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Abstract 

Neuromotor dysfunction such as delayed upper extremity reaction time and altered wrist 

posture during gripping, are considered part of the pathophysiology in lateral epicondylalgia 

(LE). This might manifest as changes in the forearm muscle activity patterns in LE. In 

addition to a systematic review (Study 1) of the current literatures of forearm muscle activity 

in LE, this thesis presents three case-control studies that provide new insights into: the timing 

of forearm muscle activity during wrist extension reaction time (RT) (Study 2), the 

magnitude of forearm muscle activity during isometric gripping with different wrist postures 

(Study 3), and forearm muscle synergies during ramp and steady-state phases of isometric 

gripping (Study 4) in individuals with LE. This thesis also presents the association of forearm 

muscle activity with the clinical, sensory and tendon structural changes associated with LE.  

 

The systematic review identified consistent evidence of increased electromechanical delay 

and altered cortical excitability associated with the forearm extensor muscles in LE. These 

findings suggest both peripheral and central contribution to altered motor control in LE. The 

second study, which used intramuscular electromyography (EMG), provided evidence that 

delayed RT in LE is due to prolonged extensor carpi radialis brevis (ECRB) and extensor 

digitorum communicis (EDC) motor time, with no between-group differences in premotor 

time. Wrist extension RT was associated only with ECRB and EDC premotor time but not 

with extensor carpi ulnaris (ECU) premotor in LE. Increased duration of LE symptoms was 

associated with shorter RT, as well as shorter ECRB and anconeus premotor time. 

 

The third study used surface EMG to examine how changes in wrist posture (wrist extension, 

neutral wrist, wrist flexion) affected the absolute and relative activation of individual forearm 
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muscles during two different levels of isometric gripping. During 15% maximum voluntary 

contraction (MVC), reduced absolute ECRB activity corresponded with increased relative 

contribution of ECU in LE. In contrast, contraction at 30% MVC resulted in, reduced 

absolute and relative activation of flexor carpi radialis (FCR) and flexor digitorum 

superficialis (FDS), and corresponded with increased contribution from EDC and ECU in LE. 

Wrist posture affected the relative contribution of ECRB and ECU to the gripping task in 

healthy individuals, but not in individuals with LE. Increased EDC contribution was 

associated with increased pain and disability and, pain free grip strength in LE. Increased 

ECRB contribution was associated with increased tendon thickness in LE. 

  

The fourth study obtained a separate EMG fragment of ramp and steady-state phase gripping 

from the Study 3 data, for the forearm muscle synergy analyses. A reduced number of muscle 

synergies with increased similarity between the synergies and increased level of synergy 

activation was indentified in LE, during 15% MVC ramp phase of gripping. Additionally, the 

LE cohorts had an increased delay and reduced variability in the timing of peak activation of 

forearm muscle synergies. Regardless of the grip force level, the LE cohorts had an increased 

number of, relatively independent, muscle synergies with reduced level of synergy activation 

during steady-state gripping. Wrist postures did not affect forearm muscle synergy 

characteristics during gripping in either group. While the decreased level of synergy 

activation during ramp phase gripping was associated with decreased pressure pain threshold, 

increased synergy activation during steady-state gripping was associated with reduced cold 

pain threshold in LE. The findings from this body of research are indicative of altered 

forearm muscle motor control. This may be the result of adaptation with in the central 

nervous system, which is likey to be mediated by chronic nociception, muscle-tendon 

pathology and task dependent pain associated with LE. 
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1. Introduction 

Lateral epicondylalgia (LE), also known as ‘tennis elbow’ (Morris 1882), is a chronic, 

debilitating upper extremity musculoskeletal pain condition affecting the elbow joint. LE is 

the most prevalent condition seen in people whose job involves repetitive hand grip and/or 

manual handling activities with the wrist joint kept in a relatively more flexed position 

(Descatha et al. 2013; Shiri and Viikari-Juntura 2011). The clinical feature of LE includes 

localised pain at the lateral humeral epicondyle of the elbow which is often aggravated by 

gripping, resisted wrist extension and resisted middle or index finger extension (Haker and 

Lundeberg 1990). The presence of elbow pain reduces the strength during wrist extension and 

gripping tasks and alters the gripping behaviour, which lead to upper extremity activity 

limitation and related occupational disability in LE.  

 

LE is a primary disorder of the common extensor tendon of the elbow which occurs due to 

overuse and/or age-related tendon degeneration (tendinopathy). The tissue pathology in LE is 

mostly attributed to the tendinous portion of the extensor carpi radialis brevis (ECRB) muscle 

(Briggs and Elliott 1985; Bunata et al. 2007; Lieber et al. 1997; Ljung et al. 1999c). The 

structural changes associated to LE include tendon collagen fibre disorganisation, features of 

mucoid degeneration and neovascularization within the tendon proper (Kraushaar and Nirschl 

1999; Regan et al. 1992; Zeisig et al. 2006). Diagnostic, grey-scale ultrasound imaging is a 

common and feasible clinical tool to identify the tendon structural changes associated with 

LE (Dones et al. 2014; du Toit et al. 2008; Heales et al. 2014). Focal hypoechoic spots 

representing the mucoid degeneration (Connell et al. 2001), increased heterogeneity of grey-

scale image showing collagen disorganisation (Heales et al. 2014; Poltawski et al. 2012) and 

increased tendon thickness (Lee et al. 2011a) are the common pathological measures obtained 

using diagnostic ultrasound in individuals with LE. Moreover, loss of muscle fibres and 
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altered muscle fibre type in the ECRB muscle has also been documented in LE (Ljung et al. 

1999c). Overall, these structural changes could affect the normal function of the muscle-

tendon unit, which is: development and transmission of muscle forces to the bone and 

produce the joint movement and joint stability (Magnusson et al. 2010; Wang 2006). Notably, 

changes in muscle-tendon unit structure and function in individuals with tendinopathy has 

shown associated changes in the adaptability of the motor system function (Chang and Kulig 

2015).   

 

1.1 Sensorimotor dysfunction in lateral epicondylalgia 

In addition to the morphological changes, the pathophysiology of LE includes changes in 

sensory (pain) system function. Immunohistochemical studies of ECRB tendon have shown 

the presence of neuroinflammatory mediators which are collectively identified as excessive 

nerve sprouting and in-growth (neovessel) within the main body of the tendon (Ljung et al. 

2004; Ljung et al. 1999a; b; Zeisig et al. 2009). Increased pain sensitivity to a noxious 

stimulus- otherwise known as hyperalgesia- is partly the clinical manifestation of the sensory 

system changes in LE (Wright et al. 1994). The localised mechanical hyperalgesia is mainly 

indentified over the lateral epicondyle (Coombes et al. 2009; Slater et al. 2005) and over the 

ECRB muscle belly of the affected elbow during gripping and pressure pain threshold testing 

in LE (Ruiz-Ruiz et al. 2011; Slater et al. 2005). However, the presence of widespread 

mechanical and thermal hyperalgesia has also been documented in individuals with unilateral 

LE (Coombes et al. 2015; 2012; Fernandez-Carnero et al. 2009a; Fernandez-Carnero et al. 

2009b). Moreover, the presence of chronic pain would alter the overall neural (motor) drive 

during functional tasks and result in adaptive/maladaptive changes in neuromotor function 

(Hodges and Tucker 2011; Lund et al. 1991; Nijs et al. 2012). 
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There is growing literature that neuromotor dysfunction are part of the pathophysiological 

features of LE. Similar to the sensory system changes, bilaterally altered upper extremity 

movement patterns such as 1) delayed upper extremity reaction time (Bisset et al. 2006b; 

Pienimaki et al. 1997) and 2) altered wrist posture during gripping (Bisset et al. 2006b), have 

been indentified in individuals with unilateral LE. While the presence of bilaterally altered 

upper extremity movement patterns in unilateral LE facilitated the hypothesis of the adaptive 

motor system plasticity, findings of cortical reorganisation and altered excitability 

characteristics of the ECRB muscle has recently been presented in a transcranial magnetic 

stimulation study (Schabrun et al. 2015). It is a well-known fact that both the neuromuscular 

system and central nervous system (CNS) can adapt structural and functional changes with 

prolonged adaptation to physiological or pathological movement patterns (Bruton 2002; 

Enoka 1997). This might be an important consideration in LE, as a previous interventional 

study reported a lack of recovery in reaction time deficits one year after the standard 

treatment (Bisset et al. 2009).  To date, there is no evidence for recovery in altered wrist 

posture during gripping in LE.  

 

1.2 Altered motor control in lateral epicondylalgia 

Primarily, motor control of wrist movements (Bawa et al. 2000) and gripping (Snijders et al. 

1987) are known to involve a synergetic contribution from many forearm muscles. For 

example, hand grip tasks require balanced synergistic activity from finger flexors (flexor 

digitorum superficialis, FDS; flexor digitorum profundus, FDP), wrist flexors (flexor carpi 

radialis, FCR; flexor carpi ulnaris, FCU), wrist extensors (ECRB; extensor carpi ulnaris, 

ECU) and finger extensors (extensor digitorum communis, EDC) (Snijders et al. 1987). 

Given that LE is a chronic condition present with long-term structural and pain pathology, 

particularly in ECRB, it might affect the synergistic contribution from other forearm muscles, 
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and therefore the overall forearm muscle coordination during wrist movement and gripping 

function. 

 

1.2.1 Altered forearm muscle activity patterns in LE 

A number of previous studies have reported modified EMG amplitude patterns of ECRB that 

corresponds with changes in the EDC, ECU, FCR and FDP during wrist extension and 

gripping related tasks in individuals with LE; however, the current reports of changes in the 

level of forearm muscle activity in LE are inconsistent, compared to healthy individuals 

(Alizadehkhaiyat et al. 2007c; Blanchette and Normand 2011; Heales et al. 2015; Kelley et 

al. 1994; Rojas et al. 2007). Also, some peripheral nerve and/or cortical stimulation studies 

have reported EMG-based outcome measures that are suggestive of peripheral neuropathic 

changes and altered cortical network excitability features of the forearm extensor muscles 

(Albrecht et al. 1997; Schabrun et al. 2015). Although a wide range of altered forearm muscle 

EMG patterns are presented in previous studies, there appears to be no consensus on to what 

extent the existing EMG reports explains the specific neurophysiological aspects of forearm 

muscle motor control involved in wrist and hand function, in LE. Systematic interpretation of 

existing findings of altered forearm muscle EMG outcome’s, based on the methodological 

quality of individual studies, would provide better understanding of the EMG changes that 

might be implied to the specific aetiological mechanisms of LE. Study 1 of this thesis 

synthesises the previously reported forearm muscle EMG outcomes in LE, through a 

systematic review.  

 

Delayed reaction time identified during a simple upper extremity reaching task (Bisset et al. 

2006b) and during the rapid hand grip task (Seo et al. 2011) are indicative of reduced 

temporal efficiency of the sensorimotor processing function in LE. A simple reaction time 
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paradigm involves two temporal sequences, known as premotor time and motor time. 

Increased delay in premotor time in chronic musculoskeletal pain conditions has been implied 

to the feedforward neural processes that occur in CNS (Falla et al. 2004; Hodges et al. 2003). 

Moreover, increased delay in motor time has been associated with altered structural and 

mechanical characteristics of the tendon, such as: increased tendon thickness and strain and 

decreased tendon stiffness in individuals with Achilles tendinopathy (Arya and Kulig 2010a; 

Chang and Kulig 2015; Wang et al. 2012). While LE is a chronic condition that 

simultaneously involves changes in structure and function of ECRB muscle-tendon unit and 

sensorimotor dysfunction; it is tempting to hypothesise that individuals with LE might have 

altered efficiency both in premotor time (the neural processes involved in the preparation of 

the voluntary movement) and motor time (the neuromuscular processes involved in the 

commencement of muscle activity to generate movement) (Anson and Mawston 2000). 

Bilaterally increased ECRB motor time during a rapid gripping task has been previous 

demonstrated in individuals with unilateral LE compared to healthy controls (Chourasia et al. 

2012). However, use of gripping to examine ECRB motor time deficit in LE could be 

difficult to interpret as the finger flexor (FDS) is the prime mover of the gripping (Chourasia 

et al. 2012). Overall, comprehensive understanding of the neural mechanisms that underpins 

the reaction time deficits in LE is still unclear in current literature. Study 2 of this thesis was 

designed to gain further insight on the above gaps identified in the current literature. 

 

1.2.2 Wrist posture and forearm muscle activation strategies during gripping  

Reduced wrist extension posture identified during pain free gripping has been speculated as 

one of the aetiological mechanisms in LE (Bisset et al. 2006b). It is arguable that changes in 

the wrist posture during gripping might be associated with pain and modified forearm 

muscles strength in LE. For example, previous studies have reported reduced isometric 
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strength during wrist extension, finger flexion and extension (Alizadehkhaiyat et al. 2007b), 

reduced isokinetic wrist extension strength (Croisier et al. 2007a) and deficits in pain-free 

grip strength (Stratford et al. 1989) in LE compared to healthy controls. With regards to the 

prognosis of forearm muscle strength, one study has shown lack of recovery in wrist 

extension, finger flexion and maximal grip strength in six females who have recovered from 

LE (with at least six months of an asymptomatic period) compared to eight healthy females. 

However, in the same study the finger extension (EDC) strength has shown significant 

improvement in LE (Alizadehkhaiyat et al. 2009). While the authors of this study have 

interpreted increased finger extension strength as a compensatory forearm extensor muscle 

adaptation in LE, one can interpret this data as persistent wrist extensor (and gripping) 

deficits even after six months of asymptomatic period. Overall, this can lead to a potential 

imbalance in synergistic contribution from other forearm muscles involved during gripping in 

LE. Although a recent EMG investigation showed reduced ECRB activity with increased 

synergistic forearm muscles (EDC and FDP) activity in LE, this study also noticed a 

significant reduction of wrist extension angle when pain-free grip was performed at forearm 

pronated position in individuals with LE (Heales et al. 2015). 

 

While it was a long-standing hypothesis, a recent synthesis of longitudinal studies has 

confirmed the repeated manual handling (or gripping) tasks performed at non-neutral wrist 

posture as a risk factor for the development of LE (Descatha et al. 2015). More importantly, 

EMG findings on healthy individuals has shown increased forearm extensors activity during 

gripping at flexed wrist posture (Mogk and Keir 2003b) which was suggested as a possible 

risk for common extensor tendon overuse and development of LE. Although it is clear from 

current findings that the forearm muscle activities are altered during gripping in LE, it 

remains unclear how changes in the wrist postures during gripping affects the forearm muscle 
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activity pattern in LE. Study 3 of this thesis was designed to gain insights on how changes in 

wrist posture affect the forearm muscle activity in LE. 

 

1.2.3 Neural strategies of forearm muscle coordination during gripping  

Gripping involves a coordination of multiple forearm flexors and extensor muscles, and it 

includes a ramp phase of force development before the target grip force is achieved. While it 

is well-known that gripping is a habitually painful task in LE, sensorimotor deficits (Bisset et 

al. 2006b; Chourasia et al. 2012) and muscle dysfunction (Alizadehkhaiyat et al. 2007c; 

Alizadehkhaiyat et al. 2009; Chourasia et al. 2012; Heales et al. 2015) indentified in LE are 

mostly associated with gripping task. This speculates the possibilities for the changes in CNS 

strategies of forearm muscle coordination (known as muscle synergies) during gripping in 

LE. Especially, it appears from the previous studies that altered forearm muscle activity 

patterns occur during the steady-state phase of isometric gripping (Alizadehkhaiyat et al. 

2007c; Heales et al. 2015) as well as during the ramp phase of grip force development 

(Chourasia et al. 2012).  

 

Particularly reduced ECRB contribution which corresponded with increased EDC and FDP 

contribution during steady-state gripping in LE (Heales et al. 2015) might be a indication for 

increased coactivation between the forearm extensor and flexor. Although it is unclear 

whether the forearm muscle coactivation alters during the ramp phase of gripping in LE, an 

earlier study has shown increased trunk muscles coactivation during ramp phase of isometric 

loading (van Dieen et al. 2003) in individuals with chronic low back pain. Nonetheless- with 

regards to muscle synergies- increased coactivation during a task might be a feature of 

reduced complexity of CNS strategies of a task involving muscle coordination (Cheung et al. 

2012; Roh et al. 2015; Sawers et al. 2015). Supporting this, reduced variabiltiy in the cortical 
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mapping and differential cortical excitability features of ECRB and  EDC muscles in LE 

(Schabrun et al. 2015) indicated adaptive CNS strategies that might result in increased 

coactivation between forearm muscles in LE. Although a recent analyses of repeated ramp-

hold-relase phases of gripping has shown some differences in overall forearm muscle synergy 

composition, (Heales et al. 2016), no changes in complexity and specific aspects of muscle 

synergy compositions were observed in LE. Taken together, it appears that a greater 

understanding of forearm muscle coordination may be gained by separately examining the 

muscle synergies during the ramp phase and steady-state isometric phases of target grip force 

tasks in LE. Study 4 of this thesis examined the complexity and spatiotemporal features of 

forearm muscle synergies during ramp and steady-state phase of isometric gripping in LE. 

 

1.3 Statement of research problem 

Whilst it is evident that the individuals with LE have deficit in upper extremity reaction time 

and altered wrist posture during gripping, the underlying mechanisms of these deficits are not 

yet fully understood. Potentially, these neuromotor deficits associated with LE might be 

attributed to changes in timing and magnitude of individual forearm muscle activation and/or 

changes in the CNS strategies of forearm muscles coordination during wrist movement and 

gripping. 

  

1.3.1 General aim of this thesis 

The general aim of this thesis is to synthesise the current reports of altered forearm muscle 

activity in LE and to investigate the forearm muscles motor control that underlie deficits in 

reaction time, altered wrist postures during gripping and neural strategies of forearm muscle 

coordination during ramp and steady-state phases of isometric gripping in LE. As the 

pathophysiology of LE simultaneously involves tendon structural and sensory (pain) system 
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changes, it was a secondary interest of this thesis to subsequently examine the possible 

association of identified forearm muscle motor control changes with the clinical, sensory and 

radiological (grey-scale ultrasound) profile of LE. 

 

1.3.2 Specific aims of this thesis  

Aim 1  To systematically review and summarise the data for neuromotor characteristics in 

individuals with LE (Study 1).  

Aim 2 To investigate the timing of forearm muscle activity during rapid wrist extension in 

individuals with LE compared to the healthy individuals. The secondary aim of this 

study was to examine the association of timing characteristics of forearm muscles 

with clinical, sensory and radiological (grey-scale ultrasound) profile of LE (Study 

2).  

Aim 3  To investigate the individual forearm muscle activation strategies in individuals with 

LE compared to the healthy individuals during two levels of isometric grip force 

exertion at three different wrist postures. The secondary aim of this study was to 

examine the association of individual forearm muscle activation characteristics 

clinical, sensory and radiological (grey-scale ultrasound) profile of LE (Study 3).  

Aim 4  To investigate the spatiotemporal activation characteristics of forearm muscle 

synergies during ramp phase and steady-state phase gripping in individuals with LE 

compared to the healthy individuals. The secondary aim of this study was to 

examine the association of spatiotemporal components of forearm muscle synergy 

with clinical and sensory system profile of LE (Study 4). 
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2. Background 

2.1 Burden of lateral epicondylalgia 

Musculoskeletal disorders are the second greatest cause of long-term pain and disability (Vos 

et al. 2012). A recent study on the global burden of disability due to musculoskeletal 

disorders has concluded that the overall burden of the disorders would dramatically increase 

worldwide over the coming decades, especially during the most productive years of human 

life (March et al. 2014). Likewise, musculoskeletal conditions are the 4th most expensive 

disease group on Australia’s health expenditures, which is 8.7% of total health expenditure 

per year (AIHW 2014). Moreover, it was estimated from the epidemiological study that up to 

45% of the musculoskeletal pain related health costs are related to tendon/ligament injuries 

(Praemer et al. 1992). 

 

The reported prevalence rate of LE varies between the 1 to 3% in the general population 

(Shiri et al. 2006; Verhaar 1994; Walker-Bone et al. 2004), 13.5 to 15% of the working 

population (Haahr and Andersen 2003a; Shiri and Viikari-Juntura 2011) and 35 to 51% in 

tennis players (Carroll 1981; Gruchow and Pelletier 1979; Kitai et al. 1986). It has been 

stated in a previous study that 40% of people would experience LE at some point in their life 

(Gruchow and Pelletier 1979). The dominant arm is commonly affected by LE irrespective of 

gender, particularly during the most productive years of life- that is between the ages of 35 

and 54 years (Abrams et al. 2012; Gruchow and Pelletier 1979; Hamilton 1986; Sanders et al. 

2015; Shiri et al. 2006). Withstanding this, individuals with LE have shown a substantial 

impact on full active work participation with absenteeism being 12 weeks in 30% of LE 

sufferers (Shiri and Viikari-Juntura 2011; Verhaar J 1992). This is due to the most disabling 

clinical feature of LE which is pain during gripping and other hand-related activities. 
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2.1.1 Risk factors for LE  

The occupational exposure to forceful and repetitive handheld activities with non-neutral 

wrist postures is the most common risk factor for the development of LE (Descatha et al. 

2013; Descatha et al. 2015; Fan et al. 2014; Haahr and Andersen 2003a; Herquelot et al. 

2013; Kitai et al. 1986; Shiri and Viikari-Juntura 2011). Intraoperative findings from 

individuals with LE has found a biphasic lengthening and shortening nature (i.e., eccentric 

contraction) of ECRB muscle sarcomere during wrist and hand function (Lieber et al. 1997). 

Given the risk of developing LE with repetitive manual handling tasks, the nature of eccentric 

contraction pattern of ECRB might potentially damage the myotendinous fibrillar 

components and decrease the contractile performance of muscle (Clarkson et al. 1982; Friden 

and Lieber 1994). Moreover, several experiments that explored pathophysiological 

mechanisms of the repetitive strain injuries of animal and human muscle-tendon units have 

reported that the development of tendon injury involves simultaneous changes in the 

musculoskeletal system with adaptive changes in sensory and motor system (Barbe et al. 

2003; Barr 2006; Byl et al. 1996a; Byl et al. 1997; Byl et al. 1996b; Coq et al. 2009). 

Similarly, the underlying aetiological mechanisms of LE include changes in the tendon 

structure, somatosensory and motor system dysfunction. 

 

2.2 Functional anatomy of lateral epicondylalgia 

The common extensor tendon of the elbow joint is the key struture affected in LE. Common 

extensor tendon is attached to the lateral epicondyle of the humerus bone, and serves as an 

origin for four superficial muscles located over the posterior forearm region that are 

collectively called forearm extensors (Figure 2.1): extensor carpi radialis brevis (ECRB), 

extensor digitorum communicis (EDC); extensor digiti minimi, and extensor carpi ulnaris 

(ECU). The ECRB and extensor carpi radialis longus (ECRL) are considered as composite 
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muscle bellies of extensor carpi radialis (ECR). However, the ECRL has its own origin and is 

not a part of the common extensor tendon. 

 

 

Figure 2.1. Common extensor tendon and forearm extensor muscles. (Adapted and modified from  
https://www.pogophysio.com.au) 

 

Wrist extension (ECRB and ECU), finger extension (EDC) and stabilisation of the wrist 

(ECRB, EDC and ECU) during hand grip related activities are the known functions of 

muscles that share the common extensor tendon (Milner et al. 1995; Riek and Bawa 1992; 

Snijders et al. 1987; Sturm et al. 1997). Especially, it has been shown that the optimal 

performance of the cylindrical (or power) type of grip task requires self-selected wrist posture 

which is typically 25° to 35° of wrist extension (O'Driscoll et al. 1992b).  However, the power 

grip is the primary function of finger flexor muscle (i.e., flexor digitorum superficialis, FDS) 

(Snijders et al. 1987) with a synergistic contribution from the other muscles located over the 

anterior forearm region (Figure 2.2) which are collectively known as forearm flexors: flexor 

carpi radialis (FCR); flexor digitorum profundus (FDP) and flexor carpi ulnaris (FCU). 

https://www.pogophysio.com.au)
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Figure 2.2. Sample diagram illustrating the selected superficial forearm flexor and extensor muscles 
involved during power gripping. (Adapted and modified from http://bodybuilding-wizard.com). 
 

2.3 Pathophysiology of lateral epicondylalgia 

The known pathophysiological characteristics of LE include the interaction of 1) local tissue 

pathology, 2) changes in the sensory (pain) system, and 3) dysfunction of the neuromotor 

system. 

 

2.3.1 Tissue pathology in LE 

The structural changes of the common extensor tendon commonly seen in individuals with 

tendinopathy include, 1) reduced number of fibroblasts and increased number of apoptotic 

cells, 2) increased level of proteoglycans, glycosaminoglycan and water contents, 3) loss of 

type I collagen fibrils and disorganisation of tendon collagen fibrils, 4) hypervascularisation 

with nerve ingrowth-  otherwise known as neovascularisation or neovessel, and 5) absence of 

inflammatory cells (Kraushaar and Nirschl 1999; Ljung et al. 1999c; Magnusson et al. 2010; 

Regan et al. 1992). In terms of LE, the above tendon pathological changes are mostly 

identified at the tendinous portion of ECRB muscle (Briggs and Elliott 1985; Bunata et al. 

http://bodybuilding-wizard.com).
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2007; Lieber et al. 1997; Ljung et al. 1999c). Instead, some authors have also argued the 

involvement of the EDC tendon portion as a part of pathology in LE. (Fairbank and Corlett 

2002). Previous histological findings in LE have shown the presence of collagen 

disorganisation, mucoid degeneration (Kraushaar and Nirschl 1999; Regan et al. 1992) and 

neovascularisation (Zeisig et al. 2006) at the ECRB tendinous portion of the common 

extensor tendon. Moreover, a number of immunohistochemical investigations have reported 

the existence of 1) excessively regenerated free nerve ending (type-IVa) innervation with 

altered sensory system sensitivity (Ljung et al. 2004), 2) altered balance between the 

sympathetic and parasympathetic (type-IVb) innervation (Ljung et al. 1999b; Zeisig et al. 

2009), and 3) increased circulatory (systemic) neurogenic inflammatory and excitatory 

mediators (for example, substance P, Calcitonin and glutamate) (Ljung et al. 2004; Ljung et 

al. 1999a) in the ECRB muscle-tendon portion of individuals with LE, compared to healthy 

controls. Although presence of these neuronal mediators are commonly observed during 

earlier stages of tendon healing, excessive and prolonged presence of systemic neurogenic 

inflammatory and excitatory mediators during the proliferative phase of healing would have 

an negative effect on the tendon healing process, such as: hyper-proliferative/degenerative 

tissue changes and development of chronic tendon pain, which are often shown in other 

tendinopathy conditions (Lian et al. 2006; Schubert et al. 2005). 

 

Histopathological findings of ECRB muscle fibres in individuals with LE compared to the 

healthy controls has indicated, 1) increased muscle fibre necrosis with presence of mast cells 

(60%), 2) reduced type-2B muscle fibres with increased type-2A (fast-twitch) and 2C 

(regenerative) oxidative muscle fibres and 3) increased muscle fibre type grouping (30%) 

homogenously across the ECRB muscle fibre (Ljung et al. 1999c). It’s possible that the 

presence of muscle fibre necrosis and subsequent regeneration may affect the number and 
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size of muscle fibres, which might alter the motor unit size and its distribution within the 

muscle and alter the number of active motor units during the voluntary tasks. In general, the 

above evidence of loss of ECRB muscle fibres (or atrophy) in LE might be a direct effect of 

neurogenic inflammatory mediators as seen in the aged population (Grounds et al. 2008), or it 

may be a result of motor inhibition that might occur due to prolonged activation of type-IV 

innervation (free nerve ending and autonomic nerves) within the tendon (Gandevia 2001; 

Martin et al. 2006; Martin et al. 2008).  

 

2.3.2 Diagnostic ultrasound characteristics of LE 

Diagnostic, grey-scale ultrasound image recording of the common extensor tendon is the 

commonly used clinical tool to identify the tendon structural changes associated with LE 

(Dones et al. 2014; du Toit et al. 2008; Heales et al. 2014). The density, parallel orientations 

and continuity of the intact collagen fibrils are well visualised in the longitudinal (or sagittal 

plane) grey-scale images as a hyperechoic line. The presence of mucoid degeneration within 

the tendon would alter the echogenicity in the ultrasound grey-scale images of the 

pathological tendon, and presented as focal hypoechoic spots (refer to Figure 4.3 in General 

Methods section). The focal hypoechoic spots are one of the common diagnostic ultrasound 

features of LE, and it corresponds to the area of degeneration (Connell et al. 2001). 

Qualitative measurement of focal hypoechoic spots has been shown to have a best diagnostic 

sensitivity and specificity in LE (Dones et al. 2014). Similarly, reduced density and/or 

irregularity of collagen fibrils arrangement would be presented as an increased heterogeneity 

(otherwise known as, fibrillar disruptions) of grey-scale tendon fibre arrangement (Heales et 

al. 2014; Poltawski et al. 2012). In addition, increased tendon thicknesses (refer to Figure 4.3 

in General Methods section) in considered as another pathological measure in LE (Lee et al. 

2011a). Although increased focal and/or overall tendon thickness is related to morphological 
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changes such as increased proportion of mucoid tissues (fatty fluids and scar) within the main 

body of tendon, it has been argued as an adaptive response to overcome the lower mechanical 

strength in tendinopathy (Arya and Kulig 2010; Docheva et al. 2015; Wang et al. 2012). 

Furthermore, the presence of bony calcification, bone irregularities (enthesis) of the lateral 

epicondyle, and the presence of hypoechoic spots over the deeper surface to the common 

extensor tendon indicating lateral collateral ligament complex abnormalities (Clarke et al. 

2010; Connell et al. 2001) were the other pathological changes reported in the diagnostic 

ultrasound image analyses. 

 

Previous biomechanical studies in Achilles tendinopathy have shown defects in mechanical 

characteristics of the tendon, such as increased tendon thickness, strain and decreased tendon 

stiffness (Arya and Kulig 2010; Wang et al. 2012), which subsequently compromise the load 

bearing and force transmitting ability of the tendon. Notably, the changes in muscle-tendon 

function in individuals with tendinopathy would alter the efficiency of temporal aspects of 

neuromotor function and alter the muscle excitability characteristics which are readily 

connected with adaptability of the nervous system function (Chang and Kulig 2015). 

Therefore, it was an additional interest of this thesis experiments to find the association of 

specific aspects of wrist (ECRB and ECU) and finger (EDC) extensor muscle activity with 

change in the grey scale measures of common extensor tendon in LE (Study 2; Study 3).  

   

2.3.3 Comorbid tissue pathology in LE 

The anconeus muscle and lateral collateral ligament (LCL) of the elbow joint are the two 

structures that share the attachment in the lateral epicondyle region of the humerus (Figure 

2.3). Anconeus is a mono-articular muscle which acts as a dynamic varus stabiliser of the 

posterolateral elbow (Basmajian and Griffin 1972; Molinier et al. 2011; Pereira 2013). While 
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individuals with LE are mostly believed to have a comorbid LCL pathology which leads to 

posterolateral rotatory instability (Bredella et al. 1999; Kalainov and Cohen 2005), earlier 

studies warranted that the presence of LCL pathologies may increase the risk of failure with 

conservative management of LE (Bredella et al. 1999; Kijowski et al. 2005). Additionally, as 

mentioned in the previous paragraph, diagnostic ultrasound study has also shown hypoechoic 

features suggesting structural changes within the lateral collateral ligament of the elbow in 

individuals with LE, even at 6 months after conservative treatment targeting LE (Clarke et al. 

2010). 

   

Figure 2.3. Diagram illustrating the attachments of the common extensor tendon, anconeus muscle 
(image of the left) and lateral collateral ligament (LCL) complex (image on the right) over the 
lateral epicondyle region of the humerus. (Partly adapted and modified from Ring and Jupiter 2004). 

 

Given the possibilities LCL abnormalities as comorbid tissue pathology (with weakened 

common extensor tendon and associated enthesis of lateral epicondyle) the overall 

posterolateral stability of the elbow joint might increase the demand of dynamic stabiliser, 

i.e., anconeus muscle, in LE. Withstanding this, a radiological case study has shown the 

increased anconeus thickness in LE (Abrahamsson et al. 1987) and radiological signs of 

anconeus muscle injury were also reported in two MRI studies of individuals with LE (Coel 

et al. 1993; Qi et al. 2013). However, the extent of anconeus dysfunction in LE remains 
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unknown. Therefore, in addition to the investigation of wrist extensor muscles that shares the 

common extensor tendon, it was in interest of this thesis to also examine changes in the 

anconeus muscle activity in individuals with LE (Chapter 5). 

 

2.3.4 Somatosensory system dysfunction in LE 

The changes in the sensory nervous system functions in LE have been identified using, 1) 

immunohistochemical measures taken from the common extensor tendon tissue biopsy, 2) 

quantitative sensory tests and 3) using nociceptive flexor withdrawal reflex test. The elevated 

level of circulatory neuronal mediators (specific to the sensory or neuroinflammatory, 

autonomic and excitatory functions) over the common extensor tendon origin especially over 

the ECRB tendinous portion are indicative of neurogenic inflammatory changes which could 

affect the sensory (pain) system sensitivity in LE (Ljung et al. 2004; Ljung et al. 1999a; 

Ljung et al. 1999c). The increased sensitivity to localised noxious stimulus (heat, cold, 

pressure, chemical and electrical stimulus) called hyperalgesia, and increased sensitivity to 

normally non-noxious stimulus known as allodynia, are the dysfunction of the somatosensory 

system (peripheral sensitisation) that occur due to elevated level neuroinflammatory 

mediators in local tissue (Latremoliere and Woolf 2009). Moreover, the long-term presence 

of elevated levels of neuronal mediators within the tendon may result in the development of 

persistent pain in tendinopathy (Lian et al. 2006; Schubert et al. 2005), which subsequently 

can lead to central sensitisation (Meyer 1994). Altered sensory system processing at the 

spinal (Lim et al. 2011) and supraspinal levels (Arendt-Nielsen et al. 2010; Staud et al. 2008; 

Staud et al. 2007), and altered descending pain inhibition (Meeus et al. 2008) are the 

underlying neurophysiological mechanisms of central sensitisation. Although LE is 

characterised by the presence of localised peripheral pain sensitisation over the lateral 

epicondyle region, the presence of widespread pain in LE has been documented in earlier 
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studies (Pienimaki et al. 2011). Many case-control studies have quantified the increased 

sensory (pain) system sensitivity in LE using quantitative sensory tests (QST) (Arendt-

Nielsen and Yarnitsky 2009; Geber et al. 2011).  

 

LE is typically characterised by increased pain sensitivity at the site of local tissue pathology 

in response to a noxious stimulus, otherwise known as hyperalgesia (Wright et al. 1994). 

Reduced pain pressure threshold (PPT) (Coombes et al. 2012; Fernandez-Carnero et al. 

2009a; Fernandez-Carnero et al. 2009b) and pain-free grip (PFG) strength (Abbott et al. 

2001; Slater et al. 2005) are the commonly reported mechanical hyperalgesia outcomes in 

LE. Reduction in PPT by an average of 34 to 50% has been demonstrated at the affected 

elbow compared to the matched elbow of the healthy controls (Coombes et al. 2012; 

Fernandez-Carnero et al. 2009a; Fernandez-Carnero et al. 2009b). Similarly, individuals with 

LE have reported a reduced PFG strength in the affected extremity which is an average of 

31% to 60% of maximal grip strength obtained in the unaffected extremity (Bisset et al. 

2006b; Coombes et al. 2012; Sran M et al. 2001; Stratford and Levy 1994). PFG strength 

may also be considered a measure reflective of mechanical hyperalgesia as it measures the 

onset of pain at the lateral epicondyle region in response to the level of grip force exertion 

(Coombes et al. 2009). Although two topographical pressure pain sensitivity mapping studies 

revealed reduced PPT that was mostly localised over the ECRB muscle belly of individuals 

with LE (Fernandez-Carnero et al. 2010; Ruiz-Ruiz et al. 2011), one study has shown 

widespread presence of PPT over the upper extremity nerve trunks, C5-6 facet joints, 

unaffected elbow joint and tibialis anterior muscle belly which are suggestive of central 

sensitisation (Coombes et al. 2012; Fernandez-Carnero et al. 2009a). This coincides with the 

presence of cervical spine facet joint tenderness and positive radial nerve neural dynamic test 
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in individuals with LE who do not report any active/symptomatic neck pain (Coombes et al. 

2014).   

 

In addition to mechanical hyperalgesia, three studies reported the presence of thermal 

hyperalgesia in LE. Reduced heat pain threshold (HPT) in the affected elbow region 

compared to unaffected elbow was reported in LE (Fernandez-Carnero et al. 2009b; Ruiz-

Ruiz et al. 2011). Also, reduced HPT and cold pain threshold (CPT) was reported in LE 

compared to healthy controls (Coombes et al. 2012; Ruiz-Ruiz et al. 2011). Although a 

number of studies have proposed the presence of thermal hyperalgesia in individuals with 

severe LE, one study has validated the presence of altered HPT and CPT (especially 

bilaterally reduced CPT) in a subgroup of LE individuals with severe pain and disability 

compared to healthy controls (Coombes et al. 2012). In the same study, the HPT and CPT 

were not altered between the healthy controls and a subgroup of LE with mild and/or 

moderate pain. It should be noted that, like PPT, the topographical analysis has revealed that 

reduced HPT was mostly localised over the ECRB and EDC muscle bellies in the affected 

extremity compared to the unaffected extremity of individuals with LE (Ruiz-Ruiz et al. 

2011). 

 

Taken together, regardless of the widespread hyperalgesia, it appears that the mechanical and 

thermal hyperalgesia in the forearm/elbow region are mostly localised over the ECRB (and 

EDC) muscle bellies of individuals with LE (Fernandez-Carnero et al. 2010; Ruiz-Ruiz et al. 

2011; Slater et al. 2005). Although, it is known that LE related pain commonly provoked by 

wrist and hand related loading activities, it should be noted that the presence of chronic pain 

sensitisation (hyperalgesia) could alter the neuromotor function under resting conditions and 
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during pain free wrist and hand activities (Bergin et al. 2014; Bisset et al. 2006b; Schabrun et 

al. 2015). 

