abnormality (yes/no) according to a pre-

determined algorithm based on previous imaging studies (Figure V1).    
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Figure V1 Algorithm to determine the presence of tendon pathology in the 

patellar tendon for studies in this thesis (Docking SI, used with permission) 
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Appendix W. VISA-P questionnaire 
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Appendix X. Overview of the neural control of skeletal muscle 

including the primary motor cortex and corticospinal tract 

The pre-central gyrus contains the M1, located in the frontal lobe and is responsible 

for planning and executing voluntary skeletal muscle movement (Stippich et al., 

2002).  A number of regions have projections that are involved in muscle activation 

that highlight that motor activation is an integrated response.  These include the 

supplementary motor area, pre-motor area, somatosensory cortex, parietal lobe and 

cingulate gyrus, whose roles are vast and integrate a number of systems in planning, 

utilisation of visual, auditory and spatial information as well as emotion formation, 

memory and learning (Table X1). 

Table X1 Functions of the cortex areas whose fibres contribute to the 

corticospinal tract (Nathan et al., 1990) 

Region Function 

Primary motor cortex Plan and execute movement (approximately 31% of the 

fibres of the tract originate from the M1) 

Supplementary motor area Precise function yet to be determined but may have 

roles that include postural stabilisation, the 

coordination of both sides of the body, internally 

generated movement – not triggered by sensory events, 

and the control of sequences of movements.  However, 

it is also active during non-sequential, uni-manual, and 

stimulus-cued movements demonstrating the 

integration of many areas in movement. 
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Pre-motor area  Functions not entirely understood, may play a role in 

planning movement, in the spatial and sensory 

guidance of movement, in understanding the actions of 

others, and in using abstract rules to perform specific 

tasks 

Somatosensory cortex Receive and react to sensory input and communicate to 

motor areas if motor response is required 

Parietal lobe Primary role in producing planned movements – 

receives input from the three sensory systems that 

localise the body and external objects in space (visual 

system, auditory system, and the somatosensory 

system).  

Cingulate gyrus Receives inputs from the thalamus and the neocortex 

and is a part of the limbic system, which is involved 

with emotion formation and processing, learning, and 

memory.  Also involved in pre-motor functions,  

 

Impulses that are generated in the M1, modulated by both excitatory and inhibitory 

synapses, descend the spinal cord after having passed through the internal capsule, 

brainstem and medulla oblongata, via the axons of the largest pyramidal cells known 

as Betz cells, thus termed the pyramindal tract or corticospinal tract/pathway, and 

synapse on the motor neuron pool to effect muscle activation (Schieber, 2001).  

Stellate cells are interneurons as they are confined to the cortex and are involved in 

inter and intra hemispheric communication (Schultz and McCormick, 1994).  The 

http://en.wikipedia.org/wiki/Thalamus
http://en.wikipedia.org/wiki/Neocortex
http://en.wikipedia.org/wiki/Limbic_system
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neurons of the M1 innervate particular muscle groups and are therefore arranged 

somatotopically, termed the motor homunculus however there is considerable overlap 

and plasticity associated with use or insult (Sanes and Donoghue, 2000, Carroll et al., 

2001a).  

Upper motor neurons (UMN) originate in the motor cortex and synapse with lower 

motor neurons in the ventral horn via the release of the neurotransmitter glutamate 

(Schieber, 2001).  The UMN that causes skeletal muscle activation is termed a Betz 

cell  and are located within the fifth layer of the grey matter in the primary motor 

cortex (Schieber, 2001).  The corticospinal tract, consists of the lateral and anterior 

tracts.  Most fibres of the lateral corticospinal tract decussate in the medulla 

oblongata, thus the contralateral hemisphere controls limb movement (Schieber, 

2001).   

Lower motor neurons (LMN) innervate skeletal muscle fibres and are located in either 

the ventral horn of the spinal cord and anterior nerve roots (spinal lower motor 

neurons) or the cranial nerve nuclei of the brainstem and cranial nerves with motor 

function (cranial nerve lower motor neurons) (Burke, 2007).  They are classified 

based upon the type of muscle fibre they innervate; alpha motor neurons (α-MNs) 

innervate extrafusal muscle fibres and are responsible for muscle contraction, and 

gamma motor neurons (γ-MNs) innervate intrafusal muscle fibres involved in afferent 

input (as part of the muscle spindle) (Burke, 2007).   

