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THESIS ABSTRACT 

This thesis examines the regulation of muscle function following exercise-induced 

muscle damage (EIMD), in an attempt to determine whether regulation occurs primarily 

in the muscle (neuromuscular) or further upstream. Upstream regulation has been 

hypothesized to occur in the lower brain structures, but one may assume that the 

efferent output to the muscle should be guided by the motor and pre-motor cortex 

alongside other associated cortical areas.  

There are five chapters comprising of theoretical and experimental sections. Chapter 

one is a review of the current understanding, knowledge and controversies around 

EIMD, pain, electromyography (EMG) and electroencephalography (EEG). More 

specifically this chapter focuses on exercise-induced muscle damage (EIMD) and the 

associated clinical symptoms and neuromuscular changes. A further focus is on acute 

pain, mainly muscular pain and pain associated with movement and EIMD. Central 

nervous system pathways connecting the periphery with the brain are also discussed. 

This chapter further explores the use of EMG to measure the neuromuscular changes 

associated with EIMD. In the third section the effect of pain and movement on the 

activity of cortical alpha (α) and beta (β) frequency bands is discussed. The use and 

applications of EEG during movement and whilst experiencing acute pain, are also 

discussed. It was apparent after this review that there is a need to investigate the 

effects of the symptoms and neuromuscular changes caused by EIMD on the EMG 

activity as well as the cortical α- and β- frequency band activity.  

The second chapter is the first experimental chapter which investigates the effect of 

the symptoms of EIMD on the neuromuscular function and EMG activity during 

maximal isometric contractions (MVC) and submaximal flexion-extension movements. 

Twenty-five right-handed males were recruited for this study. They were allocated to 

either a control (n = 13) or experimental group (n = 12). In contrast to the control group, 

the experimental group participated in an EIMD induction protocol. Subsequently, both 

groups and their symptoms were closely monitored for 132 hours. After the induction of 

EIMD, the experimental group displayed symptoms of muscle pain, swelling, muscle 

shortening, increased serum creatine kinase activity, decreased force output and 

altered neuromuscular function. Muscle pain scores in the experimental group peaked 

after 36 hours with creatine kinase activity peaking after 108 hours. Twelve hours after 

EIMD was induced, EMG activity had decreased by 20% during a MVC in the 
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experimental group and decreased by a further 10% until the end of the study was 

reached 132 hours after the EIMD inducing protocol. In contrast EMG during a 

submaximal flexion-extension movement increased significantly until the end of the 

study (132 hours). In conclusion this study showed that EIMD disturbs neuromuscular 

function during maximal isometric and submaximal shortening-lengthening exercises 

but these changes are not directly related to the clinical symptoms. The dissociated 

EMG activity at submaximal and maximal movement intensity also suggests that 

central regulation influences the neural firing patterns and motor unit activity. 

The aim of the study in the third chapter was to investigate the effects of EIMD to 

determine the relationship between the peripheral symptoms, neuromuscular changes 

and delayed pain sensation during a submaximal movement of the biceps brachii on 

cortical alpha (α) activity. In contrast to the control (n = 12) group, the experimental (n 

= 16) group participated in an EIMD inducing protocol and both groups were monitored 

for 132 hours post-EIMD induction. At twelve hours neuromuscular functioning was 

already disturbed while the sensation of pain was perceived but not fully developed. 

Muscle pain scores in the experimental group peaked after 36 hours with the lowest 

torque reported at twelve hours. Alpha-1 activity increased significantly in the motor 

and somatosensory area twelve hours post-EIMD while α-2 activity increased in the 

contralateral fronto-central area. At 36 hours pain had further increased and 

neuromuscular function improved whilst α-1 and α-2 activities had decreased. We 

hypothesise that α-1 activity over the motor and somatosensory cortex of the 

experimental group displays a compensatory increase in response to the changes in 

neuromuscular function during movement, whilst an increase in α-2 activity is related to 

the suppression of pain experienced within the first twelve hours. 

The fourth chapter describes an experiment in which the response of cortical β activity 

to pain and neuromuscular changes caused by EIMD was studied. This study explored 

the manner in which cortical β activity changed during a testing protocol lasting for 144 

(pre to 132 hours post) hours. In more detail this study investigated the effect of 

neuromuscular changes and pain induced by EIMD and the recovery of the symptoms 

of EIMD on the global cortical β range activity in the experimental group (n = 16) and 

the effect of repeated submaximal movements on cortical β activity in the control group 

(n = 12).  

Muscle pain scores in the EIMD group peaked after 36 hours with the lowest muscle 

torque reported at 12 hours. Beta -1 activity was up-regulated in the frontal and parietal 
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area in the experimental group at 12 and 36 hours. This suggests an impact of EIMD 

induced neuromuscular changes on the cortical proprioceptive and motor perceptive 

networks. Beta-2 activity decreased in the control group over time suggesting a loss in 

focused attention and greater familiarization with the protocol as the study progressed, 

while it increased in the EIMD group. These data suggest a change in activity in the 

upstream regulator integrating movement perception and proprioception post-EIMD. 

Furthermore our data indicates that β-2 activity is associated with the anticipation of 

pain induced by movement.  

 

Finally chapter five synthesises the data from the previous studies to create a 

hypothetical model to explain how EIMD symptoms, neuromuscular function and 

cortical activity interact with each other in a feed-forward and feedback regulation 

mechanism. This chapter also includes suggestions for future directions of research in 

EIMD and muscular pain. 
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control () and experimental () group.  

 
## p < 0.01 at 84 hours post versus pre in the experimental group 
### p < 0.001 at 36 and 60 hours post versus pre in the experimental group 

 
 
(b) The change in the difference in relaxed elbow girth (cm) between the left and right arm of 

the control () and experimental () group over seven days. 
 

# p < 0.05 at 108 hours post versus pre in the experimental group 
## p < 0.01 at 36 and 60 hours post versus pre in the experimental group 
### p < 0.005 at 84 hours post versus pre in the experimental group 
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the control () and experimental () group over seven days. 
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in the control () and the experimental () group. 
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*** p < 0.001 control versus experimental group 
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of the control () and experimental () group over seven days. 
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Figure 4.4 The global change (%) of β-1 activity measured with 129 electrodes over the scalp is 
shown in the control (a) and experimental (b) group. An outline of the electrodes showing 
significant differences between the two groups (c) at each time point is also shown. 
 
Figure 4.5 Twelve different electrodes representative of the change (%) of β-1 activity in the frontal, 
central and parietal areas of the brain in the control () and experimental () group. Each graph is 
labeled with the corresponding electrode number. The horizontal dotted line represents the time of the 
EIMD- inducing protocol in the experimental group. The vertical grey line marks the time of the EIMD 
inducing protocol in the experimental subjects. 
(* indicates results of the Kruskal-Wallis nonparametric test, # indicates results of the Friedman’s non parametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group 
# p < 0.05 at 12 and 36 hours post versus pre in the control group, ## p < 0.01 at 12 hours post versus pre in the control group 
### p < 0.001 at 36 hours post versus pre in the control group 

 
Figure 4.6 The global change (%) of β-2 activity measured with 129 electrodes over the scalp is 
shown in the control (a) and experimental (b) group. An outline of the electrodes showing 
significant differences between the two groups (c) at each time point is also shown. 
 
Figure 4.7 Twelve different electrodes representative of the change (%) of β-2 activity in the frontal, 
central and parietal areas of the brain in the control () and experimental () group. Each graph is 
labeled with the corresponding electrode number. The horizontal dotted line represents the time of the 
EIMD- inducing protocol in the experimental group. The vertical grey line marks the time of the EIMD 
inducing protocol in the experimental subjects. 
(* indicates results of the Kruskal-Wallis nonparametric test, #, †, ‡ indicate results of the Friedman’s non parametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group, *** p < 0.001 control versus 
experimental group 
# p < 0.0512 and 36 hours post versus pre in the control group, ## p < 0.01 at 12 and 36 hours post versus pre in the control 
group. 
† p < 0.05 at 36 versus 12 hours post in the experimental group, ‡ p < 0.05 at 132 versus 12 hours post in the experimental 
group. 
 
 
CHAPTER 5 
 
Figure 5.1 Schematic overview of the main findings of chapter 2 

 
Figure 5.2 Schematic overview of the main findings of chapter 3 

 
Figure 5.3 Schematic overview of the main findings of chapter 4 

 
Figure 5.4 Schematic overview of the hypothesized model. 

 
Figure 5.5 An abstract model of the communication pathways between the peripheral muscle 
and the cortical areas. Each colour represents a frequency. Blue = β-1, green = α-2, red = α-1 
and yellow = β-2.  
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1.1  INTRODUCTION TO THE REVIEW OF THE LITERATURE 
 

Humans, unlike other mammals have developed a muscular skeletal system specially 

adapted for bipedal upright locomotion 46 with front limbs free to be used for fine 

controlled grasping and holding tasks 307. In response to the demands of searching for 

food or fighting for survival, their musculo-skeletal systems, especially the skeletal 

muscles have adapted to accommodate a multitude of requirements. However even 

this well adapted system experiences severe stress and consequently is subjected to 

structural damage and associated acute pain. 

 

Today the skeletal system has to adapt to the demands of voluntary exercise, such as 

marathon running, endurance cycling, downhill running or weight training sessions at 

the gymnasium. These types of exercise can cause damage to the muscle, particularly 

if the person is not accustomed to the exercise mode and when the exercise is 

predominated by muscle lengthening under tension 16, 17, 113, 121, 251. 

 

This unaccustomed exercise immediately leads to structural and metabolic changes 

such as, pH changes in the tissue, intramuscular enzyme and metabolite leakage into 

the circulation system, muscle fibre tears and the initiation of inflammatory processes 
16-18. Furthermore there is an immediate loss in force output and changes in 

neuromuscular functioning 296. These structural and metabolic changes lead to a 

disturbance of the system homeostasis and need to be counteracted to reinstate 

homeostasis. Recent research has shown that pain, just like hunger, thirst and itch, is 

an emotional response to reinstate the system homeostasis 86, 241. Pain is also an 

expected response associated with exercise-induced muscle damage (EIMD). Most 

interestingly the sensation of pain associated with EIMD is delayed and only appears 

twelve hours after the exercise, with severity intensifying 24 hours after the protocol. 

Pain peaks at 48 hours and subsides within seven days after the exercise which 

caused EIMD. Clinical symptoms also decline within seven days. However, structural 

changes to the muscle fibres have been documented to last six weeks after prolonged 

exercise in events such as a marathon 169, 395. 

 

The pain that is associated with EIMD is not only delayed in its onset but is also not 

tightly associated with the other symptoms of EIMD. Interesting questions arise from 

this phenomenon. For example, how is this noxious stimulus received by the muscle 

tissue, and how is it perceived and integrated in the brain? Of special interest is to 
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determine if there is an involvement of cortical structures during the subsequent 

recovery period from EIMD and if cortical activity influences the neuromuscular 

activation patterns as well as the delayed onset of pain. 

To understand the underlying factors in greater detail a review of the literature was 

prepared and divided into three parts. The first part introduces EIMD, its symptoms, 

peripheral changes and how it might disturb the homeostasis of the system. In addition 

the sensation of pain and the pathways leading from the painful stimulus to the 

emotional and physiological integration of the sensation of pain is introduced.  

The second part describes the methodology of electromyography (EMG), including 

what it measures and how the data are recorded and analysed. This is of importance 

as EMG reflects the changes in activation of the muscle (peripheral changes) in 

response to the EIMD before measuring the EIMD associated changes in the cortical 

areas. The third and last part of this review illustrates the involvement of the cortical 

areas in movement execution and pain perception. This is followed by a discussion of 

electroencephalography (EEG) as a mode to measure the electrical activity and by 

implication the changes in the activity of the cortex.  

The goal with this review of the literature is to convince the reader that to further the 

knowledge on EIMD and its implications on the system, the field of research needs to 

be widened to include not only peripheral (clinical signs and EMG) but also central 

measures (EEG) to understand EIMD and its effects, particularly those of pain and 

neuromuscular changes better.  

1.2 EXERCISE-INDUCED MUSCLE DAMAGE AS AN EXAMPLE 
OF DISTURBING SYSTEM HOMEOSTASIS 

1.2.1 Introduction to muscle damage as a result of unaccustomed 
exercise 

Unaccustomed exercise, especially exercise during which the muscle is lengthened 

under tension, can lead to structural, metabolic and biochemical changes at a cellular 

level in the involved muscle tissue. Although this type of exercise is often referred to as 

eccentric exercise 76, 85, 124, 133, 142, the technically appropriate term is 'lengthening under 
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tension' 130, which will be used subsequently.  

 

Clinical symptoms of EIMD include swelling of the tissue, loss of strength and muscle 

function and a decrease in the resting length of the muscle. There is also increased 

activity of intramuscular enzymes, such as creatine kinase in the blood 56, 264, 267. The 

circulating enzyme activity is possibly a result of the disruption of the sarcolemma or 

change in membrane permeability caused by the EIMD inducing protocol. This would 

lead to the leaking of intracellular enzymes and proteins into the serum 80, 264. The 

activity of serum creatine kinase increases rapidly 48 hours after an EIMD protocol 153 

and usually remains elevated for five days or longer after the intervention 210, 215, 264, 266. 

 

The muscle stiffness associated with EIMD is usually felt within the first twelve hours 

and develops into soreness, which peaks between 24-72 hours after the muscle 

damage was induced 142, 267. The pain usually subsides within seven days after the 

damage inducing exercise 173, 210. Importantly it is still not known which biochemical and 

mechanical processes are associated with the delayed perception of pain following 

EIMD. For example, the symptoms associated with EIMD233, particularly the decrease 

in neuromuscular functionality measured as force output 79, usually occur within the first 

0-12 hours after the injury 80 and peak at different time points thereafter 80, 265. The 

increase in arm circumference is caused by oedema as a result of tissue fluids leaking 

from the injured muscle tissue and accumulating in the connective tissue 173. The 

oedema 172 and changes in the connective tissue 81 have been proposed as causes for 

the shortening of the muscle leading to a change in the elbow angle. Oedema in the 

damaged muscle, for example, leads to a peak in limb circumference 72 hours after the 

EIMD inducing protocol, as does the shortened muscle length associated with the 

damage 79, 265, while creatine kinase activity in the blood only peaks 72 or 96 hours after 

the EIMD inducing protocol . The exact timing seems to be dependent on the exercise 

protocol used 79, 80, 329. 

 

The symptoms of oedema and muscle shortening disappear after 5-7 days 81, 113, while 

the peak soreness usually occurs at 24-48 hours after the EIMD inducing exercise 403. 

Therefore, the asynchronous appearance and disappearance of the clinical symptoms 

and pain makes it difficult to establish a cause and effect relationship between these 

variables. 
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1.2.2 Processes during EIMD 
 

Armstrong 17 has proposed that EIMD is an inflammatory process. He used a 4-stage 

model to describe this process. The four stages are as follows; an initial stage, an 

autogenic stage, the inflammatory stage followed by the regenerative stage. Not much 

is known about the initial stage besides that it triggers the following degenerative, 

inflammatory and regenerative processes in the muscle tissue. 

 

The autogenic stage which follows can last up to several hours and includes an 

increased concentration of calcium (Ca2+) in the damage tissue due to the disturbance 

in the release and reuptake of calcium by the sarcoplasmic reticulum. The free calcium 

leads to the activation of calpain and phospholipase leading to the breakdown of cell 

structures 27, 269. This stage merges into the inflammatory stage when phagocytic and 

other inflammatory cells enter the damaged tissue 232, 375. The regenerative phase is the 

last stage of the process and describes the phase when the first regenerative 

processes take place. The regeneration includes the revascularization of the damaged 

area, the activation of satellite cells resulting in proliferation and fusion of myoblasts 

and the maturation of the myotubes 65, 142, 159, 365. This occurs within 4-6 days after the 

initial event and after 10-14 days the tissue appears normal again 142. In cases of 

severe muscle damage, for example after an ultra marathon race, the regeneration 

process can take several weeks (10—12 weeks) 395. This type of exercise leads to 

severe muscle fibre tearing, intra and extra cellular oedema, myofibrillar lysis and focal 

mitochondrial degeneration within the tissue, even without displaying inflammatory 

processes 156, 395. 

 

Most of the above mentioned processes (break down of cell structures, oedema etc) 

are similar in EIMD and inflammatory processes 233, 264, 354, 381. But inflammatory 

processes do not entirely explain the events in the muscle tissue after the 

unaccustomed exercise, because the inflammatory response to the EIMD induced 

tissue damage does not provide sufficient strength to elicit the pain response as seen in 

EIMD 264. 

 

Besides the inflammatory response, mechanical damage to the contractile apparatus is 

often observed. This includes damage to the myofibrils and the cytoskeleton which is 

regularly analysed in biopsies taken from muscle tissue exposed to excessive exercise 
140, 142. It has been shown that the first structural changes of the cytoskeleton, including 
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rupturing of sarcomeres 140-142, damage to the cytoskeleton (desmin) and the cell 

membrane 140-142, 251 occur within the first 5-15 minutes after the onset of repetitive 

lengthening muscle actions 218. Other signs of damage include z-band streaming and 

dissolution, A-band disruption, disintegration of the intermediate filament system and 

misalignment of the myofibrils 2, 140-142. As a consequence of the damage to the 

myofibrillar structure and change in membrane permeability, the internal chemical 

balance is disturbed. This results in enzyme leakage, cellular degradation and failure of 

the excitation-contraction coupling in the muscle 17, 53, 80, 141. Intermediate filament 

damage is caused by direct tension on the tissue during exercise or indirect tension 

due to the pressure of oedema. The apparent damage to the intermediate filaments 

could be a secondary response to muscle damage and may be the initial step of 

sarcomereogenesis 140. 