  

2.3.5 Neuromotor dysfunction in LE  

In addition to tissue pathology and sensory system changes, there is growing evidence that 

neuromotor dysfunction is part of the pathophysiological features of LE. Slower reaction time 

in response to pain-free upper extremity reaching task, and reduced wrist extension posture 

during pain free gripping have been documented for both the affected and unaffected 

extremities of a wide range of participants with unilateral LE, compared to the matched 

extremities of healthy controls (Bisset et al. 2009; Bisset et al. 2006b; Pienimaki et al. 1997). 

Although an earlier study reported slower reaction time to gripping task in the affected 

extremity of individuals with LE (Seo et al. 2011), decreased rate of grip force development 

was also reported in the affected extremity of individuals with unilateral LE compared to 

unaffected extremity during a rapid but pain-free gripping task (Chourasia et al. 2012). 

Regardless of the duration of condition, individuals with LE have been documented with 

reduced ability of fine motor tasks that involves wrist and hand function (such as Perdue 

Pegboard and Complete manual dexterity tests) compared to matched healthy controls 

(Skinner and Curwin 2007). Moreover, increased active elbow and wrist joint position error 

in LE suggested presence of elbow and wrist joint proprioceptive deficits compared to 

matched healthy controls (Juul-Kristensen et al. 2008; Lee et al. 2011b).  

 

It is known that individuals with chronic musculoskeletal pain often demonstrated adaptive 

and/or maladaptive movement strategies to avoid painful movement or posture and to 

accomplish the functional tasks (Hodges and Tucker 2011; Snodgrass et al. 2014). Whether it 

is an acute or chronic pain, various experiments have shown reduced (or) no change in the 
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variability of the movement patterns, such as speed, joint range of motion, postural strategies 

under painful situations or even after the individuals recovered from the pain (Cote et al. 

2005; Lomond and Cote 2010; Madeleine 2010; Madeleine et al. 2003; Madeleine et al. 

2008; Moseley and Hodges 2006). Supporting this, a recent study that induced experimental 

acute pain in the common extensor tendon had reported reduced variability in simple forearm 

movement (with no changes in variability level for wrist movement) under the painful 

condition compared to when the same movement was performed in the non-painful condition 

(Bergin et al. 2014). Taken together, the current knowledge of altered movement patterns 

associated with upper extremity neuromotor functions identified during pain-free functional 

movements may be the effect of chronic pain sensitisation (i.e., neural plasticity) in LE. 

 

2.4 Prognosis of lateral epicondylalgia   

The tendon healing process is complex, and a normal recovery period of the compromised 

tendon could take around 1 to 2 years depends on the age and severity of the condition. In 

terms of LE, the current reports on natural recovery time course for sensory (pain) and motor 

impairment associated to LE vary between six to 24 months (Haahr and Andersen 2003b; 

Hay et al. 1999; Hudak et al. 1996; Murtagh 1988; Smidt et al. 2006). Although, several 

conservative treatment options have been advocated in the management of LE, including 

physiotherapy, injection therapies, and surgical interventions; there is limited evidence of 

success for any specific treatment (Bisset et al. 2005; Bisset and Vicenzino 2015). Moreover, 

a recent epidemiological report from larger LE population suggested that; regardless of the 

treatment methods, individuals who do not show successful clinical recovery after six months 

of initial onset of condition might become recalcitrant to treatment and prone to develop 

recurrent LE (Sanders et al. 2015). 
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Although pain and functional disability are the most focused clinical outcome in LE, there is 

literature that has reported potential changes in the pathophysiology of LE with current 

management. One earlier study has reported a significant association between poor clinical 

outcome (measured as improvement in pain and functional disability) and diagnostic 

ultrasound detected structural changes in common extensor tendon and lateral collateral 

ligament of the elbow, at 6 months after conservative treatment (Clarke et al. 2010). 

Although the greater level of deficit in PPT and CPT has been associated with severe pain 

and disability at baseline (Coombes et al. 2015; 2012), it is important to consider the recent 

findings that suggested presence of cold hyperalgesia as a strong predictor of poor prognosis 

in mechanical hyperalgesia (and pain and disability) at one year after the standard treatment 

(Coombes et al. 2015). This indicates a lack of recovery on sensory system changes 

(hyperalgesia) following current management of LE. In terms of neuromotor dysfunction, one 

randomised control trial of larger LE population has shown a lack of recovery in upper 

extremity reaction time deficits after one year of standard treatment for LE (Bisset et al. 

2009). However, there is no literature to support whether the altered wrist postures during 

gripping in LE recover with the current management of LE. Furthermore, regardless of the 

type of interventions, manual handling jobs and high-level of physical strain at work has been 

strongly associated with poor prognosis of LE pain at one year (Haahr and Andersen 2003b; 

Shiri et al. 2006). 

 

2.5 Neuromuscular manifestation in chronic musculoskeletal pain    

Altered movement pattern (neuromotor functions) in chronic pain conditions could manifest 

as changes in muscle activity patterns. It should be noted that the prolonged adaptation to 

physiological or pathological movement patterns could lead to adaptation (i.e. neural 

plasticity and muscle plasticity) in the neuromuscular system (Bruton 2002; Enoka 1997). 
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Moreover, it is widely known that presence of chronic pain affects the cortical motor drive 

and motor neurones ability to regulate muscle activity during the functional task (Bank et al. 

2013; Nijs et al. 2012). A number of studies have shown, 1) increased grey matter volume in 

the somatosensory region of the brain due to persistent pain (Borsook et al. 2013; Gustin et 

al. 2012; Moseley and Flor 2012); and 2) reorganisation of muscle representation in motor 

cortex and 3) lack of differential activation of individual muscles through cortical stimulation 

indicating altered fine motor control between the synergistically linked muscles in individuals 

with chronic musculoskeletal pain (Tsao et al. 2011; Tsao et al. 2010; 2008). In particular, 

altered motor unit action potential characteristics that suggest myogenic changes in 

individuals with chronic musculoskeletal pain has been reported (Calder et al. 2009). Both 

the anatomical (such as altered number of muscle fibres and altered muscle fibre type) and 

physiological (motor unit action potential characteristics) factors were also considered as 

potential confounders of motor unit recruitment patterns (Farina et al. 2004b). As such it 

appears that changes in the muscle activity in individuals with chronic musculoskeletal pain 

might reflect a collective effect of cortical motor drive, changes in the muscle tissue and 

properties of motor unit potentials in the presence of pain during a task and the way the task 

was carried out during the experiment. Therefore, precise interpretation of the different 

aspects of the timing, amplitude and frequency patterns of EMG activity recorded from 

individual and/or multiple muscles is vital to facilitate better understanding of 

neurophysiological mechanisms that underlies the changes in muscle activity during the 

experimental (functional) task (Stalberg et al. 1996; Zajac 1989; 1993). The details of the 

EMG methods and outcome used in this thesis are described in the Chapter 4 (General 

Methods: Sections 4.9 to 4.11).           
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Changes in the timing and magnitude of EMG activity in both the painful and non-painful 

muscles that are synchronously involved during functional task are the commonly reported 

neuromuscular manifestation in painful conditions. Several experimental pain studies have 

reported a range of altered individual muscle activation patterns, such as 1) reduced EMG 

amplitude in painful agonists (Farina et al. 2004a) and non-painful synergists (Hodges et al. 

2008); 2) increased amplitude in non-painful antagonists (Graven-Nielsen et al. 1997) and 

synergists (Ciubotariu et al. 2004b), when the task was performed under painful condition 

compared to pain-free condition. Likewise, altered individual muscle’s timing and magnitude 

of activation have also been documented in individuals with a wide range of chronic 

musculoskeletal conditions compared to healthy controls (Chang and Kulig 2015; Cheng et 

al. 2014; Falla et al. 2004; Ghamkhar and Kahlaee 2015; Suehiro et al. 2015). Although 

changes in individual muscles’ EMG amplitude patterns in (painful) agonist muscles and 

redistribution of EMG activity to (non-painful) synergistic and/or antagonistic muscles have 

been argued as a potential adaptive/maladaptive mechanism used to accomplish the task 

under painful condition (Ervilha et al. 2004; Ervilha et al. 2005); it is always attributed to the 

deficit in the neural control of motor task in individuals with chronic musculoskeletal pain 

(Hodges and Tucker 2011). Moreover, pain-related changes in the motor control of multiple 

muscles involved during the functional task might be an indication for changes in the CNS 

strategies related to the muscle coordination. 

 

2.5.1 Neuromuscular coordination and musculoskeletal pain    

The neural control of motor task is complex, due to the availability of numerous degree of 

freedom for the neuromuscular system to accomplish the functional task. It is well-known 

that the high-level CNS commands called muscle synergies are used to regulate the motor 

coordination of a functional task involving simultaneous activation of multiple muscles 
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(Bizzi et al. 2008; Bizzi et al. 2002; Tresch et al. 2002). There is growing interest in the 

application of muscle synergy analyses to investigate the neurophysiological characteristics 

of the muscle coordination during functional tasks (Cheung et al. 2005; d'Avella et al. 2003). 

While the number of muscle synergies represents the complexity of motor cortex planning 

and execution of motor coordination during a functional task (Bizzi et al. 2008; Bizzi et al. 

2002; Tresch et al. 2002); the muscle synergies are believed to represent the spinal motor 

neuron activated by the neural signals from corticospinal pathways (d'Avella et al. 2003). 

Each muscle synergy consists of spatial and temporal neural activation components. The 

spatial component of a muscle synergy represents how much each muscle contributes within 

the muscle synergy, otherwise known as muscle weightings. The temporal component of a 

muscle synergy represents the timing of neural activation coefficients.  

 

Understanding the spatial and temporal patterns of individual muscle synergy has been 

recommended to understand the mechanisms of motor coordination involved at the level of 

CNS, as well as within the muscle level (Safavynia et al. 2011). While the uses of muscle 

synergy to understand the neural strategies of functional tasks are widely used in individuals 

with CNS pathologies (cerebral stroke); there is growing use of muscle synergy analyses in 

musculoskeletal pain. For example, recent experimental pain studies have used muscle 

synergy concepts to study the effect of pain on muscle coordination during upper and lower 

extremity functional task, such as reaching and walking (Gizzi et al. 2015; Muceli et al. 2014; 

van den Hoorn et al. 2015). These studies have reported changes in the overall muscle 

synergy characteristics (with or without altered spatial pattern of muscle synergy) of 

functional task under experimentally induced (acute) painful conditions compared to non-

painful conditions. While none of these studies has reported differences in the number of 

muscle synergies obtained during reaching/walking with acute pain conditions; it was 
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speculated that examining muscle synergies in chronic pain conditions might be useful to 

understand the complexity of motor coordination. 

  

2.6 Neural control of wrist and hand function  

The forearm muscles function is known to have synergistic contributions during both the 

uniarticular movement at wrist (for example, wrist extension/flexion, ulnar/radial deviation) 

and multi-joint movements of wrist and fingers (for example, gripping), which are regulated 

by the motor control processes at cortical and spinal centres (Bawa et al. 2000). Because of 

the shared tendon origin of forearm extensors (and its synergistically linked common wrist 

and hand function), contraction of a single forearm extensor during its primary movement 

(for example, wrist extension and/or finger extension) may have a flow on effect to the other 

muscles. This is a complex process regulated by the motor cortex (Dechent and Frahm 2003; 

Kakei et al. 1999; Passingham et al. 2002; Plow et al. 2010). For example, features of muscle 

synergies were identified for forearm muscles in primates during gripping related tasks 

(Overduin et al. 2008; Overduin et al. 2015), as well as in human forearm muscles during 

different types of gripping (Castellini and van der Smagt 2013). Furthermore, it is known that 

the descending cortical motor drive has widespread projections to the α-motorneuron pool at 

a spinal level which could potentially influence spinal reflexes mediated by Group-Ia, Ib and 

group-II afferents, such as reciprocal inhibition, autogenic and non-reciprocal inhibition 

(Schomburg 1990).  

 

Synergistic activation of the forearm extensors and flexors are reported in earlier single motor 

unit EMG experiments. For example, an intramuscular EMG study during isometric wrist 

extension has shown the primary contribution from ECR and ECU motor neurones (motor 

units) with a substantial contribution from EDC (Bawa et al. 2000). Moreover, previous 
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studies have shown recruitment of the same population of motor neuron pools; 1) within the 

ECR during wrist extension, radial deviation and power gripping task (Riek and Bawa 1992; 

Sturm et al. 1997); 2) within ECU during wrist extension and ulnar deviation (Bawa et al. 

2000);  3) within EDC during finger extension and wrist extension (Riek and Bawa 1992);  4) 

within FCR during wrist flexion and radial deviation (Calancie and Bawa 1985); and 5) 

within FCU for wrist flexion and ulnar deviation (Jones et al. 1993). Similarly, the spinal 

reflex mechanism involved in the wrist and finger extensor and flexors activity exhibited both 

the homonymous and heteronymous reflex characteristics which could result in simultaneous 

excitation (and/or inhibition) of both agonist and antagonist during the co-contraction tasks 

(Bawa et al. 2000; Chalmers and Bawa 1997), such as: radial deviation (ECR, FCR), ulnar 

deviation (ECU, FCU), and gripping task (Sturm et al. 1997). Taken together, the 

neuromuscular coordination within and between each forearm extensor and flexor muscles 

appear as an essential part of wrist and hand function, especially during gripping. 

 

2.6.1 Wrist posture and forearm muscle function  

It is known that changes in the wrist position could alter the forearm muscle length and 

moment arm, which in turn may affect the length-tension relationship and force production 

during wrist and hand function- such as gripping (Friden and Lieber 1994; Lieber and Friden 

1998; Loren et al. 1996). A previous study has suggested wrist extension as a stable position 

to attain the finest control between the wrist extensors and flexor muscles (Lieber and Friden 

1998). Moreover, changes in muscle length and length-tension relationship are known to alter 

the EMG activity patterns (Doud and Walsh 1995; Okada 1987). Some EMG studies on 

healthy individuals have evidenced significant effect of different wrist posture on the level of 

EMG activity of forearm muscles during gripping (Di Domizio and Keir 2010; Finneran and 

O'Sullivan 2013; Mogk and Keir 2003b; Roman-Liu and Bartuzi 2013).  
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Regardless of the forearm position, a study by Mogk and Keir (2003b) showed significantly 

increased level of absolute EMG amplitude in entire forearm flexors and extensor during 

gripping at flexed wrist postures. Particularly the wrist flexion posture in forearm pronated 

position was associated with increased level of forearm extensor activity (ECR, EDC and 

ECU) compared to forearm flexors (FDS, FCR and FCU) activity during low level (5% and ~ 

20% MVC) and high level (70% MVC) level of grip forces (Mogk and Keir 2003b). 

However, in the same study, the magnitude of activation between the wrist extensors and 

flexors did not differ during 50% MVC grip force (Mogk and Keir 2003b). These findings 

suggest that, in addition to the changes in wrist posture, altered level of grip forces may also 

affect the forearm muscle activity patterns. Overall, it is important to note that increased level 

of forearm muscle activities due to non-neutral wrist posture during gripping has been 

imposed to the development of overuse or repeated stress-related injuries in upper extremity, 

which also includes LE (Descatha et al. 2015). 

 

2.7  Summary     

It is evident from existing literatures that, regardless of the severity of the condition and 

treatment methods, changes in the tendon morphology (measured by diagnostic ultrasound) 

and neuromotor deficits (reaction time deficit) appears to be persistent up to six months to 

one year respectively, in individuals with LE. There appears to be no report if altered wrist 

posture during gripping in LE recovers with current treatment methods. Overall, persistent 

neuromotor dysfunction during daily activities might adapt as a dysfunction of forearm 

muscles which might in turn increase the risk of delayed tendon healing and/or development 

of subsequent changes in tendon structure with new episodes of pain symptoms. This reflects 

the need for further investigations to understand the motor control mechanisms that underlie 

the neuromotor deficits in LE. Understanding the motor control changes specific to known 
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neuromotor deficits of LE may facilitate better assessment, clinical reasoning and 

development of more effective exercise-based treatment strategies for LE. Moreover, finding 

the ways of ensuring an effective long-term treatment strategy will overcome the negative 

impact of LE on a physically active life at work, at home and in recreation, as well as reduce 

the substantial financial, social and personal burden on the community. 
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3.1 Introduction 

There is growing evidence that the pathophysiology of lateral epicondylalgia (LE) involves 

changes in motor activity and nociceptive processing (Coombes et al. 2012; Fernandez-

Carnero et al. 2009b; Pienimaki et al. 2011; Ruiz-Ruiz et al. 2011) in addition to degenerative 

changes at the common extensor tendon  (Kraushaar and Nirschl 1999; Regan et al. 1992; 

Zeisig et al. 2006). For example, bilaterally slower upper limb reaction time and speed of 

movement (Bisset et al. 2006b; Pienimaki et al. 1997), altered wrist posture during gripping 

(Bisset et al. 2006b), and altered fine motor control (Skinner and Curwin 2007) are 

neuromotor changes that have been identified in individuals with LE. Altered neuromotor 

function may impact upper extremity function (Alizadehkhaiyat et al. 2007a; Chourasia et al. 

2013; Shiri et al. 2006) and have substantial consequences for daily and work-related 

activities in individuals with LE (Descatha et al. 2015). 

 

Altered neuromotor function may manifest as changes in forearm muscle activity, which can 

be quantified using electromyography (EMG) (Basmajian and De Luca 1985). Understanding 

the scope of neuromotor changes in LE will facilitate a better understanding of changes in the 

nervous system and local muscles, which might contribute to development and maintenance 

of chronic pain in LE. This knowledge, in turn, will help to establish more effective 

mechanism-specific therapeutic interventions for individuals with LE.     

 

A number of studies have examined neuromotor characteristics using EMG in individuals 

with LE (Alizadehkhaiyat et al. 2007c; Bauer and Murray 1999; Blanchette and Normand 

2011; Kelley et al. 1994; Rojas et al. 2007), and as such, there is a need to summarise the 

available litretures so that we can develop a consensus on neuromotor characteristics in LE. 



  Systematic review    

36 
 

The primary aim of this systematic review is to assess and summarise the literature on 

neuromotor characteristics, measured using EMG, in individuals with LE.  

 

3.2 Methods 

3.2.1 Search Strategy 

This systematic review was conducted according to the PRISMA guidelines (Moher et al. 

2009) with a priori registration (PROSPERO registration: CRD42014006717). One reviewer 

(NM) performed the systematic electronic database searches with no date restriction (up to 

July 2016) using the Cochrane Library, MEDLINE (via OVID), Science Direct, CINAHL, 

Web of Science and PEDro databases within the title, abstract and keyword search fields. The 

search strategy used search terms (MeSH, subject terms, subject headings) and keywords 

(Table 3.1) to locate the widest spectrum of studies for consideration. Studies identified from 

the original search of each database were exported to a single EndNote library (X7.0.2; 

Thomson Reuters, ©1988-2013) to remove duplicate records and for further screening. 

 

Inclusion criteria: Studies were included in this review if they were full journal articles, 

written in the English language, and measured forearm neuromotor characteristics using 

EMG in individuals with LE. Study designs such as cross-sectional, case-control or pre-post 

experimental designs, which compared the affected and unaffected upper extremities (i.e. 

within LE participants) and/or between an LE group and a healthy control group, were 

included. In the case of pre-post experimental design studies, only baseline data were 

extracted for use in this review. Exclusion criteria: Studies were excluded if they were single-

subject or case series designs, did not report baseline (pre-intervention) data, did not compare 

with a control group or side, did not include individuals with a clinical diagnosis of LE, did 
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Table 3.1. Search terms and search strategy  
Search terms 
category 

LE/related term  
 

Neuromotor/related 
terms  
 

UE anatomical 
terms/related to 
nerve  

UE anatomical 
terms/related to 
muscle  

UE anatomical 
terms/related to 
region  

Database 
specific: 
MeSH/search 
terms/subject 
headings 

(1) tennis elbow 
OR humeral 
epicondylitis OR 
lateral elbow 
pain OR lateral 
epicondylalgia 
OR lateral 
epicondylitis OR 
lateral elbow 
tendinopathy OR 
lateral elbow 
tendinosis 
 

(2) neuromuscular OR 
sensorimotor OR 
sensory motor 
performance OR 
reaction time OR 
latency period OR 
latency response OR 
response time OR 
reflex OR blink reflex 
OR H-reflex OR 
Hoffman's reflex OR 
tendon reflex OR nerve 
conduction OR action 
potential OR motor 
activity OR motor skill 
OR motor performance 
OR motor neuron OR 
motor unit OR muscle 
spindle OR motor 
endplate OR motor unit 
recruitment OR motor 
control OR neural 
inhibition OR motor 
coordination OR 
muscle contraction OR 
muscle strength OR 
muscle fatigue OR 
motor impairment OR 
muscle impairment OR 
kinetic OR 
electromyography 
  
(3) joint OR postur* 
OR propriocep* OR 
kinesthe* OR 
kinematics 

(4) radial nerve 
OR posterior 
interosseous 
nerve OR ulnar 
nerve OR 
median nerve 

(5) intrinsic 
muscles OR 
dorsal interossei 
OR palmar 
interossei OR 
lumbricals OR  
extensor carpi 
radialis OR 
extensor carpi 
radialis brevis 
OR extensor 
carpi radialis 
longus OR 
extensor carpi 
ulnaris OR 
extensor indicis 
OR extensor 
digitorum 
communis OR 
pronator OR 
Brachioradialis 
OR flexor carpi 
radialis OR 
flexor carpi 
ulnaris OR flexor 
digitorum OR 
palmaris OR 
supinator OR 
anconeus OR 
biceps OR 
brachialis OR 
triceps OR 
rotator cuff OR 
Infraspinatus OR 
supraspinatus OR 
subscapularis OR 
trapezius OR 
serratus anterior 
OR muscle OR 
flexor OR 
extensor 

(6) upper 
extremity OR 
upper limb OR 
arm OR 
forearm OR 
hand OR finger 
OR thumb OR 
shoulder OR 
elbow OR wrist 
OR carpal 

Keywords  Grip, impairment, 
cocontraction, 
coactivation, upper 
limb reactions time, 
muscle activity pattern, 
wrist flexion, wrist 
extension 
 

 wrist flexor, wrist 
extensor, forearm 
muscles 

 

Combined 
searches 
 

 (1)  AND (2) 
(1)  AND (3) 
(1)  AND (individual 
keywords) 

(1)  AND (4) 
 

(1)  AND (5) 
(1)  AND 
(individual 
keywords) 
 

(1)  AND (6) 
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not use EMG to measure neuromotor function, or included participants with neurological 

conditions (cervical radiculopathies, peripheral nerve injuries, upper motor neurone lesions). 

 

A single reviewer (NM) performed the initial screening of titles and abstracts, and studies 

that met the exclusion criteria were removed. The full paper was inspected if the title and 

abstract failed to provide sufficient information from which to decide. After the full-text 

inspection by one reviewer (NM), the excluded studies were verified by a second reviewer 

(LB) and any discrepancy was resolved through discussion. All the studies included in the 

final analysis of this review were screened by title, abstract, and then eventually full-text with 

a consensus on included full-text studies reached between two authors. A supplementary 

manual search was made of the reference lists from all the included studies. 

 

3.2.2 Methodological quality assessments 

The included studies were de-identified of citation details such as title, authors, year of 

publication, journal, institution name, and acknowledgement. Blinded studies were then 

independently assessed by two qualified PEDro raters (Physiotherapy Evidence Database; 

NM and LB). A modified 17-item Downs and Black Quality Index (Downs and Black 1998) 

with the maximum score of 18 points was used to assess the methodological quality of 

included studies (Table 3.2). Since this review focused on observational rather than 

interventional outcomes, the criteria descriptors are given by Downs and Black (Downs and 

Black 1998) were modified. Ten items were removed as they related to interventional studies, 

and item-specific descriptors contained within the STROBE, and CASP checklists for 

observational studies were replaced (National Collaborating Centre for Methods and Tools 

2011; von Elm et al. 2008). In addition, items 21, 22 and 25 (criteria numbers of the original 

index) were scored as “1”, if the study had no control group, but provided details of the 
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Table 3.2.  Modified Downs and Black’s (17-items) methodological quality assessment scale. 
 Is the hypothesis/aim/objective of the study clearly described? (item_1) 

 Yes: Reported hypothesis/aim/objective with a focus on population / risk factor / outcome measure / beneficial / harmful 
effect measure 

 No: Not reported   
Are the distributions of principal confounders in each group of participants to be compared 
clearly described? (item_5) 
 Yes: Reported the distribution of the main confounding factors - age, gender, dominant side; compare the descriptive data 

of affected side/unaffected side/ control (demographic, clinical and social) 

 Partial: Reported any one or two of the above main confounder, or consider everything but not compared it between the 
group. 

 No: Not reported any confounding factors 
Was sample size calculation done a priori? (item_27) 
 Yes: Reported prior power calculation or provide rational for sample selection based on previous studies (must be with 

appropriate reference) 
 No: Not reported / rationale the sample size measure; or not an appropriately validated sample size  

Are the main outcomes to be measured clearly described in the introduction or methods section? 
(item_2)  
 Yes: Outcome measures are clearly described (instrumentation and method of measurement, comparability of methods 

between the groups); Optional – description includes primary and secondary, outcome related temporal factors and 
handling of quantitative data/variables (how & which group of data chosen and why?) 

 No: If the main outcomes are first mentioned in the results section or instruments and methods are not appropriately 
described  

Does the study provide estimates of the random variability in the data for the main outcomes? 
(item_7) 
 Yes: Reported inter-quartile range (for non-normal distributed data), and SE, SD or CI (for normally distributed data) with 

the appropriate label. (in studies where the statement of distribution is not mentioned, it must be assumed that the 
estimates used were appropriate and the question should be answered- Yes; or Reported category boundaries (number of 
participants in each category for all the group) when continuous variables were categorised 

 No: Not reported any of measures of variability for the main outcome. 
Have actual probability values been reported (e.g. 0.035 rather than <0.05) for the main 
outcomes except where the probability value is less than 0.001? (item_10) 
 Yes: Reported the size of p values & size of CI (provide adjusted estimate, confounder-adjusted estimates, if applicable, 

and their precision (CI – 95%) 
 No: Not reported any p-value & CI 

Are the main findings of the study clearly described? (item_6) 
 Yes: Results include simple outcome data (including denominators and numerators) for each group and between groups 

for all major findings (mean, median and variability); Optional - reports association between the exposure and outcome 
(relative risk – RR or odds ratio-OR); if relevant, considers translating the estimates of or into absolute risk (AR); reports 
category boundaries when continuous variables were categorised 

 No: Results did not address any of above key outcome data.  
 Are the characteristics of the patients included in the study clearly described? (item_3) 

 Yes: Reported well-established inclusion and exclusion criteria; standard lateral epicondylalgia diagnostic criteria (i.e., 
tenderness over lateral epicondyle, that aggravates with resisted extension of wrist, middle and/or index finger or during 
grip) 

 No:  Not reported  
Were the participants asked to participate in the study representative of the entire population 
from which they were recruited? (item_11) 
 Yes: Reported participant’s geographical representativeness (source/settings/ location) with proportion; severity and 

duration of pain 
 No: Not reported any of the above 
 Unable to determine: Study does not report the proportion of the source population from which the participants are 

derived 
Were those participants who were prepared to participate representative of the entire population 
from which they were recruited? (item_12) 
 Yes:  Reported details of sampling process (numbers eligible, examined for eligibility, confirmed and included samples in 

the study); and study demonstrates same confounding factor in both the eligible & included participants 
 No: Not reported sampling process and mention only the included participants 
 Unable to determine: Study not demonstrates similar confounding factor ineligible & included participants 
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affected and unaffected sides separately for the LE group. Any discrepancies in the 

methodological quality assessments between raters were resolved by consensus and a third 

reviewer (MR) was called upon to make the final decision if no consensus could be reached. 

In addition, the quality of EMG reporting was assessed based on the recent International 

Society of Electrophysiology and Kinesiology (ISEK) guidelines (ISEK 2015), where each 

 Were the patients in different intervention groups (trials and cohort studies) or were the cases 
and controls (case-control studies) recruited from the same population? (item_21)  
 Yes: Patient and healthy control are recruited from the same source/setting (e.g. hospital or university) 
 No:  Patient and healthy control groups are recruited from the different sources/setting 
 Unable to determine: No information concerning the source of participants included in the study. 

Were study participants in different intervention groups (trials and cohort studies) or were the 
cases and controls (case-control studies) recruited over the same period of time? (item_22) 
 Yes: Reported the temporal representativeness of the included samples (time period/dates of recruitment, exposure or 

follow-up data collection)  
 No: Not reported any of above temporal representativeness 
 Unable to determine: For a study, which does not specify the time period over which patients were recruited, the 

question should be answered as unable to determine. 
Was an attempt made to blind those measuring the main outcomes? (item_15)  
 Yes: Reported the details of blinding - participant/assessor 
 No: Not appropriate method of blinding or no blinding considered 
 Unable to determine: Not described the method of blinding   

Were the main outcome measures used accurate (valid and reliable)? (item_20) 
 Yes: The validity of instrument and measurement methods reliability are clearly described with reference, or refer to other 

valid work which demonstrates the validity of outcome measure  
 No: Not a validated outcome tool; or No valid references provided 

 Unable to determine: Newly validated instrument with minimum samples (pilot) or not described the validity of 
measurement tool 

Were the statistical tests used to assess the main outcomes appropriate? (item_18) 
 Yes: Reported the statistical techniques that are appropriate to the data (including those used to control for confounding) 

and well describe its purpose. If applicable (for case-control studies), 1) description available on how missing data, 
matching of affected side / unaffected side / control were addressed; 2) study describes analytical methods taking account 
of the sampling strategy. Where little statistical analysis has been undertaken but where there is no evidence of bias, the 
question should be answered yes. 

 No: Not an appropriate statistical analysis  
 Unable to determine:  No statistical methods used other than proportion or percentile values. 

Was there adequate adjustment for confounding in the analyses from which the main findings 
were drawn? (item_25) 
 Yes: Reported any incidence of potential confounding factors in design and data analysis, and does provide clear 

information’s of, which confounder were adjusted for and why they were included; or Reported covariate analysis 
(including confounding) or non-significant difference between confounding variables.  

 No: Not describe any distribution of known confounders in the different groups, or did not consider the distribution of 
known confounders that differed between groups; or the confounding variables were not mentioned.  

 Unable to determine:  Reported the potential confounders and its influence in affected side (patient group), but did not 
effectively analysed those with control or unaffected side group. 

If any of the results of the study were based on “data dredging”, was this made clear? (item_16) 
 Yes: Reported other analysis used, such as subgroup, interactions and sensitivity analysis; or no retrospective unplanned 

subgroup analyses were reported 

 No: Not reported the subgroup / interaction analysis mention in the objective 

 Unable to determine: Report the irrelevant subgroup/interactions, for example – analysis of unreported confounders.  
Note: This scale include total of 17/27 assessment items from the original Black and Down’s (1998) scale 
with a total score of 18-points. The scoring method for all the included assessment items: 1 = Yes; 0 = No / 
Unable to determine; and the scoring method for Item-5: 2 = Yes, 1 = Partial, 0 – No.   
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criterion scored 1 if fully reported, 0.5 if partially reported, 0 if not reported, and as NA (not 

applicable) if the criteria was not suitable for the research objectives. The ISEK guidelines 

were used to evaluate methodological aspects of EMG recording, such as signal 

amplification, filter frequencies and frequency spectrum processing, which may influence the 

internal validity of the included studies. 

 

3.2.3 Data extraction and analysis  

Inter-rater reliability of the methodological quality assessment was evaluated with an 

unweighted Gwet’s statistic (AgreeStat 2015.5) (Gwet 2014). Summary statistics (mean and 

standard deviation, SD) of neuromotor activity outcomes were extracted from the included 

studies, with only baseline data obtained from studies with the pre-post experimental design. 

MATLAB-grabit.m software (MathWorks® R2013a.Ink, USA) was used to obtain the 

numerical values of the summary statistics from given figure plots (Bauer and Murray 1999; 

Burns et al. 2016; Dessureault 2008; Rojas et al. 2007) when the numerical data was not 

supplied. In order to compare neuromotor outcomes between groups and between extremities, 

the estimate of effect size (standardised mean difference, SMD) and the corresponding 95% 

confidence intervals (CI) were calculated (Cohen 1988) using RevMan (Version 5.2, 

Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2008). It was 

planned to pool the data where possible, based on the observed variation in the effect size 

within a similar neuromotor variable for an individual muscle across the studies. The 

neuromotor outcomes are presented individually for all forearm muscles, for between group 

differences and between extremity differences. 
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3.3 Results 

The PRISMA flow diagram (Figure 3.1) shows the results of the electronic search and 

screening process of studies, with reasons for exclusion of studies. Of the 17 studies that 

fulfilled the criteria for inclusion, two studies were excluded due to repeated use of the same 

EMG data by the same authors (Alizadehkhaiyat et al. 2009; Chourasia et al. 2013). Finally, 

15 studies underwent methodological quality assessment and data analysis.  

  

3.3.1 Methodological quality 

The agreement between the two reviewers was moderate (Gwet’s AC1=0.82) with 87% of 

agreement (221/255) criteria scored. After consensus, the third reviewer was not required to 

arbitrate. A summary of the methodological assessment across the included studies is shown 

in Table 3.3. The mean methodological quality of included studies was 10.1 (SD 5.4; range 2-

16) out of a maximum 18 points.  

 

3.3.2 Characteristics of included studies 

Fourteen out of 15 studies included in this review compared neuromotor characteristics 

measured using EMG in individuals with LE and healthy controls, and one study compared 

affected and unaffected extremities in LE group with no control (Blanchette and Normand 

2011). Table 3.4 shows the summary of study characteristics included in the methodological 

quality assessment. The study objectives, clinical characteristics of LE, and EMG 

experimental design were considerably varied across the studies. 

 

Demographic characteristics: The source of the participants was not explicitly stated in six 

studies (Table 3.4). The age range of participants was 27 to 64 years, but all except one study 
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(Calder et al. 2008) recruited a middle-aged LE population (mean age 40-49 years) with an 

age-matched control group. Sex distribution was matched in 12 studies and not matched in 

one study (Milcan et al. 2004). Age and sex data were not reported in two studies (Albrecht et 

al. 1997; Rojas et al. 2007). Eight studies specified the involvement of LE based on arm 

dominance (Alizadehkhaiyat et al. 2007c; Blanchette and Normand 2011; Burns et al. 2016; 

Chourasia et al. 2012; Dessureault 2008; Heales et al. 2016; Heales et al. 2015; Schabrun et 

al. 2015), and only one study included arm dominance as a possible confounder of EMG 

measures (Chourasia et al. 2012).  

 

Explicit statements of standard LE diagnostic criteria and pain-related clinical profile of LE 

was lacked in five studies (Albrecht et al. 1997; Alizadehkhaiyat et al. 2007c; Bauer and 

Murray 1999; Milcan et al. 2004; Rojas et al. 2007) (Table 3.4). Radiological diagnosis of LE 

was indicated in two studies (Chourasia et al. 2012; Manickaraj et al. 2016).  Seven studies 

explicitly included participants with unilateral LE (Alizadehkhaiyat et al. 2007c; Burns et al. 

2016; Dessureault 2008; Heales et al. 2016; Heales et al. 2015; Manickaraj et al. 2016; 

Schabrun et al. 2015) and another study (Rojas et al. 2007) included clinically recovered LE 

participants. Only one study provided a statement of ongoing pharmacological and physical 

interventions for LE participants (Milcan et al. 2004). Moreover, nine studies reported pain 

related features of LE, such as visual analog scale (VAS) (Blanchette and Normand 2011), 

Patient-Rated Tennis Elbow Evaluation (PRTEE) (Burns et al. 2016; Chourasia et al. 2012; 

Heales et al. 2016; Heales et al. 2015; Manickaraj et al. 2016; Schabrun et al. 2015), 

Disability of Arm Shoulder and Hand (DASH), pressure pain threshold (PPT) (Burns et al. 

2016; Calder et al. 2008; Dessureault 2008; Manickaraj et al. 2016) and radial nerve 

sensitivity (Calder et al. 2008). The duration of LE symptoms, which ranged from less than 

one month to 24 years, was reported in 10 studies (Table 3.4).  
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Figure 3.1. PRISMA flow diagram - Search strategy and article screening process. (Note: some 
studies reported multiple outcome measures and so are represented more than once in the bottom 
boxes of the figure). 
  

Study met exclusion criteria (n=26): 
  Foreign language abstract (n=7) 
  Only healthy participants (n=10) 
  Only affected side measurement (n=6) 
  Ongoing study protocol (n=1) 
  Newsletter and commentary (n=2) 

 
Eligible studies found through hand search: 
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Table 3.3. Methodological quality assessment of included studies (Adapted and modified from Downs and Black, 1998) 

Quality assessment contents (Original Down & Black item number) 
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Is the hypothesis/aim/objective of the study clearly described? (item_1) 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
Are the distributions of principal confounders in each group of participants to be 
compared clearly described? (item_5) 

2 1 1 1 2 0 2 0 1 2 2 2 2 2 2 

Was sample size calculation done a priori? (item_27) 1 0 0 0 0 0 0 0 0 0 1 1 0 1 0 
Are the main outcomes to be measured clearly described in the Introduction or Methods 
section? (item_2) 

1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 

Does the study provide estimates of the random variability in the data for the main 
outcomes? (item_7) 

1 1 0 0 1 1 1 1 0 1 1 1 1 1 1 

Have actual probability values been reported (e.g. p=0.035) for the main outcomes 
except where the probability value is less than 0.001? (item_10) 

1 0 0 0 1 0 1 0 0 1 1 1 1 1 1 

Are the main findings of the study clearly described? (item_6) 1 1 0 0 1 1 1 1 0 1 1 1 1 1 1 
Are the characteristics of the patients included in the study clearly described? (item_3) 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 
Were the participants asked to participate in the study representative of the entire 
population from which they were recruited? (item_11) 

1 1 0 0 1 0 0 0 0 1 1 1 1 1 1 

Were those participants who were prepared to participate as representative of the entire 
population from which they were recruited? (item_12) 

1 1 0 0 1 0 0 0 0 1 0 0 1 0 1 

Were the patients in different intervention groups or were the cases and controls 
recruited from the same population? (item_21)  

0 1 0 0 1 0 0 0 0 1 1 1 1 0 1 

Were study participants in different intervention groups or were the cases and controls 
recruited over the same period of time? (item_22)  

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Was an attempt made to blind those measuring the main outcomes? (item_15) 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Were the main outcome measures used accurate (valid and reliable)? (item_20) 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 
Were the statistical tests used to assess the main outcomes appropriate? (item_18) 1 1 0 0 1 0 0 0 1 1 1 1 1 1 1 
Was there adequate adjustment for confounding in the analyses from which the main 
findings were drawn?  (item_25) 

1 0 0 0 1 0 0 0 0 1 1 1 1 1 1 

If any of the results of the study were based on “data dredging”, was this made clear? 
(item_16) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Total Score (out of 18) 14 11 3 2 12 4 7 4 4 15 15 16 15 14 15 
Total Quality in Percentage (%) 82 65 18 12 71 24 41 24 23 83 83 89 83 78 83 

Note: Scoring criteria, 1=yes; 0=No or unable to determine; 2=Partial (only for item 5). For the purpose of this review, a study was considered of high-quality reporting if it 
scored 75% or more points, 50% or more as medium quality, 25% or more as below average quality and less than 25% of poor quality. 
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Table 3.4. Summary of characteristics of included studies 
Study Reference Objective; Study design  

(type of comparison as 
BG/BE) 

Diagnostic criteria (DC); 
Symptom severity (SS) & 
duration (DS); Source of 
participants 

Descriptive characteristics 
(Sample size (n); Sex 
(M/FM); Hand dominance 
(D/ND); Age (Mean; 
SD/Range) 

Neuromotor activity 
outcome  

Nerve and 
Muscle 
tested 

Authors Results Study 
quality 
(%) 

(Albrecht et al. 
1997) 

Objectives: Explain the 
incidence of pathological 
EMG findings in LE; 
Design: Cross-Sectional. 