The α-MN and the extrafusal muscle fibre it innervates are termed a motor unit and 

the connection between them is termed neuromuscular junction (for overview of this 

topic see (Stifani, 2014)).  It is at this site, the synapse, that the action potential is 

transduced to the muscle fibre via voltage-dependent calcium channels that open, 

http://en.wikipedia.org/wiki/Brainstem
http://en.wikipedia.org/wiki/Action_potential
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allowing calcium to enter the neuron resulting in acetylcholine (Ach) release 

(Fambrough, 1979).  This neurotransmitter diffuses through the synapse and binds 

nicotinic acetylcholine receptors (nAChRs) on the plasma membrane of the muscle 

fibre.  The binding of ACh to the receptor can depolarize the muscle fibre, causing a 

cascade that eventually results in muscle contraction (Stifani, 2014). 

All of the motor units comprise the motor pool and contractions are controlled in part 

by the number of motor units that are activated (Heckman and Enoka, 2004).  

Recruitment is dependent upon the task and described by the Henneman's size 

principle that indicates that motor units are recruited from smallest to largest based on 

the size of the load (Latash, 1998).  For smaller loads requiring less force, slow 

twitch, low-force, fatigue-resistant muscle fibres are activated prior to the recruitment 

of the fast twitch, high-force, less fatigue-resistant muscle fibres.  The CNS has two 

systems to control muscle force through motor unit recruitment; spatial recruitment 

(the activation of more motor units to produce a greater force) and rate coding 

(describes the frequency of activation of muscle fibre contractions) (Armstrong and 

Taylor, 1982).  Consecutive stimuli on the motor unit from the α motor neuron causes 

the fusion of muscle twitches and produces a greater force than a single contraction 

(Armstrong and Taylor, 1982).  Decreasing the inter-stimulus enables the muscle to 

produce greater force with the same amount of motor units (Heckman and Enoka, 

2004).  As stated, further modulation of muscle recruitment occurs in the brain via the 

inhibitory and excitatory neurons that synapse onto the motor cortex prior to 

activation of the LMN and was the topic of interest in this work.  

  

http://en.wikipedia.org/wiki/Neurotransmitter
http://en.wikipedia.org/wiki/Nicotinic_acetylcholine_receptor
http://en.wikipedia.org/wiki/Henneman%27s_size_principle
http://en.wikipedia.org/wiki/Henneman%27s_size_principle
http://en.wikipedia.org/wiki/Rate_coding
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Appendix Y. Pilot data  

Pilot study to investigate the potential relevance of jumping load on the 

corticospinal excitability 

While habitual activity has been shown to effect the M1, no study was identified that 

specifically considered the type of activity and the influence on the M1 and motor 

drive.  Thirteen physically active, healthy participants were recruited (Table Y1.)  All 

participants completed at least three sessions per week of structured activity and 

included a mix of elite, sub-elite and recreational athletes.  Athletes nominated their 

dominant leg for testing and the contralateral corticospinal excitability was tested 

using single-pulse TMS as described in Chapter 3. 

Table Y1 Characteristics of participants in the pilot study that investigated the 

influence of jumping on corticospinal excitability 

Characteristics Description 

N (men) 13 (9) 

 

Age years 

(median+range) 

26 (21-37) 

BMI (mean±SD) 23.9±2.6  

Weekly activity  Australian football, swimming, touch football, running, martial arts, 

volleyball and badminton 

BMI, body mass index 

Following TMS testing, participants were grouped according to activity type (jumping 

yes/no).  Data were coded and all data were analysed blinded to group activity type 

(Table Y2).  Stimulus response curves were constructed (normalised to MMAX) and 
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the slope was calculated using GraphPad Prism in the same manner as the other 

studies in this thesis.  Data for MMAX, active motor threshold (AMT) and MVIC are 

presented as median and range.  In order to be conservative, non-parametric analyses 

(Mann Whitney U) were conducted on all comparisons, as the sample size was small 

and groups were an uneven number.  Physically active people who did not participate 

in sports that have a jumping requirement exhibited lower corticospinal excitability, 

evidenced by a decrease in the slope of the stimulus response curve (higher number 

indicates decrease in slope) (Table Y2). 