 

The major symptoms of EIMD include soreness and tenderness. It has been suggested 

that these pain symptoms are triggered by intracellular fluids leaking out of the 

damaged muscle fibres and activating nociceptors. As the pain during EIMD is dull and 

not well localized, it is assumed that the nociceptive signal is mainly conducted by the 

type C unmyelinated pain fibres 268, 370.  

 

1.2.3 Measurement of muscular pain 
 

To be able to compare the pain caused by a variety of stimuli such as capsaicin 69, 70, 

hypertonic saline injection 75, 214, laser stimulation 185, 188 or muscle damage a reliable 

system to measure pain is needed. Several systems have been developed including 

subjective (pain scales) and objective (pressure probe) 210 pain measures. Over the 

years the visual analogue scale (VAS), a subjective pain measure, has proven to be 

valid 146, 277, reliable and repeatable 40, 122, 277, even when compared to more objective 

pain measurements  

 

The VAS, which is a widely used scale to measure pain, is a type of a ratio-interval 

scale 297. It consists of a line or scale, with each end of the line/scale labelled with 

statements appropriate for describing the extreme values of the sensation: one end is 

often labelled “no pain” and the other end is often labelled “worst possible pain.” The 

subjects rate the perceived pain by placing a marker or simply tick the line in relation to 

the two extremes. The VAS has been shown to be useful for separating measures of 

pain intensity and unpleasantness 40, 108. 
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In conclusion, EIMD with its symptoms of tissue damage, enzyme leakage, tissue 

healing and pain has been shown to be a good model for acute pain and its effects on 

the peripheral as well as central structures. Of particular interest in the context of this 

thesis are the delayed pain response and the association between neuromuscular 

changes and electrical activity in the muscle (EMG) and brain (EEG). 

 

Therefore the next two parts of this review will elucidate the use and background of 

EMG and EEG in measuring the effects of EIMD. In particular the review will focus on 

pain associated with EIMD and the electrical activity in the peripheral nerves and 

muscles as well as affected brain structures. 

 

 

1.3 PAIN: THE PERCEPTUAL RESPONSE TO DISRUPTION OF 
HOMEOSTASIS 

 

1.3.1 Introduction to pain 
 

Pain is a sensation experienced by all mammals and consists of a nociceptive signal 

accompanied by an emotion or feeling. The nociceptive signal is a physiological 

activation of niceptive receptors and their afferent nerves (physiological sensation of 

pain is discussed in greater detail from page eight onwards). The emotional component 

of pain exists largely to produce a behavioural response associated with the avoidance 

of the pain inflicting stimulus 244, 392, 402. To fully understand pain one cannot separate 

the nociceptive signal from the emotional response 86. Similar to thirst, hunger, 

temperature and itch, pain is an emotional motivation to restore homeostasis which has 

been disturbed by the sensation causing the stimulus 86, 241. 

 

1.3.2 Definition and teleology of pain 
 

The International Association for the Study of Pain defines pain as: ”Pain is an 

unpleasant sensory and emotional experience associated with actual or potential tissue 

damage, or described in terms of such damage” 1. 

 

The sensation of pain heightens awareness of a problem such as an inflammatory 

process or injury. The sensation of pain may also protect the involved area from further 

injury and aid in the process of healing by eliciting an emotional response and causing 
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an avoidance reaction 56, 86. 

 

1.3.3 Classification of pain 
 

According to the time frame of inflammation, tissue damage and healing process, the 

sensation of pain can be divided into three subdivisions; transient, acute and chronic 

pain 61, 242. Transient pain is of very short duration such as a needle prick or stubbing a 

toe and usually does not require medical attention. Acute pain, which is elicited by 

damage to tissue and can last anything from a few hours to a few weeks or even 

months but usually subsides before the healing of the damaged tissue is completed. 

Examples for acute pain are the pain associated with burning with hot water, exercise-

induced muscle fibre tears or a broken bone. Acute pain requires medical treatment in 

some cases and can also be related to trauma or surgical interventions 61, 242. Chronic 

pain lasts from a few months to several years and is often difficult to treat, as the tissue 

damage is either so severe that healing is impaired, or the pain is due to peripheral or 

central neuropathic pain. Examples of conditions associated with chronic pain included 

multiple sclerosis and osteoarthritis 1, 242. However in this review the focus will mainly be 

on the effects of acute muscular pain and in particular the pain associated with EIMD.  

This review as well as the following chapters will mainly focus on the effects of pain 

rather than nociception as, the experimental studies focused on the emotional/cognitive 

response to nociception which is included in the broader term pain. Therefore the spinal 

pathways will be called nociceptive pathways but as soon as the noxious stimulus 

reaches the brain I will be talking about pain as one cannot discriminate anymore 

between the noxious stimulus, the sensation and the emotional /cognitive response.  

 

1.3.4 Physiology of pain 
 

1.3.4.1 Noxious stimulus 
There are several muscular 66, 68, 69 or cutaneous 70 stimuli which are used in research 

to induce a noxious stimulus. Most studies of evoked pain use heat, laser, hypertonic 

saline or capsaicin injection to induce pain in the arm or foot area 66, 70, 103, 175. 

 

1.3.4.2 Nociceptors 
The painful stimulus caused by, for example, a muscle fibre tear due to exercise is first 

received in the nociceptors. Nociceptors are high threshold, free nerve endings which 

act as receptors for noxious stimuli (i.e.. needle prick, boiling water, muscle fibre tear, 



Chapter 1 

 10 

skin cut) and are found in most organs of the body. They are stimulated either by a 

mechanical, chemical, thermal, electrical or other stimuli, but mostly are activated by 

chemical mediators before they can react to the noxious stimulus 182. These chemical 

mediators can be prostaglandins, proteolytic enzymes, potassium, bradykinin, 

histamine and other chemical or metabolic substances released by injured tissue 406. 

Local tissue acidity (pH change) can also lead to a depolarisation of the receptors, 

which in return leads to a hyper sensitivity to noxious stimuli. By activating the pain 

receptors these substances can enhance the transmission of the nociceptive signal to 

the spinal cord. This process is known as peripheral sensitization 409. 

1.3.4.3 Nociceptive fibres 
The nociceptive component of pain is transferred by two different types of nociceptive 

fibres; the fast conducting Aδ fibres and the slower conducting unmyelinated C fibres. 

Aδ fibres are thinly myelinated neurons conducting information at about 20 m·s-1, and 

are believed to be responsible for the acute and sharp pain felt immediately after an 

injury or tissue damage occurred 182. The Aδ fibres terminate in the dorsal horn, from 

where the second order neurons directly transmit the nociceptive signal through the 

spinothalamic tract (Figure 1.1) to the thalamus and sensory cortex 182. 

However in this review the pathway of only the slower type C fibres will be discussed as 

it has been hypothesised that they are more relevant to the pain felt while experiencing 

the symptoms associated with EIMD. This is due to the observation of EIMD causing a 

slow, longer lasting dull pain, which is associated with C fibre conduction, rather than 

the short sharp pain associated with Aδ fibre conduction 370. However it has been 

proposed that the pain felt during movement after an EIMD protocol is often sharper 

and more localised and could therefore be transmitted by the Aδ fibres 268. 

1.3.4.4 Nociceptive signal entry into the spinal cord 
Nociceptive inputs are mediated through a complex system of receptors and pathways. 

From the affected organ, the nociceptive signal is transmitted through the first order 

neuron to the unmyelinated dorsal root C fibre at a speed of 0.5-2.0 m·s-1. The first 

order neurons enter the dorsal horn and synapse in lamina I 86. The neurons usually 

terminate shortly after their point of entry into the dorsal horn and fan out over several 

segments 406 and therefore lose some of their localization specificity. The synapses in 

the dorsal horn show great malleability and therefore pain signals can be intensified or 

inhibited in this region 241, 243, 244.  
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Figure 1.1 A graphical representation of the central pain pathways from the biceps brachii via 
the spinothalamic tract to the somatosensory area.  
* Figure modified from Crossman AR and Neary D. Spinal cord In: Neuroanatomy, An illustrated colour text Churchill 
Livingstone, Pearson Professional Limited 1996:49 88 

 

1.3.4.5 Gate control theory of pain 
In particular impulses from collateral and interneurons can inhibit the transmission of 

pain signals from the dorsal root fibres to the spinothalamic neurons by interfering at 

the first point of synapsing between the first and second order neurons in the dorsal 

horn 185, 192, 406, 407.  
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Figure 1.2 shows the entry point to the nociceptive C fibre and the Aβ mechanoreceptor 

into the dorsal horn. It shows how interneurons can relay information from the 

mechanoreceptor to the pain fibre to inhibit pain transmission. This explains why, for 

example, rubbing the skin decreases a painful sensation. The rubbing stimulates the 

mechanoreceptors which then interact with the nociceptors at the dorsal horn level and 

decrease (or increase) the feeling of pain 298, 399. Furthermore, efferent neuronal 

signalling from the brain and the subsequent release of neurotransmitters can interact 

with, and impede flow of, information at this level and hence inhibit the further 

transmission of the pain signal 99, 164, 181. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 The basis arrangement of the sensory GATE mechanism in the dorsal 
laminae of the grey matter of the spinal cord.  
*Adapted with permission from Crossman A R. Spinal Cord. In: Standring S, ed. Gray's Anatomy Elsevier; 2005:307-
326.)87 

 
Information from the frontal somatosensory area, the cingulated cortex, hypothalamus 

and amygdala descends via the reticular formation and the spinal cord to the first order 

synapses in the dorsal horn (the areas of the brain will be discussed on page twelve). 

This efferent information is used by relay cells and interneurons to either inhibit or 

enhance signal transmission at the synapses in the dorsal horn 241, 406, hence the term 

GATE for these synapses as suggested by Melzack and Wall 244 in their GATE theory 

of pain. This GATE is the first point at which the transmission of a painful stimulus can 

be inhibited by signals transmitted from the brain and is therefore of interest when 

discussing the interaction of a painful stimulus and the brain later. Therefore the dorsal 

horn GATE is the first central point at which an efferent signal from the brain can inhibit 

or enhance afferent pain transmission.  
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1.3.4.6 Spinal pathway 
From the point of synapsing in the dorsal horn, the second order neurons ascend 

towards the brain 406. A number of neuronal axons terminate in the spinal cord 

(information used for reflex arc) while other axons enter the anterolateral system 

including the lateral spinothalamic tract 87 (Figure 1.1). The main pathway ascends 

through the dorsal horn of the spinal cord, crosses the midline to the opposite side of 

the spinal cord and often synapses several times before entering the brain stem at the 

reticular formation 87, 405. Some of the neurons end in the reticular formation and near 

the aqueduct in the midbrain. Further neurons project from the reticular formation, 

which mediates the central inhibition and arousal effect of pain, to the midline and 

intralaminar non-specific projection nuclei of the thalamus. From the ventral nuclei of 

the thalamus the signal is transmitted through the third order neuron to the 

somatosensory area 44, 171, 302 in the cortex.  

 

1.3.5 Perception of pain 
 

1.3.5.1 Brain areas associated with pain 
As discussed in the previous paragraph the painful stimulus reaches several brain 

areas. It has been found that pain is not evaluated and integrated in a single area of 

the brain but rather that the activation of the small unmyelinated type C pain fibres lead 

to the activation of several cortical and subcortical areas. A pain stimulus activates 

parts of the primary somatosensory area (SI), secondary somatosensory area (SII), 

anterior insular cortex and cingulate gyrus (both part of the limbic system), all on the 

side opposite to the stimulus (Figure 1.3) 14, 182, 392. The noxious stimulus is also 

received by the periaqueductal grey matter in the midbrain, inferior parietal area, 

rostral insula, the hypothalamus and thalamus as well as the ipsilateral (to the painful 

stimulus) cerebellum 14, 262, 293, 294, 362, 367, 367.  

 

Studies using magnetic resonance imaging (MRI) could show that brain areas 

associated with pain have an increase in blood flow with an increase in pain intensity 
294, 367. There are also negative correlations (i.e.. decreased blood flow) in the medial 

and parietal cingulate cortex, and medial prefrontal regions. These changes in blood 

flow were only correlated with the actual intensity of pain and not the anticipated 

intensity of pain 294. 

 

Further studies have shown that various pain activated areas are also activated in the 
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anticipation of pain 14, 136, 293. These areas include the anterior cingulate gyrus, insular 

cortex, pre frontal area, primary somatosensory area and the cerebellum 14. The same 

studies have shown that if a painful stimulus is expected in the foot, the correlated area 

on the homunculus of the primary sensory cortex will show increased activity, but at 

the same time the activity in the areas related to hand and face decreases 293. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Pain pathways in the brain, modified from Apkarian et al. 14. The areas labelled from 
the cortex to the brain stem are; pre-motor cortex (PMC), supplementary motor area (PMA), 
primary motor area (MI), primary somatosensory area (SI), posterior parietal area (PPC), 
anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), prefrontal area (PF), insula 
(INS), secondary somatosensory area (SII), hippocampus (HC), basal ganglia (BG), thalamus 
(THAL), amygdala (AMY), hypothalamus (HT), periaqueductal grey (PAG), reticular formation 
(RF). The black lines indicate connections between areas which interact during the perception of 
pain. 
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1.3.5.2 Pain neuromatrix in the brain 
1.3.5.2.1 Medial pain system = perception and affectionate component 

The prefrontal cortices, amygdala, hypothalamus, posterior insula, motor area, 

hippocampus, cingulated cortex, thalamus and periaqueductal grey are collectively 

referred to as the medial pain system, because of their medial location and their 

activation whenever a noxious stimulus occurs 205, 392. In the medial pain system the 

neural and endocrine information related to pain are integrated 14, 15, 82, 205. Together 

these areas are associated with the affectionate component and perception of pain 205, 

290, 392. The periaqueductal grey area is known to not only be associated with the 

emotional component of pain but is also able to inhibit the sensation of pain in the 

conscious animal 14, 14, 185, 406. 

 

1.3.5.2.2 Lateral pain system = localization 
The primary and secondary somatosensory area as well as the inferior parietal areas 

are part of the lateral pain system which is associated with the localization of the painful 

stimulus 205 341, 383.  

 

However, recent research by Ohsiro et al 272 has shown that the medial and lateral pain 

system are not as discriminated from each other as previously thought . Functionality 

rather overlaps between the two systems and no complete discrimination is possible 

between the sensory-discriminative (previously thought to be lateral pain system) and 

emotional-affectionate (previously thought to be medial pain system) component of 

pain in the cortical areas. Of special importance is that the pain sensation is 

represented on a fronto-parietal network as are perception and attention processes 

(page 18) 272. 

 

1.3.5.2.3 Memory of pain 
Further parts of the limbic system, especially the insular cortex and anterior cingulate 

cortex, as well as the pre frontal cortex are not only associated with the cognitive, 

emotional and affectionate processing of pain, but also form memories, including 

previous responses to pain 14, 26, 185, 258, 361, 362, 392, 402. The posterior part of the anterior 

cingulate cortex, also associated with the feeling of unpleasantness and suffering, has 

a delayed response of 0.5 to 1.5 s 205, 290 which might indicate that it reacts to the pain 

transmitting C fibres which are activated during EIMD370, rather than the faster 

transmitting Aδ fibres. 

 
Collectively these pain related systems and networks are called the pain neuromatrix of 
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the brain 243, a highly complex network integrating the sensation of pain. 

1.3.6 Further pathways activating the pain response to reinstate 
homeostasis: Inflammatory processes and their association with the 
perception of pain 

Injured sites or inflammatory processes trigger the damaged tissue to release cytokines 

such as interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour necrosis factor (TNF) into 

the blood within one to four minutes after tissue trauma occurred 239, 396. This trauma, 

can be an injury or an infection but also tissue damage caused by over training 355 or 

EIMD. The cytokines (IL-1, IL-6 and TNF) cross the blood-brain barrier and attach to 

receptors found on glial cells. Interestingly glial cells are the main producers of 

cytokines within the central nervous system 235. Cytokines also bind to receptors in the 

hypothalamus and hippocampus 89, 90, 224, 235, 355, 373, 384 and subsequently act as 

mediators to activate the pain modulating processes in the brain 58, 239, 241, 309, 371, 404.  

The activation of the pituitary dependent adrenal response provides evidence that the 

inflammatory stimuli can activate anti-inflammatory signals from the central nervous 

system 36, 384, as the peripheral inflammatory process may alter the neuronal signalling 

of the hypothalamus 384. The cytokines released from the glial cells activate the 

hypothalamic-pituitary axis which increases circulating glucocorticoids leading to the 

suppression of cytokine release in the periphery 33, 36, 224, 384.  

Therefore there seems to be a bi-directional communication between the immune 

system and the brain during an inflammatory process which functions without the 

involvement of the peripheral nervous system 235, but is dependent on the glial cells 

rather than the neurons situated in the central nervous system. The glial cells in the 

central nervous system possess a membrane potential slightly larger than that of 

central nervous system neurons. When localised changes in the extra cellular 

potassium concentration of the central nervous system occur the glial cells depolarize. 

Thus it appears that the glial cells have an amplifying effect on extra cellular field 

potentials 282. This possible amplification of the electrical field potential may be 

recorded in EEG. 

Due to the extensiveness of this topic and the emphasis on acute pain in this review, 

the immune system and glial cells will not be discussed in further detail. They are only 
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mentioned above to acknowledge the fact that there are other systems of information 

transfer besides the neuronal pathways which might be important in the information 

transmission process during peripheral inflammatory processes.  

 

1.3.7 Interaction between movement and pain 
 

Small, soft and brief movement is known to lead to a reduction in C fibre transferred 

pain 390. Therefore the next section will focus on movement and its control by the brain. 