No DC, severity, duration 
and source provided 
 

LE: n=51; No sex, D/ND and 
age.   

Radial nerve 
conduction velocity 
(NCV) 
 

Radial 
Nerve, 
ECRB, 
ECRL; EDC 

Reduced NCV and 
increased distal 
latency of ECRB, 
ECRL, and EDC in 
LE.  

24 

(Alizadehkhaiyat 
et al. 2007c) 

Objectives: To investigate 
muscle activity and fatigue 
in LE; Design: Case 
Control (BG) 

No DC, severity and 
duration provided; LE: 
University upper limb 
clinic, Control: From 
university 

LE: n=16; 8M/8FM; 
16D/0ND; 49 (40–66) & 
CG: n=16, 9M/7FM; No 
D/ND; 40 (26 – 59)  

% of muscle activity 
and fatigue  

ECR, EDC, 
FCU, FDS, 
Supra and 
infraspinatus 

Reduced ECR 
muscle activity in 
LE.  

41 

(Bauer and 
Murray 1999) 

Objectives: To determine 
accuracy of surface EMG 
in LE; Design: Case 
Control (BG) 

No DC, severity, duration 
and source provided 
 

LE: n=10; 10M/0FM; No 
D/ND; 38.8 (13.1) & CG: 
n=06, 6M/0FM; No D/ND; 
40.8 (10.8) 

Muscle activity 
duration (MAD) 

ECRB, FCU 
& LHT 

Increased ECRB 
MAD in LE. 

23 

(Burns et al. 
2016) 

Objectives: To investigate 
the cortical excitability, 
intracortical inhibitory and 
facilitatory network 
activity level devoted to 
ECRB in individuals with 
LE; Design: Case-control 
(BG)  

Standard DC; Mean NRS 
3.5 for last six months and 
mean PRTEE score 38.4;  
Median duration: 37 
months;  
LE & Control: No source 
provided. 

LE: n=14; 4M/10FM; D/ND 
– limb matched; 41.5 (9.9) & 
CG: n=14, 4M/10FM; D/ND 
– limb matched; 42.1 (11.1) 

Motor evoked potential 
(MEP), 
Short and long interval 
intracortical inhibition, 
Intracortical 
facilitation 

ECRB  Reduced short and 
long intracortical 
inhibition and 
reduced intracortical 
facilitation in LE 
participants.  

78 

(Blanchette and 
Normand 2011) 
 

Objective: To investigate 
changes in muscular 
activity in LE; Design: 
Pre-post experimental (BE) 

Cozen and Mill test; 
Mean PVAS (100cm) – 46; 
Mean Duration: 29 
months; 
Source: University 
employees involving in 
another LE trail 

LE: n=24; 11M/13FM; 
13D/11ND; 46 (10)  

% of muscle activity 
and coactivation  

ECR, EDC, 
FDS 

No data analysis for 
base line values 
 

71 
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Table 3.4. (continued)  
(Calder et al. 
2008)  

Objectives: To evaluate 
motor unit potential (MUP) 
morphology and myopathic 
or neuropathic features in 
LE;  
Design: Case control (BG) 

Standard DC; High 
Disability arm shoulder and 
hand (DASH) score; Mean 
duration: 39 months; LE & 
Control: General 
community 

LE: n=11; 6M/5FM; No 
D/ND; 46.55 (10.65) & CG: 
n=37, 15M/12FM; No D/ND; 
27.09 (5) 

Motor unit potential 
(MUP) morphology 

ECRB Increased MUP 
duration and area 
amplitude ratio in LE 

65 

(Chourasia et 
al. 2012)  

Objectives: To evaluate 
rapid grip force 
development in LE;  
Design: Case control (BG 
& BE) 

Standard DC; Mean PVAS 
4.65; Median duration: 2 
years;  
LE: From various clinics  
Control: From university  

LE: n=28; 17M/11FM; 
11D/2ND/15BL; 48.2 (8.4) & 
CG: n=13, 5M/8FM; No 
D/ND; 44.6 (8.1)  

Electromechanical 
delay (EMD)  

ECRB Increased EMD in 
LE. 

82 

(Dessureault 
2008) 

Objectives: To examine the 
altered corticomotor 
excitability of wrist 
muscles and its association 
to clinical measures of LE;  
Design: Case-control (BG) 

Standard DC; Mean PVAS 
5.3 and Mean of quick 
DASH score (25); Mean 
duration: 15 months;  
LE: From various clinics   
Control: General population 

LE: n=14; 9M/5FM; 
10D/4ND; 44.4 (9) & CG: 
n=16, 10M/6FM; D/ND – 
limb matched; 48.9 (9.4) 

Resting motor 
threshold; Motor 
evoked potential 
(MEP); Silent period 

ECR Corticomotor 
excitability of ECR in 
individuals with LE 
did not differ from 
healthy control. 

83 

(Heales et al. 
2015)  

Objectives: To evaluate the 
contribution of the forearm 
muscle activity and 
coordination during 
gripping in LE; Design: 
Case-control (BG & BE) 

Standard DC; Mean NRS 
6.9 and mean PRTEE score 
38.2;  
Median duration: 16 weeks;  
LE & Control: General 
community. 

LE: n=15; 5M/10FM; D/ND 
– limb matched; 49 (31-62) & 
CG: n=15, 6M/9FM; D/ND – 
limb matched; 51 (37-64) 

% of muscle activity  
 

ECRB, 
ECRL, EDC, 
FCR, FDS, 
FDP 

Decreased ECRB 
activity; and 
increased EDC and 
FDP activity in LE. 

83 

(Heales et al. 
2016)  

Objectives: To determine 
whether synergistic 
organisation of forearm 
muscle coordination altered 
in LE; Design: Case-control 
(BG) 

Standard DC; Mean NRS 
7.4 and mean PRTEE score 
37.7;  
Median duration: 22.2 
weeks;  
LE & Control: General 
community. 

LE: n=12; 4M/8FM; D/ND – 
limb matched; 52 (37-62) & 
CG: n=14, 5M/9FM; D/ND – 
limb matched; 51 (39-67) 

Forearm muscle 
coordination, using 
muscle synergy 
analysis 

ECRB, 
ECRL, EDC, 
FCR, FDS, 
FDP 

Muscle synergy did 
not vary between the 
group with direct 
group comparison. 

83 

(Kelley et al. 
1994) 

Objectives: To evaluate 
muscle activity in LE; 
Design: Case Control (BG) 

Standard DC; No severity, 
duration and source 
provided 
 

LE: n=8; 4M/4FM; No 
D/ND; 47 (35-61) & CG: 
n=14, 5M/8FM; No D/ND; 
44.6 (8.1) 

% of muscle activity  
 

ECRB, 
ECRL, EDC, 
PT and FCR 

Increased in ECRB, 
ECRL, FCR, PT 
activity in LE.  

24 
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Table 3.4. (continued) 
(Manickaraj 
et al. 2016) 

Objectives: To quantify the 
duration of premotor and 
motor time of the forearm 
muscles and its association 
with clinical measures of 
LE; Design: Case-control 
(BG) 

Standard DC; Mean NRS 5 
and mean PRTEE score 28;  
Median duration: 8 months;  
LE & Control: General 
community 

LE: n=11; 8M/3FM; D/ND – 
limb matched; 42 (11) & CG: 
n=11, 8M/3FM; D/ND – limb 
matched; 42 (11) 

Wrist extension 
reaction time (RT); 
Premotor time; Motor 
time. 

ECRB, EDC, 
ECU, 
Anconeus 

Increased delay in 
wrist extension RT in 
LE was explained 
with increased delay 
in motor time of 
ECRB, EDC, ECU 
and anconeus 
muscles. 

89 

(Milcan et al. 
2004) 

Objective: To determine 
PIN in LE; Design: Case 
Control (BG) 

No DC, severity and source 
provided; Duration of <1 
month  

LE: n=33; 9M/24FM; No 
D/ND; 49(7) & CG: n=15, 
5M/10FM; No D/ND; 48(7) 

Radial nerve 
conduction velocity 
(NCV) 
 

RN, EI and 
Supinator 

PIN diagnosed in 22 
LE patients.  

18 

(Rojas et al. 
2007) 

Objectives: To compare 
wrist extensor muscles 
activity in LE; Design: 
Case-control (BG) 

No DC, severity, duration 
and source provided; 
Included clinically 
recovered LE. 

LE: n=10; No sex and D/ND; 
33.3 (4.6) & CG: n=10, 
10M/0FM; No sex and 
D/ND; 31.5 (5) 

Muscle activity and 
myoelectric fatigue 

ECR, EDC, 
ECU 

Increased 
coactivation (ECU) 
and wrist extensor 
fatigue (EDC) in LE. 

12 

(Schabrun et 
al. 2015) 

Objectives: To investigate 
the excitability and 
organisation of the primary 
motor cortex regions 
devoted to ECRB and EDC 
in individuals with LE; 
Design: Case-control (BG)  

Standard DC; Mean NRS 
6.7 for last six months and 
mean PRTEE score 29.3;  
Median duration: 9 months;  
LE & Control: General 
community. 

LE: n=11; 5M/6FM; D/ND – 
limb matched; 44 (11) & CG: 
n=11, 5M/6FM; D/ND – limb 
matched; 42 (11) 

Motor evoked potential 
(MEP) 

ECRB, EDC Greater MEP 
amplitude of ECRB 
and EDC in LE 
participants.  

83 

Note: Standard diagnostic criteria (DC): Tenderness at lateral epicondyle and extensor origin or ECRB tendon; Pain provocation during resisted extension of the wrist or fingers or forearm 
supination, and passive stretch of extensors or supinator; BG – Between-group; BE – Between extremity; D/ND – Dominant and non-dominant hand; VAS – Pain visual analog scale; NRS – 
Numeric pain rating scale; PRTEE – Patient-rated tennis elbow evaluation; LE – Lateral epicondylalgia group; ECR – extensor carpi radialis; ECRL – extensor carpi radialis longus; ECRB – 
extensor carpi radialis brevis; EDC – Extensor digitorum communicis; ECU – Extensor carpi ulnaris; EI – Extensor indices; PT – Pronator teres; FCU – Flexor carpi ulnaris; FDS – Flexor 
digitorum superficialis; FDP – Flexor digitorum profundus; LHT – Long head of triceps; PIN – Posterior interosseous nerve. 
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Table 3.5. Reporting standards for electromyography methods in included studies (adapted from the recent ISEK guideline). 
 

  
 
 
ISEK - EMG Reporting criteria 
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Electrode Specification 
 

1 1 0.5 1 1 1 1 0.5 1  1 1 1 1 1 

Electrode Location 
 

1 1 0.5 1 1 0.5 1 1 0.5 1 1 1 1 1 1 

EMG Amplification 
 

1 0.5 0.5 1 1 0 1 0 1 1 1 1 1 1 1 

EMG Filtering 
 

1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 

Signal Rectification 
 

NA NA NA 0 1 0 1 NA 1 0 NA NA 0 NA NA 

EMG - Sampling into the computer 
 

1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 

EMG processing (Time and/or Frequency domain) 
 

NA 1 NA 1 1 0 1 NA 1 1 NA NA 1 NA NA 

Normalisation of EMG 
 

1 1 NA 0 1 1 0.5 NA 1 0 NA NA 1 NA NA 

EMG Crosstalk 
 

1 1 NA 1 0 NA 1 NA 0 NA 1 NA NA 0 1 

Actual score  7/7  7.5/8 
 

2.5/5 
 

7/9 
 

7/9 
 

4.5/8 
 

8.5/9 
 

2.5/5 
 

7.5/9 
 

6/8 
 

6/6 
 

5/5 
 

7/8 
 

5/6 6/6 
 

Total score (%) 100 94 50 78 78 56 94 50 83 75 100 100 88 83 100 
Note: For the purpose of this review, a study was considered of high-quality reporting if it scored 75% or more points, 50% or more as medium quality, 25% or more as below 
average quality and less than 25% as a poor quality, (Assessment scoring method: Reported =1; Partially reported = 0.5; Not reported = 0; NA = Not applicable based on the outcome 
measured). 
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3.3.3 EMG reporting standards 

Of the 15 included studies, 13 studies fulfilled appropriate EMG reporting criteria as 

recommended in the recent ISEK guidelines (ISEK 2015) (Table 3.5). One study that 

assessed the magnitude of forearm muscle activity using fine wire EMG during backhand 

tennis stroke did not report EMG processing methods and used different filter frequencies 

that would result in amplitude cancellations (Kelley et al. 1994). Only four studies (Bauer and 

Murray 1999; Blanchette and Normand 2011; Calder et al. 2008; Kelley et al. 1994) 

normalised EMG amplitude against 100% MVC. One study reported normalisation of the 

target muscles’ EMG amplitudes against the starting EMG values during the same task 

(Alizadehkhaiyat et al. 2007c) was unclear. Finally, another study normalised the individual 

muscle amplitude against the average of peak amplitude measured across the repeated grip-

hold-release task cycles of similar target force (Heales et al. 2016). The average duration of 

activity was between 3 to 15 seconds with the rest period of 30 seconds to 3 minutes, and 

elbow flexion and forearm pronation were the most commonly used positions. 

  

3.3.4 Neuromotor characteristics of forearm muscles in LE 

Eight neuromotor characteristics were identified from the included studies, and were reported 

either singly or in various combinations of the following muscles: extensor carpi radialis 

brevis/longus (ECRB/L), extensor digitorum communicis (EDC), extensor carpi ulnaris 

(ECU), flexor carpi radialis (FCR), flexor digitorum superficialis (FDS), flexor digitorum 

profundus (FDP), flexor carpi ulnaris (FCU) and pronator teres muscle. The altered 

neuromotor characteristics include: (i) absolute amplitude of the individual muscle activity, 

(ii) relative activation of individual muscles, (iii) measures of ECRB motor unit action 

potential (MUP) morphology, (iv) timing of individual forearm muscle activity onset and 
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total duration of muscle activity, (v) radial nerve motor nerve conduction velocity and the 

distal muscle latency, (vi) muscle fatigue, (vii) patterns of forearm muscle coordination (or 

muscles synergy); and (viii) cortical mapping and excitability characteristics of forearm 

muscles such as; motor evoked potential amplitude, resting and active motor threshold, 

intracortical inhibition and facilitation obtained using transcranial magnetic stimulation.  

 

3.3.4.1 Absolute amplitude of individual muscle activity 

Three studies have reported the absolute amplitude of individual muscle activity as the 

activity of individual muscle at given task normalised to the peak activity of same muscle 

obtained during maximal voluntary contraction (MVC) (Blanchette and Normand 2011; 

Kelley et al. 1994) or obtained from the earlier (starting) part of the experimental task 

(Alizadehkhaiyat et al. 2007c). One case-control study which used fine wire EMG recording 

during the different phases of backhand tennis stroke among the tennis players showed 

significantly increased LE ECRB activity during ball impact and early follow through phase, 

increased LE ECRL activity during ball impact phase and preparatory phase, and decreased 

LE ECRB activity during early acceleration phase (Kelley et al. 1994), (Figure 3.2). In 

addition, increased FCR activity during preparatory phase (Figure 3.3), and increased 

pronator teres activity during ball impact phase (effect size of 1.28 with a 95% CI ranging 

from 0.35 to 2.22) and early follow through phase (effect size of 1.05 with a 95% CI ranging 

from 0.14 to 1.95) was also identified in LE; however, the EDC activity (Figure 3.3) did not 

change in players with LE compared to controls during tennis stroke (Kelley et al. 1994), 

(Figure 3). In contrast, the effect size calculation in an another study that examined rate of 

absolute amplitude changes (using surface EMG) in individual forearm muscle over the 60 

seconds isometric gripping at 50% MVC showed no difference in ECR (Figure 3.2) and 

EDC, FCU, FDS (Figure 3.3) muscle activity between the LE and healthy controls 
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(Alizadehkhaiyat et al. 2007c). Finally, another study examined the absolute activity of 

individual forearm muscles, and coactivation of individual muscles (measured as the 

antagonistic activity of one muscle normalised to the same muscle agonistic activity) between 

the affected and unaffected extremities during an isometric wrist extension and flexion tasks 

combined with the gripping, showed no between extremity differences for ECR, EDC, FDS 

muscles in individuals with LE (Blanchette and Normand 2011), (Figure 4). 

 

3.3.4.2 Relative activation of individual muscles 

Two studies have reported the relative activation of individual forearm muscle as the relative 

contribution of individual muscle against summed activation of the all tested muscles at a 

given task (i.e., muscle activity expressed as the proportion of net muscle activity) (Heales et 

al. 2015; Rojas et al. 2007). One study that used surface, linear array EMG during the 15 

seconds isometric wrist extension at 20% and 80% of MVC as well as during resisted 

metacarpophalangeal joint extension have shown; significantly decreased ECR contribution 

(Figure 3.2) and increased ECU contribution (Figure 3.3) in clinically recovered LE 

population compared to healthy controls (Rojas et al. 2007). The effect size calculation of a 

recent intramuscular EMG study that reported relative activation of individual forearm 

muscle during three second isometric gripping (20% MVC) at four different combination of 

forearm and elbow positions showed a significantly reduced ECRB contribution (Figure 3.2) 

with an increased contribution from EDC and FDP (Figure 3.3) in LE, compared to age and 

arm matched healthy controls (Heales et al. 2015). However, the relative activation of ECRL, 

FDS, FCR did not differ between the group. In this same study (Heales et al. 2015), a 

between extremity comparison (affected vs. unaffected) of individuals with LE showed a 

significantly reduced relative activation of ECRB in the affected extremity than the  
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Figure 3.2. Extensor carpi radialis longus/brevis (ECRB/L) muscles activation differences (SMD and 95% CI) between the affected (and, where applicable 
the unaffected) extremity of individuals with lateral epicondylalgia (LE), compared to the matched extremity of healthy controls. WE – wrist extension; WF – 
wrist flexion; MCP – metacarpophalangeal joint; RD – radial deviation; UD – ulnar deviation; MVC – maximal voluntary contraction; nEMG – Fine-wire 
electromyography; sEMG – Surface electromyography. Bold text (except subtitle) and *denote significant differences in individuals with LE compared to 
control, based on effect size calculation. 
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Figure 3.3.  Other forearm muscles activation differences (SMD and 95% CI) between the affected (and, where applicable the unaffected) extremity of 
individuals with lateral epicondylalgia (LE), compared to the matched extremity of healthy controls.  EDC – Extensor digitorum communis; ECU – Extensor 
carpi ulnaris; FDS – Flexor digitorum superficialis; FDP – Flexor digitorum profundus; FCU – Flexor carpi ulnaris; FCR – Flexor carpi radialis; WE – wrist 
extension; WF – wrist flexion; MCP – metacarpophalangeal joint; RD – radial deviation; UD – ulnar deviation; MVC – maximal voluntary contraction. Bold 
text (except subtitle) and *denote significant differences in individuals with LE compared to controls, based on effect size calculation. (Note: Refer to the text 
for Pronator teres muscle activity as it’s not included in this figure). 
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unaffected extremity, whereas this was not the case for any of the other tested muscles in 

both the LE and healthy group (Figure 3.4). 

 

3.3.4.3 Motor unit potential (MUP) characteristics  

A significant increase in the needle EMG detected ECRB MUP area-amplitude ratio and 

MUP duration were shown during an isometric wrist extension task (at 5-20% MVC) in 

individuals with LE, compared to the healthy controls (Calder et al. 2008) (Figure 3.2). None 

of the other MUP outcomes recorded using the needle and surface EMG showed between-

group differences on ECRB. 

 

3.3.4.4 Timing of individual muscle activity  

Four studies compared the timing of individual muscle EMG activity in individuals with LE 

compared to healthy controls (Albrecht et al. 1997; Bauer and Murray 1999; Chourasia et al. 

2012; Manickaraj et al. 2016), (Figure 3.5). One study that examined the electromechanical 

delay (i.e., the time difference between the onset of EMG activity and onset of force or 

movement) using surface EMG during a rapid gripping task showed a significantly increased 

ECR electromechanical delay in both the affected and unaffected extremities (irrespective of 

presence of LE in dominant or non-dominant arm) of individuals with unilateral LE 

compared to matched limbs of the controls (Chourasia et al. 2012). A recent case-control 

study that examined the rapid wrist extension reaction time paradigm using intramuscular 

EMG showed a significant increase in electromechanical delay for ECRB, EDC, ECU and 

anconeus muscle in individuals with LE (Manickaraj et al. 2016); however, in this study none 

of the tested muscles showed group difference for premotor time (i.e., the time difference 

between the onset of stimulus and onset of EMG) between the LE and controls (Figure 3.5). 

Alternatively, effect size calculation of an earlier study that reported the total duration ECRB  
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Figure 3.4.  Neuromotor characteristic differences (SMD and 95% CI) between the affected and the unaffected extremity of the individuals with unilateral 
lateral epicondylalgia (LE). ECRB/L – Extensor carpi radialis longus/brevis; EDC – Extensor digitorum communis; FDS – Flexor digitorum superficialis; 
FDP – Flexor digitorum profundus; FCR – Flexor carpi radialis; MEP – Motor evoked potential; WE – wrist extension; WF – wrist flexion; MVC – maximal 
voluntary contraction. Bold text (except subtitle) and *denote absence of a significant difference between the affected and unaffected extremity, but with the 
significant differences in unaffected extremities of unilateral LE to the matched extremity of the control (as shown in Figure 3). This indicates bilaterally 
reduced electromechanical delay in unilateral LE. Whereas, **denote significant differences in the affected extremity compared to the unaffected extremity; 
but with the absence of significant differences of same unaffected LE extremity to match extremity of the control (as shown in Figure 2). This indicates 
absence of bilateral changes in muscle activity in unilateral LE. 
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and FCU muscle activity (i.e., the time differences between the EMG onset and offset) across 

the three different ball impact conditions during backhand tennis stroke showed no 

differences in tennis players with LE, compared to healthy players (Bauer and Murray 1999). 

However, it is important to note the between-group differences reported in the original study 

when examined the primary outcome across the experimental condition using repeated 

measure analysis of variance; where the individuals with LE had increased total duration 

ECR activity across all tested condition, compared to controls (Bauer and Murray 1999).  

 

Furthermore, two studies reported reduced radial nerve conduction velocity in individuals 

with LE compared to normative nerve conduction velocity data (Albrecht et al. 1997; Milcan 

et al. 2004). Of the two studies, one study showed significantly reduced radial nerve 

conduction velocity and increased distal latency (i.e., the time difference between the 

peripheral nerve stimulus and onset of evoked EMG response) for ECRB, ECRL and EDC in 

LE (Albrecht et al. 1997). However, the effect size was not estimated due to lack of 

insufficient data.  

 

3.3.4.5 Muscle fatigue characteristics  

Two studies have reported EMG muscle fatigue indexes measured at the point of exhaustion 

during sustained fatiguing contraction normalised to the frequency levels of the same muscles 

obtained during the start of the experimental task (Alizadehkhaiyat et al. 2007c; Rojas et al. 

2007). Effect size calculation revealed, significantly increased average rectified value (ARV, 

Figure 3.5) for EDC in clinically recovered LE population compared to healthy controls 

(Rojas et al. 2007). None of the other standard fatigue measures (mean and median 

frequency, and muscle fibre conduction velocity) showed differences between the LE and 
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Figure 3.5. Forearm muscles activation onset, activation duration and fatigue related differences (SMD and 95% CI) between the affected (and, where 
applicable the unaffected) extremity of individuals with lateral epicondylalgia (LE), compared to the matched extremity of healthy controls. ECRB– Extensor 
carpi radialis brevis; EDC – Extensor digitorum communis; ECU – Extensor carpi ulnaris; FCU – Flexor carpi ulnaris; FDS – Flexor digitorum superficialis; 
WE – Wrist extension; MVC – maximal voluntary contraction. Bold text (except subtitle) and *denote significant differences in individuals with LE 
compared to control, based on effect size calculation. 
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control groups in any of the tested muscles (Figure 3.5) (Alizadehkhaiyat et al. 2007c; Rojas 

et al. 2007). 

 

3.3.4.6 Forearm muscles coordination  

One recent investigation on forearm muscle synergy patterns during a target grip force (20% 

MVC) task that involves ramp-hold-release phases of gripping, performed at four arm 

positions; identified two muscle synergy patterns respectively for each tested position for 

both the LE and control group (Heales et al. 2016). However, the components of muscle 

synergies, that is the level of the relative muscle activation (called as ‘muscle weightings’ or 

‘spatial patterns of muscle activation’) and the timing of activation coefficients did not show 

any differences between LE and healthy controls (Heales et al. 2016). While, the 

spatiotemporal components showed no between-group differences during direct statistical 

comparison; the use of cross-validation analysis using VAF (Variance Accounted For: an 

indicator of the accuracy of the reconstructed EMG patterns of LE participants using healthy 

participant’s synergy components) of the observed synergies showed lesser accuracy for LE 

EMG reconstruction, at three of the four tested arm positions. The effect size calculation 

showed, lesser accuracy of cross-validation of LE participant’s EMG patterns compared to 

healthy controls, respectively, in forearm pronation when elbow was flexed (effect size of -

0.91, 95% CI ranging from -1.73 to -0.09) and in forearm supination when elbow was either 

flexed (effect size of -0.86, 95% CI ranging from -1.67 to -0.05) and/or extended (effect size 

of -1.31, 95% CI ranging from -1.97 to -0.29). Whereas the accuracy of the reconstructed 

muscle synergy pattern did not differ between the group in forearm pronation, when the 

elbow was extended, (effect size of -0.42, 95% CI ranging from -1.20 to 0.36) (Heales et al. 

2016). 



  Systematic review   

60 
 

3.3.4.7 Cortical mapping and excitability characteristics  

Three studies examined the cortical mapping and excitability characteristics of the forearm 

extensors using transcranial magnetic stimulation (Burns et al. 2016; Dessureault 2008; 

Schabrun et al. 2015). Effect size calculations of one study showed significantly 1) increased 

ECRB cortical map volume (i.e., cortical representation of ECRB muscle), 2) reduced 

number of ‘discrete peak’ MEP amplitudes (measured from different cortical sites) for both 

the ECRB and EDC muscles, and 3) overlapped spatial location of ECRB and EDC cortical 

stimulation sites in LE compared to controls (Schabrun et al. 2015), (Figure 3.6). Although 

the authors reported significantly increased peak MEP amplitude for ECRB and EDC, and 

increased cortical map volume of EDC in individuals with LE, the effect size calculation 

showed significant difference with 95% confidence interval crossing zero. Likewise, the 

effect size calculation of another study did not show between-group differences for the 

features of mean MEP amplitude, active motor threshold (measured during isometric wrist 

extension, 10% MVC), short and long interval intracortical inhibition (SICI and LICI) and 

intracortical facilitation (ICF) of ECRB muscle (Burns et al. 2016), (Figure 3.6). However, it 

is important to note the between-group differences reported for SICI and LICI in the original 

study when these features were examined across the three conditioned stimulus conditions 

using repeated measure analysis of variance, where the individuals with LE had reduced 

SICI, LICI and ICF for ECRB muscle compared to control (Burns et al. 2016). Alternatively, 

an earlier study that investigated cortical motor excitability indices of ECR (mean MEP 

amplitude at rest; and facilitated MEP amplitude and post MEP silent period measured during 

ball squeezing task at ~20% MVC) did not show any differences between the LE and 

matched healthy controls (Figure 3.6), as well as between the extremities (affected vs 

unaffected, Figure 3.4) of the individuals with LE (Dessureault 2008). None of the studies 

showed between-group differences in resting motor threshold for ECRB (and EDC).   
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Figure 3.6. Forearm extensors cortical mapping and excitability characteristics differences (SMD and 95% CI) between the motor cortex contralateral (and, 
where applicable motor cortex ipsilateral to the affected extremity) to the affected extremity of individuals with lateral epicondylalgia (LE), compared to the 
matched healthy controls. ECRB– Extensor carpi radialis brevis; EDC – Extensor digitorum communis; MEP – Motor evoked potential; AMT – Active motor 
threshold); SICI – Short intracortical inhibition; ICF – Intracortical facilitation; LICI – Long intracortical inhibition Bold text (except subtitle) and *denote 
significant differences in individuals with LE compared to control, based on effect size calculation. 
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3.4 Discussion 

This systematic review aimed to synthesise the published data on neuromotor characteristics 

of the forearm muscles measured using EMG in individuals with LE. There is evidence that 

individuals with LE exhibit a range of dysfunction in forearm muscle activation patterns. 

 

3.4.1 Altered absolute EMG amplitude of individual forearm muscle in LE  

Absolute EMG amplitude of individual muscle expressed as a percentage of MVC or 

submaximal contraction, represents the maximal neural drive (net motor unit activity) of the 

respective muscle at a given muscle force/task (Lehman and McGill 1999). However, the 

current reports (Alizadehkhaiyat et al. 2007b; Kelley et al. 1994) of changes in absolute 

amplitude of ECRB activity in individuals with LE compared to healthy controls is 

inconsistent (increased or decreased or unchanged). Particulally, altered ECRB activity in the 

tennis players with LE (compared to healthy players) appears to be influenced by the changes 

in the foreram and wrist joint kinematics that occur in different phases of the tennis service 

task (Kelley et al. 1994). For example, increased wrist flexion during the preparation phase 

and increased wrist extension during the ball contact phase coincided respectively with 

decreased ECRB and increased ECRB activity in tennis players with LE (Kelley et al. 1994). 

Although this study normalised the EMG output to MVC (Kelley et al. 1994) the EMG band 

pass filter frequencies used in this study (100 to 1000 Hz) might be a potential risk for EMG 

amplitude cancellations that would have influenced the results (ISEK 2015). Finally, it is also 

worth noting earlier studies that have shown greater activity of ECRB/ECRL (as well as the 

EDC) during the ball impact phase of the tennis stroke (Giangarra et al. 1993; Kelley et al. 

1994; Morris et al. 1989). Moreover, we cannot generalise the findings of the tennis players 

with LE to the general LE population, as most individuals who suffer from LE are not tennis 

players (Abrams et al. 2012; Shiri and Viikari-Juntura 2011).  
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Reports of the absolute EMG amplitude over the time (i.e., EMG amplitude at 5 second 

interval during 60 second isometric gripping) did not meet the effect size criteria to show the 

between-group differences (Alizadehkhaiyat et al. 2007b). Although the authors have 

reported significantly reduced LE ECR absolute amplitude over the time, the EMG amplitude 

normalisation methods (i.e., start EMG values) of this study can be argued for its validity in 

terms of between-group comparison. While the current literature shows no consensus on what 

is the gold standard procedure for normalising EMG activity (Rota et al. 2013) it was unclear 

from the above study, if the ‘start EMG values’ used for normalisation were determined from 

the peak or mean amplitude obtained from ramp or initial isometric phase of grip. In addition, 

the start EMG values would vary in each individual, especially in the LE group where 

gripping is typically painful. Moreover, the level of pain experienced during the experimental 

tasks was not reported in the above two studies. Taken together, the evidence for changes in 

the absolute activity of the individual forearm muscles in individuals with LE appears to be 

limited in the current literature. 

 

3.4.2 Altered relative contribution of individual forearm muscles in LE  

The decreased relative contribution of the ECR/ECRB in LE was consistent in two studies 

(Heales et al. 2015; Rojas et al. 2007); but the compensatory increase in synergistic forearm 

muscles was varied dependent on the task. For example, decreased ECR contribution was 

associated with increased EDC, FDP contribution during gripping (Heales et al. 2015), and 

increased ECU contribution during wrist extension (Rojas et al. 2007). The findings of 

relative muscle contribution reported in the above two studies are widely accepted for 

interpreting the overall amplitude changes that could have occurred at the muscle level and/or 

as a result of neural adaptation. However, some of the methodological limitations of these 

studies should be taken into consideration.   
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Firstly, the above two studies did not consider any prior amplitude normalisation (Heales et 

al. 2015; Rojas et al. 2007). Secondly, although the effect of forearm/elbow posture on the 

forearm muscle activation did not differ within the (LE and control) group, it is important to 

note that the LE cohorts of this study reported reduced wrist extension angle when gripping 

with forearm pronated position (Heales et al. 2015). It can be argued that the between group 

differences reported for the relative contribution of ECRB, EDC and FDP during gripping, 

might be a part of altered wrist extension angle in individuals with LE (Heales et al. 2015). 

Finally, altered ECR and ECU contribution during isometric wrist extension was reported 

from the LE participants who are free from the pain symptoms (Rojas et al. 2007). Although 

altered muscle activation in a clinically recovered LE population might be a possible motor 

system adaptation, the above study did not report the clinical profile of LE and type of 

interventions used in LE (Rojas et al. 2007).  

 

Furthermore, it appears from the existing literature’s that the level of force exertion may also 

influence the magnitude of forearm muscle activation in LE. For example, the altered LE 

ECR and ECU contribution were present only during 20% and 80% MVC isometric wrist 

extension (Rojas et al. 2007); however, there were no between-group changes in the same 

muscles’ activity at 50% of MVC. Similarly, regardless of the type of EMG outcome, the 

ECRB and EDC activity was altered in LE during 20% MVC gripping (Heales et al. 2015); 

but no between-group differences were seen in the absolute activity of ECR and EDC at 50% 

MVC gripping (Alizadehkhaiyat et al. 2007b). 

  

3.4.3 Altered timing of individual forearm muscle activity in LE 

Increased electromechanical delay in forearm extensor muscles were identified in LE during 

pain-free wrist extension (Manickaraj et al. 2016) and gripping (Chourasia et al. 2012). 
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Although gripping is habitually painful in individuals with LE, this study instructed the 

participants to stop the gripping task as soon as they felt the pain. Although, increased ECR 

electromechanical delay during gripping (compared to wrist extension) reflect as an indirect 

measurement; it should be noted from the previous EMG studies that forearm extensors (i.e., 

ECRB, EDC) simultaneously activate with FDS, FDP during power gripping (Snijders et al. 

1987). Moreover, delayed ECRB onset during gripping can be presumed to be an indicator of 

altered forearm muscle coordination in LE. Overall, the presence of increased 

electromechanical delay suggests delayed force development within the injured muscle-

tendon units; and it also provides insight into the mechanisms involved for the known deficit 

in reaction time in LE (Bisset et al. 2006).  

 

The reports of earlier and prolonged activation of LE ECRB muscle across the three different 

ball impact conditions during backhand tennis strokes (Bauer and Murray 1999) coincides 

with the reports of increased ECRB activity in the ball impact phase of tennis service (Kelley 

et al. 1994). Taken together, it appears as a sign of ECRB overactivity in tennis players with 

LE. Furthermore, the report of reduced radial nerve motor conduction velocity was associated 

with increased distal muscle latency (for ECRB, ECRL and EDC) in LE (Albrecht et al. 

1997). However, this study lacks clinical information for LE diagnosis. Moreover, having the 

unclear diagnostic criteria it would be more difficult to understand the presence or absence of 

nerve dysfunction that are associated with LE (for example, posterior interosseous nerve 

and/or radial nerve), which could potentially affect the nerve conduction outcome measures. 

        

3.4.4 Forearm muscle motor unit firing and fatigue properties in LE 

The reports of increased ECRB MUP duration and area-to-amplitude ratio (AAR) in LE 

(Calder et al. 2008) also indicate, increased muscle fibre number and density due to 
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neuropathic-related axonal loss and re-innervation (Stalberg et al. 1996). Previous studies 

have shown elevated levels of neuroinflammatory mediators (Ljung et al. 2004; Ljung et al. 

1999a; b) within the ECRB muscle-tendon unit which were associated with muscle fibre 

necrosis and increased regenerated (type-2C) muscle fibres (Ljung et al. 1999c) in LE. While 

these suggest a neuropathic condition (Nandedkar et al. 1988), the MUP duration and AAR 

also can increase with age (Calder et al. 2008; Del Rey and Entrena 2002). In this study 

(Calder et al. 2008), the average age differences between the LE populations (46 years) 

compared to the healthy control (27 years) may confound these results. Moreover, the 

varying levels of target muscle force (5% to 10% of MVC) might also have influenced the 

motor unit recruitment characteristics.  

 

Although, this review found no fatigue-related EMG changes for ECRB; one study reported 

increased averaged rectified value (ARV) for EDC during the fatiguing wrist extension task 

at 80% MVC, in a cohort of clinically recovered LE population compared to controls (Rojas 

et al. 2007). However, it must be noted that EMG ARV could be a valid indicator of fatigue, 

only when combined with EMG frequency spectrum analysis (Cifrek et al. 2009). Also, the 

reliable measures of muscle fatigue (Ebenbichler et al. 2002) that are the median and mean 

frequencies have not shown differences between the LE and control groups. 

 

3.4.5 Altered forearm muscle coordination in LE 

The features of reduced ECR contribution that corresponded with increased ECU 

contribution during isometric wrist extension (Rojas et al. 2007) and increased EDC, FDP 

contribution during isometric gripping (Heales et al. 2015) might be argued as a function of 

altered forearm muscle coordination in LE. Supporting this, changes in the forearm muscle 

coordination during pain-free gripping as a measure of overall changes in the muscle synergy 



Systematic review 

67 
 

characteristics was identified in some of the individuals with; however, no between-group 

differences were reported for the spatiotemporal components of the identified forearm muscle 

synergies (Heales et al. 2016).  