Table Y2 Corticospinal responses, peripheral measures and descriptions of each 

group 

Group by activity 

(jumping yes / no) 

Characteristics MMAX 

 

AMT 

 

MVIC 

 

Slope (AU) 

N=8 jumping 

participants 

(median+range) 

6 men 

Australian 

football 

Martial arts 

Volleyball 

Badminton 

24.61 

(21.84-

27.68) 

42  

(31-50) 

172.5  

(152-274) 

5.91 

(4.08-7.90) 

N=5 non-jumping 

participants  

(median+range) 

3 men 

Swimming 

Touch football  

Running 

 

21.51 

(18.7-

27.46) 

35 

(31-50) 

168 

(105-183) 

14.04* 

(9.66-17.69) 

AMT, active motor threshold; MVIC, Maximum voluntary isometric contraction; AU, arbitrary units * 

denotes p=0.002 
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These data suggest that jumping has a profound effect on the CSE and that it is 

therefore important that any comparisons made between controls, those with other 

AKP or PT participate in jumping sports.  Data were checked for the potential effect 

of gender and found to be non-significant (p = 0.26).  There were no differences 

between groups for MMAX, AMT or MVIC (p < 0.05).  

Based upon these data, the decision was made to recruit both men and women but 

only include athletes that played / trained at least three times per week in jumping 

sports in all studies.    

Pilot testing for developing intervention protocols 

There were no data on the potential effect of load on immediate analgesia in PT.  Pilot 

testing was conducted to attempt to identify some of the parameters that may be 

important (high or low load, shorter or longer time under tension) and to match 

isotonic and isometric protocols for rating of perceived exertion (RPE).  It was by no 

means exhaustive and the exact dosage for tendon pain warrants further investigation.  

The process for developing the protocols used in Chapter 4 is outlined (Figure Y1).  
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Figure Y1 Process for developing the parameters used in Chapter 4  

The order of testing was chosen to examine the testing conditions within the study 

and to observe whether the outcome measures themselves (or TMS testing) influenced 

SLDS.  First, maximal MVIC with short duration was trialled as this was part of the 

TMS testing to obtain MVIC, therefore, it had to be determined whether this outcome 

measure influenced SLDS outside of any intervention.  Secondly, participants were 

required to sustain low levels of MVIC during TMS testing, so 10-20% MVIC was 

trailed to ensure that sustained low level contractions (as part of TMS testing) did not 

influence pain on SLDS.  Third, higher load MVIC was trialled with combinations of 

time under tension.  

 

 

 

Step 1 

•Compare the effect of different loads (% MVIC) on the numerical rating scale (NRS) of the 
single leg decline squat test (SLDS) in a subgroup with PT (n = 7) (Table Y3).  

•The isometric condition was chosen as this could be easily quantified as a percentage of 
maximum voluntary isometric contraction (MVIC) using the Biodex pro (figure).  

•Compare the effect of different time under tension on SLDS (table 2). 

Step 2 

•Match isometric protocol and isotonic protocol (on a leg extension machine) for rating of 
perceived exertion in a healthy active in-season population (n = 4 ). 

•Test the feasibility in a healthy active population (ability to complete full repetitions and 
sets  protocols without delayed onset muscle soreness, n = 4). 

Step 3 

 

•Repeat step two based upon feedback until protocols were matched and achievable 
(testing completed over two month period).  
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Table Y3 Combinations of load and time under tension that were trialled 

Percentage of 

MVIC 

Protocol^  Mean change 

score in SLDS 

100 3 x 3 seconds 

3 x 5 seconds 

 

Outcome and reasoning for next trial: This outcome 

measure could be tested without influencing SLDS in 

the study.  It also indicated short duration maximum 

holds did not induce analgesia. 

Longer holds were not able to be sustained at 100% 

MVIC so load was decreased and time under tension 

was increased to trial if longer time under tension was 

effective 

0 

0 

10- 20 3 x 30 seconds 

5  x 1 minute 

3  x 2 minutes 

5 x 2 minutes 

 

Outcome and reasoning for next trial: TMS testing 

could be completed at low levels of MVIC without 

influencing SLDS.   