It is of special interest where the information about pain overlaps with motor control. Le 

Pera 213 showed that motor cortex activation due to movement preparation could inhibit 

cortical pain processing as well as increase the pain threshold and decrease the pain 

rating.  
 

Since the general pathways of pain conduction have been outlined, the following 

section will discuss EIMD, a model for muscular pain. This section will emphasize that 

the symptoms consequent to EIMD will lead to a pain response. 

 

However, the experience of EIMD does not only lead to an increased sensation of pain 

but also influences proprioception 299, 300, 380 and motor control 43, 206, 300 in the affected 

limb. Proprioception is the afferent information from the periphery to the brain which is 

altered due to the altered state and disturbed homeostasis of the muscle tissue. Motor 

recruitment and motor activation on the other hand change due to the altered efferent 

response by the motor control centres in the brain, especially the cortex.  

 

 

1.4  VOLUNTARY MOTOR CONTROL: AFFERENT AND 
EFERENT FEEDBACK 

 

1.4.1 Afferent sensory pathways associated with changed 
proprioception  
 

Information about proprioception received by the muscle spindles and Golgi tendon 

organs ascend to the brain via the anterolateral system (which includes the 

spinothalamic tract involved in the transmission of pain) to the somatosensory are of 

the brain and to the cerebellum via the spinocerebellar tracts (Figure 1.4) 87, 123. 
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While the cerebellum is known to integrate proprioceptive feedback 87, 123, recent 

research suggests that the cerebral cortex is also involved in the integration of 

proprioception, motor perception, posture control and the determination of force output 
315, 320, 350-353, 387. Electroencephalographic research has shown that the frontal and 

parietal-occipital areas are activated when receiving and integrating proprioceptive 

information 320, 351, 387. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.4 A graphical representation of the dorsal columns system carrying information about 
proprioception.  
* Figure modified from Crossman AR and Neary D. Spinal cord In: Neuroanatomy, An illustrated colour text, Churchill 
Livingstone, Pearson Professional Limited 1996:48 88 
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Proprioceptive information is needed to guide motor output to adjust force output and 

neuromuscular recruitment to altered circumstances (i.e.. during EIMD). Recent 

research shows that this integration takes place in the cerebral cortex 147, 206, 249.  

 

1.4.2 Brain areas involved in voluntary motor control  
 

Figure 1.5 depicts the areas of the brain which are directly involved in the control of 

voluntary movement. This has not only been detected indirectly (by MRI) but also 

directly by the stimulation of cortical regions with transcranial magnetic stimulation 

(TMS) or stimulating needle electrodes 77, 149, 216, 338, 343, 372, 376, 377. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Brain areas activated during voluntary limb movement, adapted from Apkarian et al. 
14. Highlighted in blue are the brain areas activated during voluntary movement which can be 
measured with EEG. Highlighted in light blue is the cerebellum which also plays a great role in 
movement regulation but cannot be measured with EEG. The white areas are also activated 
during movement but measuring the activity by means of EEG is difficult. 
 

The most prominent areas of the brain which control voluntary movement include the 

pre-motor, motor and supplementary motor areas 194, 304, 336, 342. Also activated are the 
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sensory motor area ipsilateral to the movement (during limb movement), the 

somatosensory area contralateral to the movement, the parietal area and the posterior 

insula 92, 136, 137, 151, 270.  

 

1.4.3 Function of the motor control areas 
 

While the efferent control of the movement is guided by the primary motor cortex, the 

secondary and associated areas are not only activated by voluntary movements but 

are also interacting with each other to learn and integrate movement as well as form 

memories of motor sequences 137, 151. The supplementary motor area is assumed to be 

important for the preparation and organisation of voluntary movement 92 while the 

parietal lobe is involved in the procedural organisation of movement as well as 

proprioception and movement perception 134, 135, 137.  

 

1.4.4 Efferent motor pathways 
 

The motor pathway for voluntary movement consists of the pyramidal tract also called 

the corticospinal tract (Figure 1.6). The motor impulses originate in the giant pyramidal 

cells, the so called primary motor neurons, of the motor area in the precentral gyrus. 

The axons of the pyramidal neurons pass from the cerebral cortex to the corona 

radiata and then descend to the midbrain and the medulla oblongata117 87. In the lower 

part of medulla oblongata neuronal fibres sending information to the extremities (limbs) 

pass to the opposite side. The fibres of the corticospinal tract terminate in the anterior 

horn of the grey matter of the spinal cord and synapse with the secondary motor 

neurons. These peripheral motor nerves transmit the motor impulses from the anterior 

horn to the voluntary muscles, where the nerve innervates the muscle fibres forming 

the motor units 117 87.  

 

1.4.4.1 Efferent communication between the central nervous system and 
the periphery 
As described before efferent output from the brain to the muscle is guided by the 

precentral motor area during voluntary movement 22, 49, 83, 148, 157, 300. This notion is 

supported by the discovery of a coherent 15-30 Hz activity in the muscle, peripheral 

and central nervous system during movement 12, 13, 64, 83, measured by EEG and EMG 
13, 64. This motor-cortical coherence is assumed to be due to the firing behaviour of the 

corticospinal tract (Figure 1.6) or other spinal motor neurons 83. The time delay 
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between the first occurring EEG rhythm and the following EMG rhythm can be 

explained by the conduction velocity of the nerves 157 and is 15 ms longer for EMG 

recorded in the leg than in the arm 50, due to the longer pathway. 

Figure 1.6 A graphical representation of the corticospinal (pyramidal) tracts. 
* Figure modified from Crossman AR and Neary D. Spinal cord In: Neuroanatomy, An illustrated colour text Churchill
Livingstone 1996:5188
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Further cortico-muscular synchronization during movement has been shown, 

especially between the contralateral primary motor area and the activated muscle in 

the 15-35 Hz activity 83, 129, 157, 193, 317. A 40 Hz oscillation in the motor area contralateral 

to the moving side precedes a 40 Hz rhythm in the EMG during strong voluntary 

isometric contractions and phasic wrist movements 50. The coherence between EEG 

and EMG is strong in the 15-35 Hz 64 frequency range and is recorded during dynamic 

and isometric tasks50, 157, 193. The coherence is also positively correlated to the force 

output by the activated muscle 64, 193, 194. 

 

Therefore there seems to be a link between the 15-35 Hz frequency activity and motor 

output, however it has not been determined if this is a bottom-up afferent connection or 

a top- down efferent connection. Furthermore, it is not known whether this could be 

interfered with by neuromuscular functioning, pain or other peripheral or central 

changes. 

 

 

1.5 ELECTROMYOGRAPHY:  
 MEASURING ELECTRICAL ACTIVITY IN THE MUSCLE 

 

1.5.1 Introduction to Electromyography  
 

Surface electromyography (EMG) is the electrical activity which is measured in a 

muscle by electrodes placed on the skin overlaying the muscle of interest 37. An EMG 

signal represents a global measure of the active motor units within the muscle, and 

does not have the precision to measure the signal of individual motor units 37. As the 

recorded signal is comprised of the neural recruitment of the motor units as well as the 

firing rate of the active motor unit, it can be stated that the EMG reflects on the 

properties of the peripheral as well as the central components of the neuromuscular 

system and that the two cannot be separated from each other 127. EMG can also 

measure the amplitude of the signal 9, 223 as well as its power frequency spectrum 223, 

229. The power spectrum is the frequency distribution of the signal which is influenced 

by the muscle fibre type which is recruited 223. The EMG signal can be disturbed by 

several factors, since the electrical activity is created within the muscle, but the EMG 

signal is measured on the surface (skin). For example, the subcutaneous fat layer 263, 

the electrode position 125, 128, 165, 187, 189, 246 and muscle fibre characteristics and length 
118, 127, 127, 187, 252, 253 have a large effect on the accuracy of surface EMG readings 125 
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and therefore need to be considered in an experimental design. The next section will 

discuss the methodology of EMG measurement, followed by applied aspects of EMG 

measurements, particularly when applied to EIMD. 

 

1.5.2 Methods of recording and electrode placement 
 

Studies on maximal and submaximal, as well as raw and normalised data have not 

shown conclusively which method is the most appropriate for EMG data analysis after 

an EIMD protocol 95, 133, 339, 385, 413. EMG activity in the elbow flexors (biceps brachii and 

brachialis), for example, may be influenced by the type of contraction and the required 

force level and both of these factors are also important for the normalisation of the 

data. However, the most common way of displaying the EMG data is to normalise the 

submaximal recordings to the EMG amplitude during a maximal isometric recording 95, 

339, 385, 398. But with careful electrode placement 187, 200, well controlled contractions and 

normalisation of the data, interpretable measurements of surface EMG amplitude can 

be obtained from the biceps brachii. It has also been shown that correct and 

repeatable electrode placement is very important for EIMD studies on the biceps 

brachii. Different locations of electrode placement can lead to varying results as a 

consequence of uneven muscle fibre damage, reduced neural drive due to pain or 

central fatigue and changes in muscle geometry like fibre length and orientation. All 

these factors can influence the EMG recording at different recording sites on the 

biceps brachii 287. 

 

1.5.3 Methods of analysing the EMG signal 
 

The first step when analysing EMG data is to filter the raw data (Figure 1.7a) using 

high and low pass filters. Filtering the signal is necessary to remove artefacts, 

especially muscular artefacts and non–physiological artefacts such as interference 

from electromagnetic sources. The data are then rectified using root mean squared 

analysis, which calculates the squares of the raw signal followed by 'weighted' 

averaging over a suitable time window (Figure 1.7a,b) 245. The aim of this process is 

twofold; (i) to ensure that opposing amplitudes do not cancel each other out and (ii to 

smooth the data (Figure 1.7c). The surface EMG signal represents the summation of 

all motor unit action potentials active at that instant. 
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Figure 1.7 Processes of EMG signal analysis. (a) raw EMG data, (b) full wave rectified data, (c) 
smoothed data.  
Copied from ://www.noraxon.com/emg/ABC%20of%20EMG.pdf (26/08/2011) (Peter Konrad, Version.1.0, 2005) 
 
 

1.5.4 EMG and force relationship 
Many researchers during the 1950 to 1970's have shown that the relationship between 

EMG and force produced by the muscle is linear 38, 39, 364. Since 1970 it has been 

shown that this linear relationship only exists in muscles such as the soleus or 

adductor pollicis and not for muscles such as the biceps brachii and brachialis 78. The 

biceps brachii and brachialis muscles follow two linear responses with two different 

slopes intercepting when the force output reaches about 35% of the maximal voluntary 

contraction (MVC) 39. At this point the slopes (EMG versus force) increase. This could 

 

 

(a) 

(b) 

(c) 

http://www.noraxon.com/emg/ABC%20of%20EMG.pdf�
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be due to the mixed muscle fibre composition of the biceps brachii and brachialis 

muscle 179. It was suggested that at the change over point (approximately 35% of 

MVC), recruitment changes from a higher number of slow twitch type I fibres to more 

fast twitch type II fibres 39, 222. A type II fibre can generate more force than a type I fibre 
222. Therefore when more type II fibres are recruited the resultant force increases. 
 
 

1.5.5 Pain as an inhibitory factor for EMG 
 

Certain research designs mimic the effects of acute pain by injecting hypertonic saline 

or capsaicin into the muscle 120, 154. These methods have shown that under resting 

conditions, the acute pain caused by hypertonic saline does not cause any EMG 

hyperactivity in the tibialis anterior and gastrocnemius muscles119. However the torque 

output and EMG amplitude during a maximal voluntary contraction is reduced 154. 

Similar results were found when hypertonic saline was injected into the biceps brachii 

muscle followed by elbow extension and flexion exercises 120. The pain induced by the 

hypertonic saline decreased EMG activity in the biceps brachii during the movement 

~23%. This inhibitory effect of muscular pain on EMG activity is greatest during 

maximal contraction. 

 

1.5.6 EMG responses to EIMD 
 

Exercise protocols which require that the muscle is repeatedly lengthened under 

tension have been used to induce muscle damage and associated pain and 

neuromuscular changes 21, 287. In EIMD muscle tenderness occurs 1-2 days after the 

exercise protocol, pain occurs during muscle contraction 1-4 days after the induction of 

EIMD and the force output during a MVC decreases by about 38% directly after the 

EIMD protocol and remains low for several days 296. The EMG amplitude of the 

affected muscles also decreases during the maximal isometric contraction after EIMD 
95, 201, 332. Although Day et al. 96 did not show a decrease in EMG amplitude during a 

MVC after an EIMD protocol, mean frequency power and MVC decreased on day two 

and three. The unchanged EMG amplitude may have been due to a small subject 

numbers (n = 8) coupled with large standard deviations in the EMG data and their data 

should be interpreted with caution. 

 

The decrease in average EMG amplitude during the MVC in the study by Day et al. 

may have been caused by the damage inflicted on the muscle by the EIMD protocol 
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leading to a decrease in functional capacity. This skeletal muscle damage could have 

influenced the motor unit activation 220, 296. 

 

As previously discussed, muscle activation rates can only be changed by either 

recruiting more motor units or by increasing their firing rates. Decreased muscle 

activity after EIMD has been attributed to several factors. These include damage of the 

myofibrillar structure such as disruption of the contractile machinery, inexcitability of 

the muscle or changes in the release and reuptake of calcium and the ability of 

troponin C to bind to the calcium within the cells to activate the actin-myosin binding 18, 

251. 

 

The muscle damage as a consequence of the exercise could also lead to changes in 

the excitation-contraction coupling rates and this in return would lead to a disturbance 

in the contractile properties of the individual muscle fibres 54. Furthermore, it has been 

proposed that most of the damage is selective to the type II muscle fibres 142. The 

changes in EMG amplitude and frequency over time show that the functional capacity 

of the muscle decreases after an exercise protocol dominated by muscle lengthening 

under tension 95, 385. At low levels of force, without isometric preactivation, mean spike 

amplitude is higher when the muscle lengthens under tension, than when the muscle 

shortens. This might indicate a selective activation of type II motor units 220. Type II 

fibres are more prone to fatigue and therefore also to damage by the lengthening 

action 142. EMG studies have also shown that the median frequency of muscle activity 

decreases after EIMD exercise protocols 133. This is a sign that more damage occurs in 

the type II than in the type I fibres 133, 219. The shift to lower median frequencies can be 

detected for up to seven days after an EIMD protocol 133.This suggests that during a 

maximal voluntary contraction, after an exercise protocol designed to induce muscle 

damage, the entire muscle fibre population would not be available for activation and 

that some fibres which are activated might not be capable of full activation. Inhibition of 

muscle activity could be situated in another part of the activation pathway. This could 

be upstream, at spinal or cortical level, where, for example, there would be a decrease 

in overall motor unit recruitment or neural firing rates 39, 132. A change in firing rates 

would be due to a change in either central activation or at the level of the motor nerve 

or the neuromuscular junction 39, 95, 132, 240 and EIMD could have an influence at any of 

these levels. 

 

It has been shown that the EMG amplitude during submaximal static and dynamic 

contractions increases in participants who have been exposed to an exercise protocol 
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designed to induce muscle damage 21, 43, 95, 339, 385, 398. Exercise involving lengthening 

muscle actions resulted in a larger than proportional increase in elbow flexor EMG for a 

given level of force at low levels of activation 339. Studies also found that the increases 

in EMG amplitude are more pronounced in lower force ranges (submaximal 

contractions at 0-40% of MVC) in most muscle groups including the biceps brachii 21, 95. 

The increases in EMG amplitude are also more pronounced in isometric and 

shortening (90-60°) contractions compared to lengthening (90-120°) actions 21, 385. 

It has been shown that EMG can be decreased during the maximal contraction and 

during controlled lengthening actions for up to a week after EIMD 43. However, most 

EMG studies following an EIMD protocol have only been conducted up to 24 339, 385 or 

48 hours 21, 398 after the EIMD inducing exercise protocol. A study by Prasartwuth et al. 
296 showed that the decrease in maximal voluntary force and the associated EMG were 

dissociated from the changes in elbow angle, soreness levels and force production. 

They reported that EMG activity during the submaximal contraction of the elbow flexors 

increased significantly compared to control values at two and 24 hours after the EIMD 

protocol, but did not show any further differences 48 hours later. They suggest that 

motor units might have become damaged during the EIMD protocol and therefore 

produced less force even with sarcolemmal activation being preserved. Cytochemical 

studies have shown myofibrillar damage occurs following EIMD therefore the 

contractile (myofibrillar damage) but not the excitatory properties (sarcolemmal 

activation) of the muscle could be disturbed 140. 

Muscle fibre repair starts within the first 72 hours after the EIMD protocol however 

some damage is still seen 132 hours later 140, 142. This could explain both the increase 

in EMG activity during submaximal exercise, as the neural activation rates as well as 

the firing rates of the non-damaged muscles have to be higher to produce the same 

force output, compared to before the EIMD protocol. During the maximal voluntary 

contraction after an EIMD protocol the EMG activation remains lower, because some 

fibres are damaged and therefore fewer intact muscle fibres are available for activation 
296. 

As previously discussed the damage caused by lengthening under tension movements 

mainly affects the type II fibres, with the greatest effect shown during the first three 

days after the EIMD protocol 140-142. Therefore the increased EMG activity during the 

submaximal dynamic contraction could be caused by increased firing patterns of the 

type I fibres, as they are trying to generate more force to sustain the dynamic 
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contraction. A higher firing rate of type I fibres would lead to an increase in submaximal 

EMG amplitude 414. While type I fibres fatigue at a slower rate than type II fibres, they 

are also not able to produce as much force as the type II fibres do at the same firing 

rates 222. Therefore they need to fire more rapidly or more fibres need to be recruited to 

attain the same force output leading to an increase in EMG amplitude during a 

submaximal contraction. But as the overall fibre population is still damaged and unable 

to fire to full capacity, EMG amplitude during a maximal contraction would therefore 

decrease. 