 

3.4.6 Altered cortical mapping and excitability of forearm extensors in LE 

Increased cortical mapping of ECRB and reduced spatial discrimination between the cortical 

stimulus regions of the ECRB and EDC have indicated the presence of cortical reorganisation 

in LE compared to controls (Schabrun et al. 2015). Especially, a reduced number of ‘discrete 

peak’ MEP amplitude for ECRB and EDC (i.e., reduced differences in the peak amplitudes 

when the stimulus was applied around actual stimulus location) in LE indicates reduced 

variability between the synergistic forearm extensors that have a different agonist function 

(Schabrun et al. 2015). Although the effect size calculations showed no differences for ECRB 

and EDC peak MEP amplitudes, it should be noted that the increased ECRB peak MEP 

amplitude in LE was nearly meeting significance for between-group differences. While 

increased ECRB peak MEP might be a cortical disinhibition, this was further supported by 

reports from another study that reported reduced ECRB intracortical inhibition (mediated by 

GABAA and GABAB receptors) in LE (Burns et al. 2016). However, decreased intracortical 

facilitation (mediated by NMDA receptors) was also reported for individuals with LE (Burns 

et al. 2016). Overall, the above evidence suggests maladaptive physiological properties of the 

motor cortex neural circuitry associated with ECRB and EDC muscles in LE. Although not 

included in this review, it is worth considering reports of decreased threshold for the 

nociceptive flexion withdrawal reflex test suggesting increased spinal cord sensory 

excitability in LE compared to controls (Lim et al. 2012). 
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3.4.7 Quality assessment and Methodological limitations 

Although this systematic review summarises and synthesises the data on neuromotor 

characteristics assessed using EMG in LE, there are some potential limitations that need to be 

acknowledged. The methodological quality of the six included studies was limited due to lack 

of explicit reporting of the information that is relevant to the internal and external validity of 

the study. While all included studies met the acceptable current EMG reporting standards, 

some studies used EMG processing methods that limit the clinical implication of the results. 

However, the heterogeneity of the EMG methods used to assess the muscle activity in LE 

precludes any meta-analyses in this review. Only four studies reported prior power 

calculation to justify the sample size; therefore, the possibility of false negative findings (i.e. 

Type II error in statistical analyses) cannot be discounted. It is known that both the pain and 

anticipation of pain affects the EMG output (Tucker et al. 2012). LE is a painful condition, 

particularly during gripping and resisted wrist extension. While the study that reported 

absolute EMG amplitude (Alizadehkhaiyat et al. 2007b; Kelley et al. 1994), total duration of 

muscle activation (Bauer and Murray 1999) and motor unit potential characteristics (Calder et 

al. 2008) used one of these pain provocative tasks, none of these studies has reported the 

participants’ level of pain during testing. Importantly the absence of pain reporting may limit 

the internal validity of these studies and contribute to the overall variability of the findings. 

The diagnostic criteria and clinical characteristics of the LE population were inconsistently 

reported across the studies that may limit the generalisability of the results. 

  

3.5 Conclusion 

It is evident from the current literatures that individuals with LE have increased 

electromechanical delay and altered cortical mapping and excitability features of forearm 

extensor muscles, which reflects altered neuromotor characteristics that are respectively 
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associated with tissue pathology and maladaptive motor system in LE. Although existing 

literature has identified altered magnitude of individual forearm muscle activity in LE, further 

studies with improvised research designs (i.e. studies that address the key limitations 

indentified in the current litretures such as, nature of pain during the task examined and 

changes in wrist posture during gripping) are required to validate if the identified changes in 

muscle activity in individuals with LE is a part of muscle pathology and chronic-pain related 

adaptation in neural drive.  
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4. General methods 

4.1 Ethical approval and informed consent 

All experimental procedures involved within this Thesis were approved by the institutional 

ethics committee in accordance with the Declaration of Helskini. The ethical approval was 

obtained from the Griffith Human Research Ethical Committee (Approval number: 

PES/22/12/HREC), prior to the recruitment of participants (Appendix 1). A separate 

information sheet that contains detailed instruction of participants’ roles, experimental 

procedures involved and other relevant information were provided to the participants with 

lateral epicondylalgia (LE) and healthy individuals (Appendix 2), during the recruitment 

process. Written informed consent was obtained from all participants (Appendix 3) before the 

commencement of any experimental procedure. Conduct of the approved experimental 

protocols, safety and comfort of the participants, and privacy and confidentiality of the 

participant’s personal information were adequately maintained throughout the testing period. 

 

4.2 Research design and sample size   

A case-control observational design was used for all the experiments involved in this thesis. 

The same group of participants involved in all the experiments. Based on the results of the 

previous studies, a prior sample size was estimated for Study 2 (Bisset et al. 2009) and Study 

3 (Rojas et al. 2007), with 80% power at the 0.05 significance level to achieve the minimum 

between-group (i.e., LE vs. healthy control) effect size difference of 0.8 to 1 for the primary 

outcome. The data for the study 4 was fragmented from the study-3 EMG. The rationale for 

the study-specific sample size is detailed separately in each study chapter. 
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4.3 Participant recruitment   

All the participants involved in the experiments of this thesis were recruited from the general 

community. The media advertisements were used during the recruitment process, between 

September 2014 to March 2015, through the Griffith University online e-news broadcast, 

closed group social media, and by distributing the brochures and posters in private health 

centres/clinics, sports clubs and shopping centres around Gold Coast region. Potential 

participants who responded to the advertisement were provided with an information sheet and 

invited for eligibility screening by a postgraduate musculoskeletal physiotherapist (NM) 

registered for research related practice in Australia, (AHPRA Limited registration number: 

PHY0001842093). 

 

4.4 Participant’s eligibility criteria 

The inclusion criteria for the LE participants were: age over 18-years with a clinical 

diagnosis of LE confirmed by pain over the lateral epicondyle for greater than six weeks 

which was provoked by at least two of the following: palpation, resisted wrist, index and/or 

middle finger extension; and gripping (Haker and Lundeberg 1990; Kryger et al. 2007; 

Stratford et al. 1989). The exclusion criteria for LE participants were: (i) history of treatment 

of elbow pain within the past three-month period which include corticosteroid or regenerative 

therapy injection, (ii) any neuro-musculoskeletal condition located in the spine or upper and 

lower extremities, (iii) a history of surgery, fractures or dislocations of the elbow and (iv) the 

use of central nervous system depressive medications. The inclusion criteria for the healthy 

participants were age over 18-years with no previous history of LE. The healthy individuals 

were recruited based on age- sex- limb matched to that of LE participants included in the 

study. The above exclusion criteria were also considered for healthy controls.  
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4.5 Clinical assessment 

The participants who fulfilled the inclusion criteria were given a written consent during the 

first appointment. Then the clinical measures, structural characteristics of common extensor 

tendon and maximal grip strength were examined initially in the affected arm (or the matched 

limb of healthy controls) followed by the contralateral arm. All the clinical assessment 

involved in this Thesis experiments were performed by the single investigator, who is an 

experienced postgraduate musculoskeletal physiotherapist (NM) with prior training on 

quantitative sensory testing, and diagnostic ultrasound image acquisition on the lateral elbow 

from a concurrently running randomised control trial in individuals with tennis elbow, (ID: 

ACTRN12612000993897). At the end of the clinical assessment, a second appointment was 

made for the electromyography (EMG) experiment session, one-week later from the clinical 

assessment. This ensured any pain provoked by the clinical assessment had settled and would 

not interfere with EMG data collection.  

 

4.5.1 Demographic characteristics 

The demographic features such as age, sex, side of limb dominance, height and weight, 

occupation and recreational activities were documented for all the participants. Also, the 

duration of the LE symptoms and side of the elbow symptoms was also recorded for the LE 

participants.  

 

4.5.2 Pain characteristics in LE participants 

Numerical pain rating scale (NPRS): The maximal pain severity in the past 24 hours was 

measured initially using an 11-point NPRS, (0 = no pain, 10 = the worst pain imaginable). 

Pain intensity was also documented during palpation of the lateral epicondyle region and 
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maximal grip strength test using NPRS. The use of NPRS to measure the pain severity in 

chronic pain conditions has been shown with good reliability (ICC = 0.90) and validity 

(Jensen et al. 1999; Smidt et al. 2002).  

 

Cervical spine tenderness: The presence (or absence) of pain provocation during manual 

palpation of cervical and thoracic intersegmental regions (between the C2-C3 to T1-T2) were 

documented for each LE participant (Coombes et al. 2014; Fernandez-Carnero et al. 2009a). 

The participants were positioned in prone lying; and both static and passive motion 

palpations were considered for ipsilateral and contralateral zygapophysial joint, central 

intervertebral joints to identify the pain provocation (Jull et al. 1994). A synthesis of earlier 

studies of spinal palpation has reported the acceptable level of intraexaminer (κ = 0.56) and 

interexaminer (κ = 0.68) reliability for pain provocation (or tenderness) assessments of spinal 

joints (Haneline and Young 2009).           

 

Radial nerve sensitivity: The presence of increased sensitivity of the radial nerve for both the 

upper extremities of individuals with LE was assessed using the upper limb neurodynamic 

test (ULNT). The participants were positioned in supine lying, and the test was performed in 

the following sequence: shoulder girdle depression, elbow extension, shoulder internal 

rotation, forearm pronation, wrist and finger flexion, and shoulder abduction until pain or 

discomforts were produced (Butler 2000). On the occurrence of the symptoms, the radial 

nerve sensitivity to the symptom was assessed by adding a neck side flexion by maintaining 

all the test components. The test was considered positive if the neck movement provoked the 

symptoms or symptoms were relieved by removing the test component. The radial nerve 

ULNT has been previously shown good intratester reliability (ICC = 0.98) in individuals with 

LE (Paungmali et al. 2004). 
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4.5.3 Subjective pain and functional disability rating 

The LE participants used a Patient-Rated Tennis Elbow Evaluation (PRTEE) questionnaire to 

report their average amount of pain and functional difficulties experienced over the past two 

weeks. Prior information was provided about the questionnaire, and participants were asked 

to answer all 15 questions by describing their level of elbow pain and functional difficulties 

in the affected arm, using 0 to 10 points scale (0 = no pain, 10 = the worst pain imaginable) 

given in the questionnaire (Appendix 4). PRTEE is a gold standard primary outcome tool to 

measure the pain and functional disability in individuals with LE, and it has been shown with 

good reliability (ICC = 0.94) and validity (Newcomer et al. 2005; Overend et al. 1999; 

Rompe et al. 2007).  

 

4.5.4 Pain-free grip strength 

Digital Analyser grip dynamometer (MIE Ltd, Leeds UK) was used to assess the pain-free 

grip strength (PFG), while the participant with LE rested in supine lying with shoulder joint 

in a neutral position, elbow extended, and forearm in fully pronated position (Figure 4.1a). 

Assessing pain-free grip strength in elbow extended and forearm pronated position has been 

suggested as a useful diagnostic tool in individuals with LE (Dorf et al. 2007; Smidt et al. 

2002). Participants were instructed to squeeze the grip dynamometer gently at a self-selected 

wrist posture until they began to feel pain in the lateral elbow. Three trials of PFG strength 

was measured with a 30-second rest between the trials. The unaffected arm was tested first. 

The average of three PFG trials was considered for analysis. A good range of reliability (ICC 

= 0.97) for the PFG strength test has been evidenced in either extremity of the individuals 

with LE (Smidt et al. 2002; Stratford et al. 1989). 
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4.5.5 Pressure Pain Threshold 

All the participants were assessed for pressure pain threshold (PPT) using a pre-calibrated 

electrical and digital pressure algometer (SOMEDIC, Sweden) with a 1-cm2 rubber-tipped 

probe mounted on the force transducer (Kinser et al. 2009). Participants were instructed to 

press the stop button as soon as they began to feel first pain or discomfort during the pressure 

application. The pressure was applied to the lateral epicondyle at a rate of 40 kPa/sec, while 

the participants rested in supine with arm positioned at ~200 of shoulder abduction and ~200 

elbow flexion with the forearm in full pronation (Figure 4.1b). The minimal amount of 

pressure with which participant’s sense the onset of discomfort or pain was documented as 

PPT. Three trials of PPT were measured with a 30-second rest between the trials. The 

unaffected arm of LE participants (and the matched arm of healthy controls) was tested first. 

The average of three PPT tests was considered for analysis. The PPT measures have been 

previously shown with a good reliability (ICC = 0.77 to 0.96) in individuals with LE 

(Paungmali et al. 2004; Smidt et al. 2002) as well as in the healthy individuals (Chesterton et 

al. 2007). 

   

4.5.6 Heat and Cold Pain Threshold 

All the participants were assessed for cold (CPT) and heat (HPT) pain threshold over the skin 

of the lateral epicondyle region using a computer controlled TSA-II NeuroSensory Analyser 

(Medoc, Israel), with a standard 30x30mm thermode probe. From the baseline temperature of 

320C, the thermode temperature was set to decrease at a rate of 10C to a minimum cut-off 

temperature of 00C during CPT test; and the thermode temperature was set to increase at a 

rate of 10C up to a maximum cut-off temperature of 500C during HPT test. The participants 

were seated in a chair with the test-arm resting on their thigh (Figure 4.1c). The unaffected 

arm of LE participants (and the matched arm of healthy controls) was tested first, and the 
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three HPT test was performed initially, followed by the three CPT tests with a 20-second rest 

between the trials. Prior instruction was given about the test procedures, and all the 

participants were instructed to press the stop button as soon as they began to feel first pain or 

discomfort during the heat and cold application.  During the test, a minimal amount of heat 

and cold with which the participants sensed the onset of discomfort or pain was documented 

as HPT and CPT. The average of three HPT and three CPT trials was considered for analysis. 

Previous studies have shown high reliability (ICC = 0.94) for both the HPT and CPT in 

individuals with LE (Fernandez-Carnero et al. 2009b; Paungmali et al. 2004) as well as in the 

healthy individuals (Fernandez-Carnero et al. 2009b; Park et al. 2001). 

  

 

Figure 4.1. Clinical assessment procedures, (a) pain-free grip (PFG) strength, (b) pressure pain 
threshold and (c) heat and cold pain threshold tests. 
 

4.6 Diagnostic musculoskeletal ultrasound imaging of lateral elbow 

4.6.1 Ultrasound imaging procedure 

All the participants were assessed for the presence of structural changes within the common 

extensor tendon of the elbow, using a diagnostic ultrasound imaging machine (Ultrasonix, 

Richmond, BC). The participants were positioned in sitting upright by resting their test arm 

with ~400 shoulder abduction, 900 elbow flexion and forearm in pronation. Ultrasound 

images were obtained based on the European society of musculoskeletal radiology guideline, 

by longitudinally placing a 38-mm linear transducer (L14–5W/60 linear, Ultrasonix; Figure 
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4.2) over the lateral elbow (Martinoli 2010; Martinoli et al. 2001). Standard B-mode (grey 

scale) image recording parameters (transducer frequency range of 14 MHz; depth, 2 cm; 

image frame rate, 30 Hz/sec; gain between 55 to 60%) were used to acquire the longitudinal 

plane images of the common extensor tendon (Figure 4.2). Imaging was performed firstly on 

the unaffected elbow followed by the affected elbow of LE, and respectively the matched 

elbows of the healthy controls.  

 

 

Figure 4.2. Diagnostic ultrasound procedure with a sample image demonstrating the recording 
parameters used during the B-mode (grey scale) image acquisition. 

 

4.6.2 Qualitative and quantitative measures of tendon structure 

Before any interpretation of structural changes in common extensor tendon, the ultrasound 

images were de-identified of participant’s group and limb dominance details. This ensured 

blinding of any possible details that might bias interpretation of tendon structural 

characteristics. All the qualitative and quantitative features of common extensor tendon were 

measured using OsiriX Imaging Software (Pixmeo SARL, version 7, 2003-2016). 

 

Qualitative evaluations of greyscale images: A four-point Likert scale was used to grade the 

intra-tendinous hypoechoic changes (Figure 4.3) from the grayscale images using (0 = No 



  General methods    

80 
 

hypoechoic changes, 1 = <30%, 2 = 30 - 50% and 3 = >50% hypoechoic changes within the 

tendon) (Connell et al. 2001). In addition, the presence or absence of intra-tendinous fibrillar 

disruption (or tendon heterogeneity), intra-substance tendon tears and lateral collateral 

ligament (LCL) abnormalities were documented using two-point scale (0 = No, 1 = Yes) 

(Connell et al. 2001). The previous study has shown moderate to high reliability (ICC = 0.35 

to 0.77) for grading the grayscale features of common extensor tendon in individuals with LE 

(Poltawski et al. 2012). 

 

 

Figure 4.3. Sample image of common extensor tendon in an individual with lateral epicondylalgia 
and healthy control. White double sided arrow indicate the location where the common extensor 
tendon thickness was measured in this thesis. The dark one-sided arrow indicates the intra-tendinous 
hypoechoic changes in individual with lateral epicondylalgia. 

   

Quantitative measurement of common extensor tendon thickness: Common extensor tendon 

thickness (in millimetres) was measured as the perpendicular distance between the periosteal 

borders of the humeral capitulum (approximately a 5mm distance from distal capitellar 

border)  to the outer surface of the tendon in the sagittal plane (Figure 4.3) (Connell et al. 

2001). The previous studies have shown moderate to high reliability (ICC = 0.76 to 0.81) 

(Krogh et al. 2013; Teggeler et al. 2015), high sensitivity and specificity (Toprak et al. 2012) 

for the measurements of common extensor tendon thickness in the longitudinal plane over the 

capitellar region of the humerus bone, in individuals with LE as well as healthy control. 
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4.7 Maximal grip strength  

A digital hand grip dynamometer (MIE Ltd, Leeds UK) was used to measure the maximal 

grip strength (i.e. maximum voluntary contraction, MVC) in the affected arm of the LE 

participants and the matched extremity of healthy controls. Participants sat comfortably in a 

reclined chair, and the test limb was placed on a custom-designed plastic frame. This 

configuration oriented the shoulder in a neutral position for flexion, abduction and rotation, 

and placed the elbow in 65° of flexion with the forearm in full pronation. The distal forearm 

was comfortably fixed to an armrest with a non-compliant strap around the head of the ulna. 

Maximal grip strength was obtained randomly in three different wrist positions (neutral wrist; 

20° wrist flexion and 20° wrist extension from the neutral wrist position). A standard 

goniometer was used to measure the wrist positions while gently holding the dynamometer. 

The goniometer has shown high reliability (ICC = 0.80 to 0.84) in measuring the wrist 

movements (LaStayo and Wheeler 1994). The neutral wrist was defined as 0° between the 

long axes of the 5th metacarpal and ulna.  

 

All the participants were instructed to grip to the maximum without lifting the hand from the 

plastic frame, and this ensured that the wrist position was constant during the maximal grip 

strength tasks. Three maximum grips were performed for each wrist posture with a 2-minute 

rest between trials, and the MVC was calculated as the peak force produced across the three 

trials. A good range of reliability (ICC = 0.98) for the maximum grip strength has been 

reported in either extremity of the individuals with LE (Smidt et al. 2002).  

  

4.8 Participant’s pre-conditioning before EMG experiments 

All the clinical measures and maximal grip strength was obtained one week earlier to the 

EMG experiments involved in this thesis. This ensured that the pain provoked by clinical 
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procedure and maximal grip strength manoeuvre would have sufficient time for participants 

to recover to the baseline pain levels prior to the EMG experiments. Participants were 

instructed to avoid strenuous gripping tasks and anti-inflammatory pain medications (NSAID, 

non-steroidal anti-inflammatory drugs) 48-hours before the EMG experiment session. This 

ensured prevention of extrinsic factors that may have an immediate effect on the elbow pain 

and/or neuromuscular that would interfere with EMG outcome measures involved in this 

study. 

 

4.9 Electromyography 

Electromyography (EMG) is a conventional method of investigating the myoelectric 

activities of skeletal muscles (Basmajian and De Luca 1985). EMG recording using surface 

(skin) electrode is non-invasive and obtains global estimates of the quantitative muscle 

activity characteristics through adequate amplitude processing and rectification. Whereas 

EMG recording using intramuscular (fine-wire) electrode is an invasive method (Jonsson et 

al. 1968), which has a greater advantage of reading electrical activity from specific muscle or 

a single motor unit, with less cross talk from the closely arranged inter-compartmental 

muscles (Stalberg 1980), e.g. the muscles of forearm. However, consistent reproducibility of 

amplitude and similar muscle recruitment patterns were documented in both surface and 

intramuscular EMG studies on upper and lower extremities. 

 

All the surface EMG recording techniques used in this thesis was conducted in accordance 

with the SENIAM (Surface Electromyography for the Non-Invasive Assessment of Muscles) 

recommendations, (Hermens et al. 2000; Stegeman et al. 2000). Similarly, all the fine wire 

intramuscular EMG recordings used in this thesis were conducted as per previous 

recommendations (Rudroff T 2008). Before any EMG electrode placement, adequate skin 
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preparation was considered by shaving and then rubbing the skin with a gauze using Nuprep 

Skin Prep Gel (Weaver and company, USA) to keep the skin impedance range below 5 kΩ. 

The location for the EMG electrode insertion/placement within the individual muscle bellies 

were identified using previously recommended anatomical landmarks and electrode location 

confirmation procedures. 

 

4.9.1 Electrode placement location for forearm extensor muscles  

The participants were seated having their forearm and hand supported over the table with 

~700 of elbow flexion and full forearm pronation for wrist and finger extensors and anconeus 

muscle belly palpation, and further fine-wire electrode insertion and the surface EMG 

electrode placements.  

 ECRB: Muscle belly was palpated during 3rd digit isometric finger extension, and a pair 

of electrodes was placed 2 cm or two finger width distal to the lateral epicondyle 

(Perotto and Delagi 2011; Riek and Bawa 1992).  

 EDC: Muscle belly was palpated during 4th digit (and/or lateral four fingers) isometric 

extension, and a pair of electrodes placed 5 cm or four finger width distal to the lateral 

epicondyle (Perotto and Delagi 2011; Riek and Bawa 1992).   

 ECU: Muscle belly was palpated during isometric ulnar deviation and a pair of 

electrodes placed 5-7 cm from the tip of olecranon process at the middle of the forearm 

just above the shaft of ulna (Perotto and Delagi 2011; Zipp 1982). 

 Anconeus: Muscle belly was palpated during isometric elbow extension, and a pair of 

electrodes placed 2-4cm distal to the midpoint of the line connecting the tip of 

olecranon process of ulna and lateral epicondyle (Harwood and Rice 2012; Perotto and 

Delagi 2011). 
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4.9.2 Electrode placement location for forearm flexor muscles 

The participants were seated and placed their forearm and hand supported over the table with 

full elbow extension and forearm supination for wrist and finger flexor muscle belly 

palpation. Before placing the surface EMG electrodes, each flexors muscle location was also 

standardised for its appropriate location in the elbow flexed and forearm pronation position 

(i.e., experimental grip position). 

 FCR: Muscle belly was palpated during isometric radial deviation (with and/or without 

wrist flexion) and a pair of electrodes placed 5 cm distal (three to four fingerbreadths) 

to the midpoint of a line connecting the medial epicondyle and the biceps tendon (Kong 

et al. 2010; Perotto and Delagi 2011). 

 FCU: Muscle belly was palpated during isometric ulnar deviation (with and/or without 

wrist flexion) and a pair of electrodes placed at the junction of the upper and middle 

1/3rd of the medial forearm but two finger breadth anterior to the medial border of ulna 

(Kong et al. 2010; Soderberg 1992). 

 FDS: Muscle belly was palpated during hand clenching (with and/or without wrist 

flexion) and a pair of electrodes placed on the proximal forearm (i.e., proximal 1/4th of 

the distance on the line between the oblique line of radius and the 2nd middle phalanx) 

but just medial to the biceps tendon (Kong et al. 2010; Soderberg 1992).   

 

4.10 Intramuscular fine wire EMG 

This section elaborates the experimental methods relevant to intramuscular fine wire EMG 

used in Study 2 of this thesis, which aimed to investigate the timing of wrist extensor (ECRB, 

ECU), finger extensors (EDC) and anconeus muscle activity during rapid wrist extension 

task. Fine-wire electrodes were used to minimise contamination from attenuation of the EMG 

signal or crosstalk from closely located forearm extensor muscles (Mogk and Keir 2003a). 
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Although the fine-wire insertion technique is an invasive procedure, the adverse events 

reported during the fine wire insertion technique are extremely low. As such it is not 

considered as a significant threat to participants (American Association of Electrodiagnostic 

Medicine 1999). 

     

4.10.1 Fine wire electrode preparation 

Bipolar fine wire electrodes were fabricated from 75µm Teflon-coated stainless steel wire 

(California Wire Company, USA), each with 1-mm of insulation stripped from the end to 

form the recording surface. The fine wires were then threaded into a 23-gauge hypodermic 

needle (0.41 x 32 mm), and the exposed tips of the fine wires were bent back to form hook 

configurations.  The hook configurations were made at 2-mm and 4-mm respectively on each 

wire (Figure 4.4). While the hook configuration secures the fine-wire into muscle; the 

different in length of hooked wire portion would avoid contact between the wires, thus 

preventing any shorted wire ending related artefacts while recording. In addition, the hook 

configurations of these fine wire electrodes facilitated a 2-mm inter-electrode distance while 

it was in the muscle. Each bipolar fine wire electrodes were sealed with the label and 

sterilised using a prevacuum tabletop autoclave (Tuttnauer, Model 2540 NOVA-3, Israel). 

 

Figure 4.4. A pair of fine-wire threaded into hypodermic needle demonstrating the hook 
configurations that facilitate 2-mm of inter-electrode distance while in situ.   
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4.10.2 Intramuscular fine wire insertion 

All the intramuscular EMG electrode insertions were done by experienced clinical 

researchers in a sterile environment, in accordance with the standard recommendations 

(Konrad 2005; Rudroff T 2008). Research investigators responsible for the insertion of fine 

wire electrodes wore disposable sterile latex gloves. Firstly, skin over the forearm region was 

shaved, rubbed with a gauze using Nuprep Skin Prep Gel (Weaver and company, USA) and 

then cleaned with an alcohol swab. Following preparation of the skin and surrounding area, 

the examiner wearing the sterile gloves removed the sterilised intramuscular electrode from 

the sterile package. After providing constructive instruction and gaining consent from the 

participant, a sterilised fine wire threaded into the hypodermic needle was inserted into the 

target muscles at an angle of 30o to the skin surface using a proximal to distal approach. The 

needle was then withdrawan once the target muscle had been located, leaving the tip of fine-

wire in situ, typically at a depth of 10 mm. Following this, participants were asked to perform 

a light isometric contraction, ensuring no discomfort to muscles. In the case of significant 

discomfort with signs of inflammation, hematoma and/or vaso-vagal episodes the procedure 

was terminated immediately. Upon successful insertion, the fine wire was carefully fastened 

over the skin using micropore adhesive tape (3M), and the participants were asked to sit in a 

recommended experimental position to connect the fine wires to the EMG data acquisition 

interface (Power1401-mkII, CED Ltd, UK), (Figure 4.5a and 4.5b). A ground surface-

electrode (Ag/AgCl, 24mm, KendallTM, Covidian, USA) was placed on the acromion of the 

test arm. 
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Figure 4.5. (a) Intramuscular fine-wire insertion on wrist extensors (ECRB, ECU), finger extensors 
(EDC) and anconeus muscles. (b) Participant sitting in the experimental position with each 
intramuscular fine-wire electrode firmly fastened over the skin and connected to the data acquisition 
interface. The arrow indicates a single axis accelerometer used to in the study. ECRB – Extensor 
carpi radialis brevis; EDC – Extensor digitorum communicis; ECU – Extensor carpi ulnaris. 
 
 

4.10.3 Ultrasound guided fine wire insertion pilot testing 

During the early stage of this project, 2D ultrasound guided fine wire electrode placement 

tests were performed to ensure the consistent placement of fine wire electrodes on underlying 

muscle fibres and fascia (Figure 4.6). While this pilot assessment provided a visual 

experience of the depth of needle penetration; it provided useful information to prevent any 

pain or discomfort that could be caused by penetration of the needle into the muscle. 

 

 

Figure 4.6. Sample images captured during the ultrasound guided intramuscular fine-wire insertion in 
extensor carpi radialis brevis (ECRB) and extensor digitorum communicis (EDC) muscle, obtained 
from healthy individuals during pilot experiment. The tip of the arrow points out the location of the 
hypodermic needle tip, and the dotted lines indicate the hypodermic needle within the muscles. 
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4.10.4 Individual muscle EMG signal inspection 

The appropriateness of the fine wire location was inspected with each muscle’s EMG activity 

with gentle isometric movement, as used during the standard muscle belly palpation (Figure 

4.7). In addition, the EMG waveform type was also inspected to ensure the absence of 

rhythmic triphasic waves which indicate fine-wire picking up the single motor unit action 

potential (MUAP). In case of MUAP occurrence (for example, see the figure anconeus EMG 

signals in Figure 4.7) fine-wire repositioning was considered with static maximum isometric 

contraction or with a gentle pull on the wires (Rudroff T 2008). 

 

Figure 4.7. Assessment of individual muscle signals specific to the isometric task (as indicated on 
top of each signal) used during the muscle belly palpation at the time of fine wire electrode 
placement. The EMG signals were simultaneously recorded from four muscles while the participant 
was seated in the experimental position, as showed in Figure 4.5. This assessment was considered on 
each participant before the main reaction time experiment. The activation of ECRB, EDC and 
anconeus were isolated to the given task. Whereas, due to the nature of the task, all the wrist 
extensors were recruited isometric wrist joint ulnar deviation (but not the anconeus). ECRB – 
Extensor carpi radialis brevis; EDC – Extensor digitorum communicis; ECU – Extensor carpi 
ulnaris. 

 



  General methods    

89 
 

4.10.5 Reaction time task 

Reaction time (RT) of the motor task is known as the time differences between the onset of 

imperative stimulus and initiation of a motor task. A simple RT paradigm is a commonly 

used method to understand the temporal features of neurophysiological mechanisms involved 

in the preparation and commencement of the movement (Figure 4.8). A simple reaction time 

involves single, less complex stimulus with an emphasis on fastest initiation of the simple 

movement/task (Anson and Mawston 2000; Donders 1969). It is known from the previous 

literature that the reaction time to the auditory stimulus is faster than the visual stimulus 

(Kosinski 2008). Hence the use of audio stimulus may be the choice for examining the 

sensorimotor mechanism of simple ballistic or rapid movement. 

 

The sensorimotor mechanisms involved in the reaction time paradigm are known as premotor 

time (PMT) and motor time (MT) (Anson and Mawston 2000). The PMT component reflects 

the neural processes involved in the preparation of the voluntary movement, such as detection 

of stimulus (sensory input), memory and cognition, selecting an appropriate motor 

programme and then executing the desired action. In contrast, the MT component of the RT 

paradigm reflects the neuromuscular processes involved in the commencement of muscle 

activity to generate movement, especially the excitation-contraction coupling and the 

subsequent force that is generated by the muscle-tendon unit to produce movement about a 

joint (Cavanagh and Komi 1979). 

 

4.10.6 Sound stimulus and Single axis accelerometer 

A computer generated audio tone, of 100 ms in duration was used as a stimulus during the 

reaction time experiment involved in Study 2. The sound stimuli were customised to occur 

randomly between three to six second intervals. A square shaped single axis accelerometer   
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Figure 4.8. Schematic diagram demonstrating the two temporal components of the reaction time 
paradigm involving rapid wrist extension movement in response to the sound stimulus. Some 
components of this figure are adapted and modified from Florman et al. 2013 

 

(11 x 10 x 9 mm; NL261, Digitimer Ltd, UK) was used in Study 2 to detect the onset of rapid 

wrist extension movement. The accelerometer was placed over the mid-shaft of the dorsal 

surface of the 3rd metacarpal bone (Figure 4.5b). The accelerometer data was obtained 

simultaneously with EMG data in Study 2. 

 

4.10.7 Fine wire EMG and accelerometer data acquisition 

The accelerometer, audio stimulus event and fine wire EMG data were synchronously 

sampled at 1000 Hz (Figure 4.9) using a Power1401-mkII data acquisition system and Spike2 

software (Version 2.7.15, CED Ltd, UK). The fine-wire EMG signals were pre-amplified 

using a differential pre-amplifier set with a gain of 1000, input impedance at 100MΩ, and the 

CMRR of >90dB (NL 844, Digitimer Ltd, UK). The single axis accelerometer signals were 

pre-amplified using a bridge amplifier (NL109, Digitimer Lt, UK). During the EMG 
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acquisition, the data were band-pass filtered using a high pass cut-off frequency of 3 Hz and 

low-pass cut-off frequency of 400 Hz. All the above data were closely monitored throughout 

the testing period, and stored on a computer (DELL, Windows 7). 

  

 

Figure 4.9. A sample image of wrist extension reaction time (pilot) experiment showing the 
simultaneously recorded accelerometer, sound stimulus and EMG data. The tip of the arrow 
points out the onset of custom audio stimulus (of 100 ms in duration) generated randomly 
between three to six seconds’ interval. ECRB – Extensor carpi radialis brevis; EDC – 
Extensor digitorum communicis; ECU – Extensor carpi ulnaris. 

 

It should be noted that Study 2 of this thesis was aimed at determining the onset of muscle 

activation, during a simple wrist extension reaction time with a precision of 1 millisecond.  

Therefore, we believed that the fine wire EMG sampling rate of 1000 Hz would be 

appropriate to measure wrist extension reaction time. The appropriateness of the band pass 

filter (3-400 Hz) used in Study 2 was ensured using the power spectral analyses of the ECRB, 

EDC, ECU and anconeus muscles EMG activity obtained during a rapid wrist extension task 
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(Table 4.1).  None of the tested muscles had a frequency content that was above the 400 Hz. 

While this validated the bandwidth frequency used in Study 2, it also supported the sampling 

rate (1000 Hz) based on the Nyquist theorem. Although collecting EMG data at a higher 

sampling frequency would not improve the identification of muscle onset; all it might allow 

could be reaction time data at higher precision, for example, ten-thousandth of a second 

(instead of one-thousandth of a second). However, there is no rationale that wrist extension 

reaction time needs to be reported in less than 1 millisecond. 

 

Table 4.1. The range of power spectral frequency obtained from raw fine-wire EMG data during a 
rapid wrist extension task (98% of total power occurred in these bandwidths). 
 Power spectral bandwidth in 

healthy individuals 
Power spectral bandwidth in 

individuals with LE 

ECRB 8 - 380 Hz 5 - 110 Hz 

EDC 10 - 390 Hz 8 - 100 Hz 

ECU 7 - 100 Hz 10 - 100 Hz 

Anconeus 7 - 300 Hz 6 - 300 Hz 
 

 

4.10.8 Muscle onset detection methods 

Visual inspection was used to detect the onset of individual muscle EMG activity, the onset 

of wrist extension (recorded with accelerometer) and the onset of sound stimulus. It is known 

from the previous studies that muscle onset detection using visual inspection methods are less 

affected by amplitude of the background EMG, compared to computer-based methods, which 

could be potentially influenced by number of signal processing parameters such as, filter 

frequency, onset determination threshold level, and duration of the window width (Hodges 

and Bui 1996). Visual inspection method has been reported with good intra-rater reliability 

and a moderate level of between day reliability in detecting the EMG onset (Richard 1987). 
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The same examiner conducted the visual inspection throughout the study. Additional care 

was taken to avoid any potential observation bias that could occur during the visual 

inspection of EMG and accelerometer data (Mann 2003), which include: 1) Blinding the 

examiner from data identity, 2) randomising the muscle being examined, 3) performing the 

EMG onset detection prior to the detection of accelerometer data, and  4) measuring  the 

onset of audio stimulus at the end. In addition, care was taken to avoid measurement of 

primary outcome (i.e., the temporal characteristics; RT, PMT, MT) before completing the 

onset measures for all participants. The muscle onset was determined on the basis of the 

earliest rise in EMG activity beyond the steady state baseline level (Brown and Frank 1987; 

Horak and Nashner 1986). Based on visual inspection measurements during the pilot 

experiments, it was planned to decide muscle onset timing as ‘no response’ or ‘missing’ if 

there is no rise in EMG within the 500 milliseconds from the audio stimulus.  

 

4.11 Surface electromyography 

Based on the feedback given by healthy participants at the time of pilot experiments, the 

decision was made to use surface EMG electrodes for all the grip experiments involved in 

this thesis. Four participants of pilot experiment reported a noticeable discomfort or mild pain 

which was gradually increased over the time of a total of 30 repeated target grip force trial, 

when fine wire electrodes were used over the forearm extensors. Therefore, after the 

successful completion of the reaction time experiment, the fine wire electrodes were removed 

and participants were provided an ~1-hour of rest before the start of surface EMG 

experiments during grip task. The grip experiments were conducted as a separate session after 

assuring that no participants had pain due to the previous fine wire procedures. The 

experimental target grip forces at 15% and 30% of MVC specific to each wrist posture were 
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estimated from the MVC’s measured during the clinical assessment (Chapter 4.7). The target 

grip forces of each participant included in this thesis are summarised in Table 4.2. 

 

Table 4.2. Experimental target grip force at 15% and 30% of MVC used in individuals with lateral 
epicondylalgia (LE) and healthy controls (HC).  