Low load,  longer time under tension made no change 

to SLDS so the decision was made to trial a heavy load 

(but less than 100% MVIC) for longer time under 

tension (as short duration had been ineffective).  70% 

0 

0 

0 

0 
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^ Increased tensile load in the posterior region of the proximal patellar tendon during leg extension is 

greatest near full extension (Dillon 2008) this is a painful position for people with PT, therefore 

isometric loading was completed away from this position.  Isotonic repetitions were completed in a 

comfortable range (that clinically usually does not include the final 10 degrees of extension.) 

 

The subgroup of athletes used in this pilot was not included in the cross over study 

nor were they recruited from the same population as the study participants that 

completed any of the intervention studies to avoid bias or contamination.  

Furthermore, a baseline session (week one) without any intervention was included in 

the final cross over study design also, to validate and replicate these results and again 

check if any of the outcome measures themselves influenced SLDS.   

Rating of perceived exertion was recorded for the isometric protocol and trials were 

performed to match the isotonic protocol.  This was calculated based on matching for 

time under tension: -  

 

 

was selected. 

70 5 x 45 seconds 

Outcome and reasoning for selecting this protocol: this 

combination of load and time under tension provided 

significant pain relief as well as a time under tension 

that could be easily matched with an isotonic protocol 

relevant to tendon loading (4 sets x 8 repetitions)^.   

7±0.38 

>85 5 x 45 (participants were unable to sustain time without 

muscle shaking) 

Incomplete trial 
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Isometric protocol  

5 x 45 seconds = 225 seconds total 

Isotonic protocol  

4 x 8 @ three seconds concentric phase, four seconds eccentric phase = 224 seconds 

total.   

100% of 8RM provided a comparable RPE to the isometric protocol. 

 

  



 213 

Appendix Z. Equipment list 

Table Z1 Equipment used in this work  

Components  Equipment Purpose Personnel  

Current and past 

injury history 

 

 

 

Presence of patellar 

tendon pathology  

 

Diagnosis of patellar 

tendinopathy 

 

 

 

 

 

Tool for PT pain and 

function 

 

 

Location of 

electrode placement, 

positioning and skin 

preparation 

 

 

 

Questionnaire 

developed specifically 

for the study  

 

 

UTC : Diagnostic 

ultrasound machine  

(Appendix V) 

Single leg decline squat 

board (Figure 2.2) 

 

 

 

 

 

VISA – P Questionnaire 

(Appendix W) 

 

 

Tape measure 

(Lufkin©) 

Marker pen (Sharpie©) 

 

 

 

 

Information about 

current length of time of 

symptoms, past tendon 

injury and general 

health status 

Assessment of patellar 

tendon pathology 

 

Provocative test for 

presence or absence of 

patellar tendon pain  

 

 

 

 

Assessment of the 

severity of patellar 

tendon symptoms  

Measure the distance 

(cm) from anterior 

superior iliac spine to 

superior patella and 

mark distance on 

anterior thigh of 2/3 of 

this distance 

Skin preparation of 

Self-reported, interview 

by researcher if further 

clarification required 

 

 

Specially trained 

researcher  

 

 

Researcher to 

demonstrate, participant 

to complete for left and 

right legs and provide 

numerical rating scale 

(NRS) 0-10 

Self-completion 

 

 

 

Researcher  
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Shaver 

Abrasive pad 

Single use 70% 

isopropyl alcohol swab 

 

Two surface electrodes 

(bipolar Ag-AgCl 

electrodes
b
)  and one 

ground electrode 

rectus femoris muscle 

and patella (for ground 

electrode)  

 

Record signal from 

rectus femoris muscle 

(Figure U1) 

 

Researcher 

 Skin tape Fix electrodes to the 

skin over rectus femoris 

muscle and clavicle 

 

 

Participant 

positioning 

Patient plinth 

Pillow for head 

Maintain a comfortable 

and consistent testing 

position for MWAVE 

(Figure U8) 

 

    

    

Stimulation and 

signal recording 

M wave stimulator 

PowerLab 8
a 

Laboratory analogue-

digital interface 

Direct muscle response 

and recording 

 

Signal analysis 

Transcranial 

magnetic stimulation 

 

 

M wave 

 

Computer 

BiStim unit, Magstim 

2002 stimulators 

(Magstim, Dyfed, UK) 

Double cone coil 

Electrical stimulator  

 

 

Magnetic stimulation to 

induce electrical current 

in cortical areas 

 

Direct stimulation of the 

femoral nerve 

Researcher 

Researcher 

 

 

 