 

Another explanation for the increase in submaximal EMG is that after the damage 

inducing exercise protocol the firing of the motor units becomes more synchronised 414 

as has been shown in the biceps brachii after an EIMD protocol 95. This leads to an 

increase in EMG amplitude and an increase in power in the lower frequency domain. 

EMG amplitude increases during submaximal exercise while experiencing the 

symptoms of EIMD 110, 133, 385. The increased EMG during low force contractions (< 40% 

of MVC) could be explained by motor unit synchronisation and also by motor unit 

coherence, as motor unit coherence was 34% greater in the biceps brachii, 24 hours 

after EIMD was induced 95. This led the author to conclude “that the series of events 

leading to muscle damage after an EIMD protocol alter the correlated behaviour of the 

motor units in the biceps brachii “95. 

 

Therefore one could assume that there is an upstream control mechanism which 

regulates the motor unit recruitment and firing rates following EIMD. 

 

1.5.7 Upstream drive of EMG 
 

Upstream drive is defined as the central activation of the muscular system. It can be 

measured at the motor nerve level by nerve activation 295, 296, 377 or can be directly 

induced on the motor cortex by transcranial magnetic stimulation (TMS) 147, 170, 216, 296, 

372, 377, 378. Fatigue leads to a decrease in voluntary activation of the biceps brachii 

during MVC, as measured by nerve stimulation and transcranial magnetic stimulation 

of the motor cortex 372, 377. Todd et al. 377 have shown that when the MVC torque 

decreased by 40% about a quarter of this reduction in force can be attributed to the 

failure of optimal activation. Prasartwuth et al. 296 performed a similar study but 

measured voluntary activation, rather than nerve stimulation 377 of the biceps brachii 

after an EIMD protocol. They concluded that the decrease in torque immediately after 
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the EIMD was caused by a reduced voluntary activation either at the spinal or motor 

cortex level. The authors also suggested that the decrease in force output was due to 

decreased voluntary activation but was not caused by the soreness felt due to the 

EIMD protocol 296. Another study on EIMD and voluntary activation found that elbow 

angle recovered eight days after an EIMD protocol in contrast to MVC and voluntary 

activation 295 which were still reduced at this stage. They also concluded that EIMD did 

not only lead to peripheral factors limiting activation but also lead to central changes, 

from the spinal cord up to the brainstem and the motor cortex. It has also been shown 

that for eight days following an EIMD protocol, the median frequency power of the 

surface EMG signal during 50% and 80% MVC contraction is of lower spectral power 

than before the EIMD protocol 133. This phenomenon as mentioned before, suggests 

either a recruitment shift towards type I muscle fibres, or a lower drive by the upstream 

regulator. 

 

Spectral analysis, also called time-frequency analysis (used to calculate frequency 

power values) was done on EMG data recorded during finger contractions at 50% 

MVC. In the spectral analysis, three frequency peaks were discovered; 10, 20 and 40 

Hz 240. The authors suggest that the frequency peaks are too large to be created by 

single motor units and must therefore be due to synchronised firing of several motor 

units and could therefore be created by central oscillators (to be discussed in more 

detail in the next section). These central oscillators are neuronal bundles firing in a 

synchronised pattern, and are most likely needed for inter-neuronal communication, 

between different areas in the brain as well as for communication between the brain 

and the periphery 22, 29, 162, 240. McAuley et al. 240 also mention that the three frequency 

peaks are also represented in the EEG frequency spectrum as α, β and gamma (γ) 

activity bands 240. This will also be explained in more detail in the next section. 

 

In summary this section has shown that there are peripheral changes including 

changes in muscle activation and muscle fibre recruitment patterns following EIMD. It 

has also been suggested that these changes could be guided by an upstream 

regulator which is most likely situated in the brain. 
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1.6 ELECTROENCEPHALOGRAPHY:  

MEASURING ELECTRICAL ACTIVITY IN THE BRAIN 

 

1.6.1 Introduction to electroencephalography  
 

Electroencephalography is the measure of spontaneous electrical activity of the brain, 

similar to electromyography in the muscle. EEG measures brain activity as neural 

oscillation or as wavelike sinusoidal changes in voltage amplitude and can detect 

changes which appear within seconds to milliseconds.  

 

There are o methods of analysing brain activity like functional magnetic resonance 

imaging (fMRI) and positron emission tomography (PET) scans 92, 150, 275, 346, 367, 400, 415. 

MRI, as well as PET scans, are more accurate in localising an active brain area, 

especially in deeper lying structures but are not as useful in movement trials as the 

subjects need to remain motionless over the recording period. While fMRI is an indirect 

measure of brain activity, as it only measures blood flow, EEG is a direct measurement 

of the electrophysiological signalling at anyone point in time. Limited limb movement is 

possible during EEG recording which makes it the better option for movement and 

exercise studies and it also has a greater time resolution than fMRI or PET scans. 

Therefore fMRI and EEG are regularly used in combination to study changes in the 

activity of the brain 42, 91, 92, 306, 346, 415. However to obtain data during movement with a 

greater time resolution and direct association with cortical functionality; EEG is the 

more preferred measure.  

 

1.6.2 Neural Oscillations: EEG signal generators 
 

Neural oscillations are rhythmic or repetitive neural activities in the central nervous 

system. Neural tissue can generate oscillatory activity in many ways, driven either by 

mechanisms localized within individual neurons or by feedback interactions among 

populations of neurons 51, 97, 335. As mentioned previously the oscillations are similar to 

the electrical activity in the muscle measured by EMG. The oscillations can appear 

either as: 

 

(i) sub-threshold rhythms of membrane potentials rising and falling, which cannot be 

measured by EEG, or 
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(ii) increases and decreases in action potential activity, reflective of changes in the 

postsynaptic (i.e.. dendritic) membrane potentials 3, 211, 260. As a result they produce a 

rhythmic activation of synapses in the target neurons leading to the propagation of 

action potentials along the target neurons 211. 

 

When action potentials occur consecutively within the same neuron they are called 

spikes or bursts 97, 98, 211. Neurons can generate multiple action potentials in sequence 

forming so-called spike trains 202. These spike trains are the basis for neural coding 

and information transfer in the brain 51, 97, 98, 177, 368. Spike trains can form all kind of 

patterns, such as rhythmic spiking and bursting as well as irregular spike patterns. 

Different types of neuronal coding schemes have been proposed, such as rate coding 

(frequency of action potentials), temporal coding (dependent on interval length 

between action potentials), independent- spike coding and correlation coding 163, 177. All 

the coding schemes contribute to the oscillatory activity. Apart for single neurons that 

can generate oscillatory spike trains, oscillations can be created by the combined 

electrical activity of multiple individuals or groups of neurons 51, 97, 335. These large-scale 

oscillations arise to synchronize the activity of multiple neurons or neuronal assemblies 

in different brain areas 357. Apart from the intrinsic properties of neurons, network 

properties are also important for oscillatory activity 227, 273. Neurons are connected 

locally, forming small clusters that are called neural assemblies or neural populations 
60, 163. Some of these network structures promote oscillatory activity at specific 

frequencies. This is determined by the type of neurons, i.e.. excitatory or inhibitory 

neurons, as well as time delays and neuronal coupling. Neural synchronization is the 

process by which the activities of two or more neurons or neural assemblies tend to 

oscillate with a repeating sequence of relative phase angles 273, 345.  

 

Experimentally these oscillations can be measured by fluctuation in the local field 

potential or by means of EEG and magneto-encephalography (MEG) 97, 129, 163, as 

synchronized oscillations of large numbers of neurons can give rise to macroscopic 

oscillatory electric fields, which can be observed in the EEG. This synchronized firing 

of large neuronal assemblies is believed to be driven by a pacemaker most probably 

situated in the thalamus 51, 374. It has been proposed that these coherent oscillations 

are important for interactions and communication between close and distant neuronal 

populations 8, 178, 225, 335, 345. 

 

This synchronized activity of large numbers of neurons and neural assemblies results 

in electromagnetic fields that can be measured on the surface of the scalp with EEG. 

http://en.wikipedia.org/wiki/Rate_coding�
http://en.wikipedia.org/wiki/Temporal_coding�
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Using these techniques, synchronized neural activities have been observed throughout 

the central nervous system and during various tasks 98, 363. Neural synchronization can 

be modulated by different events, tasks, states and behaviours such as attention, 

movement and cognition 98, 314, 363, and is thought to play a role in neuronal 

communication 144, 211, 319, 357 and motor coordination 12. A change in neural 

synchronization can be observed by measuring the increases and decreases in activity 

(amplitude2 or power of the signal) in the different oscillatory frequencies. Increased 

amplitude2 means greater synchronised firing of the neurons at any one time. Lower 

amplitude2 implies that neuronal firing is desynchronized. “Event-related 

desynchronization (ERD) and event-related synchronization (ERS) is the change of 

signal's power (amplitude2) occurring in a given band, relative to a reference interval” 
111, 282. 

 

Oscillatory EEG is a result of firing of localized neuronal population and coherent 

global activation of neuronal population is seen as wave-like EEG signals. These 

wavelike signals originate not only in the cortex but also areas deeper in the brain 8. 

The difference between oscillations and waves can be seen in the EEG as follows: In 

oscillations the alternation between two states is important, while the regularity and the 

extreme values are less important, while a wave is a single variation of a parameter 

between two extremes 8. 

 

Different brain structures, for example, the thalamus and the cortex, can form 

connections or feedback loops which support synchronized oscillatory activity 51, 196. 

Oscillations recorded from multiple cortical areas become synchronized and form a 

large-scale network, where dynamics and functional connectivity can be studied by 

spectral analysis. This coherent behaviour of brain areas can be responsible for 

dynamic links of large-scale brain activity which is required for the integration of 

distributed information 357, 368. 

 

1.6.3 Interpretation and understanding EEG 
 

Due to different firing rates of the neurons the EEG signal is comprised of a range of 

different frequencies. The frequencies have been segmented into groups with different 

wavelength properties. As a result there are different frequency peaks in the EEG 

spectrum (e.g. delta (δ), theta (θ), α, β and γ 260. This will be discussed in more detail in 

the next section (see Table 1.1, page 39). 
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Usually the frequencies of brain activity, measured by time-frequency (spectral) 

analysis on the EEG, are negatively correlated to their amplitudes (i.e.. the lower the 

frequency the higher its amplitude). This is due to the amplitude being proportional to 

the number of synchronously active neural elements 115. Slowly oscillating cell 

assemblies comprise a larger number of neurons than fast oscillating cell assemblies 
347, 348. Therefore with an increasing number of interconnecting neurons and an 

increasing number of synchronously active neurons the amplitude of a recorded signal 

increases and the frequency decreases 226. 

1.6.3.1 How to measure EEG 
Electroencephalography was recorded for the first time in the late 1920’s by Berger 30 

with a simple galvanometer and a one channel recording. Since then the equipment 

has been developed extensively and now the most common used EEG system is the 

10:20 system 24, 260. Twenty-three electrodes are set on a cap which covers the scalp 

and measures the EEG amplitude at pre determined locations (Figure 1.8). 

Figure 1.8 A schematic of the 10-20 EEG system 
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The data are digitised and recorded on a personal computer in real time with the 

applicable software. Newer systems have an increased number of electrodes (up to 

256 or more) to get a higher resolution of the EEG signal over the scalp 32, 176, 230. 

There are also needle electrodes which can be inserted into the brain to measure EEG 
149, 257, 291. This methodology might be used to study, for example, seizure or epilepsy 

patients 260, 288, or to determine individual neuron activity in animal studies 149, 257, 314. 

This procedure is invasive and is not suitable for mechanistic type studies on healthy 

people. Therefore as this methodology was not used in this thesis it will not be 

discussed in further detail here. 

 

1.6.3.2 Artefacts 
Since the voltage signals produced by the brain are of low amplitude the signals are 

very susceptible to be corrupted by stronger electrical activity with higher signal 

amplitudes. Artefacts can be created by internal (subject specific) or external 

(technical) sources. 

 

1.6.3.2.1 Internal (subject related) artefacts 
The subject related artefacts are caused by muscular activity like eye blinking, jaw 

movements, tensed shoulder muscles or the heart beat 183, 286, 416. Therefore artefacts 

need to be avoided during testing and data needs to be inspected during signal 

analysis to reduce the effect of artefacts on the data. There are several processes to 

minimize the effect of internal artefacts on the recorded data 109, 158, 288, 308. 

 

While recording: 

• Focus eyes on one point or close eyes  

 

• Use eye blink channels on the EEG setup to monitor eye movement 

 

• Record EMG and/or ECG simultaneously to monitor effect of muscle 

contractions and heart beat 

 
 
During analysis: 

• Use of eye blink channel recordings to remove or dampen eye blink and 

movement artefacts from recordings with the supplied software or Matlab 
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• Use of amplitude thresholds to reject data epochs which contain eye blinks or 

other muscular artefacts 

 

• Manual removal of epochs in which data cannot be corrected 

 

1.6.3.2.2 External (technical) artefacts 
There are also external or technical artefacts which can influence EEG recordings. 

These include interference by the electrical mains as well as the impedance of the 

recording electrodes 260.  

 

To record EEG as accurately as possible a standard protocol has to be followed. The 

impedance of the electrodes needs to be kept as low as possible to record accurate 

signals (or data needs to be recorded with high impedance amplifiers) and data needs 

to be filtered to remove any non physiological artefacts. These artefacts include those 

produced by the electrical mains 260, 288. 

 

While recording: 

• Subject to be prepared accurately (i.e.. with hair washed and wet) 

 

• Electrodes to be supplied with enough conduction gel or salt solution to last for 

the entire testing period 

 

• Use of correct size EEG net  

 

• Electrodes adjusted and set on head correctly 

 

• Impedance of electrodes set correctly and tested 

 

During analysis: 

• Filter data, especially apply a 50 Hz notch filter to remove effect of the electrical 

mains 

 

• Use of a built in bad channel replacement function or use an appropriate 

software to remove channels with bad recordings 260. 

 

 



Chapter 1 

 36 

1.6.3.3 EEG components 
The measurements of an electrode on the surface of the scalp (EEG) represent an 

average of the oscillations in the region of the brain located beneath the electrode 3, 52, 

199, 234, 260. An EEG signal can be broken down into three components: 1) amplitude or 

magnitude, 2) frequency or oscillations per second and 3) phase or lag in time 260. 

Therefore the recorded EEG data presents with different activity patterns of which 

different components are emphasized depending on the method of analysis. 

 

1.6.4 Activity patterns 
 

1.6.4.1 Spontaneous activity 
Spontaneous activity is defined as brain activity in the absence of an explicit task, such 

as sensory input or motor output, and is therefore usually considered to be noise by 

those evaluating EEG recordings. However, spontaneous activity is considered to play 

a crucial role during brain development, such as neurogenesis, synaptogenesis and 

cortical plasticity 155. Spontaneous activity may be informative regarding the current 

mental state of the person (e.g. wakefulness, alertness) 28, 138, 212 and is therefore often 

used in sleep research 28, 138, 212, 260. Certain types of oscillatory activity, based on 

certain frequency ranges, can be part of spontaneous activity 28, 139, 212. The term 

ongoing brain activity is used in electroencephalography for the signal components 

which are not associated with the processing of a stimulus or the occurrence of specific 

events; such as movement or attention to a task or stimulus. Therefore they form part 

of the evoked potentials/evoked fields, event-related potentials, or induced activity but 

are rather related to the underlying basic functionality of the brain which is not stimulus 

related 28.  

 

Most neuroscience studies have focused on the brain’s response to a task or stimulus. 

However, the brain is very active even in the absence of explicit input or output. 

Research on spontaneous fluctuations of oscillatory activity has shown that especially 

in the β frequency range a correlation between EEG and fMRI activity seems to exist 
212. Research on spontaneous activity led to the hypothesis that specific brain regions 

constitute a network supporting a default mode of brain functioning. These areas are 

especially active while the brain is in a resting mode but activity is attenuated when 

cognitive tasks are performed 28.  
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1.6.4.1.1 Evoked activity 
The EEG recordings can change in signal strength and amplitude correlated to certain 

events. These time-locked changes in the activity of neuronal populations are generally 

called event-related potentials or evoked potentials 282. These events can be motor or 

somatosensory evoked; they can be associated with movement, pain, temperature, 

visual or auditory tasks 23, 106, 379. It is hypothesised that they are of cortical as well as 

subcortical origin 304. These event related potentials (ERPs) are phase and time locked 

to an event and frequency independent.  

 

The ERPs can only be extracted from the ongoing electroencephalographic recording 

by averaging large numbers of trials 106, 282. As a consequence, those signal 

components that are the same in each single measurement are conserved and all 

other signals are averaged out. Evoked activity is often considered to be independent 

from ongoing spontaneous and induced brain activity although this is an ongoing 

debate 237. Examples for ERPs are the Bereitschaftspotential178, 302 or the P300 174, 180, 

304. 

 

1.6.4.1.2 Induced activity 
Induced activity refers to changes in ongoing brain activity brought on by processing of 

stimuli or event preparation (i.e.. medicated versus non-medicated or painful versus 

non-painful 322). A well-studied type of induced activity is the change in amplitude in 

oscillatory activity. For example, the γ activity amplitude increases during increased 

mental activity such as during object representation 35, implying that a higher number 

of neurons are firing 35, 225. Induced responses may have different phase angles across 

measurements and would cancel out during averaging, therefore they can only be 

obtained using time-frequency analysis 260. 