  
Target grip force, Newton 

LE Group 
(n=11) 

Target grip force, Newton 
HC Group 

(n=11) 

Participant  Wrist 
Extension 

Wrist 
Neutral 

Wrist 
Flexion 

Wrist 
Extension 

Wrist 
Neutral 

Wrist 
Flexion 

1 

15%  
MVC grip 

49.41 48.97 41.61 65.67 60.16 52.31 
2 36.47 35.70 29.30 38.26 39.35 34.00 
3 25.36 22.28 15.10 37.00 31.85 21.76 
4 31.44 32.31 19.15 48.55 55.72 43.71 
5 57.25 50.52 34.52 58.48 54.64 43.55 
6 31.33 13.83 9.55 43.07 38.51 45.04 
7 32.73 35.34 14.54 40.73 39.98 31.99 
8 68.32 58.67 47.02 41.97 75.68 44.32 
9 39.91 46.40 34.28 42.83 40.89 31.26 

10 43.83 32.26 20.60 19.07 16.03 7.32 
11 35.95 27.39 21.10 35.61 34.79 24.89 

        
        
1 

30%  
MVC grip 

98.81 97.94 83.21 131.34 120.32 104.61 
2 72.94 71.40 58.59 76.50 78.70 68.00 
3 50.71 44.56 30.20 74.00 63.69 43.51 
4 62.88 64.61 38.30 97.11 111.43 87.41 
5 114.50 101.04 69.04 116.96 109.28 87.10 
6 62.65 27.66 19.10 86.14 77.01 90.08 
7 65.46 70.68 29.07 81.46 79.96 63.98 
8 136.64 117.33 94.04 83.93 151.35 88.63 
9 79.82 92.79 68.55 85.66 81.77 62.52 

10 87.66 64.52 41.20 38.13 32.05 14.63 
11 71.89 54.77 42.20 71.21 69.58 49.78 

 

 

4.11.1 Surface EMG and grip force data acquisition 

The surface EMG was recorded from the wrist (ECRB, ECU) and finger (EDC) extensors, 

wrist (FCR, FCU) and finger flexor (FDS) muscles using a pair of self-adhesive circular 

bipolar Ag/AgCl (24mm, KendallTM, Covidian, USA) electrodes placed over the skin of the 
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overlying respective muscle bellies, with a centre-to-centre inter-electrode distance of 20mm 

(Figure 4.10). A ground surface-electrode was placed on the acromion of the test arm. All the 

surface EMG signals recorded during gripping experiments were pre-amplified using a 

differential pre-amplifier (NL 844, Digitimer Ltd), and sampled using a custom-designed 

protocol in Spike2 software (Version 2.7.02, CED Ltd, UK). During data acquisition, the 

surface EMG recordings were sampled at 1000 Hz and band-pass filtered with a high pass 

cut-off frequency of 3 Hz and low-pass cut-off frequency of 500 Hz. The EMG data and 

target grip force signals were simultaneously obtained with Spike2 software using similar 

recording parameters. At the end of the target grip trial experiments, the EMG recording 

during the maximal grip task (MVC) was obtained at each wrist posture, from all the 

participants. 

 

 

Figure 4.10. Surface electrode placement over the skin of the respective muscle bellies of wrist 
extensors (ECRB, ECU), finger extensors (EDC), wrist flexors (FCR, FCU) and finger flexors (FDS).  
ECRB – Extensor carpi radialis brevis; EDC – Extensor digitorum communicis; ECU – Extensor 
carpi ulnaris; FCR – Flexor carpi radialis; FDS – Flexor digitorum superficialis; FCU – Flexor carpi 
ulnaris. 
 

4.11.2 Surface EMG amplitude normalisation 

It is commonly recommended that difference in the degree of EMG amplitude changes 

between the individuals with pathological conditions (compared to healthy individuals) are 
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physiologically more meaningful- in terms of the neural drive- only when the EMG 

amplitude is normalised (Burden 2010; Lehman and McGill 1999; Soderberg and Knutson 

2000). This is because the EMG normalisation could limit the variation in EMG amplitudes 

(Burden and Bartlett 1999) which occur due to the physiological and anatomical factors 

among the participants and/or mechanical factors between the experimental sessions (Farina 

et al. 2004b). In addition, EMG normalisation using maximal activity is also recommended to 

minimise the influence of surface EMG cross-talk (and to minimise the amplitude 

cancellation) in studies that examine the changes in the level of muscle activity during the 

task performed under different body position and force (Keenan et al. 2005).  

 

While, the current literature show no agreement on the gold standard methods (Burden 2010; 

Rota et al. 2013), EMG normalisation of the muscle activation during the experimental task 

against the maximal muscle activation (peak or mean) of the same muscle during the 

maximal effort of the task under investigation is one of the common methods described in 

literature (Albertus-Kajee et al. 2011; Moraes et al. 2009; Ringelberg 1985). An earlier study 

had shown a good level of reliability for this method of normalisation in lower extremity 

muscles (Albertus-Kajee et al. 2011). Furthermore, a recent study has shown good reliability 

for forearm muscle activity normalisation methods, using both the isometric maximal 

voluntary contraction (wrist extension/flexion) and maximal effort of the task under 

investigation (Rota et al. 2013). Studies 3 and 4 of this thesis used EMG amplitude 

normalisation of individual forearm muscles during target grip force at a given wrist posture 

with the peak EMG amplitude of individual muscle obtained during maximal isometric 

gripping at the respective wrist posture.  
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4.11.3 Surface EMG crosstalk  

Although surface EMG is a non-invasive and standard method for measuring muscle activity, 

it detects the motor unit action potentials from the neighbouring muscle fibres that are located 

closer to the electrode’s recording zone, of up to 1.5 cm (Winter et al. 1994). Especially, 

signals that are detected from the overlapping recording zones where the electrodes were 

placed over the two different but neighbouring muscles detects the motor unit action potential 

from the same active motor unit, known as ‘EMG crosstalk’. In addition to the size of 

electrode and inter-electrode distance, the degree of cross-talk has also been shown to vary 

depending on the thickness of the subcutaneous fat (Solomonow et al. 1994) and non-

propagating signal components (Farina et al. 2004b).  

 

Especially, the risk of surface EMG cross-talk cannot be avoided when surface electrodes 

were placed over the forearm muscle region. This is due to the proximity of relatively small 

forearm muscles, the smaller surface area of the overlying skin of respective muscles to place 

the electrode, and the varying degree of synergistic contribution from many muscles during 

wrist and hand function. Taking these into consideration during the surface EMG 

experiments, a number of recommended measures have been carefully considered to 

minimise the crosstalk, such as 1) adequate skin preparation to keep the skin impedance as 

low as possible, 2) proper electrode placement location within each forearm muscle, and 3) 

by keeping inter-electrode distance as per recommendation. However, it would be unrealistic 

to assume the lack of influence of EMG crosstalk when interpreting the results obtained from 

the surface EMG data, especially the absolute EMG amplitudes for individual forearm 

muscle (Study 3), and forearm muscle synergies (Study 4) during the gripping task. While 

there are no consensuses on the best method to quantify the magnitude of crosstalk, some 

studies have used a non-invasive method called as cross-correlation function (Winter et al. 
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1994) to estimate the fraction of M cross-talk between two muscles. The peak cross-

correlation value (or its square) at zero phase shifts between the two muscles’ EMG signals, 

is one of the indices used to estimate the fraction of cross talk (Person and Mishin 1964). 

Although the cross-correlation function has been shown to be less influenced by the cross-

talk (Farina et al. 2004b), we intend to understand the level of EMG cross-talk that would 

exist between all pairs of forearm muscles involved in Studies 3 and 4 of this thesis (Table 

4.3). 

 

Table 4.3. Peak cross-correlation value at zero phase shifts (squared, R2
xy) between the two muscles 

EMG signals. The data presented as Mean (SD) for the individuals with lateral epicondylalgia (LE) 

and healthy controls (HC) 

 15% MVC grip 
R2

xy at zero phase shift p-value 
(LE vs. HC) 

  LE group; (n=11) 
Mean (SD) 

HC group; (n=11) 
Mean (SD) 

ECRB vs EDC 0.07 (0.08) 0.06 (0.12) 0.91 
ECRB vs ECU 0.60 (0.25) 0.53 (0.28) 0.51 
ECRB vs FCR 0.28 (0.28) 0.26 (0.29) 0.88 
ECRB vs FDS 0.38 (0.23) 0.32 (0.29) 0.60 
ECRB vs FCU 0.44 (0.34) 0.26 (0.14) 0.12 
EDC vs ECU 0.05 (0.05) 0.05 (0.05) 0.95 
EDC vs FCR 0.04 (0.07) 0.02 (0.02) 0.52 
EDC vs FDS 0.03 (0.03) 0.03 (0.03) 0.76 
EDC vs FCU 0.04 (0.06) 0.02 (0.03) 0.53 
ECU vs FCR 0.24 (0.28) 0.23 (0.30) 0.89 
ECU vs FDS 0.36 (0.26) 0.31 (0.31) 0.68 
ECU vs FCU 0.35 (0.34) 0.22 (0.13) 0.25 
FCR vs FDS 0.18 (0.15) 0.21 (0.26) 0.75 
FCR vs FCU 0.22 (0.26) 0.15 (0.16) 0.42 
FCU vs FDS 0.25 (0.26) 0.23 (0.15) 0.82 



 

99 
 

 

 
  

 

 

 

 

 

  

C
ha

pt
er

 5
  



Experiment 1 

100 
 

5. Muscle activity during rapid wrist extension in 
individuals with lateral epicondylalgia 
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5.1 Introduction 

Lateral epicondylalgia (LE) is a chronic disabling condition which is typically associated 

with repetitive handling tasks (Shiri et al. 2006). The clinical presentation of LE is simple; 

however, the underlying pathophysiology presents a more complex picture. In particular, LE 

is characterised by an interaction of local degenerative pathology at the common extensor 

tendon (Kraushaar and Nirschl 1999; Ljung et al. 1999c), local and widespread changes in the 

sensory system (mechanical dysfunction and thermal hyperalgesia) (Coombes et al. 2012; 

Fernandez-Carnero et al. 2009a; Ljung et al. 1999b), deficits in elbow and wrist joint 

proprioception (Juul-Kristensen et al. 2008; Lee et al. 2011b) and maladaptive movement 

dysfunction (Bisset et al. 2006b). Together, these deficits may result in adaptions to the 

peripheral and central nervous system (CNS) that causes pronounced motor dysfunction in 

individuals with LE (Lim et al. 2012; Schabrun et al. 2015).   

 

In recent years, reaction time experiments have been used to examine the movement 

dysfunction associated with LE. It has been reported that upper limb reaction time may be 12-

36% slower in LE compared to age-matched controls (Bisset et al. 2006b; Pienimaki et al. 

1997) which, to date, has not been attributed to a specific mechanism. As such, it is of 

interest to further examine the mechanisms which cause delayed upper limb movement. 

Controlled rapid wrist extension permits the exploration of LE sensorimotor mechanisms, as 

the task facilitates the activation of neural and mechanical processes that have the potential to 

be perturbed by LE. During reactive movements, the neural processes include detection of a 

stimulus, selecting an appropriate movement response, and then executing the desired action. 

As such, if LE affects neural processes during a reaction time task, it may be reflected in a 

delayed response in the components of the reaction time paradigm referred to as ‘premotor 

time’ (PMT) (Anson and Mawston 2000). In contrast, if movement dysfunction due to LE is 
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restricted to the affected musculotendinous region itself, there may be deficits in the 

commencement of muscle activity to generate movement, which is encompassed by ‘motor 

time’ (MT) in reaction time paradigms (Anson and Mawston 2000). Motor time encompasses 

several processes, most notably excitation-contraction coupling and the subsequent force that 

is generated by the muscle-tendon unit to produce movement about a joint (Cavanagh and 

Komi 1979).    

 

The extensor carpi radialis brevis (ECRB) is typically considered a prime contributor to wrist 

extension, while extensor digitorum communis (EDC) and extensor carpi ulnaris (ECU) are 

suggested to play a synergistic role in wrist extension (Sagae et al. 2010). Although these 

muscles share the common extensor tendon (CET) at the lateral epicondyle, the tendinous 

portion of the ECRB is considered the common site of pathology in individuals with LE 

(Briggs and Elliott 1985; Fairbank and Corlett 2002). Interestingly, structural changes 

(radiological) in anconeus, which is another muscle that originates at the lateral epicondyle, 

have also been identified in individuals with LE (Abrahamsson et al. 1987; Coel et al. 1993). 

Although anconeus is a known accessory muscle for elbow extension and forearm abduction 

(providing posterolateral elbow stability) (Basmajian and Griffin 1972), its activation during 

gripping also suggests it has an active role during wrist and hand function (Bergin et al. 

2013). Surprisingly, the functional contribution of these individual muscles in LE remains 

unclear. Given the provocative nature of wrist extension and gripping in LE (Bredella et al. 

1999), it is of interest to examine the relationships between ECRB, EDC, ECU and anconeus 

muscle activity in individuals with LE.  

 

The primary aim of this study was to use a reaction time protocol to quantify the duration of 

PMT and MT in individuals with LE. The timing of ECRB, EDC, ECU and anconeus were 
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examined using electromyography (EMG) during a rapid wrist extension in response to an 

audio cue. Comparisons were made between the LE group and a healthy age-matched control 

group, and the timing and coordination of the muscle activity were examined between 

muscles. It was hypothesised that the wrist extension RT would be delayed in individuals 

with LE, primarily due to a delay in activation of ECRB. It was also hypothesised that 

coordination of muscle activation would differ between the LE and a healthy control group, 

as delayed activation in ECRB for the LE group would necessitate changes in the activation 

of the other forearm muscles in order to perform rapid wrist extension. The secondary aim of 

this study was to examine the association between activation onset of wrist extensors and 

common clinical assessments of LE. These include the duration of the condition, patient 

related tennis elbow evaluation (PRTEE), pressure pain threshold (PPT), heat pain threshold 

(HPT), and cold pain threshold (CPT). It was hypothesised that the duration of the condition, 

the severity of symptoms (PRTEE), PPT and CPT would have a predictive capability for 

forearm muscle activation characteristics.     

 

5.2 Methods 

5.2.1 Participants 

Eleven individuals with LE (age range 32 to 65 years, 8 males, 10 right hand dominant) and 

eleven healthy controls matched for age, sex, and hand dominance were recruited from the 

general community, based on 80% power to detect a difference of 33 (±30) ms in RT at the 

0.05 significance level (Bisset et al. 2009). To be eligible for the LE group, participants had a 

clinical diagnosis confirmed by pain over the lateral epicondyle for greater than six weeks, 

which is provoked by at least two of the following: palpation, resisted wrist, index and/or 

middle finger extension, or gripping. All the participants were assessed for presence or 

absence of the tendon (and lateral collateral ligament) pathology (Poltawski et al. 2012), 
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using diagnostic ultrasound by a trained musculoskeletal physical therapist (see Chapter 4.6 

for more details). The exclusion criteria (see Chapter 4.4 for more details) for LE participants 

were any other neuromusculoskeletal injury, treatment of elbow pain within the previous 

three months including corticosteroid or regenerative injection therapies, a history of surgery, 

fractures or dislocations of the elbow, systemic conditions, and the use of CNS depressive 

drugs. Written informed consent was obtained from all participants prior to any experimental 

testing (Appendix 3). All testing procedures were approved by the institutional ethics 

committee (Appendix 1). 

 

5.2.2 Experiment design 

The current investigation was a case-control observational design where a rapid wrist 

extension reaction time task was examined in a cohort of LE and healthy age-matched 

controls.  

 

5.2.3 Clinical measurements 

Maximum grip strength (see Chapter 4.7 for more details) was determined one week prior to 

EMG experiment, to ensure that any sustained pain that may be caused by the task was 

relieved by the time of testing. Pain-free grip strength (PFG), the PRTEE (Rompe et al. 

2007), duration of the condition, 11- point numerical pain rating scale, PPT (Smidt et al. 

2002), HPT and CPT (Fernandez-Carnero et al. 2009b) were measured on the day of initial 

testing (see Chapter 4.5 for more details). All participants were instructed to avoid strenuous 

gripping tasks and inflammatory medications 48-hours prior to EMG experiment (see 

Chapter 4.8 for more details).  
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5.2.4 Instrumentation 

Intramuscular electromyography was used to examine the activity of four forearm muscles: 

ECRB, ED, ECU and anconeus (Perotto and Delagi 2011) (see Chapter 4.9.2 and 4.10.2 for 

more details). A bipolar EMG electrode with a 2 mm inter-electrode distance was fabricated 

from 75 µm Teflon-coated stainless steel wire (California Wire Company, USA). A 1 mm 

piece of insulation was stripped from the tip of each electrode to form the recording surface 

(see Chapter 4.10.1 for more details). Electrodes were inserted into the belly of each muscle, 

typically at a depth of 10 mm. An Ag/AgCl surface electrode (Covidien, USA) was placed 

over the acromion process of the test arm to act as a reference electrode. Ultrasound guided 

insertion (see Chapter 4.10.3 for more details) was used in the early stages of testing to 

ensure consistent placement of electrodes with respect to underlying muscle fibres and fascia. 

Care was taken throughout the study to prevent any pain or discomfort that could be caused 

by penetration of the needle into the muscle. 

  

A single axis accelerometer (NL261, Digitimer Ltd, UK) was attached over the mid-shaft of 

the dorsal surface of the 3rd metacarpal to measure motion of the hand during testing. 

Accelerometer and EMG data were synchronously sampled at 1000 Hz using a Power1401-

mkII data acquisition system and Spike2 software (version 2.7.15, CED Ltd, UK). The EMG 

signals were amplified using an NL844 differential amplifier (Digitimer Ltd, UK) set with a 

gain of 1000. During EMG acquisition, data were band-pass filtered with NL136 and NL144 

filters (Digitimer Ltd, UK) using cut-off frequencies of 3 and 400 Hz. The sampling rate and 

band-pass filter were selected based on power spectral analyses (see Chapter 4.10.7 for more 

details) of the muscles under experiment during a rapid wrist extension task, which was 

obtained during pilot testing.  
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5.2.5 Reaction time protocol 

Participants sat comfortably in a reclined chair, and their test arm (the affected or matched 

limb) was placed on a custom-designed plastic frame (Figure 5.1). This configuration placed 

the shoulder in a neutral position for flexion, abduction and rotation, and placed the elbow in 

650 of flexion. The forearm was in pronation during testing, and wrist and fingers rested on 

the frame in a neutral position. To ensure that that upper limb movement didn’t impact on the 

dependent variables measured in the study, the forearm was fixed in the testing position with 

a non-compliant strap. The setup that was used in the study facilitated uninhibited movement 

of the wrist joint and did not impact on EMG or accelerometer data. 

  

 

Figure 5.1. Illustration of the experimental resting position, and wrist extension reaction time task 
with associated accelerometer (wrist extension) and electromyography (EMG) data (X-axis: in 
milliseconds, Y-axis: in millivolts) from single trials of an LE participant and a matched healthy 
control.  

 

Custom Spike2 software was used to generate an auditory tone that the participants were 

required to react to. The tone was 100 ms in duration and was presented at random intervals 

between 3 to 6 seconds. Participants were instructed to ‘lift your hand as fast as possible 

when you hear the tone, making sure you only move your wrist.’ Participants were also 

shown by an investigator how to perform the movement. Following five practice trials, all 
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participants performed 30 repetitions of the reaction time task (see Chapter 4.10.6 for more 

details). Each trial was monitored, and additional repetitions of the trial were performed if a 

mistrial occurred (e.g. a reaction time less than 100 ms, greater than 400 ms, or the 

participant indicated they were not ready for the audio cue). 

 

5.2.6 Data analysis 

All clinical, EMG, and accelerometer data was de-identified prior to data analysis, and the 

same investigator performed all analyses. Visual inspection (see Chapter 4.10.8 for more 

details) was used to determine the onset of muscle activity from the full wave rectified EMG 

signal (Figure 5.1). Only a single muscle from a single trial was displayed at a time, and the 

data that was selected for analysis was randomised to avoid measurement bias. Muscle onset 

was determined as the earliest rise in EMG activity beyond the steady state baseline EMG 

level (Richard 1987) . The onset of movement for the wrist extension task was determined by 

firstly identifying the peak acceleration of wrist extension, and then identifying the earliest 

rise in acceleration from baseline prior to the peak. Following the extraction of these events 

from EMG and accelerometer data, three dependent variables were calculated, 1) reaction 

time (RT) was the duration from the auditory tone to the onset of wrist extension, 2) premotor 

time (PMT) was the duration from the audio cue to the onset of muscle activity, and 3) motor 

time (MT) was calculated as the onset of muscle activity to the onset of wrist extension. All 

analyses were performed using custom Spike2 software. 

 

5.2.7 Statistical analysis 

Demographic and clinical measures were compared between groups using one-way 

ANOVAs. Prior to statistical analysis of EMG and accelerometer data, outliers were removed 
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from the dataset. PMT, MT and RT that were 1.5 times the inter-quartile range of each 

individual’s data were considered outliers, and the entire trial were removed from subsequent 

analyses. One-way ANOVA was used to determine if the RT differed between the LE and a 

healthy control group. Two-way ANOVAs with a between-group factor of group (LE and 

healthy controls) and a within-subject factor of muscle (ECRB, EDC, ECU and Anconeus) 

was employed to examine PMT and MT. If a group effect was detected, Tukey’s pairwise 

comparisons were performed between the LE and control group for each muscle. The within-

subject factor of muscle was used to examine the timing of muscle onset, whereby Tukey’s 

multiple comparisons were applied for each combination of muscle pairs within each group. 

Linear regression analyses were used to assess the association of each clinical outcome that 

are known prognostic factors for LE (i.e. duration of the condition, PRTEE and CPT) to the 

reaction time variables (RT, PMT, MT). The relationship of the each wrist extensors PMT 

and MT to overall RT was also examined using linear regression analysis, where factor 

analysis with varimax rotation was performed in the event of collinearity between the 

muscles.  All statistical procedures were performed using IBM® SPSS® Statistics (version 22) 

with alpha levels set at < 0.05. 

 

5.3 Results 

5.3.1 Participant characteristics and clinical measures 

The LE and the control groups were closely matched, as no significant between-group 

differences were identified for age, gender, height and weight, maximum grip strength or 

limb dominance (Table 5.1). Ten out of 11 LE participants presented with lateral collateral 

ligament abnormalities. The PPT and CET echo-intensity were significantly higher for the LE 

test limb compared to the matched limb of the healthy control group (p = 0.005 and p = 0.001  
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Table 5.1. Participant characteristics, clinical and tendon structural measures for the lateral 
epicondylalgia (LE) and healthy control (HC) group. Data are presented as the mean (SD) unless 
otherwise specified. 

  LE group 
n=11 

HC group 
n=11 

p value 
(LE vs. HC) 

D
em

og
ra

ph
ic

 
ch

ar
ac

te
ri

st
ic

s 

Age, years 42 (11) 42 (11) 0.97 

Sex, N 8 Male / 3 Female 8 Male / 3 Female 1 
Height, cm 174 (9) 177 (6) 0.46 
Weight, kg 80 (16) 73 (13) 0.31 
Hand dominance, N 10 Right / 1 Left 10 Right / 1 Left 1 
Affected arm, N 9 dominant / 

2 non-dominant 
- - 

C
lin

ic
al

 c
ha

ra
ct

er
is

tic
s 

 LE group HC group P value 
(LE vs. HC) 

Test limb Non-test 
limb 

Test limb Non-test 
limb 

Test 
limb 

Non-
test 
limb 

Duration of condition, 
months 

8 (7) - - - - - 

Worst pain past 24 hours, 
NPRS 0-10 scale 

5 (2) - - - - - 

Lateral epicondyle 
tenderness, NPRS 0-10 
scale 

5 (2) - - - - - 

Pain during maximal grip, 
NPRS 0-10 scale 

7 (2)      

Positive radial nerve 
tension test, N 

6/11 - - - - - 

Positive cervical 
tenderness, N 

8/11 - - - - - 

PRTEE, 0-100 scale 28 (12) - - - - - 

PFG, Newtons 126 (102)* 246 (99) - - - - 

Maximum grip, Newtons 244 (88) - 305 (99) - 0.154 - 

PPT, kPa 231 (84) 352 (120) 373 (121) 382 (97) 0.005 0.528 

HPT, °C 44 (7) 45 (5) 47 (2) 45 (3) 0.234 0.180 

CPT, °C 11 (12) 14 (11) 6 (6) 8 (8) 0.155 0.984 

U
ltr

as
ou

nd
 

fe
at

ur
es

 

CET echo-intensity, 

0-3 scale 

2.27 (0.9) 0.64 (0.8) 0.27 (0.5) 0.27 (0.5) 0.001 0.211 

CET heterogeneity, N 11 / 11 10 / 11 9 / 11 8 / 11 .152 .067 

Intra-tendinous tear, N 7 / 11 5 / 11 7 / 11 2 / 11 1 .186 

LCL abnormalities, N 10 / 11 6 / 11 5 / 11 7 / 11 .021 .682 

NPRS - numerical pain rating scale; PRTEE - Patient Rated Tennis Elbow Evaluation; PFG - pain-free grip 
strength; PPT - pressure pain threshold; HPT – Heat pain threshold; CPT - cold pain threshold; CET - 
common extensor tendon; CET echo-intensity scale: 0 = Absent, 1 = <30% of hypoechoic change, 2 = 30 to 
50% of hypoechoic change, 3 = >50% of hypoechoic change in the tendon region; LCL – Lateral collateral 
ligament of elbow. 
*significant difference between test limb and non-test limb within the LE group (p < 0.05). 
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respectively). No significant between-group differences were identified in heat and cold pain 

threshold measures. No participants reported pain symptoms during the RT experiment, 

indicating that the performance of the active wrist extension was not affected by pain from 

LE condition, or from the fine wire placement throughout testing. 

 

5.3.2 Between-group reaction time, premotor time and motor time 

Of the total number of trials (660), 46 trials (7%) were identified as outliers and removed 

prior to statistical analysis. Therefore, an average of 28 trials was included for each 

participant. No data were rejected for analysis based on an inability to detect the onset of 

muscle activity from EMG or movement onset from the accelerometer. Representative data 

for the wrist extension task and associated EMG for an LE participant and a matched control 

are presented in Figure 5.1.  

 

A significant between-group difference was identified for RT (F(1, 20) = 4.498, p = 0.047), 

where the onset of wrist extension was slower in the LE group compared to the healthy 

control group (220 ± 37 ms vs. 187 ± 36 ms). While no between-group differences were 

identified for PMT, a main effect of group was identified for MT (F(1, 80) = 31.517, p = 

0.001). This main effect indicated that it took longer for the LE group to extend the wrist 

following the activation of forearm muscles (Figure 5.2). Pairwise comparisons revealed that 

the time to generate movement following activation of ECRB (p = 0.007), EDC (p = 0.03), 

ECU (p = 0.006) and anconeus (p = 0.006) was slower in the LE group compared to the 

control group. 
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5.3.3 Coordination between forearm muscles during rapid wrist extension 

As PMT represents the neural processes underlying the movement task, coordination of 

forearm muscles was examined by comparing PMT between individual forearm muscles 

during the rapid wrist extension task. Overall, the pattern of activity among forearm muscles 

was similar for both the LE and control groups (Table 5.2). A significant within-group 

difference was detected (F(3, 80) = 13.486, p = 0.001) for PMT between the four forearm 

muscles during rapid wrist extension. Tukey’s planned comparisons revealed that the timing 

of muscle onset was not significantly different between ECRB, EDC and ECU for either 

group during the wrist extension task. Instead, differences occurred for LE participants at the 

onset of anconeus and ECRB (p = 0.009), and anconeus and EDC (p = 0.028), where 

anconeus was the last muscle to activate. The healthy controls also exhibited similar 

differences in the onset of anconeus and ECRB (p < 0.001), and anconeus and EDC (p < 

0.001). 

 

 
 
Figure 5.2. Comparisons of premotor time and motor time between the LE group (n=11) and healthy 
control group (n=11). The error bars illustrate the mean and 95% confidence interval for premotor 
time and motor time; (ECRB - extensor carpi radialis brevis; EDC - extensor digitorum communis; 
ECU - extensor carpi ulnaris). Solid symbols represent the LE group, whereas open symbols represent 
the healthy group. *denotes significant difference between the LE group and control group, (p < 0.05). 
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5.3.4 Associations of the wrist extensor PMT, MT variables to overall reaction time  

Linear regression between PMT variables and RT indicated significant collinearity between 

the ECRB PMT and EDC PMT. Therefore, factor analysis with varimax rotation was 

performed to eliminate the collinearity and as well as to group the PMT variables. The factor 

analysis generated a total of three factors from the four PMT variables. The valid sampling 

adequacy measures of factor analysis were met the criteria; where the Barlett’s test of 

Sphericity showed the significance of p = 0.001 in both LE and healthy control group, and 

 

Table 5.2. Within-subject comparisons of muscle activation onset for the lateral 

epicondylalgia (LE) and healthy control group.  
 

 LE Group  

Mean difference (95% CI)ŧ 

Healthy control  

Mean difference (95% CI) ŧ 

Premotor time (ms) 

       ECRB vs. EDC 

       ECRB vs. ECU 

       ECRB vs. Anconeus 

       EDC vs. ECU 

       EDC vs. Anconeus 

       ECU vs. Anconeus 

 

-7 (-51 to 37) 

-33 (-78 to 11) 

-55 (-100 to -11)* 

-26 (-71 to 18) 

-48 (-93 to -4)* 

-22 (-66 to 22) 

 

-0.85 (-44 to 42) 

-43 (-86 to -0.6) 

-71 (-113 to -28)* 

-42 (-85 to 0.91) 

-70 (-112 to -27)* 

-28 (-71 to 15) 
* denotes significant difference between muscles (p < 0.05);  
ŧ negative number indicates the first muscle activates earlier. 

 

Kaiser-Mayer-Olkin (KMO) index range of 0.780 and 0.805 was showed respectively for LE 

and healthy control groups (Tabachnick et al. 2001). ECRB and EDC PMT were combined as 

a single factor, and ECU PMT and anconeus PMT were treated as two separate factors. Based 

on the lack of significant correlation to RT the anconeus PMT factor was removed 

respectively from the LE (p = 0.100) and healthy control (p = 0.099) group. 
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Subsequent linear regression analysis between the factors of ECRB and EDC PMT, ECU 

PMT and RT indicated a significant predictive capability existed between premotor time and 

RT (Figure 5.3). The combined factors of ECRB and EDC PMT, and ECU PMT explained 

74.5% (F(2, 8) = 11.713, p = 0.004) and 78.3% (F(2, 8) = 14.427, p = 0.002) of the total 

variance on overall RT, respectively, in LE and the healthy control group. However, the 

variance explained for RT in the LE group was predictable only by the factors of ECRB and 

EDC PMT (standardised coefficient of 0.763, 95% CI of 12.99 to 43.42, p = 0.003), whereas 

the predictability of ECU PMT for RT was not significant (standardised coefficient of .405, 

95% CI of -0.246 to 30.18, p = 0.053, Figure 5.3). Alternatively, the variance explained for 

RT in the control group was similarly predicted by the factors of ECRB and EDC PMT 

(standardised coefficient of 0.606, 95% CI of 8.07 to 35.15, p = 0.006) and ECU PMT 

(standardised coefficient of 0.644, 95% CI of 9.43 to 36.50, p = 0.004, Figure 5.3). The 

results of the linear regression also assured the absence of any factors that indicates the 

violation of model assumptions. None of the MT measures showed a significant relationship 

to overall RT. 

 

5.3.5 Associations between clinical and reaction time measures in individuals with LE   

The duration of the condition showed a significant negative relationship with overall RT, and 

ECRB and anconeus PMT, where the longer duration of the condition was associated with 

shorter RT and PMT (Figure 5.4). The duration of the condition explained 41.7% overall 

variance on RT (p = 0.032), and 42.6% and 38.3% of variance on ECRB PMT (p = 0.029) 

and anconeus PMT (p = 0.042) respectively. Although CPT was not different between the LE 

and control groups, the linear regression showed a significant negative relationship between 

the CPT and ECRB MT (52.1%, p = 0.012), where the lower CPT was related to shorter 

ECRB MT. 
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Figure 5.3. Predictive ability of premotor time on overall reaction time in LE and healthy control 
group (n=11 in each group); (a) factor of extensor carpi radialis brevis (ECRB) and extensor 
digitorum communicis (EDC) premotor time vs. reaction time, (b) factor of extensor carpi ulnaris 
(ECU) premotor time vs. reaction time. R2 = Coefficient of multiple correlations, Beta = Standardised 
coefficient (Note: The factors for the premotor time is derived from factor analysis) 
 

5.4 Discussion 

The purpose of this study was to use a reaction time protocol to quantify the duration of PMT 

and MT in individuals with LE. The timing of ECRB, EDC, ECU (wrist extensors) and 

anconeus were examined using electromyography (EMG) during rapid wrist extension in 

response to an audio cue. The wrist extensors were selected as they share a common extensor 

tendon, which is frequently implicated in the pathology of LE (Briggs and Elliott 1985; 

Fairbank and Corlett 2002). The main findings were that the wrist extension RT was slower 

in the LE group compared to healthy controls, which was in part due to a longer MT of the 

wrist extensors in the LE group. While the pattern of coordination between forearm muscles 
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Figure 5.4. The relationship of the duration of lateral epicondylalgia (LE) on the, (a) reaction time, 
(b) extensor carpi radialis brevis (ECRB) premotor time, (c) anconeus premotor time; and (d) the 
relationship of the cold pain threshold (test limb) on ECRB motor time in the individuals with LE, (n 
= 11); LE – Lateral epicondylalgia, R2 = Coefficient of linear correlation, Beta = Standardised 
coefficient. 
 
 

was similar between groups, it is likely that local tissue pathology associated with LE 

affected the ability of muscle-tendon units to generate force, which in turn altered the 

contribution of individual muscles to contribute to wrist extension. 

 

5.4.1 Delayed reaction time in lateral epicondylalgia is due to increased motor time    

In alignment with previous studies that have investigated upper limb RT in LE patients 

(Bisset et al. 2006b; Pienimaki et al. 1997), the current study revealed that individuals with 

chronic LE have slower RT than age-matched controls for RT tasks involving forearm 

muscles. However, our study extends upon this finding by segregating RT data into the phase 
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associated with neural processing, and the phase associated with activating the muscle to 

generate a torque about the wrist (Anson and Mawston 2000). Our results indicate that 

slowness in LE RT is not due to changes in CNS latencies, but instead is caused by factors 

that are distal to the neuromuscular junction. This was identified from the EMG and 

accelerometer data, where the duration from EMG being detected in forearm muscles at the 

time that the wrist began extending was longer in the LE group compared to the control 

group. 

 

Although there are several processes that contribute to developing torque about a joint and 

movement of a limb, two primary mechanisms are excitation-contraction (EC) coupling and 

the subsequent force that is generated by the muscle-tendon unit to produce joint movement 

(Cavanagh and Komi 1979). In healthy muscle, EC processes may take only ~5 ms to 

complete (Chaplin et al. 1970; Sandow 1952), which means the remaining motor time is a 

factor of the muscle-tendon unit developing force. As such, it is feasible that the relatively 

small 18-ms motor deficit for ECRB, 12-ms deficit for EDC and 28-ms deficit for ECU could 

be due to one or both mechanisms. Degenerative changes of the CET such as increased 

amount of large aggregating proteoglycans and disorganised type III collagen (Khan et al. 

1999), can reduce muscle-tendon stiffness and increase strain (Chang and Kulig 2015), which 

can, in turn, increase the time to develop force during an RT task. Further compounding the 

ability to rapidly generate torque around the wrist joint is that the LE ECRB commonly 

exhibits muscle fibre necrosis and redistribution of fibre typing with a lower percentage of 

type-2A and 2C fibres (Ljung et al. 1999c), as well as an altered motor unit firing rate (Calder 

et al. 2008) exist in individuals with chronic LE compared to healthy controls. 
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It should be noted that although we used intramuscular EMG to examine activity in 

individual forearm muscles, it cannot be ruled out that dysfunction of ECRB didn’t cause 

corresponding changes in activation dynamics in the other muscles. These muscles are, in 

part, mechanically coupled due to their shared CET, and contraction of a single extensor may 

have a flow on effect to the timing of the other muscles. Furthermore, if the CET exhibits 

signs of damage, as was the case for our ultrasound findings, there would be similar 

magnitudes of MT dysfunction for each wrist extensor muscle that shares the same tendon. 

  

5.4.2 Muscles involved in initiation of wrist extension 

Like many functional movements, the wrist extension task employed in the current study 

involves multiple synergist muscles. The present study is the first to report wrist extensor 

muscle sequencing during an RT in individuals with chronic LE. In both the LE and control 

groups, ECRB and EDC were the first active muscles during extension. Although ECU 

shares the same tendon, the timing of this muscle (and anconeus) in relation to the onset of 

movement suggests that they play a minor, if any, role in rapidly extending the wrist. Instead, 

it is more likely they contribute to other functional tasks, such as the commonly attributed 

posterolateral elbow stability for the anconeus (Bergin et al. 2013; Johnson et al. 2000) and 

wrist flexion and ulnar deviation for ECU when the forearm is pronated (Brigstocke et al. 

2013; Brigstocke et al. 2014; Horii et al. 1993). 

 

5.4.3 Altered premotor processes of forearm muscle during wrist extension in LE 

PMT reflects the timing and duration of neural processes prior to the muscle being activated. 

Therefore, coordination of forearm muscles was examined by comparing PMT between 

individual forearm muscles. While there were no differences between the LE and control 
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groups for absolute values of PMT, the regression analyses further emphasised that the 

muscles of the common extensor tendon played differing roles for each group during wrist 

extension. There was significant collinearity between ECRB PMT and EDC PMT in both 

groups, indicating that the latency of neural processes associated with ECRB and EDC were 

particularly similar. However, the contribution of ECU to wrist extension RT was not the 

same for each group. Regression analysis revealed that ECU PMT did not significantly 

explain the overall variance in RT compared to the combined ECRB and EDC PMT 

(coefficient, 0.405 vs. 0.763), whereas in the control group the predictive ability towards RT 

was almost similar for ECU PMT compared to the combined ECRB and EDC PMT 

(coefficient, 0.644 vs. 0.606). As such, it appears that individuals with chronic LE have a 

centrally-driven mechanism which prioritises control over the ECRB and EDC muscles to 

perform wrist extension, rather than precisely regulate the activation of all three extensor 

muscles. However, given the limited sample size of this study, it would be difficult to 

generalise the changes in ECU PMT to overall LE population.      

 

5.4.4 Association of reaction time and premotor time with pain symptoms in LE 

A negative correlation was observed between the duration of LE symptoms (chronicity) and 

selective variables associated with neural processing. That is, the participants with longer 

duration of their elbow condition produced shorter RT and PMT for ECRB and anconeus 

muscles. While this seems counterintuitive, the relationship between overall RT and 

chronicity is in alignment with an earlier study that revealed individuals with LE for longer 

than 22 weeks’ duration were generally faster during an upper limb RT task compared to 

those who had the condition for less than 22 weeks (Bisset et al. 2009). Our results support 

this previous observation, which may indicate that individuals who have had their symptoms 

for a longer period of time may be in the process of recovery through natural history (Bisset 
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et al. 2006a). However, persistent upper extremity RT deficits have been reported in 

individuals with LE, which did not improve in line with the improvement in pain and 

function for up to one year (Bisset et al. 2009). Studies of larger sample sizes may be helpful 

in furthering our understanding of the relationship between clinical and neuromotor 

characteristics. 