Researcher 
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Maximal voluntary 

isometric 

contraction 

 

 

 

 

Anthropometric 

measurements  

 

Biodex system 4 Pro, 1 

(Biodex Medical 2 

Systems, Shirley USA) 

(Figure U7)  

 

 

 

 

Stadiometer , electronic 

scales to record body 

weight 

Isokinetic dynamometer 

to record contraction & 

provide resistance 

during testing protocol)  

Height (cm), weight 

(kg), waist and hip 

circumference (cm) 

 

To calculate BMI 

Researcher 

 

 

 

 

 

 

 

Researcher 

a
ADinstruments, Australia; 

b
Nihon Koden, Japan); SLDS, single leg decline squat; BMI, body mass 

index  
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Appendix AA. Supplementary file for Chapter 6 

This supplementary file accompanies the publication contained in Chapter 6 that has 

been submitted to the British Journal of Sports Medicine. 

Method 

Preliminary data contained in this supplementary file were collected using the method 

described below.  Participants were recruited from sub-elite and elite basketball and 

volleyball populations and were aged over 18 years and all playing / training three 

times per week.  If they were not able to participate in games and trainings three times 

per week for any reason including PT, they were not included because of the potential 

for activity to modify the primary motor cortex and motor control. 

Note that the larger randomised clinical trial (RCT) (Rio et al., unpublished data and 

van Ark et al., unpublished data) included participants aged over 16 years however, 

only participants aged over 18 years were offered transcranial magnetic stimulation 

(TMS) testing. 

Athletes were asked to complete a VISA-P, a questionnaire about patellar tendon pain 

and function that is scored between 0 and 100 with 100 being maximal pain free 

function (Visentini et al., 1998).  Height in centimetres (cm) using a stadiometer and 

weight in kilograms (kg) without footware were recorded and this has been described 

previously (Rio et al., 2015).  

Clinical diagnosis of patellar tendinopathy 

Patellar tendinopathy (PT) in all studies was diagnosed as localised pain at the inferior 

pole of the patella during jumping and landing as well as during the single leg decline 

squat (SLDS), a reliable patellar tendon pain provocation test (Purdam et al., 2003).  
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Grey scale ultrasound (US) was used to confirm the diagnosis by applying the 

following where at least one criterion had to be satisfied; presence of a hypoechoic 

area, increased thickness of the anterior/posterior diameter greater than six 

millimetres (mm) or the presence of vessels.  Athletes with bilateral symptoms were 

asked to nominate their most painful knee on the SLDS using a numerical rating scale 

(NRS) 0-10 and measures of quadriceps torque were taken from this side only and the 

contralateral hemisphere was tested with TMS.   

Inter-person data 

Jumping athletes were recruited and offered bilateral TMS testing.  Following testing, 

they were assessed clinically and using US to determine the presence of tendon pain 

(NRS pain on SLDS) and tendon pathology (US) for sub-grouping into unilateral or 

bilateral tendon pain or pathology.  

Inseason intervention study - Tendon neuroplastic training 

Concealed randomisation was achieved by asking the athlete to draw an opaque 

sealed envelope with no external markings (Schulz and Grimes, 2002a).  The 

envelope contained a number (either one = isometric or two = isotonic) produced by 

random number generation (Excel 2007©).   

Data were collected as part of a RCT with two intervention arms completed over four 

weeks during a competitive season.  The intervention was completed four times per 

week.  There were two active intervention arms, either externally paced isometric or 

isotonic muscle contractions and no sham group.  Protocols were matched for time 

under load and rest between sets (set at two minutes to allow muscle recovery) (Table 

AA1) (Ahtiainen et al., 2003).  Repetition maximum (for the isotonic group) and 

MVIC (for the isometric group) were determined to calculate starting loads.  As 



 218 

muscle work during isometric exercise and isotonic exercise cannot be directly 

measured, protocols were matched for rating of perceived exertion on the basis of 

pilot studies and to specifically avoid delayed onset muscle soreness as this was an in 

season study) and muscle pain may negatively affect compliance or sporting 

participation).  Furthermore, the protocol were matched for time under tension and 

based upon data supporting the use of external pacing to modulate corticospinal 

excitability and inhibition.   