 

The changes in the amplitude of the different frequency components are compared 

(i.e.. γ activity increasing during mental activity) 282. It is a useful tool to compare 

changes in EEG frequency activity over longer periods or when comparing the 

reactions to different situations which are not necessarily events but longer lasting 

stimuli (i.e.. meditation, medication, pain etc 67, 69, 93, 175, 207, 255). If the values are 

normalised to a baseline reading they are referred to as being relative and if they are 

used without a baseline they are called absolute values. The data are segmented into 

epochs which are then averaged. As mentioned before, the epoch length decides the 

frequency resolution 260.  

 

http://en.wikipedia.org/wiki/Gamma_wave�
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Induced activity generally reflects the activity of numerous neurons and amplitude 

changes in oscillatory activity and is believed to arise from the synchronization of 

neural activity, e.g. synchronization of spike trains or membrane potential fluctuations 

of individual neurons 163, 227, 314, 325, 328, 345, 363.  

 

1.6.4.1.3 Event related synchronization and desynchronization 
Event related phenomena are frequency specific changes of the ongoing 

electroencephalographic activity. They consist either of decreases or of increases in 

signal amplitude in a given frequency band 259, 282, 282, 420, referenced to a baseline 

before the stimulus occurred 282. This is called event related synchronization (increase 

of the number of neurons firing at the same time) and event related desynchronization 

(decrease in oscillatory activity related to internally or externally paced events) 259, 282.  

 

An event related desynchronization can be interpreted as an electrophysiological 

correlate of activated cortical areas involved in processing of sensory or cognitive 

information or production of motor behaviour 281, while an event related synchronization 

is most commonly associated with the neuronal networks being in an idle state 279. 

However recent research shows, that the activity in certain frequency bands increases 

with attention and cognition 274.  

 

Event-related synchronization/desynchronization is usually topographically localised, 

phasic in its behaviour and as mentioned before, frequency specific 10, 151, 217, 359. It can 

further be assumed that event related, as well as induced activity, or power changes 

represent the responses of cortical neurons due to changes in afferent activity (an 

event). To measure spontaneous induced activity, or “state” induced changes, a study 

of longer lasting (e.g. three minutes) spectral field powers is more advisable rather 

than measuring transient event-related activities in the EEG 28, 73. 

 

1.6.4.1.4 Summary of activity 
While evoked activity is phase locked induced activity is not phase locked. Evoked 

potentials are a good measure for stimuli with repetitive onsets (i.e.. evoked pain or 

movement) but induced activity has been shown to be superior at detecting the effect 

of a physiological state (i.e.. state of pain or EIMD)84.  
 

1.6.4.2 Prominent frequency bands within the EEG recording 
As mentioned above an EEG signal is an average of neuronal oscillations with 

frequencies between 0.1 Hz and 100 Hz. The frequencies are grouped into frequency 
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ranges: delta (δ) (0.1 -3.5 Hz), theta (θ) (4.0- 7.5 Hz), alpha (α)-1 (8.0-10.0 Hz), alpha 

(α)-2 (11.0-13.0 Hz), beta (β)-1 (13.5-19.5 Hz), beta (β )-2 (20.0-35.0 Hz), the rolandic 

mu rhythm (μ) (10 Hz) gamma (γ) (>35 Hz) 30, 260, 325 (see also Table 1.1). 

Table 1.1 The different EEG frequency bands and their most common recording locations and 
function 
Frequency 
(Hz) 

Recording 
location 

Proposed 
origin 

Function 

0.1 – 3.5 
δ 

Frontal in adults 
238

Thalamus and 
cortex 238 

Large scale cortical integration 325 

Attention 195 
Sleep 168, 254

4.0 – 7.5 
θ 

Frontal and 
central midline 
231, 324

Hippocampus 
184, 225

Memory 225, 324, mental activity and 
cognition 196, 225

Parietal-
temporal areas 
of the cortex 254 

Observed during sleeping, waking and 
drowsiness 260 
Increased during meditation 207 

8.0 – 10.0 
α-1 

Global 
distribution 260 Cortex with 

thalamic pace 
maker 59, 260

In eyes closed and relaxed state as 
well as during waking conditions 28, 41, 59 

11.0 – 13.0 
α-2 

Strongest 
posterior and 
occipital 
(bilateral) 59, 260 

Responds to induced activity i.e.. 
auditory 84, 333

11.0 – 13.0 
μ 

Contralateral 
precentral/central 
(motor cortex) 10,

32, 283, 368

Motor area and 
somatosensory 
area of the 
cortex 10, 283

Usually blocked by α- and β- waves 
during movement 10, 32, 283, 368 

13.5 – 19.5 
β-1 

Frontal and 
parietal 
(bilaterally) 254 

Symmetrically 
over entire head
48

Cortical origin 
(locally 
restricted) 316, 

325

Associated with sensory and motor 
activity 48, 316, 318

0.0 – 30.0 
β-2 

Wide spread 
cortical β 
networks 48 

Coherent firing with motor units 199, 316, 

318

>35.0
γ

Central, 
somatosensory 
cortex 55, 225, 260

Cortex 388, 389

Memory and cognitive processes 166, 225 

Neural synchronization or phase lock of 
firing activities 225, for example visual, 
sound, linguistic, attention, working 
memory, object recognition 35, 145, 254, 337 
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1.6.4.3 Fast Fourier transform  
To obtain the frequency content of the EEG activity the frequency power spectrum is 

calculated by applying mathematical calculations and assumptions called a Fast 

Fourier Transform (FFT). This is similar to the processing done with an EMG signal to 

gain a frequency power spectrum. In the FFT the EEG wave is displayed in the 

different frequency components of which the original EEG wave consists. The data are 

converted from a wavelike display of voltage changes over time to a display of grand 

overall voltage power (amplitude2) at any given frequency and time point 6, 75, 126, 254, 288. 

Therefore the frequency spectrum can have several peaks at different frequencies. In 

the frequency power spectrum there is always a trade off between the time and 

frequency resolution. The larger the data epoch length the better the frequency 

resolution will be and vice versa 288. Therefore, when the data are processed, a 

decision has to be made whether it is more important to have a better frequency or 

time resolution of the recorded data.  

 

Depending on the frequency the signal can be distributed widely over the entire scalp 

area (α) or be very localised (μ rhythm) 278, 283. To keep the time and frequency effect 

one can also do wavelet analysis, which shows changes in the frequency spectrum 

without losing the time effect 75, 126, 312. 

 

The EEG changes associated with voluntary movement start in the mesial fronto-

ventral area and move towards the pre-motor area 151, 217. However, they are mostly 

seen in the motor area anterior to the central gyrus, and in the primary somatosensory 

area on the side contralateral to the performed movement 151, 217, where the limb 

movements are usually represented on the motor homunculus (see Figure 1.9, page 

42) 248. 

 

Of special interest in the field of movement and pain research are the activities of α 

and β frequencies. Both α and β frequencies are known to be influenced by 

somatosensory and motor changes. Therefore the last part of this review will focus on 

the effects of pain and movement on these two activity bands. 

 

1.6.4.4 Alpha activity 
1.6.4.4.1 Introduction to alpha activity 

Alpha was the first frequency band to be discovered by Berger in 1929 30. The α band 

has a frequency of between 8-14 Hz, which is not always clearly defined in the upper 
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limit (some researcher say 7-12 Hz other 8-14 Hz) 102, 274, 306, 358. The α- band gets 

divided into the lower (α- 1) (8-10 Hz) and upper α (α- 2) (11-13 Hz) band 102, 306 due to 

the different responsiveness of the higher and lower α-activity to events and task. 

 

Alpha shows large inter and intra individual differences, as some people display the α 

frequency bands prominently, whereas others hardly display them at all 3, 102, 104 and 

therefore the responses can be grouped into high and low α responders 3. The waves 

can also display a high day to day variation within each person 3. This makes the 

comparing of recorded data between subjects difficult as often the standard deviations 

for recorded α frequency bands are relatively large. 

 

1.6.4.4.2 Alpha-1 and -2 activity 
Generally there is a decrease in α activity in response to a task, especially if the task is 

related to movement, memory or learning 196, 420. Alpha activity is known to decrease 

with the preparation and onset of motor or cognitive tasks as well as when the 

sensation of pain is experienced 67-70. Alpha-1 reacts to processes related to attention 

to a task while α-2 reacts selectively to sensory-semantic memory processes 

especially related to long term memory systems 196, 327.  

 

1.6.4.4.3 Physiological meaning of alpha 
Berger was the first person to detect that certain events, such as eye opening can 

attenuate the ongoing α rhythm (the so called eyes open and closed paradigm), also 

called α blocking or desynchronization 30, 31. Since then α desynchronization, has been 

associated with visual, motor and sensory evoked events 261, 270, 274.  

 

Alpha activity is at its maximal in the occipital region (back of the head, the visual 

cortex), in the left lateral temporal cortical regions, the parietal area and the 

hippocampus and is blocked for a short time interval with the opening of the eyes and 

the accompanying influx of light 260, 408. However, the α frequency activity can spread 

as far forward as the central areas (Cz) and even the superior frontal electrodes (F3, 

F4 and Fz) 20, 419. The so called spontaneous α frequency, a smaller amplitude α wave, 

which does not respond to the eyes open and closed paradigm, is seen more globally 

especially in the prefrontal cortical region as well as the thalamus 28, 131.  

 

It has been hypothesised that the α frequency band is of cortical origin 59, 260, 261. 

However, it has also been suggested that there is a thalamic pacemaker and that 

corticocortical and thalamocortical modulatory systems and feedback loops play a part 
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in the generation of the α frequency 196, 260. Therefore the exact location of the origin of 

the α frequency and the underlying neuronal mechanism is not well determined.  

 

1.6.4.4.4 The effects of movement on the alpha band 
Pre-movement 

It has been shown that α activity is associated with movement planning 10, 278and 

decreases before the onset of movement (event related desynchronization) over the 

central, posterior-parietal and occipital areas 10, 57, 101, 102, 280, 401. 

 

During movement: Representation of alpha activity in electrodes overlying the 
motor and somatosensory homunculus 
Movement itself is known to lead to a decrease of motor evoked α activity in the 

contralateral central and parietal areas. These areas are associated with motor control, 

learning and memory 196, 327, 420. Changes in α activity, which are related to limb 

movements, are recorded in electrodes placed topographically over the homunculus 

representation on the precentral motor area, i.e. a shoulder movement is represented 

superior to a finger movement on the somatosensory and motor areas (Figure1.9) 151, 

358, 358, 420.  
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 A graphical display of the homunculus in the motor and somatosensory areas of the 
cortex. Copied from: ://www.vgmuseum.com/mrp/multi/Essays/enemies-kev/homunculus2.jpg 

 

http://www.vgmuseum.com/mrp/multi/Essays/enemies-kev/homunculus2.jpg�
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Elite athletes even show increased synchronization in the 8-12 Hz oscillations, and 

therefore increased α-1 and -2 activity compared to non-athletes during movements 100, 

102, 104. Alpha-1 and -2 activity has been linked to a relaxed focus or mental activity 160, 

421 and it is believed that an increased α activity during exercise increases focus and 

attention and therefore sporting performance 374.  

 
Post-movement 
Alpha activity is enhanced again after a movement has ended 334. The increase in α 

activity could be related to the intensity or fatiguing potential of the exercise involved 

and is especially pronounced in the frontal areas of the brain. 

 
1.6.4.4.5 Effect of pain on the alpha activity 
Pain leads to a decrease in activity in the α frequency band. However the decrease in 

activity is seen at different brain locations depending on the type of pain stimulus. 

While cutaneous pain, for example, stimulates activity in the contralateral prefrontal 

and ipsilateral pre-motor area, muscular pain does not 367. 

 

Painful stimuli induced by either heat, capsaicin or hypertonic saline lead to decreases 

in α-1 activity in the frontal and temporal areas as well as the parietal and occipital 

areas of the scalp, contralateral to the side on which the stimulus was induced 66, 69, 70, 

175. Alpha-1 also decreases in the central and parietal areas with an injection which 

does not lead to the long term sensation of pain (injection of isotonic saline). 

 

Changes in α-2 activity are less noticeable and only occur in the central and parietal 

area 66, 67, 69, 175 during movement, while the painful stimulus is experienced. This is 

followed by an increase in α-2 activity in the parietal area after the painful stimulus 

ends 66, 67, 69. Following heat induced pain, the α-2 activity increases globally, except in 

the most anterior electrodes (Fp) after the end of the stimulus 67.  

 

Muscular pain as induced by EIMD also causes changes in α-1 and -2 activity in the 

cortex. Alpha-1 and -2 activity decrease in the posterior parietal and occipital region 

when muscular pain is evoked in the brachioradialis68, 74 and are negatively correlated 

to intensity of pain.  

 

Interestingly it has been shown that meditation increases the global activity of α-2 

activity while decreasing the feeling of pain 186, 207, 412. 
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1.6.4.4.6 Combined effect of movement and pain on the alpha activity, as a 
model for EIMD 
The combined effect that movement and acute pain, as seen in EIMD, have on the 

electroencephalographic activity is different to that of movement and pain individually. 

In a study with laser induced pain the feeling of pain and unpleasantness was reduced 

when the subjects had to move a finger at the same time as the pain was induced in 

the arm 103. The decrease in the feeling of unpleasantness occurred together with a 

smaller than usual decrease in α activity. In the case of α-2 (10-12 Hz) there was an 

increase in α-2 activity before the painful stimulus. The changes were maximal in the 

fronto-central midline area103. 

 

1.6.4.4.7 Recent developments 
Until recently it was believed that increased α activity was related to decreased 

neuronal processing or an “idle state” of the brain. Therefore when neuronal 

assemblies display coherent activity and the α frequency band shows increased 

activity, it was assumed that the underlying cortical neuronal populations are less 

active in information processing 279.  

 

Studies have shown that only about 15% of all cortical neurons are inhibitory instead of 

excitatory neurons 45, 260. However, as inhibition is a crucial part of controlling neural 

networks, Klimesch et al. 198 suggested a top-down control 198, 326, 393 where an increase 

in α activity in cortical areas causes an inhibition of retrieval of information in the same 

areas. Thus uninhibited areas are able to process relevant information more efficiently 
197, 326, 393, due to the “idling” of inessential neural pathways. However, in contrast to the 

findings of Klimesch et al., recent research by Palva and Palva has shown that α 

activity increases with attention and cognitive processes 274. Synchrony across the 

frequency ranges of α, β and γ might be needed during working memory tasks, 

perception and consciousness to select and maintain neural pathways 198, 274. 

 

Von Stein et al. found in animal studies that synchronous interactions between frontal 

and parietal cortical areas lead to an increase in α-2 activity and the interactions 

appear to act as a top-down regulator 393. Palva and Palva 274 and Halgren et al. 161 

proposed that this fronto-parietal α synchrony is associated with focused attention, 

working memory, conscious perception, cognition and action. Chen et al. 72 suggested 

a similar cortical top-down regulator for pain in which the α activity could be involved. 
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1.6.4.5 Rolandic mu rhythm 
The rolandic μ rhythm is, as the name implies measured by electrodes covering the 

rolandic area (motor cortex). Its distribution is confined to the motor and 

somatosensory area during rest 11, 317, and is associated with attention and execution 
32, 283, especially of movements 10, 321. The rolandic μ rhythm can be attenuated by 

active, passive or even reflexive movement 283. The decreased activity is usually seen 

bilaterally over the motor cortex 11, 283, but is more pronounced on the side contralateral 

to the moving limb 282. It is most commonly a 10 Hz frequency and is one of the several 

different α rhythms mentioned in Table 1.1.  

1.6.4.6 Beta activity 
1.6.4.6.1 Introduction to beta activity 
The β activity has a frequency between 13 and 35 Hz 13, 64, 83 and like the α frequency 

band has often been divided into β-1 (13-24.5 Hz) and β-2 (25-35 Hz) 25, 26, 68, 70, 175. 

The lower β range activity overlaps with the α-2 activity and therefore similar 

functionality can be assigned at times. The amplitude of the β frequency seldom 

exceeds 30 μV 260, 282. It is mostly recorded in the frontal, central and parietal areas 68,

175, 310, 334, but has also been shown to exist as a globally distributed frequency 70 and is 

associated with arousal 116, attentiveness 13 and motor and sensory function 116, 208, 284,

305.  

1.6.4.6.2 Physiological function of beta 
The β activity in different areas has been linked to different underlying physiological 

functions, as it is unlikely that any given frequency subserves a single cognitive 

function in the brain 116. Frontal β activity is common but has no proven relationship 

with any physiological function. The slow central 20 Hz β activity which can be 

attenuated by movement is believed to be an amplification of the rolandic μ rhythm 260,

306. The posterior β rhythm, for similar reasons, is assumed to be an amplification of the

posterior α frequency band 260, 306.

It has been established that the β activity is a dominant basis for information flow in the 

somatosensory area 208, 417 . This suggests that β activity is important to “maintain the 

status quo” in the motor and somatosensory area 12, 22, 116. Beta activity is important for 

the interaction of afferent proprioceptive and neuromuscular information with the 

existing motor plan and execution of a new movement 292, 369. 
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Overall there is only limited knowledge on β oscillations which appear in a sustained 

state during high arousal and attentiveness 13, 116 and during somatosensory 

processing 116. 

 

1.6.4.6.3 The effects of movement on the beta band 

The motor and somatosensory cortex of monkeys displays an intermittent oscillatory 

activity at 25-35 Hz when animals are performing motor tasks 257. This is especially 

pronounced when the animal has to focus its attention such as during fine control 

movements and during demanding somatosensory processes. Similar activity is seen 

in the pre-motor, motor and somatosensory area of humans 151 and it is suggested that 

the synchronous activity of cortical areas in the β frequency aids in attention and motor 

and somatosensory information integration and execution 104, 119, 145, 217, 247, 249, 257, 270. 

 

There are two types of β oscillations related to movement, which have been described 

in humans. The first well known β oscillation is longer lasting and simultaneous with 

motor tasks, during activation of motor cortex networks 151, 358, 359. The β activity 

decrease is usually more pronounced in the area contralateral to the movement but 

also appears in the ipsilateral brain area 359. 