 

It was expected that CPT would positively correlate with RT in the LE group, as cold 

hyperalgesia is associated with a poorer prognosis in LE (Coombes et al. 2012). The 

implications of a significant negative correlation of affected limb CPT to the ECRB MT of 

the LE cohorts (i.e., the faster commencement of ECRB with lower CPT) are unclear. A CPT 

>13°C has previously been identified in individuals with severe pain and disability (Coombes 

et al. 2012), however, we did not find any correlation between CPT and pain/disability in our 

cohort of LE sufferers. As such, our findings of a negative correlation between ECRB MT 

and CPT seem counter-intuitive and may be a chance finding. While changes in nociceptive 

perception (CPT) and muscle-tendon physiology characterise LE, they do not appear to be 

causally related in our study. 

 

5.4.5 Methodological consideration 

Methodological issues should be considered when interpreting the results of this study. First, 

we limited the position of the forearm during testing to pronation. This may influence the 

temporal characteristics of muscle activity, particularly ECU which is known to change its 

synergistic role from wrist extension/ulnar deviation in forearm supination, to wrist 

flexion/ulnar deviation in forearm pronation (Brigstocke et al. 2013; Brigstocke et al. 2014; 

Horii et al. 1993). Anconeus activity may also depend on the forearm and elbow position 

(Bergin et al. 2013). As such, the temporal characteristics of ECU and anconeus activity 
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during the RT task may not be generalisable to other postures. Second, we did not measure 

extensor carpi radialis longus, a known primary wrist extensor. Rather, our primary focus was 

on the muscles that contribute to the common extensor tendon, which is the locus of 

pathology in LE (Kraushaar and Nirschl 1999; Ljung et al. 1999c). The activity of the 

extensor carpi radialis longus during a wrist extension RT task is worthy of consideration in 

order to understand its level of contribution and any compensatory role it may play in the 

presence of common extensor tendon pathology.  

 

Another limitation associated with EMG recording in this study is the possibility for 

displacement of the intramuscular electrode during ballistic movement tasks. However, it 

should be noted that the issue of electrode displacement was eliminated by the experimental 

design where care was taken to avoid any movement of the forearm and elbow where the 

electrodes were inserted. In addition, during the rapid wrist extension trials, no movement 

artifact was observed in the EMG signal, which would be expected in the case of 

displacement of intramuscular electrodes. Lastly, a question may be raised on the lack of 

analysis of the wrist extension movement strategy during the RT task. In other words, the 

task of rapid wrist extension could be performed with varying amounts of coronal plane 

movements (i.e., radial or ulnar deviation), which may differ between groups. It should be 

noted that each RT experiment in this study was performed from a resting hand position 

which was completely free from any pain that could be caused by LE or fine wire insertion. 

The RT task was explained to the participant and practice of the task was employed to ensure 

the participant understood what was expected and did not overtly introduce any extraneous 

movements except for wrist flexion/extension. While the direction of the hand was not 

explicitly assessed in this study, visual monitoring ensured only wrist extension occurred. 
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5.5 Conclusion 

A delay in the ECRB and EDC MT is the mechanism that underpins delayed upper limb RT 

in individuals with chronic LE. In addition, this study provides preliminary evidence that 

individuals with LE appear to have altered control for the activation of the individual forearm 

(wrist) extensor muscles during rapid wrist extension. In particular, individuals with chronic 

LE have a centrally-driven mechanism which prioritises control over the ECRB and EDC 

muscles to perform wrist extension, rather than precisely regulate the activation of all three 

extensor muscles. Individuals who have had their elbow symptoms longer appeared to have 

faster RT than those whose symptoms were of shorter duration, although confirmation of this 

finding is required before firm conclusions can be drawn. 

 

 

No external funding was secured for this study. The authors have no conflicts of interest or 

financial relationships to disclose. The results of the present study do not constitute 
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6.1 Introduction 

Lateral Epicondylalgia (LE) is a degenerative condition affecting the common extensor 

tendon of the elbow. The pathophysiology of LE is characterised by several features such as 

increased thickness and tearing in the common extensor tendon (Kraushaar and Nirschl 1999; 

Wang 2006), widespread pressure and thermal hyperalgesia (Coombes et al. 2012; 

Fernandez-Carnero et al. 2009b), and the presence of neuromotor dysfunction, particularly of 

the extensor carpi radialis brevis muscle (ECRB) (Alizadehkhaiyat et al. 2007c; Bisset et al. 

2006b; Heales et al. 2015; Lee et al. 2011b; Manickaraj et al. 2016). Arguably, the most 

disabling clinical feature of LE is the pain during hand grip activities. This, in turn, can 

modify gripping behaviour, as individuals with LE often exhibit lower levels of force during 

gripping in order to prevent pain in the arm (Stratford et al. 1989).   

 

In healthy individuals, the optimal self-selected wrist posture during a power (cylindrical) 

gripping task is not neutral. Instead, gripping with the wrist in slight extension has been 

revealed as an optimal posture for generating large grip forces (O'Driscoll et al. 1992a). 

While power gripping in healthy individuals may be optimal up to ~35 degrees wrist 

extension, individuals with LE appear to grip with approximately 11° less extension 

compared to controls (Bisset et al. 2006b). In addition, there appears to be a significant deficit 

in the magnitude of ECRB activation during gripping and isometric wrist extension in 

individuals with LE (Alizadehkhaiyat et al. 2007c; Heales et al. 2015; Rojas et al. 2007). 

Surprisingly, no study has explored how these well-known deficits in gripping and ECRB 

activity affect the activity in synergistic extensor muscles. Given that synergistic muscles can 

either exhibit adaptive or maladaptive behaviour in response to the chronic pain of an 

individual muscle (Ciubotariu et al. 2004a), understanding the full extent LE dysfunction 

requires a greater understanding of how muscles in the forearm interact. Furthermore, it is 
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well known that adaptations in muscle one side of a joint (i.e. agonist) can lead to altered 

muscle activity in muscles on the opposite side of a joint (i.e. antagonists) during functional 

tasks (Graven-Nielsen et al. 1997). However, the effect of ECRB dysfunction on individual, 

or collective, flexor forearm muscles in individuals with LE is unknown. 

 

The primary aim of this study was to examine the activation of ECRB, extensor digitorum 

communis (EDC), extensor carpi ulnaris (ECU), flexor digitorum superficialis (FDS), flexor 

carpi radialis (FCR), and flexor carpi ulnaris (FCU) in individuals with LE during two 

different grip forces and three different wrist postures. The secondary aim of this study was to 

determine the association between forearm muscle activation and clinical characteristics and 

common extensor tendon structural characteristics in individuals with LE. It was 

hypothesised that compared to healthy controls 1) the magnitude of ECRB activation would 

be significantly decreased across all the three wrist postures regardless of the level of grip 

force, and 2) the relative contribution of ECRB to gripping would be reduced for each wrist 

posture and grip force in individuals with LE. It was also hypothesised that the reduced 

magnitude of ECRB activation and its relative contribution would be associated with the 

increased pain, disability and altered tendon structural characteristics in individuals with LE.        

 

6.2 Methods 

6.2.1 Participants 

Eleven individuals with LE (age range 32 to 65 years, 8 males, 10 right hand dominant) and 

eleven age-, sex- and limb-matched healthy controls were recruited from the general 

community. This was based on 80% power at the 0.05 significance level to achieve the 

minimum between-group effect size difference of 0.8 for ECRB muscle activation (Rojas et 

al. 2007). To be recruited into the LE group, participants needed to have a clinical diagnosis 
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of LE confirmed by pain over the lateral epicondyle for greater than six weeks, which was 

provoked by at least two of the following: palpation, resisted wrist, index and/or middle 

finger extension, or gripping. The exclusion criteria were any other neuromusculoskeletal 

injury, treatment for elbow pain within the previous three months, a history of surgery, 

fractures or dislocations of the elbow, systemic conditions, and the use of central nervous 

system depressive medications. In addition to the above exclusion criteria, the healthy 

controls had no previous history of LE (see Chapter 4.4 for more details). All participants 

were instructed to avoid strenuous gripping tasks and anti-inflammatory medications 48-

hours prior to testing. Written informed consent was obtained from all participants (Appendix 

3), and all testing procedures were approved by the institutional ethics committee in 

accordance with the Declaration of Helskini (Appendix 1). 

 

6.2.2 Experiment design 

The current investigation was a case-control observational study, where two magnitudes of 

grip force (15% and 30% of maximal voluntary contraction, MVC) were examined for three 

different wrist postures (neutral wrist, 20° wrist flexion, and 20° wrist extension) in a cohort of 

LE and healthy controls. 

 

6.2.3 Clinical measurements 

Standard clinical outcomes of LE were collected one week prior to the gripping experiment,  

including duration of pain, worst pain intensity in the past 24 hours (11-point numerical pain 

rating scale NPRS: 0 = no pain, 10 = worst pain imaginable), pain-free grip strength (PFG), 

and Patient-Rated Tennis Elbow Evaluation (PRTEE) (Rompe et al. 2007). Sensory measures 



  Experiment 2    

128 
 

of pressure pain threshold (PPT) (Smidt et al. 2002) and cold pain threshold (CPT) 

(Fernandez-Carnero et al. 2009b) were also recorded (see Chapter 4.5 for more details). 

  

6.2.4 Tendon structure  

Structural characteristics within the common extensor tendon (see Chapter 4.6 for more 

details) were reported using a standardised protocol of ultrasound assessment (Ultrasonix, 

Richmond, BC) (Martinoli 2010). The images were de-identified of participant’s group and 

limb dominance details prior to the assessment of tendon thickness (distance between the 

periosteal border of the distal humeral capitulum to the outer surface of the tendon in the 

sagittal plane) and the level of hypoechoic changes in the tendon (Lee et al. 2011a; Poltawski 

et al. 2012), using OsiriX Imaging Software (Pixmeo SARL, version 7, 2003-2016). 

 

6.2.5 Instrumentation 

A digital hand grip dynamometer was used for all experimental tasks (MIE Ltd, Leeds UK). 

Participants sat comfortably in a chair with the shoulder in a neutral position and the affected 

elbow (or matched limb for the controls) positioned in 65° flexion. The forearm was rested in 

full pronation on a custom designed plastic frame (Figure 6.1). The distal forearm was fixed 

to the frame with a non-compliant strap. Participants were instructed to grip without lifting 

the hand from the frame, and a universal goniometer was used to ensure wrist position was 

constant during the experimental tasks. 

 

Surface EMG was used to measure muscle activity of the wrist extensors (ECRB, ECU), 

wrist flexors (FCR, FCU), and finger extensor (EDC) and flexor (FDS) (see Chapter 4.9.1 

and 4.9.2 for more details). Following skin preparation, the relevant muscles were identified 
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by standard palpation methods (Perotto and Delagi 2011; Soderberg 1992), and pairs of self-

adhesive bipolar Ag/AgCl electrodes (Kendall Arbo, 24 mm) were placed over each muscle 

with an inter-electrode distance of 20 mm. A ground electrode was placed over the acromion. 

Dynomometer and EMG data were acquired simultaneously at 1000 Hz using 16-bit Power 

1401 interface and custom Spike2 software (Cambridge Electronic Design). All surface EMG 

signals were amplified using an NL844 differential amplifier set to a gain of 1000 and band-

pass filtered using cut-off frequencies of 3 and 500 Hz. 

 

6.2.6 Experimental procedures 

Due to the pain-provoking nature of maximal grip (MVC) in LE, we assess this one week 

prior to the main experiment. During this session, participants performed three maximal grips 

in each posture, with (i) neutral wrist (0° between the long axes of the 5th metacarpal and 

ulna), (ii) 20° wrist flexion, and (iii) 20° wrist extension, with a 2-minute rest between trials. 

The order of wrist postures was randomised, and the MVC was calculated as the peak force 

for each wrist posture. The severity of pain during MVC testing was measured using the 

NPRS.   

 

The main experiment consisted of performing five trials of gripping the dynamometer at 15% 

and 30% MVC in each wrist posture (see Chapter 4.11.1 and Table 4.2 for more details). The 

order of testing was randomised. The 30% MVC condition was selected as the highest force 

because it is estimated to be the maximum pain-free force achievable by individuals with LE 

(Bisset et al. 2006a). The target force was presented on a computer monitor located 1 meter in 

front of the participant (Figure 6.1). Participants were instructed to squeeze the dynamometer 

to reach the target line over a 2 s period and then sustain the target force for 6 s. All 

participants were allowed a single practice session, and their wrist posture was monitored for 
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movement throughout the testing. All participants were asked to rate their level of pain 

(NPRS) after each target grip force. Upon completion of a total of 30 target grip trials, 

maximal grip force was again obtained to determine if the testing procedures compromised 

the ability of the participant to perform the tasks. 

  

 

Figure 6.1. The experimental setup where participants performed isometric gripping. Participants 
gripped a dynamometer with either in a neutral wrist posture, 20° wrist flexion, and 20° wrist 
extension. Visual feedback was provided on a PC monitor where a target line was presented at 15% 
MVC or 30% MVC. Force and full-wave rectified EMG data (X-axis: in seconds, Y-axis: in 
millivolts) in the right panels are representative of a single 15% MVC trial from one individual with 
LE and a matched healthy control. EMG data of each muscle obtained during the trial is normalised 
to the same muscle’s amplitude during MVC. 

 

6.2.7 Surface EMG pre-processing and analysis 

For each experimental trial, 4 s of steady state EMG data was extracted from the middle of 

the sustained contraction. The EMG signal was then band pass filtered with a zero lag, 2nd 

order Butterworth filter, with cutoff frequencies set to 10 and 400 Hz (see Chapter 4.11.2 for 
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more details). For each participant, the EMG amplitude of each muscle was normalised (see 

Chapter 4.11.4 for more details) to the peak amplitude of the same muscle’s MVC for each 

wrist posture. 

 

All data processing and analyses were performed using custom Matlab software (Mathworks 

Inc., R2013a). Two variables were obtained from the processed EMG data, 1) the amplitude 

of normalised EMG of each muscle during the grip tasks, and 2) the relative contribution of 

each muscle to the overall grip task. The amplitude of individual muscle activation was 

computed as the root mean square of the EMG signal using 25 ms non-overlapping windows 

across the 4 s of data. The relative contribution of each muscle to the gripping task was 

calculated as the proportion of each muscle activation to the summed activity of all six 

muscles involved in the experiment.  

 

6.2.8 Statistical analysis 

Demographic, clinical and tendon structure measures were compared between groups using 

one-way ANOVA. Paired student t-tests were used to assess within-group differences in 

maximal grip strength and PFG. Prior to statistical analysis, each target grip trial data with an 

EMG RMS of 1.5 times the inter-quartile range of the group were considered as outliers and 

removed from subsequent analyses. A repeated-measure ANOVA with a between-subjects 

factor of group (LE, controls) and a within-subject factor of wrist posture (extension, flexion, 

neutral) was employed to examine the amplitude of individual muscle activation and the 

relative contribution of each muscle to the gripping task. If a main effect of group was 

detected, pairwise comparisons were performed between groups for each muscle, separately 

for each wrist posture at a given target grip force. If a main effect of posture was identified, 

univariate ANOVA with Tukey’s post-hoc multiple comparisons was used to determine 
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which wrist posture affected the dependent measures. Linear regression analyses were used to 

identify the association of the clinical and tendon structure measures with EMG variables. All 

statistics were performed using IBM® SPSS® Statistics (version 22) with alpha level set at < 

0.05. 

 

6.3 Results 

6.3.1 Participant characteristics 

The same LE and control participants involved in Study 2 experiments participated in grip 

experiments of this study. Therefore, refer to Chapter 5: Table 5.1 for the demographic, 

clinical and other tendon structural characteristics of the LE and control participants. The 

common extensor tendon thickness and maximal grip strength (MVC) for LE and control 

participants are summarised in Table 6.1. None of the LE participants reported pain during 

the 15% MVC target grip trials. However, 6/11 LE participants reported mild discomfort 

(NPRS score 2/10) over the elbow/forearm during the 30% MVC trials at each posture.  

 

6.3.2 Magnitude of individual muscle activation during gripping 

Of the total number of the grip trials (660), 8% were identified as outliers and were removed 

before statistical analyses. The LE group had significantly lower ECRB activity during 15% 

MVC (p = 0.021), with pairwise comparison showing decreased ECRB during wrist 

extension (p = 0.044) and neutral wrist (p = 0.043) postures compared to controls (Figure 

6.2). The magnitude of ECRB activation was not different between groups at 30% MVC. 

However, the LE group had a significantly lower activation of FCR (p = 0.001) and FDS (p = 

0.001) compared to the controls at 30% MVC. Pairwise comparisons revealed that LE FCR 

and LE FDS activation were significantly decreased in wrist extension (FCR: p = 0.022, 
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FDS: p = 0.048), wrist flexion (FCR: p = 0.001, FDS: p = 0.014) and in neutral wrist posture 

(FCR: p = 0.003, FDS: p = 0.001) compared to controls (Figure 6.2). 

 

 Table 6.1. Tendon thickness and maximal grip strength characteristics for the lateral 
epicondylalgia (LE) and healthy control (HC) group. Data are presented as the mean (SD) unless 
otherwise specified. 

  

LE group HC group p-value 
(LE vs. HC) 

Test limb 
Non-
test 
limb 

Test limb Non-test 
limb 

Test 
limb 

Non-
test 
limb 

U
ltr

as
ou

nd
 

fe
at

ur
es

 

CET thickness, 

mm 
6.5 (1.1) 5.5 (0.6) 4.9 (0.7) 4.9 (0.7) 0.001 0.05 

M
V

C
 g

ri
p 

 Day-1 Week-1 Day-1 Week-1 Day-1 Week-1 

Wrist neutral, Newtons 245 (89) ŧŧ 259 (62) 296 (108) ŧŧ 261 (98) 0.24 0.55 

20° Wrist flexion, Newtons 174 (81) ŧ 168 (57) 230 (87) ŧ 205 (91) 0.13 0.26 

20° Wrist extension, 

Newtons 
274 (85) ŧŧ 274 (88) 286 (81) ŧŧ 303(117) 0.75 0.53 

CET - Common extensor tendon; MVC - Maximal voluntary contraction; Day-1: Baseline maximal grip 
strength; Week-1: Maximal grip strength measured on the day of the experiment.  
*significant difference between test limb and non-test limb within the LE group (p < 0.05);  
ŧŧsignificant difference in maximal grip strength in neutral wrist and wrist extension compared to wrist flexion 
posture (marked with ‘ŧ’) within the LE group and control group (p < 0.05). Note: there were no between-
group differences in maximal grip strength at any wrist posture. 
 
 

6.3.3 Relative contribution of each muscle to the overall grip task 

The relative contribution of ECU at 15% MVC grip was significantly increased in LE 

compared to controls (p = 0.01), with pairwise comparisons showing significantly increased 

contribution of LE ECU to the gripping only at the neutral wrist posture (p=0.002, Figure 

6.3). During the 30% MVC grip, the relative contribution of EDC (p = 0.017) and ECU (p = 

0.001) muscles to gripping were significantly increased in LE compared to controls. Pairwise 

comparisons revealed significantly increased relative contribution of LE EDC only in wrist 

flexion (p = 0.004), whereas the relative contribution of LE ECU was significantly increased  
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Figure 6.2. The magnitude of individual forearm muscle activity between the LE and healthy control 
group at 20° wrist extension, neutral, and 20° wrist flexion during 15% and 30% MVC target grip 
force. Data points are mean and 95% confidence intervals. ECRB - extensor carpi radialis brevis; 
EDC - extensor digitorum communis; ECU - extensor carpi ulnaris; FCR – flexor carpi radialis; FDS 
– Flexor digitorum superficialis, FCU – Flexor carpi ulnaris. *Significant difference between groups 
(p < 0.05) 
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in the neutral (p = 0.007), extension (p = 0.004) and flexion (p = 0.042) wrist postures 

compared to controls (Figure 6.3).  

 

Differences were also identified for the wrist and finger flexors at 30% MVC, where the 

relative contribution of FCR (p = 0.003) and FDS (p = 0.001) were significantly decreased in 

LE compared to controls. Pairwise comparisons revealed significantly decreased LE FCR and 

LE FDS contributions in wrist flexion (FCR: p = 0.028; FDS: p = 0.001) and neutral wrist 

postures (FCR, p = 0.028; FDS, p = 0.002) compared to controls (Figure 6.3). 

 

6.3.4 Effect of wrist posture on the relative contributions of wrist extensors  

A main effect of wrist posture was identified for the relative contribution of ECRB (p = 

0.016) and ECU (p = 0.018) during 15% MVC grip. However, post hoc analyses showed that 

only the control group exhibited significant differences, with increased contribution of ECRB 

in wrist extension (p = 0.002) and neutral wrist (p = 0.009), compared to wrist flexion, and 

increased ECU in wrist flexion compared to wrist extension (p = 0.003) and neutral wrist (p = 

0.001, Figure 6.3). This indicates that gripping in healthy individuals is characterised by the 

different muscle activity for different postures, whereas the LE group does not have the same 

strategy. Similar to the 15% MVC, the main effect of wrist posture was found for the relative 

contribution of ECU during the 30% MVC (p = 0.001). Once again, only controls had a 

different activity for different postures, with significantly increased relative contribution of 

ECU in wrist flexion compared to wrist extension (p = 0.001) and neutral wrist (p = 0.001, 

Figure 6.3) identified on post hoc tests. 
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Figure 6.3. The relative contributions of individual muscle activity, as a percentage of total muscle 
activity during gripping for the LE and the healthy control group at 20° wrist extension, neutral, and 
20° wrist flexion, during 15% and 30% MVC target grip force. Data is mean and 95% confidence 
intervals. ECRB - extensor carpi radialis brevis; EDC - extensor digitorum communis; ECU - 
extensor carpi ulnaris; FCR - flexor carpi radialis; FDS - Flexor digitorum superficialis, FCU - 
Flexor carpi ulnaris. *Significant difference between groups (p < 0.05); # significant difference in the 
relative contributions of the target muscle between wrist postures (marked as dashed lines) in healthy 
controls (p < 0.05). 
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Figure 6.4. Association of clinical measures and diagnostic ultrasound measures with the relative 
contribution of the extensor digitorum communis (EDC) and extensor carpi radialis brevis (ECRB) 
muscle activation, averaged across the three wrist postures in the individuals with lateral 
epicondylalgia. PRTEE – Patient-Rated Tennis Elbow Evaluation; PFG – Pain-free grip strength; 
CET – Common extensor tendon; R2 = Coefficient of correlation. *Significant association between 
the clinical measures and muscle activation pattern in LE (p < 0.05) 
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6.3.5 Associations of clinical and tendon thickness measures with EMG variables  

As wrist posture had no effect on the EMG-derived variables for individuals with LE, the 

amplitude of each muscle and the relative contribution of each muscle during the grip tasks 

were averaged across the wrist postures for the LE group prior to further analyses. Increased 

relative contribution of EDC was significantly associated with increased pain and disability 

(PRTEE) and decreased PFG in LE (Figure 6.4). Among the three wrist and finger extensors 

that share the common extensor tendon, only the relative contribution of the ECRB showed a 

significant association with increased tendon thickness in LE (Figure 6.4). 

 

6.4 Discussion 

The main findings of this study were 1) the magnitude of ECRB, FCR, and FDS activation 

was significantly decreased in LE, 2) the relative contributions of EDC and ECU to gripping 

were increased, and the relative contribution of FCR and FDS to gripping were decreased in 

LE, 3) wrist posture influenced the contribution of wrist extensors’ activity in healthy 

controls but not in LE, and 4) the contribution of ECRB to gripping was associated with the 

increased common extensor tendon thickness, whereas the contribution of EDC was 

associated with PRTEE and PFG in LE. 

 

6.4.1 Individual forearm muscle activity  

This was the first study to evaluate the magnitude of the individual forearm muscle activity 

during a grip task with different wrist postures in individuals with LE. Overall, the amplitude 

of ECRB activity during 15% MVC gripping was significantly lower in LE compared to 

controls. Although LE participants in this study presented with significant tendon 

degeneration, mechanical hyperalgesia, and reduced PFG strength, it is important to note that 

no participant reported pain during the 15% MVC grip. As such, it is likely that the observed 
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change in ECRB during this task represent chronic pain-related adaptations in motor control 

rather than an acute response to nociceptive stimuli during testing. Although reduced ECRB 

activity may be mediated by local tendon or muscle pathology, adaptations in the CNS may 

also be observed via changes in muscle activity. For example, an LE case-control experiment 

has previously shown significant reductions in ECRB motor unit firing rate during isometric 

(5 to 10% MVC) wrist extension (Calder et al. 2008). In addition to altered motor unit firing 

rate, chronic musculoskeletal pain can limit the central drive to the muscle as part of an anti-

nociceptive protective mechanism (Lund et al. 1991), which will be reflected by declines in 

EMG amplitude. 

 

 Although LE is a chronic condition implicated by dysfunction of the ECRB, the present 

study revealed a reduction in FCR and FDS activation in the LE group during the 30% MVC 

grip. While the decreased magnitude of FDS activation may be a physiological consequence 

to decrease the demand on the painful wrist extensors’ muscle-tendon unit (Graven-Nielsen et 

al. 1997; Lund et al. 1991), it may also be due to motor neuron inhibition that occurs during 

grip tasks which are habitually painful in LE (Arendt-Nielsen and Falla 2009; Lund et al. 

1991; Tucker et al. 2012). In fact, mild pain reported by some LE participants during the 30% 

MVC grip may have triggered inhibitory mechanisms of the synergist muscles responsible for 

gripping (i.e., the flexors). Taken together, it appears that regardless of wrist posture in 

individuals with LE, motor neurone pool excitation adapts differently in ECRB, and FCR and 

FDS based on the level of grip force exertion.  

 

6.4.2 The contribution of each forearm muscle to gripping 

Estimating the relative contribution of each muscle’s activation to the summed activation of 

all muscles provides an understanding of compensatory adaptation that occurs within the 
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synergistic and antagonistic forearm muscles. During the 15% MVC grip, individuals with 

LE exhibited greater synergistic contribution from ECU across wrist postures compared to 

the controls, which is consistent with a previous finding of increased contribution of ECU 

during 20% MVC isometric wrist extension in LE compared to controls (Rojas et al. 2007). 

This suggests the possibility of altered coordination between the synergistic wrist extensors 

during gripping at low forces. Similar to the absolute amplitude of activation, the contribution 

of flexor muscles to the overall gripping strategy differed between LE and controls during 

higher level gripping force (30% MVC). While the EDC and ECU activation were higher 

relative to the summed muscle activity in LE, FCR and FDS were concomitantly lower in LE 

group compared to the controls.  

 

Although this is the first study to observe the decreased contribution from flexors, the 

findings of increased synergistic contribution from EDC and ECU in LE are consistent with 

the results of previous studies where increased contribution of EDC has been observed during 

20% MVC grip (Heales et al. 2015) and increased contribution of ECU occurs during 

isometric wrist extension (Rojas et al. 2007). The relative contribution of flexor digitorum 

profundus (FDP) has previously been shown to increase at 20% MVC gripping in LE (Heales 

et al. 2015), however, we did not measure FDP activity due to methodological concerns with 

surface EMG. Nonetheless, it should be noted that an increase in FDP contribution may 

compensate for decreases in FDS contribution to gripping in individuals with LE, which may 

maintain the overall force being generated during gripping. Our finding of decreased flexors 

and concomitantly increased extensors contribution to the total summed activity suggest a 

different pattern of coordination between the synergistic forearm extensors and antagonistic 

forearm flexors in individuals with LE when gripping at higher forces (30% MVC).  
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6.4.3 Strategies of muscle activation in LE 

An important finding in the current study was that different neuromuscular strategies were 

detected between LE and controls when gripping with different wrist postures. Most notably, 

there was an absence of differences in muscle activity between wrist postures in the LE 

group, whereas the control group exhibited different activation patterns for each posture. The 

lack of variance in the LE group is perhaps not surprising, as reduced motor system 

variability has been observed in individuals with persistent pain, or even after recovering 

from chronic pain (Lomond and Cote 2010). Given the long-term adaptation to pain from 

degenerated tendon structures, it is possible that individuals with LE adopt a simplified 

strategy of motor control, where habitual pain leads to similar forearm motor patterns during 

gripping regardless of wrist posture. This hypothesis is supported by a previous study that 

investigated the cortical representation of the ECRB in LE using transcranial magnetic 

stimulation (Schabrun et al. 2015). Mapping the motor cortex revealed a substantially 

simplified representation with fewer areas of peak excitability, and closer localisation of the 

ECRB map to the EDC, in individuals with LE (Schabrun et al. 2015). 

 

Maladaptive motor cortex reorganisation of ECRB and EDC has been associated with higher 

pain severity in LE (Schabrun et al. 2015). Recently, reduced intracortical inhibition 

(mediated by GABAA and GABAB receptors) and facilitation (NMDA receptors), in the 

contralateral motor cortex to the affected ECRB has also been observed in individuals with 

LE (Burns et al. 2016). A key function of intracortical networks is to coordinate muscle 

activity for a given motor task, while simultaneously limiting extraneous movement and 

activity in other muscles (Liepert et al. 1998). The prevalence and severity of LE have been 

linked to repetitive hand tasks (Descatha et al. 2013), and repetitive movement training has 

been shown to reduce cortical inhibition and facilitation (Nordstrom and Butler 2002). It is 
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possible that repetitive hand tasks drive cortical changes, leading to reorganisation of the 

motor cortex, which in turn drives motor dysfunction in the affected limb. These changes 

may be more obvious in individuals with chronic pain, such as our group who had a mean LE 

duration of 8 months. 

 

6.4.4 Relationship of muscle activity to clinical assessments and tendon structure 

We found that in individuals with LE, more severe pain and disability (i.e. higher PRTEE and 

lower PFG) were associated with a greater contribution from EDC during both the 15% and 

30% MVC grip. This may be an adaptive strategy to reduce the load on the pathological 

portion of the common extensor tendon associated with the ECRB. Alternatively, it is 

possible that the increased EDC contribution in individuals with LE might be a pre-existing 

trigger of painful tendinopathy, as previous evidence has suggested (Fairbank and Corlett 

2002). Likewise, the common diagnostic ultrasound features of LE (Lee et al. 2011a; 

Poltawski et al. 2012), such as increased tendon thickness and intra-tendinous hypoechoic 

features (representing disorganised tendon collagen) were observed in our LE cohort 

compared to controls. While our finding of increased tendon thickness in LE supports the 

results of previous work (Lee et al. 2011a), it is in contrast to a previous study in which 

blinded assessment revealed no difference in tendon thickness between the affected side in 

LE and the matched side in healthy controls (Heales et al. 2014). However, tendon thickness 

showed a positive linear association with ECRB contribution in LE, but not in healthy 

controls. While the overall ECRB contribution did not differ between the LE and control 

groups in this study, greater tendon thickness in LE may reflect a degree of matrix 

disorganisation as well as a proportion of intact, aligned fibrillar collagen (Docking and Cook 

2016). The intact portion of the tendon is capable of transmitting force, thereby maintaining 

the relative contribution of the ECRB muscle to gripping. 
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6.4.5 Methodological consideration 

Although EMG assessment using surface electrodes is a standardised, non-invasive method 

for measuring muscle activity, there is a risk of EMG crosstalk (see Chapter 4.11.4 for more 

details) between the small superficial forearm muscles (Kong et al. 2010; Mogk and Keir 

2003a). Furthermore, measurements of deeper muscles such as FDP are limited using surface 

electrodes. In addition, we did not assess for the presence or absence of palmaris longus, 

which when present, lies superficial to FDS and might influence the recorded activity of the 

flexor muscles (Kong et al. 2010). Notwithstanding these limitations, using a standardised 

EMG electrode placement methods and use of an isometric grip task instead of a task that 

involves limb movement helps to minimise the negative effects of EMG crosstalk (Mogk and 

Keir 2003a; Winter et al. 1994). Finally, pain during strong contractions may compromise 

individuals with LE to maximally grip, which may be problematic when using MVC for 

normalisation. However, there were no significant between- or within-group differences in 

maximal grip force or EMG amplitude during MVC for any wrist posture or testing session, 

which suggests that our use of MVC grip was justified.  

 

6.5 Conclusion 

This study showed that, regardless of wrist posture, the forearm muscle activity pattern 

adapts differently in individuals with LE based on the level of grip exertion. Not only the 

ECRB and its synergistic extensor muscles are affected during isometric gripping, but so too 

are the opposite flexor muscles of the forearm. This study also revealed that the individuals 

with LE adapt a simplified motor strategy for wrist extensors when gripping with different 

wrist postures, compared to controls. These differences in forearm muscle activity and lack of 

difference in wrist extensor motor strategies between the wrist postures in LE may be a 

consequence of local tissue pathology or reflect spinal and/or supraspinal reorganisation. 
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Alternatively, it could be argued that prolonged adaptation to altered motor strategies during 

gripping may have a long-term consequence in the prognosis of LE, in terms of 

reorganisation of the motor cortex which in turn drive motor dysfunction (Hodges and Tucker 

2011). The preliminary evidence of an association between the severity of pain and disability 

and altered forearm muscle activity indicates the need for muscle-specific motor control 

interventions in LE. Further investigations are required to determine whether changing 

altered motor control through intervention improves clinical outcomes in individuals with LE. 
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7.1 Introduction 

The task of regulating functional movement is complex, as the CNS must control an 

integrated motor system comprised of joints, motor units and muscles groups. A well-known 

consequence of this complexity is that the CNS has a vast number of motor strategies 

available to perform a single task. However, there is evidence to suggest that actions 

involving multiple muscles are controlled through a simplified set of high-level CNS 

commands called muscle synergies (Bernstein 1967). That is, the CNS may use low-

dimensional motor modules (i.e., a small number of muscle synergies), to construct simple 

control signals that can regulate the many degrees of freedom that exist in the neuromuscular 

system.  

 

Pain affects the ability to regulate muscle activity during functional tasks. Regardless of 

whether individuals with chronic musculoskeletal pain are examined (Arendt-Nielsen et al. 

1996; Chang and Kulig 2015; Hodges and Richardson 1996), or if experimental pain is 

induced (Ciubotariu et al. 2004a; Falla et al. 2007; Hodges et al. 2003), muscle activation 

patterns differ compared to the healthy neuromuscular system. The presence of pain may not 

only alter the affected muscle but can also affect activity in synergistic muscles (Sterling et 

al. 2001). Therefore, it stands to reason that CNS control during tasks that employ multiple 

muscles - such as gripping - may be heavily influenced by pain. The balance of activity 

between finger flexors (flexor digitorum superficialis, FDS; flexor digitorum profundus, 

FDP), wrist flexors (flexor carpi radialis, FCR; flexor carpi ulnaris, FCU), wrist extensors 

(extensor carpi radialis brevis, ECRB; extensor carpi ulnaris, EDU) and finger extensors 

(extensor digitorum communis, ECU) may be altered when gripping in the presence of pain.  
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The useful model of upper limb pain is Lateral Epicondylalgia (LE). This condition is one of 

the common degenerative tendinopathy (Kraushaar and Nirschl 1999), where the pathology 

of pain is attributed to the extensor carpi radialis muscle (ECRB) and its attachment to the 

common extensor tendon of the elbow (Ljung et al. 1999a; b). The clinical features of LE 

include pain during gripping, deficits in grip force (Chourasia et al. 2012; Stratford et al. 

1989), deficits in isokinetic wrist extensor strength (Croisier et al. 2007), and adaptation in 

self-selected wrist posture during power gripping (Bisset et al. 2006b). Regarding the latter 

dysfunction, healthy individuals typically power grip with the wrist extended to 350 whereas 

LE grip with ~110 less extension, which places the wrist in a posture that is closer to neutral 

(Bisset et al. 2006b). Reports on individual muscle activity during gripping are sparse, 

however growing evidence suggests that the pain associated with LE is associated with 

widespread altered activity in forearm muscles. For example, decreased relative activation of 

ECRB corresponds to increased activation of EDC and FDP during gripping (Heales et al. 

2015) and delayed ECRB onset during rapid wrist extension corresponding to delays in ECU 

and EDC (Manickaraj et al. 2016). Although these studies provide valuable insight into the 

role that pain plays in regulating individual muscles, a greater understanding of pain-related 

motor control may be gained from examining the underlying control strategies for activating 

multiple muscles during gripping.  

 

Nonnegative matrix factorisation (NMF) is a conventional tool used in muscle synergy 

analysis (Lee and Seung 1999), where EMG activation patterns are decomposed as, 1) a 

profile of time-invariant ‘motor modules’ that represent the relative activation across the 

group of muscles called ‘muscle weightings’, and 2) the corresponding ‘activation 

coefficients’ that represent the temporal pattern of neural activation of motor modules. While 

higher order cortical motor neurons modulate the numerous degree of freedom of 
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neuromuscular recruitment during a voluntary task by adopting the low-dimensional motor 

modules (i.e., reduced number of muscle synergies) (Bizzi et al. 2008; Bizzi et al. 2002; 

Tresch et al. 2002); the muscle synergies are believed to represent the spinal motor neuron 

structures that are activated by the neural signals from corticospinal pathways (Cheung et al. 

2005; d'Avella et al. 2003). Therefore, the number of muscle synergies that accounts for 

variation in EMG can quantify the complexity of CNS control required to complete and/or 

appropriately modulate the motor task (Safavynia et al. 2011). In addition, the temporal 

pattern of neural activation (i.e., timing of activation coefficients) and spatial patterns of 

neural activation within the muscle weightings can quantify how motor modules are 

regulated for a given task (Safavynia et al. 2011). 

 

The purpose of this study was to investigate forearm muscle activity in a cohort of 

individuals having chronic elbow pain due to LE, during a ramp-and-hold gripping 

manoeuvre. Muscle synergies were extracted from wrist and finger flexors, and wrist and 

finger extensors, in a group of individuals with LE and a group of matched controls. These 

participants developed grip force to 15% and 30% of maximal voluntary contraction (MVC), 

before holding this force with an isometric contraction. It was hypothesised that regardless of 

the gripping condition, individuals with LE would exhibit a simplified neural control strategy 

that would be reflected by a lower number of motor modules compared to healthy 

individuals. Furthermore, during the ramp-and-hold manoeuvre the amplitude of motor 

modules (i.e. muscle weightings) would be reduced in LE, and the timing of activation would 

be delayed during the ramp phase of gripping in LE. Given that wrist posture during power 

gripping is altered in individuals with LE, this study also investigated how changes in wrist 

posture (extension, neutral, flexion) affect muscle synergies during the gripping tasks. It was 

hypothesised that healthy controls would exhibit different motor strategies for each wrist 
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posture, whereas individuals with LE would exhibit similar muscle weightings and timing of 

activation across all the wrist postures.   