Auditory cues have been shown to be beneficial on the induction of neuroplasticity 

(Goodwill et al., 2012, Hendy et al., 2012b, Kidgell and Pearce, 2010, Kidgell et al., 

2011, Latella et al., 2012a, Weier et al., 2012b).  Therefore both groups received an 

auditory file to play on their smart phone device during their exercise sessions that 

provided verbal instructions and paced the muscle contractions.  The aims of this 

were to try to ensure timing was adhered to, provide auditory stimulation and avoid 

self pacing so that the only difference between groups was muscle contraction type.  

Table AA1 Protocol used in the randomised clinical trial 

 Isometric group Isotonic group 

Time under tension 5 x 45 seconds =  

225 seconds 

4 x 8 

3 seconds concentric and 4 

seconds eccentric phase = 

224 seconds 

Starting load 80% MVIC 80% 8RM 

Progression 2.5% as able 2.5% as able 

External pacing and cues Metronome and verbal 

instructions  

Metronome and verbal 

instructions 
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Equipment Leg extension machine Leg extension machine 

Range 60 degrees Comfortable range 10 

degrees – 100 degrees 

Note: the protocol was modified from (Rio et al., 2015) to prevent delayed onset muscle soreness. 

Transcranial magnetic stimulation 

Single-pulse TMS was used to obtain stimulus response curves and paired-pulse TMS 

technique was used to quantify SICI and these methods have been published 

elsewhere (Rio et al., 2015).   

Outcome measures and statistical tests 

For the inter-person study, outcome measures were active motor threshold, CSE and 

SICI.  For the RCT, outcome measures were short-interval intra-cortical inhibition 

(SICI) and VISA-P.  Non-parametric tests were chosen due to small sample size. 

Results of the inter-person study 

Bilateral data was obtained for 16 athletes (32 hemispheres).  Of these, four were 

control participants recruited to compare SICI against the published physiological 

normal range for the quadriceps (50-70%) (Weier et al., 2012a) as it was unknown if 

SICI may be altered in jumping athletes.  The median SICI ratio for both sides of 

control athletes was 56.81 (range 50.86-58.81) and there were no differences between 

hemispheres in control participants (p=0.49).  There were no differences between 

sides in control participants for the slope of the stimulus response curve, left = 7.28, 

n=4, right = 9.55, n=4, p=0.83.  This supported data obtained in previous studies of 

control participants (Rio et al., 2015 accepted) and previously published physiological 

ranges (Weier et al., 2012a).  Two athletes for whom bilateral data was obtained were 

excluded (one swimmer and one rock climber).  This was because significant 

differences were found in corticospinal excitability of athletes that regularly jumped 
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and those that did not despite the same number of structured physical activity sessions 

in a week, in a pilot study of 13 athletes (p=0.002).  Therefore, fourteen athletes were 

included in the data provided in the paper, n=4 controls and n=10 with tendinopathy. 

The following sub-groups emerged: -  

Unilateral tendinopathy (unilateral pain with unilateral pathology) n=3 

Bilateral tendinopathy (bilateral pain and pathology) n=2 

Unilateral tendinopathy (unilateral pain with bilateral pathology) n=5. 

Therefore, the question posed was - what is the effect of unilateral pain on the other 

side (n=8)?  

Results from randomised clinical trial – tendon neuroplastic training 

Nine athletes (seven men and two women) with either unilateral (n=5) or bilateral 

(n=4) PT who were taking no medication were included in the study (Table AA2).  

This was part of a larger trial of 29 people, who were all offered inclusion in the TMS 

component.  Nine athletes completed the study, four in the isotonic group and five in 

the isometric group.    
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Table AA2 Baseline characteristics and testing 

        

Baseline 

 

intervention 

LOT 

sx height weight BMI 

KTW 

L 

KTW 

R VISA Leg SLDS MVC AMT M wave curve V50 SICI 

M  isotonic 84 181.5 74 22.4 11 7 69 R 8 202 26 26.52 0.10 1.70 41.87 

M isometric 24 185 81 23.7 13 8 13 R 7 113 28 18.64 0.22 1.45 33.82 

F isometric 1 178 65.3 20.6 12 11 65.5 R 5 177 33 15.48 0.24 1.68 56.3 

F isotonic 24 170.5 100.9 34.7 12 9 46 L 7 220 29 18.38 0.15 1.48 24.65 

M isometric 36 188 81.1 23.0 12 11 76 R 7 165 36 22.35 0.13 1.41 41.12 

M isotonic 4 183 79.7 23.8 17 16 65 L  5 263 25 17.47 0.12 1.39 79.74 

M isometric 36 182.6 84.1 25.2 7 8 63 L 7 152 35 24.29 0.12 1.45 28.61 

M isotonic 120 194 96.5 25.6 17 17 65 R 9 221 38 22.82 0.12 1.44 20.17 

GROUP 30 182.8 81.05 23.7 12 10 65   7 189.5 31 18.64 0.13 1.454 41.12 

 