 

Several studies have shown that the motor cortex and peripheral motor units fire in β 

activity coherence during steady state contractions 64, 83, 199. These coherent oscillations 

in the β activity during a steady state muscle contraction or a dynamic movement are 

observed in the motor and pre-motor cortex, the basal ganglia, supplementary motor 

area, thalamus and even subthalamic structures and the cerebellum as well as the 

peripheral motor units 22, 49, 199, 316. These areas are involved in movement generation 

and execution. As β activity is increased during strong isometric contractions it seems 

that the correlation between force output and synchronised firing of cortical neurons 

and motor units decreases during the transition from an isometric contraction to 

movement 316. 

 

The second type of β oscillation is made up of short lasting bursts of activity after the 

termination of a movement or somatosensory stimulation. In this case the β oscillation 

is increased due to an increased firing synchrony of the oscillating neurons, especially 

in the central electrodes 334, 358, 359. This rebound of β activity after movement can be 

large (24-245%) in some subjects 358. It was assumed to be an inhibitory activity, which 

increased to stop processes such as motor output or might just return the brain to its 

idling state 63, 279, 284.  
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1.6.4.6.4 Recent beta activity research 
Recent research proposes that the rebound might be linked to the closure of cortical 

processes needed when processing movement sequences 119. The authors suggested 

that the β activity is more closely related to the execution of a continuous movement 

than is α activity 119. An alternative explanation is that the increased synchrony is 

reflecting on somatosensory processing after a movement as somatosensory feedback 

is needed for this β rebound to occur 63, 305. 

 

1.6.4.6.5 Beta activity and peripheral feedback and proprioception 
More recent studies suggest that increased β activity is not only important for the 

maintenance of steady state contractions but is needed for the efficient processing of 

peripheral feedback required to maintain the status quo and constant recalibration of 

the motor and somatosensory system 22, 49, 152, 199, 208, especially to maintain low force 

contractions 12, 13, 22, 62, 64, 300, 339, 398. As a result of these associations with the motor and 

somatosensory system, β activity is not only represented in the central, frontal and 

temporal areas but is also strongly represented in the parietal area 104, 249, which 

together with the pre-motor area is associated with movement perception, 

proprioception, motor planning and learning 5, 208, 249, 386. 

 

1.6.4.6.6 The effect of pain on the beta band 
The findings on the reactivity of the β band to pain are not conclusive. Studies 

conducted with the injection of hypertonic saline into the brachioradialis have shown no 

effect on β frequency 66. Furthermore, an auditory input also had no effect on the β 

frequency during the same study 66. Tonic heat pain in the arm leads to an increase in 

β-1 activity in the frontal and ipsilateral temporal scalp region, but no or minimal 

changes in β-2 activity were observed68, 74, 175. 

 

However, other studies have shown that β-2 activity increases over the entire area of 

the head with induced muscle pain 69, 70 and β-1 increases in the frontal and ipsilateral 

temporal areas to the painful stimulus 68, 74, 175. In patients with neurogenic pain the β 

activity is increased even during resting measurements 322. Therefore there is no 

conclusive evidence about how the β band activity is influenced by painful stimuli. 
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1.7 SUMMARY AND HYPOTHESIS: POSSIBLE EFFECTS OF 
EIMD ON THE BRAIN MEASURED BY EEG 

 

Exercise-induced muscle damage is a well studied phenomenon in exercise physiology 

in which the peripheral changes have been well described over the last 30 years. 

These studies show that EIMD disturbs body homeostasis as it leads to increases in 

serum creatine kinase activity, and muscular swelling as well as a decrease in muscle 

length. 

 

Interestingly another measure of this disturbed homeostasis is the decrease in force 

output and EMG activity, both of which are influenced by neuromuscular function. Pain, 

which is known to be an emotional response to a disturbed homeostasis, only 

increases twelve hours after the damage was induced and peaks 48 hours after the 

damage occurred. From an evolutionary perspective it can be argued that acute pain is 

a protective mechanism aligned to survival. The mechanism of the delayed pain and 

explanations for its purpose are not so clear.  

 

It has also been hypothesised that the changes in EMG activity associated with EIMD 

might be regulated by an upstream, central control mechanism which may be located 

as high up as the brain stem, thalamus and even cortical regions. Leading on from this, 

two fundamental questions arise. The first question is to determine the effects of EIMD 

on the periphery, especially the neuromuscular function while the muscle tissue is 

recovering from the induced damage. The second question is to determine where there 

are central effects or even a central regulating mechanism which contributes to 

reinstate homeostasis after it was disturbed by EIMD. 

 

One of the methodologies which can be used to study central regulation is EEG as it 

measures the electrical activity on the scalp which is associated with the physiological 

states on the brain, mainly the cortex. Measuring induced cortical activity has been 

particularly useful in detecting cortical changes due to changes in various physiological 

states.  

 

In recent years advances have been made with EEG methodology in explaining the 

cortical control of movement as well as cortical integration of pain. Of special interest in 

the area of movement and pain research are the activities of the α- and β frequency 

bands, as both are known to be related to motor and somatosensory activity of the 
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cortex. Movement and pain individually lead to decreased activities of central α-1 and α 

-2, but the combination of a pain state and movement, as often seen during EIMD, 

leads to an increased α activity over the central areas of the cortex. Beta activity on the 

other hand is associated with somatosensory feedback and integration and might 

therefore play an important role in the neurophysiologic feedback about neuromuscular 

adaptations, which occur as a result of EIMD.  

 

Therefore the aim of this thesis is to investigate the effect of the symptoms of EIMD on 

neuromuscular changes and cortical activity in the α and β frequency bands during 

steady-state and low force contractions.  

 

 

1.8 STUDY OBJECTIVES 
 

1) To determine the effect of a protocol designed to induce symptoms of EIMD, on 

EMG activity during maximal and submaximal biceps movement tasks for 132 hours 

following the damage inducing protocol. 

 

2) To measure the effect of EIMD and the associated neuromuscular changes and 

delayed pain on cortical α activity within the first 132 hours following the damage 

inducing protocol. 

 

3) To measure the effect of EIMD and the associated neuromuscular changes and 

delayed pain on cortical β activity within the first 132 hours following the damage 

inducing protocol. 
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1.9 HYPOTHESES 
 

1) Exercise-induced muscle damage and its associated pain and neuromuscular 

changes lead to changes in EMG activity measured during maximal and 

submaximal isometric actions as well as during a low force flexion extension biceps 

action lasting for 132 hours after exposure to the damage inducing protocol. 

 

2) Cortical α- activity increases in the motor and somatosensory area while 

experiencing the symptoms of EIMD. 

 

3) Cortical β activity in an experimental group experiencing the symptoms of EIMD for 

132 hours will be significantly different to cortical β activity in a control group. 

These hypotheses will be discussed in more detail in the subsequent experimental 

chapters.  

The study objectives are addressed in three experimental sections (chapter 2, 3 and 

4). Each experimental section has been written as a self-contained unit with its own 

introduction, methods, results and discussion; however the data was conducted as one 

study. While there may be some overlap and repetition, particularly in the methods, this 

compartmentalized approach was deemed more appropriate for interpreting and 

analysing these data than having a single methods section. The final chapter (chapter 

5) integrates the data from the three studies and provides an overall summary and 

conclusion. 

 

 

 

 



CHAPTER 2 

DISSOCIATION IN CHANGES IN EMG ACTIVATION 
DURING MAXIMAL ISOMETRIC AND SUBMAXIMAL LOW 

FORCE DYNAMIC CONTRACTIONS WHILE 
EXPIRIENCING EXERCISE-INDUCED MUSCLE DAMAGE 
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2.1 INTRODUCTION 
 

Exercise-induced muscle damage is a well described phenomenon which often occurs after 

exercise during which the muscle is lengthened under tension. The symptoms of EIMD 

include a lowered pain threshold in the affected area, a decreased range of motion of the 

affected joint, increased circumference of the affected area due to swelling and increased 

serum creatine kinase activity. The clinical symptoms usually appear twelve hours after the 

exercise, peak at 48 hours and subside about seven days later 18. In addition to these 

symptoms there is also impaired performance during the recovery from muscle damage, 

especially during low force shortening and lengthening actions of the biceps brachii 385. 

Several studies have shown that EMG activity during a submaximal isometric contraction 

increases with EIMD 95, 339, 385, 398. Similarly, increased EMG activity also occurs during 

isokinetic elbow flexion under constant load 385 with the greatest increase in EMG activity 

occurring during muscle shortening (90-60°) compared to isometric or lengthening action 

(90-120°). The changes in the submaximal EMG can be ascribed to changes in motor unit or 

muscle fibre recruitment, changes in neuromuscular firing rates or increased synchronization 

of the firing units 331. Muscle fibre recruitment changes are possibly a result of the type II 

muscle fibres being more prone to damage causing a recruitment shift towards type I fibres 
141, 143. Therefore to achieve the same submaximal force output when the muscle is 

damaged, compared to before the damage, more type I fibres are recruited increasing EMG 

activity.  

  

While EMG activity during submaximal exercise increases after EIMD, the activity during 

maximal exercise is reduced 201. This could either be due to changes in recruitment patterns 

as a result of damage to the muscle fibres or as a compensatory mechanism designed to 

protect the muscle fibres from further damage which might occur during maximal exercise 
220, 296.  

  

The time course of the changes and recovery of the neuromuscular function during 

submaximal and maximal exercise is not as clearly defined as the manifestation of the 

clinical symptoms described earlier. It has been shown that maximal EMG and 

neuromuscular function can be altered during a maximal contraction for up to seven to ten 

days after an EIMD exercise 43, 105, while the symptoms of EIMD subsided seven days after 

the protocol 105. However most EMG studies following EIMD have been conducted up to 24 

hours 339, 385 or 48 hours 398 after the exercise protocol, therefore the time course of changes 

have not been well described.  
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 Therefore, the aim of this study was to determine how the symptoms of EIMD influence the 

neuromuscular recruitment patterns, measured by the means of EMG, during maximal and 

submaximal isometric and submaximal flexion–extension contractions over a 132 hours 

period after the muscle damage was induced. 

 

Therefore we hypothesize that exercise-induced muscle damage and its associated pain and 

neuromuscular changes lead to changes in EMG activity measured during maximal and 

submaximal isometric actions as well as during a low force flexion extension biceps action 

lasting for 132 hours after exposure to the damage inducing protocol. 

 

 

2.2 METHODS 
 

Thirty-two right-handed male participants, aged 21-40 years, were recruited for this study. 

This sample size was based on similar research previously conducted and published in this 

department 210. Handedness was determined by the Edinburgh handedness inventory 

(Appendix 1) 271. Participants were recruited in groups of six and allocated to the control or 

experimental group matched for age, height, weight, body fat and skinfold thickness 

measured at the biceps and triceps as the thickness of the fat layer can influence the EMG 

signal 263. None of the participants had any chronic or acute upper body pain or injuries 

(Appendix 2 and 3) and did not do any upper body training, which included lengthening the 

muscle under tension, within the twelve weeks before the study (Appendix 4) . They were 

informed about the study design, familiarized with the equipment and signed the consent 

form before starting the study (Appendix 5). The study was approved by the Human Ethics 

Committee of the Faculty of Health Science, University of Cape Town (Appendix 6), while 

the principles outlined by the Declaration of Helsinki were adopted in this study 410.  

 

2.2.1 Study design 
 

Before the start of the study all participants were familiarized with the different testing 

protocols. Data collection occurred over seven consecutive days (Figure 2.1). To minimize 

the effect of circadian rhythm on any of the outcome measures, all testing was scheduled at 

the same time of the day (within 60 minutes), except for the measurements at twelve hours.  
 

Twelve hours before the exercise protocol, stature, body mass, body fat percentage 112 and 

skinfold thickness 311 of each participant was measured. In addition a blood sample was 
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taken and elbow muscle function, pain scores, biceps girth and resting elbow angle were 

measured for comparative reasons. During the different muscle function tests (MVC, 

isometric low force contraction test and active flexion and extension movement test) 

electromyography activity was captured of the musculus (M.) biceps brachii, M. triceps 

brachii and M. trapezius. Except for EMG measurements (at -12, 12, 36 and 132 hours) all 

other measurements occurred at -12, 12, 36, 60, 84, 108 and 132 hours (Figure 2.1).  

 

 
 

 
 

 

 

 
 

Figure 2.1 Timeline of measurements. The EIMD indicators include, pain, arm circumference, elbow 
angle, serum creatine kinase activity  
 

2.2.2 Exercise protocol 
 

The experimental group participated in an exercise intervention twelve hours after baseline 

testing. As the aim of the study was to induce muscle soreness, a previously described 

exercise protocol, which has been shown to induce EIMD 210,was adopted in this study. In 

brief, participants were asked to resist the lengthening movement of the left biceps (5 sets of 

25 movements; see more details in ‘muscle function tests’ section). The resistance to these 

movements was set on a Biodex dynamometer at 80% of each subject’s maximum isometric 

contraction torque 210.  

 

2.2.3 Muscle function tests 
 

The MVC for the left elbow flexion was determined by a Biodex dynamometer (Biodex pro 3, 

New York, USA). To assess MVC, participants sat on the Biodex chair with their upper body 

and left upper arm securely strapped to the machine while the left forearm rested freely on 

the arm rest. In this position, participants were able to freely flex and extend their elbow over 

a range of approximately 120°, without hyper-extending the elbow. The rotation axis of the 

dynamometer was aligned with the lateral epicondyle of the humerus, while the forearm was 

fixed into a fully supinated position. This ensured that the flexion-extension movement was 

carried out in the transversal axis and sagittal plane. Participants were asked to perform 
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three five second isometric elbow contractions at maximal effort, with a fixed dynamometer 

arm angle of 45°. This set-up results in an elbow angle at about 60°, which is within the 

optimal length tension curve range 71, 330, while also allowing for optimal EMG activity 221. The 

three measurements were interspaced with 60 second recovery periods, while the last two 

measurements were used to determine an average MVC. 

 

In addition to the MVC, an isometric low force contraction test and active low force flexion 

and extension movement test were performed. Within the isometric low force contraction test 

participants were placed on a normal chair and asked to relax their upper arm. The left arm 

was relaxed and hanging by their side, while the right arm was resting on the participants 

lap. For the submaximal EMG measurements participants were asked to move at an 

average angular velocity of 30°·s-1 for three seconds with a 1kg wrist weight, with a fully 

supinated forearm placed at 90° and the fist closed. This measurement was also repeated 

three times interspaced with ten second intervals. Active flexion and extension movements 

of the elbow from to 90° and back to 180° were performed in the sagittal plane, while the 

upper and lower arm were kept as described in the MVC method. Participants were asked to 

perform three flexion (3 seconds) - extension (3 seconds) movements which were controlled 

by an auditory signal, while EMG data were captured continuously.  

 

2.2.4 Electromyographic measurements  
 

Electromyographic data were collected during muscle function tests at -12, 12, 36 and 132 

hours. For measurements two circular surface electrodes (Blue Sensor, Medicotest, 

Denmark) were placed on the muscle belly of the M. biceps brachii, the M. triceps brachii of 

the left arm and the M. trapezius with a reference electrode being placed on the clavicle 

bone. Data were captured at a rate of 2000 Hz (Telemyo 900, Noraxon USA, Inc., Arizona, 

USA). To ensure accurate EMG readings, the skin where the electrodes were placed, was 

shaved and vigorously rubbed with ethanol 4. To prevent skin irritations during the 

continuous measurements sandpaper was not used to abrade the skin. To ensure electrode 

placement remained the same on the four testing days over a period of seven days a 

permanent marker was used to circle the electrodes on the first day of EMG testing 43, 303. 

EMG measurements of the M. triceps brachii and M trapezius were monitored closely to 

corroborate that participants did not use compensation techniques to produce more force 

during the exercises. To minimize the possible effect of skinfold thickness on the EMG 

measurements 263, the control and experimental groups were matched for these parameters.  
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2.2.5 Electromyographic data analysis 

EMG data were analyzed with the Noraxon Myoresearch software (Version 2.11, Arizona, 

USA). The recorded data were filtered (50 Hz notch) to remove signal interference from 

external electrical sources (Myoresearch 2.11). Thereafter the data were filtered using a 15-

500 Hz band pass filter and smoothed using root mean squared analysis which was 

calculated for a 50 ms window. Within the MVC measurement, the average EMG was 

calculated by averaging the 2, 3 and 4th second and excluding the data from the 1 and 5th 

second. In contrast to EMG data from MVC, expressed absolutely, the EMG data from the 

isometric low force and flexion and extension measurements were normalized to the peak 

EMG amplitude during the maximal isometric contraction. 

Neuromuscular efficiency was calculated as torque produced during MVC/ divided by peak 

EMG during MVC340.  

To make the graphs of EMG activity more easily understandable the isometric data are 

displayed as percentage changes of the isometric data normalized to the EMG during MVC 
339. The flexion–extension data are displayed as normalized EMG (submaximal EMG

normalized to EMG during MVC).

2.2.6 Other measurements 

Blood samples, biceps girth, resting elbow angle and a pain score (VAS) (Appendix 7) were 

also measured and completed on a daily basis. Blood samples (5 ml) were taken from the 

right antecubital vein every testing day before the muscle function test. Samples were stored 

(-20°C) and later analyzed (Beckman DU-62, Beckman Instruments, Fullerton, California, 

USA) for the determination of serum creatine kinase (CK) activity as described previously 210. 