 

7.2 Methods 

7.2.1 Participants 

Eleven individuals with chronic LE (age, 42 ± 11 years; height 174 ± 9 cm, weight, 80 ± 16 

kg; 8 males; 9 dominant limbs affected) were recruited from the general community after 

confirming a clinical LE diagnosis. This included the presence of lateral epicondyle pain 

which was provoked by palpation, resisted wrist, index and/or middle finger extension, or 

pain during gripping. Exclusion criteria included treatment of elbow pain within the previous 

three months, the use of CNS depressive drugs, and surgery on the affected limb. Eleven age-

, sex- and limb-matched healthy controls were also recruited from the general community 

who had no history of LE. All participants were screened for tendon pathology using 

diagnostic ultrasound, and all participants were instructed to avoid strenuous gripping tasks 

and anti-inflammatory medications 48-hours prior to the procedures performed in this study. 

Written informed consent was obtained prior to any testing (Appendix 3), and all procedures 

were approved by the Institutional Ethics Committee in accordance with the Declaration of 

Helskini (Appendix 1). 

 

7.2.2 Clinical measurements  

Standard clinical outcomes of LE were obtained. These were, 1) the duration of the condition, 

2) worst pain intensity in the past 24 hours using an 11-point numerical pain rating scale 

(NPRS: 0 = no pain, 10 = worst pain imaginable), 3) pain-free grip strength (PFG), 4) 

Patient-Rated Tennis Elbow Evaluation (PRTEE) (Rompe et al. 2007), 5) Pain Pressure 
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Threshold (PPT) (Smidt et al. 2002) and, 6) cold pain threshold (see Chapter 4.5 for more 

details). Structural changes of the common extensor tendon (see Chapter 4.6 for more 

details), such as sagittal plane thickness and level of hypoechoic changes in the tendon 

(Martinoli 2010; Poltawski et al. 2012) were measured from diagnostic musculoskeletal 

ultrasound images (Ultrasonix, Richmond, BC) using OsiriX Imaging Software (© Pixmeo 

SARL, version 7, 2003-2016). 

 

7.2.3 Electromyography  

Surface EMG was used to measure muscle activity of wrist extensors (ECRB, ECU), finger 

extensor (EDC), and wrist (FCR, FCU) and finger flexor (FDS) during gripping (see Chapter 

4.9.1 and 4.9.2 for more details). Following skin preparation, the respective muscles were 

identified using recommended surface EMG electrode placement procedures (Perotto and 

Delagi 2011; Soderberg 1992). Pairs of self-adhesive bipolar Ag/AgCl electrodes (Kendall 

Abro, 24 mm) were placed over each muscle belly with an inter-electrode distance of 20 mm. 

A ground electrode was placed over the acromion of the test arm. A digital hand grip 

dynamometer (MIE Ltd, Leeds UK) was used throughout the experimental gripping tasks. 

Dynomometer and EMG data were acquired simultaneously at 1000 Hz using 16-bit Power 

1401 interface and custom Spike2 software (Cambridge Electronic Design). All surface EMG 

signals were amplified using an NL844 differential amplifier set to a gain of 1000 and band-

pass filtered with NL136 and NL144 filters (Digitimer Ltd, UK) using cut-off frequencies of 

3 and 500 Hz. 
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7.2.4 Experimental protocol  

Participants sat comfortably in a reclined chair with the affected limb (or matched limb in 

control participants) placed on a custom-designed plastic frame (Figure 7.1). This 

configuration oriented the shoulder in a neutral posture for flexion, abduction, and rotation, 

and placed the elbow in 65° of flexion with the forearm in full pronation. A goniometer was 

used to position the wrist joint in either a neutral posture (0° between the long axes of the 5th 

metacarpal and ulna), 20° wrist extension from the neutral posture, or 20° wrist extension 

from the neutral posture when holding the dynamometer. Maximal grip strength was assessed 

for each wrist posture one-week prior to the main experiment (see Chapter 4.8 for more 

details). This was a precautionary step to ensure that all participants were recovered from any 

elbow pain that may have been provoked by maximal gripping. The order of wrist postures 

was randomised during testing for maximum voluntary contraction (MVC). Participants were 

instructed to perform the gripping tasks without lifting the hand from the plastic frame. Three 

maximum grips were performed for each wrist posture, and the MVC was calculated as the 

peak force production across the three trials.  

 

The main experiment consisted of performing 15% MVC and 30% MVC isometric grips with 

the wrist joint in the neutral posture, 20° wrist flexion, and 20° wrist extension. The 30% 

MVC force was selected as the highest gripping force as this is the maximum pain-free grip 

force likely to be achieved by individuals with LE (Bisset et al. 2006a). The target force was 

presented on a PC monitor placed 1 m in front of the participant. Grip force and forearm 

EMG were recorded during each grip task, whereby a ramp-and-hold manoeuvre was the 

basis of each task. Participants were instructed to increase the grip force from zero to the 

target force within a verbal count of 2 s, and then match the target force for 6 s. The visual 

gain was kept constant between each participant and target force level by adjusting the scale 
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of the y-axis on the PC monitor. Following a single practice trial, five trials were collected for 

each grip force task at each wrist position (Oskouei et al. 2013). The order of testing was 

randomised, and 2 min of rest occurred between trials. All participants were asked to rate 

their level of pain after each grip task using an 11-point numerical pain rating scale. Upon 

successful completion of the trials, the procedures performed one-week earlier for 

determining MVC were again performed to determine if MVC differed between sessions. 

 

 
 

Figure 7.1. Experimental setup for the gripping tasks (top), and representative EMG for each muscle 
during a 15% MVC grip with the wrist in a neutral posture (bottom panels). Data are presented for a 
healthy participant and an individual with LE (X-axis: in seconds, Y-axis: in millivolts). The analysis 
windows for the ramp phase and the steady-state phase of the gripping task are illustrated in each data 
set. A PC monitor was placed 1 m in front where a target line was presented at 15% MVC or 30% 
MVC. 
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7.2.5 Surface EMG processing 

The ‘ramp phase’ and ‘steady-state phase’ of gripping were extracted from each trial (Figure 

7.1). For our synergy analysis, the ramp phase was extracted from a window 100 ms prior to 

the onset of gripping to 5 ms after the target force is achieved. Extracting EMG data 100 ms 

prior to the onset of gripping was to account for group differences in activation dynamics, as 

individuals with LE can have a longer electromechanical delay at the onset of gripping 

compared to healthy individuals (Chourasia et al. 2012). The steady-state phase consisted of a 

4 s window extracted from the constant-force muscle contraction collected for each trial. Grip 

force data were low-pass filtered with a zero lag 2nd order Butterworth filter, and a cut-off 

frequency set at 3 Hz. The extracted EMG data were bandpass filtered (10 Hz to 400 Hz) 

with a zero lag 2nd order Butterworth filter (see Chapter 4.11.3 for more details). The filtered 

EMG data were full wave rectified and subsequently low-pass filtered with a cut-off 

frequency of 10 Hz to obtain EMG linear envelopes. Each EMG linear envelope at the given 

target grip force was normalised to the peak activation of the same muscle during the MVC 

(maximal isometric grip). Given that, MVC did not differ over the one-week period (Chapter 

6, Table 5.1) EMG data was normalised to the MVC obtained during the experimental testing 

session. All EMG data were time-normalised to the 500 data points for muscle synergy 

analysis. All data analyses were performed using custom Matlab software (Mathworks Inc., 

R2013b). 

 

7.2.6 Muscle synergy analysis   

Non-negative matrix factorisation (NMF): NMF decomposed the time-normalised EMG 

matrix (X) into two matrices W and H, such that X = W x H, (Lee and Seung 1999). Then, the 

extracted W and H were iteratively adjusted to enable the best prediction of original EMGs by 

minimising the least square error between the original and reconstructed EMGs by using 
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multiplicative update equations (Lee and Seung 2001); W = W.((X*H')./((W*H*H')+e)) and  

H = H. ((W'*X)./((W'*W*H)+e)), where ‘e’ is a residual error. The multiplicative update 

method is often employed when repeated NMF is indicated, as it uses more number of 

iterations using random initial values for W and H. In the current study, NMF was performed 

with 1,000 iterations, repeated for 50 times, and selected the W x H with the lowest 

reconstruction error. The matrix W represents the ‘muscle weightings’ of the respective 

muscle synergy, and the extracted synergy matrix was comprised of one row per muscle (i.e. 

6 muscles) and one column per extracted synergy. The matrix H is the associated synergy 

‘muscle activation coefficients’ of the NMF based muscle synergies across the given data 

length. The extracted activation coefficient matrix was comprised of one row per synergy and 

500 columns (i.e., the length of the time-normalised EMG data set).  

  

Dimensionality analysis: We first determined the lowest number of forearm muscle synergies 

that would adequately reconstruct the EMG signal for the ramp and steady-state phase 

gripping. This was achieved with NMF analyses performed separately for the four gripping 

conditions. Time-normalised EMG data were concatenated across the three wrist postures for 

LE and healthy individuals. The NMF analysis was iterated from 1 to 6 synergies because 

this was the number of individual forearm muscles examined in the study. A ‘Variance 

Accounted for index’ (VAF) of 75% for each muscle was deemed an acceptable 

representation of the extracted synergies compared to the original EMG data (Hug et al. 

2011; Torres-Oviedo and Ting 2007). VAF was calculated as 1- (sum of squared error of the 

original EMG matrix divided by the sum of squared total variation of extracted synergy 

matrix). While the pre-defined VAF ensured the pattern of activity in each muscle was well 

represented by the extracted muscle synergies, 75% VAF for each muscle is sufficient to 
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achieve the reconstruction quality over 90% for entire muscle synergies (Torres-Oviedo and 

Ting 2007). 

 

Extraction of forearm muscle synergies for each participant: Muscle synergies were 

extracted for each participant and grip condition by concatenating the five target grip trials at 

each wrist posture. The extracted muscle synergies (W) were normalised to the maximum 

muscle weighting identified across all extracted synergies, and the associated activation 

coefficients (H) were scaled with the same maximum muscle weighting. This allowed the 

comparison of muscle weightings and activation coefficients as all values then ranged 

between 0 and 1. After normalising the extracted synergies, the activation coefficients (H) 

were linearly combined with their associated muscle weightings (W) to produce a 

reconstructed EMG matrix (W x H).  

 

As we employed NMF with predefined VAF criteria for each muscle, the ‘overall VAF for 

muscle synergies’ for each gripping condition and each participant were calculated as an 

average of VAF across the six muscles. The activation coefficients were time normalised to 

100 points (i.e. a percentage) to obtain the ‘timing of peak activation’ for the ramp phase of 

each grip task. In addition, ‘coefficient of variation’ (CoV) was calculated for the timing of 

peak activation to provide a normalised measure of timing that accounts for differences in the 

amplitude of grip forces throughout the main experiment (i.e. 15% and 30% MVC).    

 

7.2.7 Statistical analysis 

Demographic, clinical, and maximum grip strength measures were compared between groups 

using a one-way ANOVA. The measures of reconstruction quality (i.e., VAF) observed 

during the dimensionality analysis, and the synergy extractions were compared between the 
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groups using one-way ANOVA. The similarity of muscle synergy components within each 

gripping condition was examined using linear regression analyses. In the presence of a 

similar number of extracted synergies, a mixed model repeated measure ANOVA with a 

between-group factor of group (LE and healthy controls) and a within-subject factor of wrist 

posture was employed to examine the differences in the level of similarity in synergy 

components, muscle weightings, and timing of peak activation coefficients. In the case of the 

main effect of the group then univariate ANOVA was used to identify the between-group 

differences in muscle weightings and timing of peak activation coefficients at each wrist 

posture. Where applicable, a pairwise comparison between the LE and control group was 

considered for muscle weightings. Similarly, if a main effect of posture was identified for 

muscle weightings and timing of peak activation coefficient, a univariate ANOVA with 

Tukey’s post-hoc multiple comparisons were used to determine the effect of wrist posture. In 

the event that a different number of muscle synergies were identified for a given gripping 

condition, only the matched pairs of muscle weightings and timing of peak activation 

coefficients were compared between groups using the aforementioned analyses. Linear 

regression analyses were used to identify the association between the LE pain measures and 

synergy activation across all muscles in LE. All statistical procedures were performed using 

IBM® SPSS® Statistics (version 22) with alpha levels set at < 0.05. 

 

7.3 Results 

7.3.1 Participant characteristics 

The average duration of LE was 8 ± 7 months; with participants exhibiting an average NPRS 

score of 5 ± 2 (out of 10) and PRTEE score of 28 ± 12 (out of 100). The affected limb of the 

LE participants had a significantly lower PFG compared to their unaffected limb (LE = 126 ± 

102 N, HC = 246 ± 99 N, p = 0.014), and PPT over the lateral elbow was reduced in the 
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affected limb of LE participants compared to the matched limb of controls (LE = 231 ± 84 

kPa, HC = 373 ± 121 kPa, p = 0.005). The affected elbow of LE group also had significant 

degenerative features such as increased tendon thickness (LE = 6.5 ± 1.1 mm, HC = 4.9 ± 0.7 

mm, p = 0.001) and hypoechoic regions within the common extensor tendon (LE = 2.3 ± 0.9, 

HC = 0.3 ± 0.5, p = 0.001). While 6 out of 11 LE participants reported mild discomfort over 

the lateral forearm or elbow region during the 30% MVC grip trials (maximum NPRS score 2 

out of 10), none of the LE participants reported pain during the 15% MVC target grip. 

Although the LE participants reported an average NPRS score of 7 ± 2 during MVC grip 

across all wrist postures, MVC did not differ between the groups in any wrist posture, or for 

the testing sessions spaced one week apart (refer to the Chapter 5, Table 5.1; Chapter 6, Table 

6.1). 

 

7.3.2 Dimensionality of muscle synergies during the ramp and steady-state gripping phases  

During the ramp phase of the 15% MVC grip, the number of synergies required to account 

75% VAF for each muscle differed for the LE and healthy controls (Table 7.1). While three 

significant muscle synergies were identified for healthy controls (mean VAF, 89.2 ± 9%), the 

LE group employed only two significant muscle synergies (mean VAF, 86.8 ± 9%). This 

contrasts to the ramp phase of the 30% MVC task where two forearm muscle synergies were 

identified for the LE group (mean VAF, 89.1 ± 6.6%) and the healthy control group (mean 

VAF, 89.4 ± 6.2%). During the steady-state phase of the gripping tasks, only one forearm 

muscle synergy was identified for the healthy controls for both the 15% MVC (mean VAF, 

86.7 ± 6.4%) and 30% MVC conditions (mean VAF, 88.8 ± 4%). However, two forearm 

muscle synergies were identified for individuals with LE during the steady-state phase 

gripping at 15% MVC (mean VAF, 90 ± 6.9%) and 30% MVC (mean VAF, 90 ± 6.4%). 
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Table 7.1. Variance Accounted for (VAF) of each muscle during the ramp and steady-state phases 
of the gripping tasks in individuals with lateral epicondylalgia (LE) and healthy controls (HC). 

 VAF (%) 
Ramp phase - 15% MVC 

VAF (%) 
Ramp phase - 30% MVC 

 LE GROUP 
(2 synergies) 

HC GROUP 
(3 synergies) 

LE GROUP 
(2 synergies) 

HC GROUP 
(2 synergies) 

ECRB 99.86 99.78 99.85 88.03 

EDC 91.53 98.10 91.82 95.32 

ECU 91.03 83.79 90.24 85.46 

FCR 75.73 79.01 80.28 84.32 

FDS 82.63 81.09 86.39 84.38 

FCU 79.77 93.39 85.97 98.68 

 VAF (%) 
Steady-state phase - 15% MVC 

VAF (%) 
Steady-state phase - 30% MVC 

 LE GROUP 
(2 synergies) 

HC GROUP 
(1 synergy) 

LE GROUP 
(2 synergies) 

HC GROUP 
(1 synergy) 

ECRB 99.96 91.42 99.95 90.64 

EDC 94.52 95.81 92.88 93.00 

ECU 92.87 86.95 91.55 91.14 

FCR 82.15 78.14 81.64 87.43 

FDS 84.54 82.04 85.28 89.06 

FCU 86.07 85.54 88.34 81.53 
 

 

 

Table 7.2. Variance Accounted for (VAF) across muscles during the synergy extraction for each 
participant and wrist posture in lateral epicondylalgia (LE) and healthy control (HC) group for 
each target grip conditions. 

 LE Group 
Overall VAF (%), Mean (SD) 

HC Group 
Overall VAF (%), Mean (SD) 

Gripping 
condition 

Wrist 
Extension 

Wrist 
Neutral 

Wrist 
Flexion 

Wrist 
Extension 

Wrist 
Neutral 

Wrist 
Flexion 

Ramp phase 

15% MVC  

30% MVC  

 
Steady-state 
phase 

15% MVC 

30% MVC  

 

96 (0.9) 

97 (1) 

 

 

97 (0.5)* 

97 (0.9)* 

 

96 (1.3)* 

96 (1.1) 

 

 

97 (0.9)* 

97 (0.6)* 

 

96 (1.5)* 

97 (1.1) 

 

 

97 (0.8)* 

97 (0.7)* 

 

97 (1.3) 

96 (2.7) 

 

 

95 (2.4) 

96 (0.4) 

 

97 (1.6) 

97 (0.9) 

 

 

96 (0.8) 

96 (0.5) 

 

97 (1.1) 

96 (1.4) 

 

 

95 (3) 

96 (1.6) 

*significant difference in overall VAF of LE group compared to the HC, (p < 0.05). Note that none of the 
gripping conditions showed the mean difference of >2 % of overall VAF between the LE and HC group. 

  



  Experiment 3    

160 
 

7.3.3 Extraction quality of forearm synergies in LE and healthy controls  

Although there were significant between-group differences in VAF in some of the gripping 

conditions, none of the VAF exceeded a mean difference of > 2% VAF (Table 7.2). This 

indicates a high reconstruction quality in both the LE and healthy controls for each grip 

condition. A range of muscle synergy studies has used VAF differences of up to 5% as the 

criterion for changes in reconstruction quality, which illustrates the high quality of synergy 

extraction in the current study. 

 

7.3.4 Similarity between muscle synergies during the ramp phase gripping  

During the ramp phase of 15% MVC grip, the muscle weightings of synergy-1 and synergy-2 

had a greater similarity in the LE group (r2 ranging from 21% to 32%) compared to controls 

(r2 ranging from 4% to 9%) for all the three wrist postures (Figure 7.2). Between-group 

analyses revealed a main effect for the level of similarity between the muscle weightings of 

synergy-1 and synergy-2, where individuals with LE had greater similarity between the 

muscle weightings compared to controls during 15% MVC ramp phase grip (F(1, 19) = 

10.313, p = 0.005). Post-hoc analysis revealed that during the ramp phase of 15% MVC grip, 

the LE participants had significantly increased similarity between the muscle weighting of 

synergy-1 and synergy-2 in wrist extension compared to controls (p = 0.036). However, the 

level of similarity between the neural activation coefficients of synergy-1 and synergy-2 did 

not differ between the groups during 15% or 30% MVC ramp phase of gripping. These 

findings indicate that the spatial patterns of forearm muscle activation are simplified (or 

merged) in LE, whereas spatial activation patterns in the control group are independent, 

especially during the 15% MVC ramp phase of gripping. 
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7.3.5 Between-group differences in muscle weighting and activation coefficients during the 

ramp phase gripping  

Muscle synergy-1. A main effect of group was detected for the muscle weightings of synergy-

1 during the ramp phase of gripping at 15% MVC (F(1, 124) = 5.632, p = 0.019), where the 

LE group had greater relative activation across the group of muscles (muscle weightings) 

compared to the control group. Univariate analyses of synergy-1 at each wrist posture showed 

significant between-group differences for muscle weightings during wrist extension (p = 

0.017) and neutral wrist posture (p = 0.041, Figure 7.3). Post-hoc analysis of the ramp phase 

for synergy-1 revealed that during 15% MVC the LE participants had significantly higher 

weighting of FCR (p = 0.027), FDS (p = 0.014), and FCU (p = 0.031) compared to controls in 

wrist extension, and significantly higher FDS weighting (p = 0.039) compared to controls in a 

neutral posture. A main effect of group was also detected for the timing of peak activation 

(F(1, 19) = 4.889, p = 0.039) for synergy-1 during the ramp phase of gripping at 15% MVC, 

where the LE group had a significant delay for the timing of peak neural activation compared 

to healthy control. Univariate analyses revealed that the timing of peak activation was 

significantly delayed in the LE group for wrist extension (p = 0.028) and neutral wrist posture 

(p = 0.01) compared to controls (Figure 7.5). 

 

In regards to the ramp phase of the 30% MVC grip task, a main effect of group was detected 

for the muscle weightings of synergy-1 (F(1, 130) = 3.941, p = 0.049), where the LE group 

had significantly lower relative activation across the group of muscles (muscle weightings) 

compared to healthy control. The univariate analyses of synergy-1 for the 30% MVC ramp 

phase identified significant between-group differences for muscle weightings only in wrist 

flexion (p = 0.036, Figure 7.4), where muscle weightings were overall lower in the LE group 

compared to the control group. 
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Figure. 7.2. The level of similarity between the forearm muscle synergy-1 and synergy-2 components 
(i.e., muscles weightings and neural activation coefficients) during the ramp phase of gripping in 
individuals with lateral epicondylalgia (LE) and healthy control (HC). Data are the mean variance 
explained (r2) with 95% confident intervals. WE is 200 wrist extension, WN is a neutral wrist, and WF 
is for 200 wrist flexion. *denotes significant between-group differences in the level of similarity 
between muscle weightings of synergy-1 and synergy-2 (p < 0.05). 
 

Muscle synergy-2. A main effect of group was detected for the timing of peak activation of 

synergy-2 during the ramp phase of gripping at 30% MVC (F(1, 20) = 7.902, p = 0.011), 

where the LE group had significantly increased delay in the timing of peak activation 

compared to healthy control. Univariate analysis revealed that the timing of peak activation 

coefficients of synergy-2 motor modules was increased for LE group only in wrist extension 

(p = 0.013) compared to controls (Figure 7.5). In contrast to muscle synergy-1, the coefficient 

of variation (CoV) for the timing of peak activation in synergy-2 was significantly reduced 

during the 30% MVC ramp phase for LE compared to healthy controls (F(1, 20) = 10.144, p 

= 0.005). Univariate analysis of wrist postures revealed significantly decreased CoV for the 

timing of peak activation of synergy-2 motor modules for LE group compared to controls 

only in wrist extension (p = 0.004, Figure 7.5). 
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Figure 7.3. Muscle weightings and corresponding activation coefficients of forearm muscle synergies extracted during the ramp phase gripping at 15% MVC 
for the lateral epicondylalgia (LE) and healthy control (HC) group in 20° wrist extension, neutral, and 20° wrist flexion postures.  *denotes significant 
between-group differences in muscle activation patterns within the muscle weightings for each wrist posture (p < 0.05). 
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Figure 7.4. Muscle weightings and corresponding activation coefficients of forearm muscle synergies extracted during the ramp phase gripping at 30% MVC 
for the lateral epicondylalgia (LE) and healthy control (HC) group in 20° wrist extension, neutral, and 20° wrist flexion postures.  
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7.3.6 Similarity between muscle synergies during the steady-state phase gripping  

As there was only one synergy identified for healthy controls during steady-state phase 

gripping, the level of similarity between the muscle weightings of synergy-1 and synergy-2 

during the steady-state phase gripping was only examined in LE participants. Linear 

regression analysis showed no significant correlation between the muscle weightings of 

synergy-1 and synergy-2 for the LE participants (Table 7.4). The percentage of similarity (r2) 

between the synergies ranged from 0.1% to 2% during 15% MVC and 0.1% to 4% during 

30% MVC gripping for all wrist postures. 

  
 
Figure 7.5. Timing of peak activation coefficient and coefficient of variation (CoV) of peak 
activation timing of forearm muscle synergies extracted during the 15% MVC and 30% MVC ramp 
phase gripping. Data are for the lateral epicondylalgia (LE) and healthy control (HC) when gripping at 
20° wrist extension, neutral, and 20° wrist flexion postures. Error bars represent 95% confidence 
intervals (CI). *denotes significant difference between groups in timing of peak activation and CoV at 
the specific wrist posture (p < 0.05) 
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Table 7.4. The level of similarity between the muscle weightings of forearm muscle synergy-1 and 
synergy-2 during the steady-state phase gripping in individuals with lateral epicondylalgia (LE).  
 Variance explained, R2  

15% MVC steady-state phase gripping (LE Group) 
 Wrist Extension Wrist Neutral Wrist Flexion 

Synergy 1 
Vs 

Synergy 2 

 
.02 

 
.018 

 
.001 

 Variance explained, R2  
30% MVC steady-state phase gripping (LE Group 

Synergy 1 
Vs 

Synergy 2 

 
.035 

 
.000 

 
.004 

*significant level of similarity between the muscle weightings of synergy-1 and synergy-2 revealed during 
linear regression across the LE participants, (p<0.05). 

 

7.3.7 Between-group differences in muscle weightings during steady-state phase gripping  

Muscle synergy-1. A main effect of group was detected for the muscle weightings of synergy-

1 during the steady-state phase of the 15% MVC gripping (F(1, 124) = 15.52, p = 0.001), 

where the LE group has significantly lower relative activation across forearm muscles 

compared to the healthy control. The univariate analyses of synergy-1 at each wrist posture 

showed significant between-group differences for muscle weightings during wrist extension 

(p = 0.004), wrist neutral (p = 0.001) and the wrist flexion postures (p = 0.001, Figure 7.6). 

Post-hoc analysis of the steady-state phase for synergy-1 revealed that during 15% MVC grip 

the LE participants had a significantly lower weighting of EDC (p = 0.004) in wrist 

extension. For the wrist neutral posture, the LE group had lower weightings for EDC (p = 

0.004), FCR (p = 0.011), and FCU (p = 0.001). For the wrist flexion posture the LE group 

had lower weightings for EDC (p = 0.032), FCR (p = 0.031), FDS (p = 0.011) and FCU (p = 

0.036). 

 

In regards to the steady-state phase of the 30% MVC grip, a main effect of group was 

detected for the muscle weightings of synergy-1 (F(1, 130) = 68.118, p = 0.001), where the 

LE group showed significantly lower relative activation across the group of muscles (muscle 
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weightings) compared to healthy control. Univariate analyses showed significant between-

group differences for muscle weightings during 30% MVC wrist extension (p = 0.001), 

neutral wrist (p = 0.001) and wrist flexion postures (p = 0.001, Figure 7.6). Pairwise 

comparisons revealed that during 30% MVC grip the LE participants had significantly lower 

weighting of EDC (p = 0.003), ECU (p = 0.006), FCR (p = 0.001), FDS (p = 0.005), and 

FCU (p = 0.001) in wrist extension. For the wrist neutral posture, the LE group had lower 

weightings for FCR (p = 0.018), FDS (p = 0.013), and FCU (p = 0.001). For the wrist flexion  

posture the LE group had lower weightings for ECBR (p = 0.05), EDC (p = 0.006), FCR (p = 

0.017), FDS (p = 0.001) and FCU (p = 0.04). 

 

7.3.8 Associations between the LE pain and synergy activation across all muscles  

As wrist posture had no effect on the muscle synergy components, the mean relative 

activation of individual muscle weightings were averaged across the three wrist postures. 

Among the LE synergies, the muscles weightings of synergy-2 during 30% MVC ramp phase 

gripping showed a significant linear relationship between the level of synergy activation and 

pressure pain threshold (PPT); where the decreased level of synergy activation was associated 

with decreased PPT (Figure 7.7). Although the cold pain threshold (CPT) was not 

significantly differed between the LE and control group; the linear regression showed a 

significant relationship between the CPT and LE synergy-1, synergy-2 activation during 30% 

MVC steady-state phase gripping, where the decreased CPT was associated with increased 

synergy activation (Figure 7.7). 
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Figure 7.6. Muscle weightings of forearm muscle synergies extracted during the steady-state (isometric) gripping phase at 15% MVC and 30% MVC in 20° 

wrist extension, neutral, and 20° wrist flexion postures. *denotes significant between-group differences in muscle activation patterns within the muscle 
weightings at each wrist posture (p < 0.05). 
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Figure 7.7. Linear regression analysis showing the significant association of the level of mean activation of individual muscle weightings (averaged across the 
three wrist postures) with pressure pain threshold and cold pain threshold (p < 0.05), in the individuals with LE during 30% MVC ramp phase gripping. r2 = 
Coefficient of correlation. Note that the LE pain profile has significant relation in synergy-2 of ramp phase (that is end of grip force) and both the synergy-1 
and synergy-2 of the steady-state phase gripping 
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 7.4 Discussion 

The purpose of this study was to investigate forearm muscle synergies in a cohort of 

individuals with chronic musculoskeletal pain during a ramp-and-hold gripping manoeuvre. 

Participants developed grip force to 15% and 30% of MVC (i.e., ramp phase), before holding 

this force with an isometric contraction (i.e., steady-state phase). During the steady-state 

phase of gripping the individuals with LE had an increased number of muscle synergies, and 

lower relative activation across all muscles compared to controls. In contrast, during the ramp 

phase of gripping the LE group had a lower number of muscle synergies and greater relative 

activation across all muscles. The timing of peak activation also differentiated between LE 

and control group, where there was less variability in the timing of peak activation for the LE 

group, which occurred later in the ramp phase compared to the control group. 

  

7.4.1 Lateral epicondylalgia is characterised by simplified neural strategies during the 

development of grip forces 

The fewer number of muscle synergies and increased level of similarity in spatial activation 

patterns between synergy-1 and synergy-2 indicate that a simplified neural strategy existed 

during 15% MVC grip force development in individuals with LE. The origin of this 

simplified strategy is most likely associated with planning and execution areas of the motor 

cortex. Investigations on primates indicate that muscle synergies during grasping are encoded 

and executed from the motor cortex (Overduin et al. 2008; Overduin et al. 2015). 

Furthermore, transcranial magnetic stimulation (TMS) has been used to provide direct 

evidence of cortical reorganisation in LE. Most notably, individuals with LE have increased 

cortical map volume for ECRB and EDC and overlapping of cortical stimulus regions for 

ECRB and EDC, compared to controls (Schabrun et al. 2015).   
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A reduced number of muscle synergies are often associated with increased similarity between 

the muscle synergies and an elevated level of co-contraction across multiple muscles within 

the muscle synergy. This synergy-similarity relationship is evident for individuals with or 

without CNS pathology (Cheung et al. 2012; Roh et al. 2015; Sawers et al. 2015). The LE 

cohort in the current study exhibited simultaneous activation of all forearm extensor (ECRB, 

EDC, ECU) and increased co-contraction from selective forearm flexors during the ramp 

phase of 15% MVC gripping. In contrast to the LE group, the healthy controls exhibited two 

independent patterns of spatial activation across the forearm muscle synergies, with 

predominant activation emerging from one or two forearm extensors (ECRB, EDC and/or 

ECU in synergy-1 and synergy-2) during 15% MVC ramp phase gripping. Our results also 

revealed increased level of relative activation and peak activation timing muscle synergies in 

individuals with LE, which may be attributed to persistent LE pain pathology (Ljung et al. 

2004; Ljung et al. 1999b). Once again, TMS studies have provided insight to the mechanism 

for increased relative activation of LE muscle synergy as increased cortical excitability 

occurs for ECRB and EDC (Schabrun et al. 2015) and decreased intracortical inhibition 

occurs for ECRB in individuals with LE (Burns et al. 2016).  

 

While the constant level of force during the steady-state phase of gripping was linked to a 

constant level of EMG, the linear force development during the ramp phase was associated 

with a burst of EMG towards the end of the ramp. As such, we examined the peak activation 

timing of the forearm muscle synergies and found delayed timing of peak activation in LE 

muscle synergies during the ramp phase of 15% and 30% MVC gripping. Presumably, this 

reflects altered feedforward activation in cortical regions that contribute to planning and 

preparation of motor patterns. fMRI studies have shown a positive correlation of hand grip 

force development (15% and 30% MVC) and signal changes in primary and supplementary 
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motor area in healthy individuals (Ward et al. 2007). Although delayed feedforward 

activation has been demonstrated in chronic musculoskeletal pain conditions (Arendt-Nielsen 

et al. 1996; Chang and Kulig 2015; Hodges and Richardson 1996), fMRI investigations on 

individuals with chronic fibromyalgia showed reduced activation of the cortical regions 

involved in the motor preparation during response-inhibition task (Glass et al. 2011; Schmidt-

Wilcke et al. 2014). Moreover, delayed peak activation timing of muscle synergy in our LE 

cohort may be a consequence of the increased forearm muscle co-contraction patterns 

observed in the current study.  

 

7.4.2 Chronic pain leads to compensatory neural strategies during steady-state gripping    

In contrast to the development of force during gripping, individuals with LE had a greater 

number of muscle synergies than healthy controls during both the 15% MVC and 30% MVC 

steady-state phase (isometric) grip. The additional muscle synergy and lack of similarity 

between the weightings of synergy-1 and synergy-2 in individuals with LE suggest that 

altered neural strategies occurred between the groups when performing the same isometric 

task. The additional synergy for the LE group indicates that two independent spatial patterns 

of forearm muscle activation existed for steady-state phase gripping, which is a compensatory 

strategy to maintain force output at a constant level (Hodges and Tucker 2011). As expected, 

the muscle synergies of LE cohorts had a reduced level of relative activation across all 

muscles during both the 15% and 30% MVC steady-state gripping. Experimental pain studies 

have revealed that motor unit firing rate would be reduced during isometric task performed 

under painful and pain-anticipation conditions, compared to the similar task performed in a 

non-painful condition (Tucker et al. 2009; Tucker et al. 2012). However, a reduction in motor 

unit firing rate may not necessarily be a factor of muscle pain, but may instead be a centrally-

driven mechanism to reduce pain during a habitually painful gripping task. 
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Reductions in individual muscle activation within each muscle weightings varied based on 

the level of grip force exertion. During 15%MVC, pain-free isometric gripping the individual 

muscle weightings were reduced predominantly for EDC and wrist flexors in muscle 

synergies LE group. It is likely that this redistribution of muscle activation occurred in an 

effort to maintain force output in spite of the dysfunction that occurs in the LE ECRB 

(Hodges and Tucker 2011). In addition, it is also possible that decreased activation of EDC 

and wrist and finger flexors may be a ‘load sharing’ mechanism to spare the ECRB from 

pain-provoking activity (Ervilha et al. 2004; Ervilha et al. 2005). That is, the decreased 

activity in synergistic muscles may be a protective mechanism to reduce the load on the 

injured common extensor tendon. While this load sharing postulate is novel for LE and 

synergistic forearm muscles to the ECRB, it is a well-known product of fatiguing muscle 

contractions. During isometric and/or repetitive contractions, there will be subtle adjustments 

in activation of synergistic muscles to increase the efficiency of performing the task and 

prolong time-to-fatigue (Dul et al. 1984; Jensen et al. 2000). The fact that similar findings 

occurred for both 15% MVC and 30% MVC for the LE group, and task-related pain was 

present in some participants during the 30% MVC, suggest that adaptations in the CNS due to 

chronic pain may have influenced the results just as much as any pain provocation that 

occurred during testing.  

 

7.4.3 Task dependent pain versus chronic pain  

There is evidence to suggest that persistent changes in nociceptive mechanisms due to tissue 

pathology would induce pain-dependent inhibition at the primary motor cortex. Likewise, 

long-term presence of deep tissue hyperalgesia would lower the mechanoreceptor threshold, 

and potentially trigger secondary pain during movement or non-painful stimulus (Schaible 

and Grubb 1993). Withstanding these, an important consideration in this study was that 6/11 
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LE participants developed pain around the lateral elbow joint during 30% MVC ramp-and-

hold grip manoeuvre. Regression analysis revealed that the decreased level of synergy 

activation in LE had a positive correlation with decreased PPT (i.e., deep tissue hyperalgesia) 

during the ramp phase of 30% MVC gripping. Although the CPT showed a positive 

association with level of synergy activation, its implication is unclear; however, the PPT was 

correlated with pain and disability (PRTEE), but not the CPT, in our LE cohort. It is known 

that the experimentally induced short-term pain has an immediate effect on motor cortex 

excitability (Farina et al. 2001); and pain around the joint during functional task could 

produce an inhibitory effect on muscles that stabilise the joint (Johansson et al. 1991; 

Schaible and Grubb 1993).  

 

Reduced motor system variability has been observed in individuals with persistent pain, or 

even after recovering from chronic pain (Lomond and Cote 2010). Similarly, reduced 

variability in the timing of peak activation during the 30% ramp phase of gripping in our LE 

cohort may reflect a protective motor strategy in the presence of chronic pain, and in part, the 

presence of task-dependent pain. Given the long-term presence of hyperalgesia due to 

degenerated tendon structures, it is possible for our LE cohort to adopt a simplified motor 

strategy during the painful gripping task. Although reduced neuromuscular variability mostly 

relates to chronic pain, a recent study that induced experimental pain in common extensor 

tendon of elbow showed evidence that reduced variability may exist during simple 

forearm/wrist movement in healthy individuals (Bergin et al. 2014). Moreover, 

experimentally induced tendon pain in LE individuals has previously shown to have a greater 

deficit in grip and wrist extension force development and for level of ECRB pressure pain 

threshold compared to control (Slater et al. 2005). 
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7.4.4 Methodological consideration  

It should be noted that some investigators argue the low dimensional motor patterns do not 

necessarily reflect the neural system, but instead represent biomechanical features of the task 

such as changes in joint angle, muscle length, and joint torque (Burkholder and van Antwerp 

2013; Kutch and Valero-Cuevas 2012). Given that our task was a ramp-and-hold isometric 

gripping manoeuvre that was constrained to three different wrist postures, we have minimised 

mechanical sources of artefact that may have emerged in the EMG analysis. While the 

absence of main effects of wrist posture in any muscle synergy components detected in our 

EMG analysis most likely reflects tangible changes in CNS dynamics, these results cannot be 

generalised to tasks with more degrees of freedom. Another consideration is that we have 

interpreted our results in the context of EMG and muscle synergy analysis, and we cannot 

rule out that mechanisms which are unable to be identified with surface EMG were at play. 