M, male; F, female; LOT sx, length of time of symptoms (months); BMI, body mass index; KTW, knee to wall (cm); SLDS, single leg decline squat; MVC, maximal 

voluntary isometric contraction; AMT, active motor threshold; Mwave, maximal compound wave; SICI, short-interval intra-cortical inhibition 
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The individual data is provided (Table AA3, AA4) including calculated change scores 

for the outcome measures – VISA-P, SLDS, SICI.  Median and mean are provided, 

though non-parametric tests were chosen due to small sample size. 

Table AA3 Individual post intervention data 

 

VISA SLDS MVC AMT 
M 
wave 

Curve 

slope 
(AU) V50 SICI 

Isotonic 67 3 268 23 25.39 0.05 1.79 91.37 

 
59 4 228 27 21.99 0.23 1.74 71.26 

 
84 1 244 25 19.03 0.11 1.4 72.99 

 
73 3 280 30 24.73 0.07 1.53 82.98 

Median 70 3 256 26 23.35 0.10 1.64 77.98 

Mean 70.75 2.75 255 26.25 22.79 0.12 1.63 79.65 

Isometric 41 4 165 26 20.78 0.23 3.48 99.45 

 

97.5 2 188 33 16.67 0.33 1.93 81.56 

 

84 4 229 33 19.98 0.15 1.41 72.12 

 

72 2 264 35 21.25 0.25 1.48 75.79 

 

78 3 210 33 20.42 0.25 1.71 52.45 

Median 78 3 208.5 33 20.38 0.24 1.71 75.79 

Mean 73.625 3 211.5 31.75 19.67 0.24 2.08 76.27 

MVC, maximal voluntary isometric contraction; AMT, active motor threshold; Mwave, maximal 

compound wave; SICI, short-interval intra-cortical inhibition; AU, Arbitrary units 

Table AA4 Change scores pre and post intervention 

 

VISA SLDS MVC 

% 

MVC 

change AMT 

M 

wave curve V50 SICI 

Isotonic -2 5 66 32.67 -3 -1.13 -0.05 0.09 49.50 

 

13 3 8 3.64 -2 3.60 0.08 0.27 46.61 

 

19 4 67.82 25.79 0 1.56 -0.01 0.06 -4.32 

 

8 6 59 26.70 -8 1.90 -0.05 0.09 62.8 

Median 10.5 4.5 62.5 26.24 -2.5 1.73 -0.02 0.09 46.61 

Isometric 28 3 52 46.01 -2 2.14 0.01 2.03 65.63 

 

32 3 11 6.21 0 1.19 0.09 0.254 25.25 

 

8 3 64 38.79 -3 -2.37 0.02 -0.007 40.00 

 

9 5 28 13.79 -2.5 1.67 0.02 1.14 56.12 

 

15 4 30 16.67 0 -0.16 0.07 0.25 23.84 

Median 18.5 3 40 26.29 -2.25 1.43 0.02 0.70 43.56 
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The individual SICI data following the RCT is provided (Table AA5). 

Table AA5 Individual pre and post cortical inhibition 

 Pre (%) Post (%) Change 

(%) 

Isometric  

1 

2 

3 

4 

5 

33.82 

56.30 

41.12 

24.26 

28.61 

 

99.45 

81.56 

72.12 

75.79 

52.45 

 

65.63 

25.25 

31.00 

56.12 

23.84 

 

 

Group 

median 

 

33.82 

 

 

75.79 

 

 

43.56^ 

 

Isotonic  

1 

2 

3 

4 

 

Group 

median 

41.87 

24.65 

77.31 

20.17 

 

33.26 

91.37 

71.27 

72.99 

83.00 

 

77.98 

49.50 

46.62 

-4.32 

62.81 

 

46.62# 

       ^ p=0.06,  # p=0.25 
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