The girth of the left biceps was measured with a tape measure midway between the 

acromion and radiale bony landmarks, which was marked with a permanent marker for 

repeatability purposes 210. Resting elbow angles, and by implication the resting length of the 

biceps muscle were measured with a goniometer 210. Current pain perception was measured 

on a daily basis before the muscle function test with the use of a 10 cm visual analogue 

scale (VAS) 366. 
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2.2.7 Statistical analysis  
 

Statistical analysis was performed using STATISTICA 8.0 data analysis software (StatSoft, 

Inc. Tulsa, OK, USA). An independent t-test was used to compared the descriptive data 

between experimental and control group. As some of the data sets in this study had an 

unequal variance, determined using Levene’s test of homogeneity of variance, we decided to 

use non parametric statistical tests. A Kruskal-Wallis test (H) compared the differences 

between the control and experimental group on each of the testing days. A Friedman’s test 

(X2) was used to compare changes within each group over the repeated testing days. A 

Dunn’s test was used for post-hoc analysis. Statistical significance was accepted as p < 

0.05. 

 

 

2.3 RESULTS 
 

2.3.1 Characteristics of subjects  
 

Two subjects did not finish their entire trials. Due to incomplete EMG data sets and 

equipment failure another five subjects were excluded from further analysis. The general 

characteristics of the remaining 25 subjects are shown in Table 2.1. No significant 

differences were found between the experimental and control group in age, weight, height or 

skin fold measurements.  

 
Table 2.1: Descriptive data for the control (n = 13) and experimental groups (n = 12). Data are 
expressed as mean ± SD. 
 

Variable Control Responders 

Age (years) 24 ± 5 23 ± 5 

Body mass (kg) 74.4 ± 12.8 73.4 ± 12.9 

Stature (cm) 173.9 ± 6.1 178.5 ± 8.3 

Body fat (%) 16.0 ± 5.4 12.9 ± 6.1 

Skinfolds (mm) 83 ± 50 66 ± 41 
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2.3.2 Muscle soreness  
 

The difference in pain in the left arm in the experimental and control group measured by the 

means of the VAS scale is shown in Figure 2.2a. Peak pain in the experimental group was 

observed at 36 hours after the exercise protocol (X2 = 43.03, p < 0.0001) (Figure 2.2a). A 

difference in pain between the two groups can be observed at 12 (H = 9.13, p = 0.0025), 36 

(H = 14.67, p = 0.0001), 60 (H = 12.93, p = 0.0003), 84 (H = 10.13, p = 0.0015) and 108 (H = 

10.13, p = 0.0015) hours after the exercise protocol. Significant changes in pain were also 

found over time in the experimental group compared to the baseline value at 36, 60 and 84 

hours (X2 = 43.03, p < 0.01).  

 

2.3.3 Arm circumference  
 

There was a significant increase in the difference in girth between the exercised and rested 

arm in the experimental group compared to the control group which lasted for the duration of 

the experiment 12 (H = 5.16, p = 0.0231), 36 (H = 6.99, p = 0.0082), 60 (H = 8.01, p = 

0.0046), 84 (H = 7.79, p = 0.0053), 108 (H = 4.66, p = 0.031), 132 (H = 5.1, p = 0.0239) 

hours (Figure 2.2b). Significant changes in arm circumference were also found over time in 

the experimental group compared to the baseline value at 36, 60, 84 and 108 hours (X2 = 

32.29, p < 0.01). The difference between the left and right biceps girth of the control group 

did not change throughout the experiment. 

 

2.3.4 Resting elbow joint angle (muscle length)  
 

There was a significant decrease in elbow joint angle in the experimental group compared to 

pre-exercise values at 12, 36, 60 and 84 hours (X2 = 34.70, p < 0.0001) (Figure 2.2c). The 

difference in joint angle increased in the experimental group compared to the control group 

at 12 (H = 5.34, p = 0.0208), 36 (H = 7.16, p = 0.0075), 60 (H = 7.01, p = 0.0081), 84 (H = 

11.02, p = 0.0009) and 108 (H = 6.16, p = 0.0131) hours after the exercise protocol. No 

changes in the resting elbow joint angle over time were observed in the control group.  

 

2.3.5 Serum creatine kinase activity  
The serum creatine kinase activity increased significantly after the baseline measurement in 

the experimental group compared to the control group and peaked at 84 (H = 7.69, p = 

0.0056), 108 (H = 8.84, p = 0.003) and 132 (H = 9.47, p = 0.0021) hours after the EIMD 

protocol. Increases over time were seen 108 and 132 hours after the induction of EIMD in 
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the experimental group (X2 = 22.17, p < 0.0011) (Figure 2.2d). The serum creatine kinase 

activity in the control group did not change during the experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.6 Muscle function  
Muscle function as measured by MVC (Figure 2.3a) decreased significantly in the 

experimental group compared to the control group on all but one visit to the laboratory after 

the exercise protocol (p < 0.05). The largest decrease in maximal force output was observed 

within the first twelve hours after the EIMD protocol in the experimental group (H = 14.50, p 

Figure 2.2 
(a) The change in current pain measured 
with the VAS scale over seven days is 
shown the control () and experimental 
() group.  
 
## p < 0.01 at 84 hours post versus pre in the 
experimental group 
### p < 0.001 at 36 and 60 hours post versus pre in 
the experimental group 
 
(b) The change in the difference in 
relaxed elbow girth (cm) between the left 
and right arm of the control () and 
experimental () group over seven days. 
 
# p < 0.05 at 108 hours post versus pre in the 
experimental group 
## p < 0.01 at 36 and 60 hours post versus pre in 
the experimental group 
### p < 0.005 at 84 hours post versus pre in the 
experimental group 
 
(c) The change in the difference in elbow 
angle (degrees) between the left and right 
arm of the control () and experimental 
() group over seven days. 
 
## p < 0.01 at 12 hours post versus pre in the 
experimental group 
### p < 0.001 at 36, 60 and 84 hours post versus 
pre in the experimental group 
 
(d) The change in creatine kinase activity 
(U.l-1) over seven days is shown the 
control () and experimental () group. 
 
# p < 0.05 at 132 hours post versus pre in the 
experimental group  
## p < 0.01 at 108 hours post versus pre in the 
experimental group 
------ 

(* indicates results of the Kruskal-Wallis non-
parametric test, # indicates results of the Friedman’s 
non parametric test) 
 
* p < 0.05 control versus experimental group. 
** p < 0.01 control versus experimental group 
*** p < 0.001 control versus 
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= 0.0001). The force output in the experimental group did not recover completely for the 

duration of the trial at 36 (H = 10.30, p = 0.0013), 60 (H = 7.70, p = 0.0055), 84 (H = 6.82, p 

= 0.009) and 132 (H = 6.26, p = 0.0123) hours. The control group did not show any changes 

throughout the experiment. 

  

A difference was also observed in the force output of the experimental group compared to 

the baseline measurement at 12, 36, 60 and 84 hours (X2 = 38.41, p < 0.0001). There were 

no changes observed in the control group over time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.7 EMG activity  
2.3.7.1 EMG activity during maximal force output 
The electromyographic activity during a maximal force output is displayed as raw data in µV 

(Figure 2.3b). There was a significant decrease in EMG activity in the experimental group at 

Figure 2.3 
(a) The maximal force output produced on 
seven consecutive days is shown in the 
control () and experimental () group. 
  
# p < 0.05 at 60 hours post versus pre in the 
experimental group 
## p < 0.01 at 84 hours post versus pre in the 
experimental group 
### p < 0.005 at 12 and 36 hours post versus pre in 
the experimental group 
 
(b) Change of maximal EMG amplitude on 
four different occasions  
 
* p < 0.05 control group versus experimental group. 
# p < 0.05 at 132 hours post versus pre in the 
experimental group  
 
(c) Change in neuromuscular efficiency 
measured as a ratio of torque/EMG during 
the MVC in the control () and the 
experimental () group. 
 
# p < 0.05 at 12 hours post versus pre in the 
experimental group 
† p < 0.001 at 132 hours post versus 12 hours post 
in the experimental group 
‡ p < 0.01 at 132 hours post versus 36 hours post in 
the experimental group 
 
---- 
(* indicates results of the Kruskal-Wallis non-
parametric test, # indicates results of the Friedman’s 
non parametric test) 
* p < 0.05 control group versus experimental group. 
** p < 0.01 control versus experimental group 
*** p < 0.001 control versus experimental group 
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132 hours following the EIMD protocol (X2 = 8.40, p < 0.05). The control group did not show 

any changes over time.  

There was also a significant difference between the control and experimental group at 132 

hours (H = 5.22, p < 0.0223) and a nearly significant difference at 36 hours (H = 3.83, p < 

0.0502) after the EIMD protocol. 

2.3.7.2 Neuromuscular efficiency measured as torque/EMG during the MVC  
The neuromuscular efficiency during the maximal isometric contraction is displayed as the 

ratio torque/EMG. There was a significant decrease in this ratio at twelve hours compared to 

the pre-exercise value in the experimental group (X2 = 21.70, p = 0.05). There was a 

significant increase in neuromuscular function at 132 hours compared to 12 hours (X2 = 

21.70, p = 0.001) and at 132 hours compared to 36 hours (X2 = 21.70, p = 0.01). No 

changes were observed in the control group (Figure 2.3c).  

2.3.7.3 EMG activity during an isometric low force contraction 
The electromyographic activity during a submaximal isometric low force contraction is shown 

in Figure 2.4. The data are displayed normalized to the EMG during the maximal force 

output and as a percentage change compared to before the EIMD protocol. There was a 

significant increase in the experimental group at twelve hours (X2 = 10.9, p < 0.0123) after 

the EIMD protocol. There was also a difference between the groups at twelve hours (H = 

6.54, p < 0.0106). The control group showed a significant difference to the baseline values at 

132 hours (X2 = 9.24, p = 0.03). 

Figure 2.4 Percentage change of EMG amplitude produced during a low force isometric contraction 
with a 1kg wrist weight normalized to the maximal EMG amplitude measured on four different 
occasions in the control () and the experimental () group. 
---- 
(* indicates results of the Kruskal-Wallis non-parametric test, # indicates results of the Friedman’s non parametric test) 
* p < 0.05 control group versus experimental group.
# p < 0.05 at 132 hours post versus pre in the control group, ## p < 0.01 at 12 hours post versus pre in the experimental group
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2.3.7.4 EMG activity during a submaximal force output  
EMG data measured during the submaximal flexion-extension movements are shown in 

Figure 2.5. The lightly grey shaded area represents the flexion while the dark grey shaded 

area represents the extension. The data are represented as a percentage of the EMG 

recorded during maximal force contractions. No differences were observed on the first day of 

testing (Figure 2.5a). 

 

Twelve hours after the exercise protocol (Figure 2.5b) the muscle activity during the 

submaximal movement was significantly higher in the experimental compared to the control 

group during the last two seconds of the flexion as well as the first two seconds of the 

extension movement (s2: H = 9.61, p = 0.0019; s3: H = 11.01, p = 0.0009; s4: H = 8.00, p = 

0.0047; s5: H = 4.05, p = 0.0442). The largest difference in muscle activation between the 

two groups occurred in the last or third second of the flexion movement (H = 11.01, p = 

0.0009), where the experimental group had a higher EMG activity than the control group. 

At 36 hours after the exercise protocol the muscle activity was still significantly increased in 

the experimental group during the entire flexion movement and the first second of the 

extension movement (s1: H = 4.73, p = 0.0296; s2: H = 7.4, p = 0.0065; s3: H = 8.62, p = 

0.0063; s4: H = 8.00, p = 0.0047) (Figure 2.5c).  

 

At 132 hours after the exercise protocol the muscle activity in the experimental and control 

group differed during the last two seconds of the flexion movement (s2: H = 4.74, p < 

0.0295, s3: H = 4.27 p < 0.0387) (Figure 2.5d).  

  

The increase in EMG activity was most visible twelve hours after the exercise protocol 

(Figure 2.5b), but could still be measured 36 and 132 hours after EIMD (Figure 2.5c and d). 

At twelve hours a marked increase occurred in the flexion, but also in the first two seconds of 

the extension movement (Figure 2.5b). At 36 and 132 hours the increases in EMG activity 

occurred especially in the flexion movement.  
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Figure 2.5: The EMG amplitude of the biceps brachii during a six second submaximal dynamic 
contraction normalized to the EMG amplitude during a maximal contraction measured on four different 
days in the control () and experimental () group.  
---- 

(* indicates results of the Kruskal-Wallis non-parametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control group versus experimental group 
*** p < 0.001 control group versus experimental group  
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2.4 DISCUSSION 
 

The first finding of this study was that the EIMD exercise protocol resulted in similar 

physiological responses reflecting muscle damage in the experimental group as has been 

reported previously in studies in this and other laboratories 80, 210, 236, 264, 267. 

  

In particular the symptoms of EIMD (soreness, swelling, muscle shortening and creatine 

kinase activity) changed in the typical way for the duration of the experiment (Figure 2.2a-d). 

Also, muscle function measured as force output was impaired immediately after the EIMD 

protocol 296, 331 and gradually recovered but was still significantly different to the control group 

at 132 hours (Figure 2.3a). Maximal EMG activity and neuromuscular efficiency showed 

persistent signs of down regulation over the course of 132 hours. A significant decrease to 

pre-exercise values was seen at twelve hours in neuromuscular efficiency (Figure 2.3c) 

while the EMG during a MVC only showed a significant decrease to pre-exercise values and 

between groups 132 hours after the exercise protocol (Figure 2.3b).  

 

Previous studies by Turner et al. 385 and Semmler et al. 339 have shown that an EIMD 

inducing protocol is followed by changes in the electromyographic activity in the 24 hours 

following the protocol. Both studies show that the EMG activity increases and force steadily 

decreases in the biceps brachii during submaximal isometric and flexion-extension 

contractions after an EIMD protocol, therefore showing alterations in neuromuscular 

recruitment within the first 24 hours. We could not find other published studies which 

measured neuromuscular function during maximal and submaximal contractions of the 

biceps for 132 hours after EIMD and therefore believe that this provides novel insight into 

neuromuscular recruitment while experiencing EIMD.  

 

Our data shows that force output was decreased in the EIMD group until the end of the study 

at 132 hours (Figure 2.3a). The EMG during the maximal contraction was decreased at 132 

hours, while neuromuscular efficiency was decreased at 12 and 36 hours suggesting that 

there was a down regulation of contractile function (explained in further detail in the following 

paragraphs) (Figure 2.3b and c).  

 

Muscle function could be disturbed due to several factors. Based on the clinical symptoms it 

may be assumed that the EIMD protocol would have caused damage of the myofibrillar 

structure, including disruption of the contractile machinery, inexcitability of the muscle or 

changes in the release of Ca2+ and the sensitivity of cells to it 251, 403. The damage could also 
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have caused changes in the excitation-contraction coupling rates, which in turn, would lead 

to a disturbance in the contractile properties of the individual muscle fibres 54. EIMD 

protocols are known to damage type II, especially type IIB muscle fibres in preference to 

type I fibres 133, 219. In contrast to type I fibres, type II fibres generate more force but are not 

as resistant to fatigue 222. They also tend to tear when lengthened under tension 141. 

Therefore, the type I fibres need to increase their firing frequency, or more fibres need to be 

recruited to attain the same force output reached before 39, 132. 

 

This increased firing would lead to an increased EMG activity during submaximal 

contractions while the EMG during the MVC would be decreased due to the damaged overall 

fibre population. Therefore the entire muscle fibre population would not be available for 

activation during a MVC, while experiencing EIMD, and some fibres which are activated 

might not be capable of full contraction. The recovery of the muscle from EIMD usually takes 

a week or even longer 79, 80 and can therefore explain the decreased force output and EMG 

activity for 132 hours following the study. The maximal EMG/force ratio shows the 

dissociation of the recovery rates in MVC force output and the maximal EMG recorded at the 

same time. By 132 hours after the EIMD protocol the force output has started recovering 

while the maximal EMG recorded at the same is significantly decreased compared to  pre 

measurements. This observation could be explained by adaptations in neuromuscular 

function including a down regulation of muscular activity during maximal voluntary 

lengthening actions 397.  

 

Studies with motor nerve and transcranial stimulation have also shown that the expected 

decline in force output during a maximal isometric contraction while experiencing fatigue can 

be reduced. Transcranial magnetic stimulation increases the voluntary force output by about 

25%, therefore it was suggested that there is an upstream down regulator during fatigue 

(termed central fatigue) 377. We suggest that the same down regulation could occur for 132 

hours after the EIMD protocol (Figure 2.3b). The results need to be interpreted with caution 

because the repeated daily measuring of the MVC could have lead to a repeated fatiguing or 

re-damaging of the already damaged muscle in the experimental group.  

The opposite activation pattern to the maximal EMG can be seen in the low force isometric 

and flexion-extension contractions (Figures 2.4 and 2.5a-d). The low force isometric and 

flexion-extension data show similar significant changes when displayed as raw data, 

normalized to the EMG during MVC and when percentage normalized. During both the low 

force isometric and flexion-extension contraction there was an increase in EMG activity in 

the EIMD subjects as also shown in other studies of shorter duration339, 385. 
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The increases in EMG amplitude during the submaximal contractions could be explained by 

several mechanisms. For example, there could be increased recruitment of motor units 

especially larger motor units 94, 132, 391, increased firing rates of the already active motor units, 

increased discharge variability and increased synchrony in the firing of motor units 95, 331, 414. 

Any of the changes in muscle activation, measured as EMG activity, could manifest as a 

change in neural firing rates or in overall motor unit recruitment 39, 132. A change in firing rates 

would be due to a change in either central activation or at the level of the motor nerve or the 

neuromuscular junction 240, 349 and EIMD could have an influence at any of these levels.  

 

A change in firing rate and recruitment patterns can lead to an increase in rectified EMG 

amplitude and average EMG during submaximal contractions as well as a decrease in the 

mean power frequency 96, 356. As EMG amplitude increases during submaximal exercise to 

fatigue, the same is true for submaximal exercise while experiencing the symptoms of EIMD. 