For example, descending cortical motor drive has widespread projections to the α-

motorneuron pool which could potentially influence spinal reflexes mediated by Ia, Ib and 

group-II afferents (Schomburg 1990). While muscle synergies extracted from EMGs reflect 

motor cortex planning and execution of motor patterns, it is important to note that this notion 

requires further development. 

 

Although EMG assessment using surface electrodes is a standardised, non-invasive method 

for measuring muscle activity, the risk of EMG crosstalk between the small superficial 

forearm muscles cannot be excluded (Kong et al. 2010; Mogk and Keir 2003a). However, 

NMF identifies similarities between the muscle pairs within the EMG data and then performs 

a dimensionality reduction by grouping the muscles that co-vary in the EMG dataset into 

individual muscle synergies. While this highlights that NMF process is a useful method of 

identifying individual muscle activity -rather than a simple correlation between the two 
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muscle EMGs- it also reflects the potential minimisation of EMG cross-talk. Finally, it 

should be acknowledged that the ability to measure the deeper muscles such as flexor 

digitorum profundus is limited using surface electrodes. In addition, we did not assess for the 

presence or absence of palmaris longus, which when present, lies superficial to FDS and 

might influence the recorded activity of the flexor muscles (Kong et al. 2010) in this study. 
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8. General discussion 

8.1 Summary of findings from the studies comprising this thesis  

The general purpose of this thesis was to understand the current evidence and to explore new 

insight on neuromotor characteristics of forearm muscle activities in individuals with 

unilateral lateral epicondylalgia (LE). Additionally, the experiments of this thesis examined 

possible association of neuromotor characteristics with the clinical, sensory (pain) and 

radiological (ultrasound) profile of LE. This thesis addressed four potential research 

questions with one systematic review and three unique case-control studies. The data of all 

the three studies of this thesis were obtained from the same group of participants. The 

following sections provide a summary of the findings of each study contributed to this thesis. 

 

Study 1. Neuromotor characteristics in individuals with lateral epicondylalgia: a 

systematic review of electromyographic studies.  

Increased electromechanical delay of the forearm extensor muscles was evident in LE. 

Notably, bilaterally increased ECRB electromechanical delay in unilateral LE suggests 

adaptive neural plasticity. However, maladaptive neural plasticity of the motor system in LE 

was evident with altered ECRB and EDC cortical mapping and excitability characteristics. 

Reduced relative activation of ECRB was consistent in LE, with increased EDC and FDP 

contribution during gripping, or increased ECU contribution during wrist extension. While 

the compensatory muscle activation might be a problem of muscle coordination, altered 

forearm muscle synergy composition in some of the individuals with LE suggested 

possibilities for altered muscle coordination during gripping. In general, the absolute and 

relative magnitude of individual forearm muscle activation identified in LE during gripping 

appear to be influenced by the presence of pain and/or changes in wrist joint position during 

gripping.  
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Study 2. Muscle activity during rapid wrist extension in individuals with lateral 

epicondylalgia. 

The aim of this study was to examine the timing of processes that occur before and after 

forearm extensor muscles are activated during the wrist extension reaction time (RT) task. In 

addition, this study also investigated the association of forearm muscles onset characteristics 

with clinical and radiological profiles of LE. RT was significantly slower in the LE group. 

There were no group differences in premotor time (PMT) and the order of muscle activation. 

Instead, the motor time (MT) of ECRB, EDC, ECU and anconeus showed significant delay in 

LE group. Additionally, this study provided preliminary data that suggests involvement of 

ECRB and EDC PMT for wrist extension RT task. Whereas, in the control group, the ECRB, 

EDC and ECU premotor time have equally involved towards wrist extension RT. Regression 

analyses revealed the duration of LE could predict RT, ECRB and anconeus PMT, whereas 

cold pain threshold predicted ECRB MT. 

 

Study 3. Individuals with lateral epicondylalgia exhibit adaptive forearm muscle activation 

strategies based on levels of grip force exertion and wrist posture. 

This study investigated the adaptation in absolute and relative magnitude of extensor carpi 

radialis brevis (ECRB) and synergistic forearm muscles in people with lateral epicondylalgia 

(LE) during gripping at three different wrist posture and grip forces (15% and 30% MVC). 

This study also determined how clinical and tendon structural characteristics of LE are 

associated with muscle activation during gripping. Surface EMG was collected from ECRB, 

EDC, ECU, flexor carpi radialis (FCR), flexor digitorum superficialis (FDS) and flexor carpi 

ulnaris (FCU). The LE group had significantly reduced magnitude of ECRB activity and 

increased relative contribution of ECU during 15% MVC. However, during 30% MVC, the 

LE group showed reduced magnitude of FCR and FDS, and reduced relative contributions of 
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FCR, FDS but increased contribution from EDC and ECU compared to controls. The wrist 

postures did not affect the muscle activation patterns in LE. However, in controls, wrist 

flexion showed lesser contribution for ECRB and greater contribution for ECU compared to 

other wrist postures. There were significant associations between EDC and LE pain and 

disability, and between ECRB activity and LE tendon thickness.  

 

Study 4. Spatiotemporal activation characteristics of forearm muscle synergies differ with 

chronic pain during ramp and hold gripping tasks. 

This study used muscle synergy analysis to investigate activity in multiple forearm muscles 

in individuals with LE during ramp-and-hold gripping. Surface electromyography was 

obtained from six forearm muscles while grip force was developed to 15% or 30% of MVC 

and then held at this force with an isometric contraction. During the isometric phase of 

gripping the pain group had an increased number of muscle synergies, and lower relative 

activation across all muscles compared to controls. In contrast, during the ramp phase of 

gripping the pain group had lower number of muscle synergies and greater relative activation 

across all muscles. The timing of peak activation also differentiated the groups, where there 

was less variability in the timing of peak activation for pain group, which occurred later in 

the ramp phase compared to controls. Performing the grip tasks in different wrist postures did 

not affect muscle synergy characteristics in either group. Regression analyses revealed a 

significant association of decreased level of synergy activation during ramp phase of gripping 

with decreased pressure pain threshold measures in LE. 

  

8.2 Synthesis of experimental findings   

The above findings of experimental studies (Studies 2, 3 and 4) that showed changes in the 

different aspects of the forearm muscles motor control in LE represents the motor system 
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adaptation within the central nervous system (CNS). The identified changes in the forearm 

muscle motor control is likely to be mediated by the chronic muscle-tendon pathology and 

sensory (pain) system changes associated with LE. Moreover, the findings of Studies 3 and 4 

of this thesis suggests that the forearm muscles activation patterns are adapted differently 

during low level grip forces (15% MVC) compared to the high level of grip (30% MVC) 

which has potential to provoke the pain in LE. This section synthesises new insights on the 

altered neuromotor neuromuscular characteristics of forearm muscle activity during wrist 

extension and gripping tasks with an implication for known aetiological mechanisms of LE. 

 

8.2.1 Neural mechanisms of altered timing of forearm muscles activity patterns in 

individuals with LE  

The results of Study 2 provided a new insight that the delayed wrist extension RT in LE was 

due to the increased delay in the MT of the wrist extensors. The MT represents the latency 

that occur in the peripheral neuromuscular system, such as: excitation-contraction coupling 

and the subsequent muscle force development within the wrist extensor muscles and 

transmission of force through common extensor tendon to produce wrist joint movement 

(Cavanagh and Komi 1979). Overall, delayed MT in LE could be a consequence of local 

tendon pathology observed in the common extensor tendon (increased hypoechoic features 

and thickness) in our LE cohorts. In addition, delayed MT in LE might also be a consequence 

of pathology that is present in ECRB muscle fibres (Ljung et al. 1999c). Specifically, the LE 

group demonstrated increased delay in the MT of entire wrist extensors that are mechanically 

linked to the injured common extensor tendon. While the pathology of LE is often attributed 

to the ECRB muscle, it is possible that delayed activation of ECRB to subsequently alter the 

activation timing of its synergistic wrist extensors (ECU and EDC), which could result 

overall delay in wrist extension force development.  
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Although there were no between-group differences in the PMT, which represents the CNS 

latencies, the regression analysis between the PMT and overall RT provided a preliminary 

evidence of changes in the feedforward motor preparation towards rapid wrist extension in 

LE. That is, feedforward muscle activation for rapid wrist extension equally involved the 

ECRB, EDC, ECU in healthy controls; whereas, in individuals with LE it is likely to involve 

only the ECRB and EDC. This implies the involvement of centrally driven mechanism that 

prioritises control over the ECRB and EDC PMT to perform rapid wrist extension, rather 

than precisely regulating the activation of all three extensor muscles in LE. Overall, this 

might be argued as a potential indicator of altered motor planning or coordination during 

rapid (ballistic) wrist extension in individuals with LE.  

 

8.2.2 Neural mechanisms of altered forearm muscles activation strategy during steady-state 

isometric gripping in LE 

Study 1 of this thesis indicated that the current reports of altered absolute and relative EMG 

amplitude patterns of forearm muscles are likely to be influenced by the changes in wrist 

joint position during gripping (Heales et al. 2015; Kelley et al. 1994) and/or pain that might 

have occurred during gripping (Alizadehkhaiyat et al. 2007c; Kelley et al. 1994). While the 

results of Study 3 has provided new insights of how changes in wrist posture could affect the 

absolute and relative amplitude patterns of forearm muscle during gripping, it also provided 

new insights on how the pain provoked by high level grip force alter the forearm muscle 

motor control in LE.   

 

Notably, changes in the reduced absolute ECRB amplitude during a pain-free low level (15% 

of MVC) isometric gripping represented the reduced central motor drive that could occur due 

to chronic pain-related CNS adaptation (Lund et al. 1991) and peripherally altered 
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neuromuscular excitations due to chronic ECRB muscle pathology (Farina et al. 2004b). 

However, in Study 3, a different motor system adaptation was identified for forearm muscles 

where the LE participants experienced mild pain during gripping high level grip force (30% 

MVC). That is, the reduction in absolute amplitude occurred for FCR and FDS which might 

be a reflection of cortical and/or spinal motor inhibition that may occur to decrease the 

demand on painful wrist extensors or prevent pain during gripping (Arendt-Nielsen and Falla 

2009; Graven-Nielsen et al. 1997; Lund et al. 1991; Tucker et al. 2012).  

 

Similarly, relative contribution of the forearm muscles varied differently in 15% and 30% 

MVC grip forces. The result indicated that changes in compensatory motor patterns occur 

only within the forearm extensors (ECU) during low level gripping. Whereas, during high 

grip force level, the compensatory motor patterns were identified for the forearm extensors 

(EDC and ECU) as well as in forearm flexors (FDS and FCR). These represents the 

redistribution of muscle activity due to LE pain related pathology, as seen in other pain 

conditions, which are regulated both at the cortical and spinal reflex mechanisms (Farina et 

al. 2001; Schaible and Grubb 1993). Overall, it speculates the possibility of altered forearm 

muscle coordination that simultaneously activated during gripping in LE. It is worth to 

reiterate that, although the redistribution of muscle activity might be a compensatory strategy 

to accomplish the task; it has always been attributed to the adaptive/maladaptive neural 

control (Hodges and Tucker 2011).  

 

In particular, lack of variation in the level of wrist extensors (ECRB and EDC) contribution 

when the grip was performed in three different postures in LE, indicates the presence of 

simplified motor strategies adopted by wrist extensors during gripping. The lack of variability 

in wrist extensor activity might be a risk for wrist extensor overactivity, which may 
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contribute to the development or ongoing pathology of LE (Descatha et al. 2015; Mogk and 

Keir 2003b). Particularly, the association of increased EDC contribution with LE pain and 

disability, pain-free grip strength suggested that EDC may be a precursor to the development 

of pain especially during 30% MVC gripping. Similarly, association between the ECRB 

contribution and increased tendon thickness in LE might be a positive sign for the 

functionality of intact tendinous portion of ECRB; however, it might be an indication of 

potential overloading of the tendon due to increased contribution from synergistic wrist 

extensors (ECU and/or EDC) that share the common extensor tendon. 

 

8.2.3 Compensatory neural strategies during steady-state isometric gripping in LE 

It is known from contemporary pain theories that redistribution of individual muscle activity 

patterns during sustained contraction in an established painful condition or during a 

movement that could produce pain, would be extremely varying across the number of 

muscles, due to the increased degree of freedom in the neuromuscular system (Hodges and 

Tucker 2011). Given that it would be challenging to conclude the presence of altered forearm 

muscle coordination during isometric gripping in LE, based on the existing literature (Heales 

et al. 2015) and the results of Study 3, which have focused on individual muscle activity. 

 

The muscle synergy analyses used in Study 4 is a known method to overcome the problem of 

degrees of freedom in the neuromuscular system, and provided robust evidence that 

individuals with LE adopt compensatory neural strategies during both 15% and 30% MVC 

steady-state gripping compared to healthy controls. Completely independent spatial patterns 

were identified for two forearm muscle synergies which indicate increased variability in 

motor patterns that could reduce the ongoing stress to the injured or degenerated common 

extensor tendon in LE (Bartlett et al. 2007). Furthermore, it is also known from previous 
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study that reduced motor neuron discharge in painful and/or during pain anticipation 

condition is always accompanied by additional motor neurons firing within and between the 

muscles during the experimental task to accomplish the target force output (Tucker et al. 

2009; Tucker et al. 2012). Additionally, as loss of muscle fibre and altered muscle fibre type 

is evident in LE ECRB (Ljung et al. 1999c), changes in the proportion of active motor unit 

and/or changes in the orderly recruitment of motor unit might also contributed to presence of 

compensatory neural strategies (Tucker and Hodges 2009; 2010). Lastly, it is worth to note 

changes in the spatial redistribution of the active motor unit away from the painful site 

reported in chronic muscle pain condition (Madeleine et al. 2006). Overall, the presence of 

compensatory muscle synergies during steady-state gripping suggests altered motor planning 

in LE that could have occurred to maintain force output and to protect the injured ECRB 

muscle-tendon unit.  

 

Reduced magnitude of muscle synergy activation in LE reflects reduced motor drive, which 

is a centrally-driven mechanism to reduce pain during a habitually painful gripping task. 

During 15% MVC, relative activations were reduced in EDC and wrist flexors which 

suggested a ‘load sharing’ strategy that might have adapted as a protective mechanism to 

preserve degenerated tendon in LE (Ervilha et al. 2004; Ervilha et al. 2005). Load sharing is 

also a product of fatiguing muscle contractions, where subtle adjustments in activation of 

synergistic muscles occur to increase the efficiency of performing the task and prolong time 

to fatigue (Jensen et al. 2000). During 30% MVC, the relative activation of all wrist and 

finger flexors, EDC and ECRB were reduced in LE muscle synergies, which suggest the 

influence of pain provocation (that occurred during high level gripping) on underlying CNS 

adaption due to chronic pain. It is known that the short-term pain that occurs during a task has 

an immediate effect on motor cortex excitability (Farina et al. 2001), and pain around the 
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joint during a functional task could produce an inhibitory effect on the muscles that stabilise a 

joint (Johansson et al. 1991; Schaible and Grubb 1993). 

  

8.2.4 Simplified neural strategies for forearm muscle synergies during ramp phase of 

gripping in LE 

Forearm muscle synergies of gripping are a well-known product of the motor cortex planning 

and execution (Overduin et al. 2008; Overduin et al. 2015). Involvement of primary and 

supplementary motor cortex areas during grip force development (15% and 30% MVC) has 

been previously reported using fMRI in healthy individuals (Ward et al. 2007). The reduced 

number of forearm muscle synergies, exhibited by individuals with LE during the 15% MVC 

grip task, suggests that simplified neural strategies are a feature of LE. The simplified neural 

strategies were further characterised by an increased level of coactivation between the 

forearm extensor and flexor muscle groups, which was reflected as increased magnitude of 

synergy activation in LE during 15% MVC grip. Increased coactivation between the forearm 

flexors and extensors in LE can be supported by similar findings that were reported in a 

chronic low back pain population during the ramp phase of isometric contraction of trunk 

muscles (van Dieen et al. 2003). The increased level of coactivation during pain-free low 

level grip (15% MVC) force development might be a protective mechanism to avoid painful 

movement and improve the joint stability during the functional task (Heiden et al. 2009). 

Moreover, it is worth reiterating the findings from a study using transcranial magnetic 

stimulation that found increased coactivation between ECRB and EDC in LE, which was 

characterised by a lack of differential cortical activation and increased cortical excitability of 

these muscles (Schabrun et al. 2015). 
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In particular, reduced variability of spatial patterns of forearm muscle synergies during low 

level pain-free (15% MVC) ramp phase gripping and reduced variability in peak timing of 

neural activation of forearm muscle synergies during high level (30% MVC) ramp phase 

gripping that provoked pain (in some of the LE population) is likely to be a protective neural 

strategy adopted in LE (Cote et al. 2005; Lomond and Cote 2010; Madeleine 2010; 

Madeleine et al. 2003; Madeleine et al. 2008). Moreover, a positive association of decreased 

synergy activation at 30% MVC ramp phase gripping with decreased pressure pain threshold 

suggested that altered synergy activation might be a consequence of ongoing sensory (pain) 

system changes in LE.  

 

While Study 2 revealed that the delayed individual wrist extensor muscle force development 

during wrist extension in LE is due to peripheral neuromuscular mechanisms; the results of 

Study 4 showed altered temporal patterns of forearm muscle group during ramp phase of 

gripping suggested the involvement of cortical mechanisms in LE. The forearm mucle 

synergies during both the 15% and 30% MVC ramp phase gripping had delayed peak timing 

of neural activation in LE group compared to healthy controls, which could be potentially 

inferred as altered feedforward activation in cortical regions that contribute to planning and 

preparation of motor patterns in LE. fMRI investigations on individuals with chronic 

fibromyalgia had shown reduced activation of the cortical regions involved in the motor 

preparation during response-inhibition task (Glass et al. 2011; Schmidt-Wilcke et al. 2014).  

 

8.3 Clinical implication   

A recent synthesis of current conservative management of LE has suggested that deficits in 

the neuromotor system may affect the effectiveness of current conservative treatments in LE 

(Bisset and Vicenzino 2015). The central theme of this thesis focus on understanding 
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neuromuscular impairments in individual forearm muscles as well as forearm muscle 

coordination in LE. The new insights gained from this body of work may facilitate the 

development of specific assessment and treatment methods that optimise forearm muscle 

motor control in LE. 

  

Current assessment and treatment methods for LE primarily focus on pain, disability and 

structural recovery of the injured tendon, and do not address neuromuscular dysfunction 

associated with known motor deficits such as delayed reaction time and altered wrist posture 

during gripping. For example, one study has shown increased strength in finger extension 

(EDC) and persisitant weakness in wrist extension, finger flexion and maximal grip strength 

in a small group of females with LE who have been asymptomatic for six months following 

treatment, compared to eight healthy females (Alizadehkhaiyat et al. 2009). Also, another 

EMG study had evidenced persistently reduced ECR activity with a compensatory increase in 

ECU activity during isometric wrist extension was also reported in LE participants who are 

clinically recovered from LE, compared to healthy controls (Rojas et al. 2007). Although the 

treatment methods involved in the above two studies are unknown, above findings speculates 

the persistent changes in forearm muscle activity even after a considerable asymptomatic 

period of pain symptoms associated with LE.     

 

The main findings of this thesis indicated that, the reduction in ECRB muscle activity appears 

to be compensated by increased EDC and ECU activity (Study 3). Decreased FDS and FCR 

(Study 3) activity might be compensated for by increased FDP activity (Study 1). Moreover, 

the findings of this thesis also suggested that increased EDC contribution is associated with 

pain related disability in LE (Study 3), and also have shown how the pain provoked during 

gripping affects the forearm muscle activity (especially in forearm flexors, Studies 3 and 4). 
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Although examining the neuromuscular deficits identified in this thesis are not typically part 

of the standard clinical assessment in LE, developing feasible clinical methods (e.g., using 

manual muscle palpation techniques or EMG biofeedback) to assess neuromuscular 

dysfunction in LE may be useful. Particularly, the assessment and interventions that focus on 

pain-free muscle and task specific re-education (gripping and wrist extension) might play an 

important role in the management of LE. Although it is unknown in LE, muscle specific 

exercise interventions are known to overcome delayed muscle onset and reduced/increased 

magnitude of muscle activity in individuals with chronic musculoskeletal pain. Several 

therapeutic measures such as (functional) electrical stimulation, biofeedback, and application 

of taping and a wrist extension brace might be an option for decreasing the activity from 

EDC/ECU, and increasing the activity in ECRB during gripping. For example, there is some 

evidence suggesting reduction in EDC (as well as ECRB) muscle activity with wrist 

extension braces (Faes et al. 2006; van Elk et al. 2004), and a greater level of ECRB activity 

was identified during Thera-putty® exercises in individuals with LE (Landis et al. 2005). 

While optimal wrist posture is an important consideration during gripping, the Study 3 results 

indicate that, the individual’s ability to modulate forearm extensor muscle activity during 

gripping at various wrist postures may be another important aspect of muscle specific re-

education in individuals with LE, particularly those involved in manual handling or repetitive 

gripping jobs. Overall, the results of this thesis suggest that developing a combination of 

treatment methods to induce neuroplastic changes associated with forearm muscle function as 

an appropriate future direction in the management of LE. 

 

8.4 Methodological consideration 

Although the key methodological limitations that are relevant to interpretation of the 

experimental findings are described in detail in respective chapters (Chapter 5, 6, and 7), the 



  General discussion    

190 
 

smaller sample size and inclusion of a single cohort of LE and healthy individuals for all 

three experimental studies are further considerations in this thesis. Inclusion of a single 

cohort helps to distinguish different neurophysiological findings that were obtained from the 

different experiments within the same group of participants. However, the concern on 

generalising the findings from one small group to the entire LE population cannot be 

excluded. It is well known that studies with smaller sample sizes might have a risk for type II 

error (i.e., accepting the null-hypothesis when it is not true), and may not meet the sampling 

adequacy for larger statistical methods such as repeated measures ANOVA with within- and 

between-subject comparisons.  

 

Moreover, it should be noted that the sample size for the studies 2 and 3 of this thesis was 

calculated a priori based on the results of a previous study (refer to Section 4.2). 

Furthermore, the between-group differences observed on the main outcome variables are 

comparable with the previous finding of delayed reaction time in LE for study 2 (Bisset et al. 

2009), and altered relative activation of forearm muscle activity to net muscle activity in LE 

(Rojas et al. 2007, Heales et al 2015) for study 3. An a priori sample size calculation was not 

considered for study 4 as no relevant data was identified from the previous literature. 

Especially, it’s worth noting that all the experimental studies (study 2, 3, and 4) of this thesis 

showed valid sampling adequacy for the repeated measure ANOVA, where the test of 

homogeneity of variance (for between-subject factors) and Mauchly’s sphericity test (for 

within-subject factors) were statistically insignificant (p > 0.05). While this indicates normal 

distribution of data with non-violation of statistical assumption, it also assures absence of 

Type I error (Tabachnick et al. 2001). 
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8.5 Future research 

Determining the fatigue parameters of forearm muscles in LE: Altered fatigue related aspects 

of motor control are often argued in chronic pain conditions that are characterised with 

altered pain system sensitivity, such as LE. While the pathophysiological (hyperalgesia and 

altered muscle fibre type) and functional aspects (eccentric contraction behaviours) of ECRB 

muscle in LE speculates the possibilities of altered fatigue characteristics, the current 

understanding of forearm muscle fatigue characteristic in LE is limited. Further studies are 

required to understand the extent to which the forearm muscle fatigue parameters are altered 

in LE, especially during fatiguing or repetitive grip tasks. Comprehensive understanding of 

forearm muscle fatigue parameters would be an important aspect for the development of 

motor control interventions in LE. 

 

Investigations on forearm muscle activity in a subgroup of individuals with LE: While it is 

known from Studies 3 and 4 that the magnitude of individual forearm muscles and forearm 

muscle synergy activation is associated with severity of pain in LE; further studies 

investigating forearm muscle activity in individuals with severe pain and disability would be 

useful to design individually tailored interventions. Additionally, identifying the presence of 

lateral collateral ligament pathology and its association with forearm muscle activation 

patterns would also be an important consideration for future research. In particular, given the 

deficit in anconeus motor time in LE (Study 2), further investigation that examines the role of 

the anconeus muscle during gripping in LE might be useful to develop novel treatment 

strategies. 

 

Developing and testing comprehensive motor control exercises for individuals with LE: It is 

evident from the findings of this thesis that ECRB muscle activity patterns are constrained 
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during wrist extension and gripping in LE, which might be one of the priorities that should be 

addressed in the assessment and management of LE. There is a need to have combined 

exercise intervention that address the features of delayed onset and reduced or increased 

magnitude of forearm muscle activity (Bruton 2002; Tsao and Hodges 2007) during wrist and 

hand functions, by simultaneously reducing the sensory system sensitivity which has shown 

instant effect on motor system function in LE (Studies 3 and 4). Overall, further 

investigations are required to determine, 1) if muscle specific motor control interventions 

would have a positive effect on deficits in timing and magnitude of forearm muscles activity, 

and 2) if changing altered motor control through intervention improves clinical outcomes in 

individuals with LE. 

 

8.6 Conclusion 

The new insights of different aspects of altered forearm muscle motor control identified in 

this thesis represent motor system adaptation in individuals with LE. The deficit in the 

reaction time occurs due to increased motor time of the wrist and finger extensor muscles 

which may be attributed to the ongoing tissue pathology in LE. Notably, the feedforward 

motor processes prioritise the ECRB and EDC to perform rapid wrist extension in LE. It 

appears that different neuromuscular adaptation occurs in LE depending on the level of grip 

force exerted. While, altered forearm extensor muscle activity during low level (pain-free) 

gripping is related to the pain chronicity and tissue pathology, changes in forearm flexor and 

extensor activity implies pain-induced motor adaptation during high level grip force. The lack 

of variability in the level of wrist extensor (ECRB and ECU) activity when gripping with 

different wrist postures appears to be a simplified neuromuscular strategy adopted by 

individuals with LE. Lastly, results of muscle synergy analyses suggest altered neural 

mechanisms of motor coordination that are believed to be regulated by the motor cortex, such 
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as motor planning and execution, and which differed during the ramp phase and steady-state 

phase of isometric gripping in LE. While compensatory neural strategies were adapted to 

accomplish the constant (steady-state) grip force output, a simplified neural strategy was 

apparent during (ramp phase) grip force development in individuals with LE. 
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Appendix 1 

 

GRIFFITH UNIVERSITY HUMAN RESEARCH ETHICS COMMITTEE 

Ethical clearance letter 

                                                                    21-Jun-2012 

Dear Dr Bisset 

 

I write further to the additional information provided in relation to the conditional approval 

granted to your application for ethical clearance for your project "The assessment of 

neuromotor deficits in people with lateral epicondylalgia" (GU Ref No: PES/22/12/HREC). 

 

This is to confirm receipt of the remaining required information, assurances or amendments 

to this protocol. 

 

Consequently, I reconfirm my earlier advice that you are authorised to immediately 

commence this research on this basis. 

 

The standard conditions of approval attached to our previous correspondence about this 

protocol continue to apply. 

 

Regards 

Chris Rose' Meyer 
Policy Officer, Research Ethics and Governance 
Office for Research 
G39 3.56 Gold Coast Campus 
Griffith University 
Phone: +61 (0)7 5552 7227 
Fax: +61 (0)7 5552 9058 
Email: c.rosemeyer@griffith.edu.au          

mailto:c.rosemeyer@griffith.edu.au
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Appendix 2 

 

Participant information sheet (Experiment 1 and 2) 

Project title:  The assessment of neuromotor deficits in people with lateral epicondylalgia 
 

Lay project title: 
 

Tennis elbow: A study of muscle activity. 

Investigators 
 

Leanne Bisset 
School of Allied Health Sciences 
Griffith University, Gold Coast 
l.bisset@griffith.edu.au 
 

Justin Kavanagh 
School of Allied Health Sciences 
Griffith University, Gold Coast 
j.kavanagh@griffith.edu.au 

 Nagarajan Manickaraj  
School of Allied Health Sciences 
Griffith University, Gold Coast 
nagarajan.manickaraj@griffithuni.edu.au  

Michael Ryan 
School of Allied Health Sciences 
Griffith University, Gold Coast 
michael.ryan@griffith.edu.au 
 

Why is the research being conducted? 

Lateral epicondylalgia, better known as ‘tennis elbow’, is a common condition characterised 

by pain at the elbow and weakness associated with gripping tasks. Simple, everyday activities 

such as lifting a cup to drink, opening a door and using a computer become difficult. As a 

sufferer of this condition you would appreciate that it is painful and limits full participation in 

a normal and fulfilling lifestyle including full participation at work, recreation and usual daily 

activities of life.  

 

Although tennis elbow appears to have a simple presentation (i.e. pain at the elbow that is 

aggravated by wrist and hand activity), there seems to be a series of complex processes going 

on in the body that contribute to this pain. This includes changes in the tendons at the elbow, 

changes in how the body transmits and perceives pain, and changes in the way the muscles 

around the elbow work. It is hoped that information gathered from this project will help us to 

better understand how muscle activity contributes to the presentation of tennis elbow, which 

will lead to a better understanding of how to treat this chronic condition. The aim of this 

project is to assess muscle activity around the elbow during a series of reaction time and 

gripping tasks, in people with tennis elbow compared to healthy people without tennis elbow. 

 

mailto:l.bisset@griffith.edu.au
mailto:j.kavanagh@griffith.edu.au
mailto:nagarajan.manickaraj@griffithuni.edu.au
mailto:michael.ryan@griffith.edu.au
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What you will be invited to do 

As part of the tennis elbow group, you will be invited to attend two sessions of up to two (2) 

hours each, at the School of Allied Health Science at Griffith University, Gold Coast campus. 

Initially a physiotherapist will take you through a physical examination to see if you are 

suitable for the project. If you are deemed to be suitable, a series of measurements will be 

taken, including a questionnaire about your arm pain and function, and a measure of your 

pain-free and maximal grip strength on your affected side. You will then be asked to return 

one week later for the following measurements. Please avoid taking any pain medication and 

any strenuous exercise for your arms for at least 48 hours prior to the testing sessions. 

 

Measurements: A series of measures that quantify sensory and muscle activity, will be taken 

by a researcher.  

 

Sensory activity: Firstly, a series of tests will be used to measure your sensitivity to warmth, 

cold, pressure and vibration.  

 Pressure pain threshold: Using an electronic pressure device, the amount of pressure that 

provokes the first onset of pain will be measured over a site on both elbows and below 

both knees. 

 Heat pain threshold:  An electronic sensor will gradually heat up and the point when you 

perceive the first onset of heat-pain will be measured over a site on both elbows and 

below both knees. 

 Cold pain threshold:  Using the same device above, the cold pain sensor will give a 

reading of the amount of cold you perceive to the first onset of pain over a site on both 

elbows and below both knees. 

 Vibration perception threshold: Using an electronic vibration device, the amount of 

vibration you first detect will be measured at both hands and both feet. 

 

Muscle activity: Your skin will be cleaned using a gentle abrasive cleaning paste. It may also 

be necessary to shave the hair off small areas around your forearm. Seven (7) small 

electrodes will then be placed around your forearm and elbow. These are not painful in any 

way, as they will only be used to measure the electrical activity in your arm muscles. 

 

In addition, following alcohol cleansing of the area, we will insert four (4) very fine wire 

electrodes into four (4) muscles on your forearm. These will be inserted using four (4) fine-
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gauge needles and using palpation to guide their position. Once the wires are inserted into the 

muscles of your forearm, the needles are removed, leaving the wires in place. While there 

may be some minor discomfort during the needle insertion, there is usually no pain or 

discomfort once the needles are removed. You are able to use your arm normally, with the 

wires in place. These fine wire electrodes allow us to localise muscle activity in the very 

small muscles of your forearm and will remain in only for the reaction time task. 

 

The following measures will be recorded: 

Reaction Time Wrist Extension:  In sitting, your forearm and hand on your test side will be 

resting on a supportive surface. From a completely relaxed starting position, you will be 

asked to lift your hand off the surface as fast as you can, in your own time. This will be 

repeated 30 times. 

  

Pain-free grip strength:  Using a grip strength dynamometer, you will be asked to grip to 

three separate target levels (15 and 30% of your maximal grip strength) with your Elbow 

flexed, palm facing down on a supportive surface, and your wrist in the following positions: 

 flexed position 

 neutral position 

 extended position 

Lastly, you will be asked to perform one maximal grip strength task. Once the testing is 

complete, the researcher will gently remove all the electrodes. 

 

The basic by which you will be selected 

Inclusion criteria: You may be included in the study if diagnosis of tennis elbow is confirmed 

by pain over the lateral elbow of a minimum 6 weeks duration which is increased on 

palpation of the lateral epicondyle, gripping, resisted wrist or 2nd or 3rd finger extension and 

aged 18 to 70 years. 

 

Exclusion criteria: You will be excluded from the study if you have any systemic illness such 

as rheumatoid arthritis, neck and shoulder pathologies, neurological impairment, haemophilia 

or malignancies. Also, if you have had any other elbow joint pathology or nerve involvement, 

previous surgery to the elbow or a past history of dislocation, fracture of the elbow or tendon 

ruptures, or shoulder, wrist and/or hand pathology, if you are pregnant or breast feeding, or if 
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you have any bleeding/clotting disorders, or any other contraindication to injections such as a 

fear of needles. 

 

Expected benefits of the research 

This project will help to compare muscle function in people with and without tennis elbow. 

The results of this study may be helpful in developing more understanding of the underlying 

features of tennis elbow.  

 

Risks to you 

Testing your maximal grip strength in the first session may cause some elbow pain. This may 

last one (1) to three (3) days and should be no worse than the pain you experience during 

other normal activities such as carrying groceries or opening a jar. All tasks on the second 

session will be performed pain-free and should you experience any pain during the tasks, we 

will stop testing immediately. You will be referred to the on-site health professional for 

further assessment and/or treatment, at no cost to you. The risks associated with the insertion 

of fine wire electrodes are similar to receiving any injection with a hypodermic needle, with 

the main risks being discomfort and wire fracture. However, these problems very rarely occur 

and are not a threat when being used by experienced researchers. 

 

Your confidentiality  

Data will be recorded either on printed data collection forms or electronically through 

specialised computer software. All data will then be transferred into an electronic database 

and will be kept confidential and secure in a locked cabinet of a private office for hard copy 

information and by restricted password for computerised information. Once the study is 

complete and you have received your results, your name will be removed from the data, to 

keep the information anonymous. 

 

Your participation is voluntary 

Whether you decide to participate in the study or not, your decision will not prejudice you in 

any way. If you do decide to participate, you are free to withdraw at any time and your data 

will also be withdrawn from the study.  
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Funding 

This study is being funded through the research funds of the chief investigators. This funding 

will be used to pay for consumables and the $40 Woolworths gift voucher you will receive as 

part of your participation in this study. There will be no financial gain as a result of this study 

for any of the research investigators. 

 

Questions / further information 

We are happy to answer any queries you may have at this time.  If any aspect of the study 

concerns you, or if you just have general questions, please do not hesitate to contact Leanne 

on the contact details which are displayed on the front of this page. 

 

The ethical conduct of this research 

Griffith University conducts research in accordance with the National Statement on Ethical 

Conduct in Human Research.  If potential participants have any concerns or complaints about 

the ethical conduct of the research project they should contact the Manager, Research 

Ethics on 3735 5585 or research-ethics@griffith.edu.au. 

 

Feed back to you 

Everyone who participates will be provided with a report detailing the group averages for 

each test as well as any between-group differences, as soon as they are available. Data 

obtained through completion of this project will be submitted for publication to a journal. 

You will be informed when these results are published.  

 

Privacy statement  

The conduct of this research involves the collection, access and/or use of your identified 

personal information. The information collected is confidential and will not be disclosed to 

third parties without your consent, except to meet government, legal or other regulatory 

authority requirements. A de-identified copy of this data may be used for other research 

purposes. However, your anonymity will at all times be safeguarded. For further information 

consult the University’s Privacy Plan at www.griffith.edu.au/ua/aa/vc/pp or telephone (07) 

3735 5585. 

 

Thank you for your interest in this research project. 

mailto:research-ethics@griffith.edu.au
http://www.griffith.edu.au/ua/aa/vc/pp
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Appendix 3 

 

Written consent form 

Project title:  The assessment of neuromotor deficits in people with lateral epicondylalgia 
 

 
Lay project title: 
 

 
Tennis elbow: A study of muscle activity. 
 
 

Investigators 
 

Leanne Bisset 
School of Allied Health Sciences 
Griffith University, Gold Coast 
l.bisset@griffith.edu.au 
 

Justin Kavanagh 
School of Allied Health Sciences 
Griffith University, Gold Coast 
j.kavanagh@griffith.edu.au 

 Nagarajan Manickaraj  
School of Allied Health Sciences 
Griffith University, Gold Coast 
nagarajan.manickaraj@griffithuni.edu.au  

Michael Ryan 
School of Allied Health Sciences 
Griffith University, Gold Coast 
michael.ryan@griffith.edu.au 

By signing below, I confirm that I have read and understood the information package and in particular 
have noted that: 

 I understand that my involvement in this research will include the completion of two sessions 
which will require approximately 240 minutes of my time, to be performed at Griffith 
University, Gold Coast campus;  

 I have had any questions answered to my satisfaction;  
 I understand the risks involved;  
 I understand that there will be no direct benefit to me from my participation in this research, 

apart from a $40 Woolworths gift voucher;  
 I understand that my participation in this research is voluntary; 
 I understand that if I have any additional questions I can contact the research team;  
 I understand that I am free to withdraw at any time, without comment or penalty;  
 I understand that I can contact the Manager, Research Ethics, at Griffith University Human 

Research Ethics Committee on 3735 5585 (or research-ethics@griffith.edu.au) if I have any 
concerns about the ethical conduct of the project; and  

 I agree to participate in the project. 
 
 Signatures: 
  …………………………………………  ……………………. 
  Participant      Date 
 
 
  …………………………………………  ……………………. 
  Investigator(s)      Date 
 
 

mailto:l.bisset@griffith.edu.au
mailto:j.kavanagh@griffith.edu.au
mailto:nagarajan.manickaraj@griffithuni.edu.au
mailto:michael.ryan@griffith.edu.au
mailto:research-ethics@griffith.edu.au)