Therefore an interpretation of these data is that non-damaged muscle fibres start firing with 

more synchrony to produce the same force output which the undamaged muscle fibre 

population produced before the EIMD protocol. Due to the firing synchrony the submaximal 

EMG signal increases. It has been shown before that especially during low force 

contractions after an EIMD protocol, motor unit synchrony and the motor unit discharge rate 

increases 414.  

 

Excitation-contraction coupling failure could also lead to an increase in EMG activity during 

the submaximal contraction. Due to the action potentials not being able to stimulate the 

release of adequate amounts of Ca2+ from the sarcoplasmic reticulum, a loss in force output 

is experienced 209, 289. This is especially apparent at a shorter muscle length, when more 

Ca2+ release is needed to achieve the same force output as seen at longer muscle length 276, 

289. 

 

Therefore we hypothesize that an adaptive response of the central nervous system could be 

to up regulate the firing frequency at a shorter muscle length to achieve the same force 

output as seen at longer length. This study supports this hypothesis by the fact that the 

submaximal EMG in the experimental group shows significant increases in the later stage of 

the flexion (last 2-3 seconds of flexion) and early stage of extension (first 1-2 seconds of 

extension action). This hypothesis is in line with the suggested centrally mediated neural 

adaptation as described by Starbuck and Eston 360.  

 

If one assumes that changes in especially the submaximal EMG are at least partially due to 

changes in neural firing rates, motor unit synchrony or recruitment changes then there must 
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be an upstream regulator which receives the afferent input (e.g. pain, disturbed functionality, 

changed proprioception, swelling etc) caused by EIMD and provides efferent output which 

regulates the muscle activation. This upstream regulator could probably be situated in the 

lower brain structures, but one can assume that especially the efferent output to the muscle 

could be guided by the motor cortex 83. However this hypothesis needs to be confirmed in 

future research studies.  

2.4.1 Conclusion 

In conclusion this study shows that EIMD disturbs neuromuscular function during maximal 

isometric and submaximal shortening-lengthening exercises but these changes seem to not 

be directly related to the clinical symptoms. These changes suggest that central regulation 

influences the neural firing patterns and motor unit activity. 

The next study examines the effect of EIMD and the associated neuromuscular changes and 

delayed pain on cortical α activity. 



 

CHAPTER 3  
 

THE RESPONSE OF CORTICAL ALPHA ACTIVITY TO 
PAIN AND NEUROMUSCULAR CHANGES CAUSED BY 

EXERCISE-INDUCED MUSCLE DAMAGE 
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INTRODUCTION  
 

Exercise-induced muscle damage is a phenomenon which occurs after unaccustomed 

exercise, especially exercise where the muscles are lengthened under tension. Symptoms 

include structural damage to the muscle 141, development of pain and changes in 

neuromuscular function including electromyography activity (EMG) 339 and force production 
339, as described in the previous chapter. 

 

Interestingly, whilst there is a decrease in EMG activity during a maximal voluntary 

contraction, submaximal EMG is increased within the first twelve hours after an EIMD 

protocol. This is of interest since the sensation of pain is only perceived 12- 24 hours after 

an EIMD protocol (chapter 2). Collectively these data suggest that the changes observed in 

the neuromuscular function after EIMD are driven by an upstream regulator situated in the 

brain, which is guided by peripheral bottom-up input (i.e. noxious stimulus, inflammation, 

intramuscular enzyme leakage and tissue damage) 339. 

 

It has been shown previously (fMRI and PET) that a noxious stimulus activates several 

areas of the brain, the primary somatosensory cortex (SI), secondary somatosensory cortex 

(SII), pre-motor cortex and the cingulate gyrus (limbic system) contralateral to the stimulus14 
392. These areas integrate the information arising from the periphery to create an emotional, 

behavioural and motor response, depending on the circumstances 241, 392. 

 

As fMRI does not allow for movement during the measurement or precise time resolution of 

the data 323, electroencephalography (EEG) is a preferred method to measure brain activity 

during movement 374. EEG is measured on the scalp with multiple low-amplitude sensitive 

electrodes and measures electrical activity produced by the neuronal firing in cortical and 

subcortical areas of the brain 260, 374. An outcome of the EEG measurement is spectral power 

in different frequencies, also known as frequency band activity. The 8-13 Hz band which 

represents the α activity, is known to be influenced by pain 68, 69, movement 358, attention 327 

and arousal 67. 

 

The most common response of α activity to a painful, cognitive or motor stimulus is a 

decrease in activity at the onset of the stimulus, followed by an increase in activity once the 

stimulus has lasted for several minutes 68, 358 or ended 10, 69. However recent research has 

shown that α activity can also increase during focused attention and cognitive processes 274. 

Von Stein et al. showed that the increase in α activity especially α-2 activity was due to 
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interactions between the frontal and parietal areas and that the increase in activity appears 

to be acting as a top-down regulator 393. A similar top-down regulatory process has been 

suggested by Chen and Herrmann 74 to control the sensation of pain. The notion of the top-

down suppression of pain is further supported by studies showing that meditation increases 

the global α-activity whilst decreasing the subjective sensation of pain 186, 207.  

 

EIMD provides an interesting model for investigating the effect of structural damage and 

acute pain on α-activity, particularly in the first twelve hours after EIMD when neuromuscular 

changes occur with minor symptoms of pain (chapter 2). Therefore the aim of this study was 

to investigate the effects of EIMD and determine whether there is a relationship between the 

peripheral symptoms, the neuromuscular changes and delayed pain sensation and cortical 

α-1 and α-2 activity.  

 

We hypothesize that a compensatory increase in α-1 activity will be displayed over the motor 

and somatosensory cortex of the experimental group compared to the control group in 

response to changes in neuromuscular function. We further hypothesize that an increase in 

α-2 activity is associated with the suppression of the sensation of pain experienced within 

the first twelve hours after the EIMD inducing protocol was performed.  

 

 

3.1 METHODS 
 

Thirty-seven right-handed male participants, aged 21-40 years, were recruited for this study. 

Handedness was determined by the Edinburgh handedness inventory (Appendix 1) 271. 

Participants matched for age, height, weight, body fat and skinfold thickness, were allocated 

to the experimental or control group. All participants had to be free of any upper body injuries 

and were not participating in any upper body training during the last twelve weeks before the 

study. This included the engagement in exercises involving specific muscle lengthening 

under tension movements. 

 

Prior to being informed about the study design and familiarization with the equipment, 

participants had to sign an informed consent form (Appendix 5) and complete a Physical 

Activity Readiness Questionnaire (Par-Q) (Appendix 2) 7. They were also asked to complete 

questionnaires about their injury and training history (Appendix 3 and 4). Participants were 

informed about the study design, familiarized with the equipment and signed the consent 

form before starting the study. The study was approved by the Human Ethics Committee of 
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the Faculty of Health Science, University of Cape Town (Appendix 6). The principles outlined 

by the Declaration of Helsinki for the use of Humans were adopted in this study 410. 

 

3.1.1 Study design 
 

Before the start of the study all participants were familiarized with the testing equipment and 

different test protocols. Figure 3.1 is a time line depicting the order of tests performed over 

the seven day testing period. To minimize the effect of circadian rhythm on any of the 

outcome measures, all tests were scheduled at the same time of the day (within 60 minutes). 

This however was not possible for the measurement at twelve hours after the exercise 

protocol. 

 

 

 

 

 

\ 

 
Figure 3.1 Timeline of measurements. The EIMD indicators include, pain, arm circumference, elbow 
angle, creatine kinase activity  
 

Twelve hours before the start of exercise protocol (see also Figure 3.1), stature, body mass, 

body fat percentage and skinfolds of each participant was measured. In addition resting 

elbow angle, elbow muscle function (measured by MVC), biceps girth and pain scores were 

measured. A blood sample was taken to determine serum creatine kinase activity. 

 

Electroencephalographically activity was measured during a self-initiated self paced flexion-

extension movement. In contrast to all the above mentioned measurements that were 

conducted at -12, 12, 36, 60, 84, 108 and 132 hours EEG measurement were only captured 

at -12, 12, 36 and 132 hours (Figure 3.1). These measurements were time consuming for 

the participants and there was concern about poor compliance if they were required to be 

tested more frequently.  

 

3.1.2 Exercise protocol 
 

Twelve hours after baseline testing, the subjects in the experimental group completed an 

exercise protocol designed to induce muscle damage (EIMD protocol). In brief, participants 

 



Chapter 3 

 74 

were asked to resist the lengthening movement of the left biceps (5 sets of 25 movements; 

see also ‘muscle function tests’ section for set up of the Biodex (Biodex pro 3, New York, 

USA)). The resistance to these movements was set on a Biodex dynamometer at 80% of 

each subject’s maximum isometric contraction torque, as this has been shown to induce 

EIMD. The control group did not perform this exercise protocol. The set up of the Biodex 

dynamometer is explained in detail in the methodology section of chapter 2, page 55. 

 

3.1.3 Muscle function tests 
 

The muscle function tests consisted of a MVC measurement and a self-paced submaximal 

flexion-extension movement. The experimental and the control group performed these 

muscle function tests. 

 

The MVC was measured using a Biodex dynamometer while performing elbow flexion of the 

left arm. For this, the participant sat in the chair of the Biodex dynamometer with their upper 

body and left upper arm securely strapped to the dynamometer, while the left forearm was 

only able to move in the sagittal plane (flexion-extension), In this position, participants were 

able to freely flex and extend their elbow over a range of approximately 120°, without hyper-

extending the elbow. The rotation axis of the dynamometer was aligned with the lateral 

epicondyle of the humerus, while the forearm was fixed into a fully supinated position. This 

ensured that the flexion-extension movement was carried out in the transversal axis and 

sagittal plane. Participants were asked to perform three five second MVC’s interspaced by 

60 second recovery periods, as previously described in chapter 2, page 55. 

 

The flexion-extension movement was not performed on the Biodex, but rather the 

participants were seated on a standard armless-chair. The participants’ left arm was relaxed 

and hanging by their side, while the right arm was resting on the participants lap. For the 

submaximal self-paced flexion-extension movements all participants wore a 1kg wrist strap 

and movements were performed in the sagittal plane between elbow angles of 180° and 90°. 

During the movements subjects were ask to look at a fixed point at the wall to reduce the 

interference of eye movements on the EEG measurement (see also EEG evaluation). In 

addition, the upper body and upper arm were positioned as described in the MVC set-up for 

standardization purposes. Participants were asked to perform 75 repetitions, which were 

interspaced by 5-10 second recovery periods with slightly longer rest periods (during which 

EEG data were not captured) after each 25 repetitions, while EEG data were captured.  
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3.1.4 Electroencephalographic study procedure 

The EEG data were obtained in a darkened, sound-attenuated, temperature controlled room 

to minimize the effect of confounding factors. Participants were instructed how to perform the 

self paced flexion-extension movements. EEG activity was measured during the 75 

submaximal, fast self paced flexion- extension movements. In addition, subjects were asked 

to keep their eyes open and focused on a fixed spot on the wall during the submaximal self 

paced movements.  

3.1.5 Electroencephalographic recording 

Figure 3.2 A layout of the EGI 129 channel system overlaid by the 10:20 electrode system (dark grey 
circles). Ellipses represent the following gross cortical areas: grey (Frontal), green (Pre-motor), 
orange (Supplementary Motor), blue (Motor), red (Somatosensory), yellow (Parietal), purple 
(Occipital). 

An Electrical Geodesic ™ dense-array system (EGI) EEG net with 128 recording sites plus a 

vertex reference electrode (electrode 129) (Electrical Geodesics, Inc, Oregon, USA) 32, 
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which measures the electrical activity on the surface of the scalp, was fitted onto each 

participant (see Figure 3.2 for an electrode layout). The impedance of all electrodes was 

maintained below 50 kΩ as suggested by the manufacture of the EGI system and different 

technical references 32, 190, 256 due to the high input resistance of the EEG amplifier. Specially 

designed amplifiers processed the high impedance signal. EEG was recorded using a 0.1–

50 Hz bandpass filter (3 dB attenuation) 256. The signals were sampled at 250 Hz 32, 256. All 

recordings were initially referenced to the central reference electrode (Cz/129) 32, 256. The 

EEG system was connected to an experimental workstation (Net Station software, Apple Inc 

desktop) 32. 

 

3.1.6 Electroencephalographic data analysis 
 

Data were collected continuously during the pre-movement, movement and rest phase and 

therefore represent the common state of the brain during a biceps brachii movement 

protocol rather than only a movement induced change.  

 

The EEG data were analyzed offline with the Net Station Waveform Tools (a component of 

Net Station software version 4.2.3, (Electrical Geodesics, Inc, Oregon, USA)). The data-

analysis path recommended in the Net Station Waveform Tools Technical Manual 

(http://www.egi.com/ accessed January 2008) was followed. The raw EEG data were 50 Hz 

notch filtered as well as 1-40 Hz band pass filtered. Following this the data for each trial 

were segmented into three second epochs 374.  

 

The EEG was re-referenced against an average reference 32, 34, 190, which made data 

recorded in the reference electrode (Cz/129) available for analysis. The EEG recording was 

monitored for movement, eye movement, blink artefacts, and noise by an amplitude 

threshold criterion. Epochs were excluded if the eye blink threshold exceeded 140 μV and 

the eye movement threshold exceeded 55 μV 167. Ocular artefacts were also detected by a 

slope threshold, if the slope of a channel increased more than 14 μV·ms-1 that channel was 

discarded within that epoch 418. The amplitude of a given channel was excluded in that 

epoch if it exceeded 150 μV, and in such a case replaced by an estimate calculated of the 

values of the surrounding channels. This was performed by computer algorithms built into 

the Net Station software version 4.2.3, (Electrical Geodesics, Inc, Oregon, USA) 256.  

 

After the automated artefact rejection algorithm all epochs were also visually inspected 

offline and the recordings in which artefacts could not be removed were manually discarded 
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before further data analysis took place. 

 

While shorter epochs might reveal the relationship between, for example, spectral estimates 

or time-locked events, our intent was to characterize background brain states (induced 

activity) rather than specific components of event related processing 382. Subjects who had 

less than 40 usable, artefact-free epochs per trial day were excluded from further analysis. A 

Fast Fourier Transform (FFT) with a Welchen window was performed to obtain the spectral 

information of an epoch of each subject. Hereafter the data were exported to Microsoft 

Excel© and each subject’s data were averaged before further analysis. 

 

The different frequency bands used in this study were as follows: α-1 (7.81–9.77 Hz) and α-2 

(10.74–12.7 Hz). Thereafter the relative power (activity) for each frequency on each day was 

calculated with the following formula: ((Power (12h or 36h or 132h) - Power (-12h)) / Power 

(-12h))*100. The different relative power values for each subject on the different testing days 

were used to calculate the statistical differences between the two different groups on the four 

different testing days. 

 

Matlab 6.5 (The Mathworks Inc., Massachusetts, USA) and EEGlab v 5.02 (SCCN, 

University of California, San Diego, USA) were used to create topographical maps of the 

relative power on each day in each frequency. 

 

Recorded data are represented based on the 10:20 system. All electrodes are grouped 

according to electrode on the 10:20 system which represents the same area. For example 

the 10:20 electrode Fz is represented by electrodes 5, 6, 11 and 12 in the Net Station 

system (Figure 3.2). 

 

3.1.7 Other measurements 
 

Blood samples, biceps girth, resting elbow angle and a pain score were measured daily as 

previously described in chapter 2. For the blood sample 5 ml of blood were drawn from the 

right antecubital vein. These samples were stored (-20° C) and later analyzed to determine 

the serum creatine kinase (CK) activity in the blood (Beckman DU-62, Beckman Instruments, 

Fullerton, California, USA) as described previously 210. The girth of the left biceps was 

measured with a tape measure midway between the acromion and radial bony landmarks, 

that was marked with a permanent marker for repeatability purposes 210. Resting elbow 

angles, and by implication the resting length of the biceps muscle were measured with a 
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Variable Control Experimental 

Age (years) 23 ± 4 23 ± 3 

Body mass (kg) 71.1 ± 8.8 72.7 ± 11.3 

Stature (cm) 171.7 ± 6.8 177.4± 8.0 

Body fat (%) 15.9 ± 4.9 13.4 ± 5.4 

Skinfolds (mm) 

Handedness (%) 

79 ± 37 

73 ± 20 

69 ± 38 

79 ± 19 

 

 

goniometer 210. Current pain perception was measured on a daily basis before the muscle 

function test with the use of a 10 cm visual analogue scale (VAS) 366. 

 

3.1.8 Statistical analysis 
 

An independent t-test was used to compare the descriptive data between experimental and 

control group, using STATISTICA 8.0 data analysis software (StatSoft, Inc. Tulsa, OK, USA).  

As some of the data sets in this study had an unequal variance, determined using Levene’s 

test of homogeneity of variance, it was decided to use non parametric statistical tests instead 

of the parametric ANOVA test. A Kruskal-Wallis test (H) compared the differences between 

the control and experimental group on each of the testing days in each electrode separately. 

A Friedman’s test (X2) was used to compare changes within each group over the repeated 

testing days in each electrode separately. A Dunn’s test was used for post-hoc analysis. 

Statistical significance was accepted at p < 0.05.  

 

 

3.2 RESULTS 
 

3.2.1 Characteristics of subjects 
 

One participant did not finish the entire trial and was excluded from the study. Seven other 

participants were also excluded because they did not have sufficient EEG data epochs for 

further analysis. The remaining twenty eight participants were divided into two groups similar 

in weight, height, age, skinfold thickness and handedness (Table 3.1).  
 
Table 3.1: Descriptive data for the control (n = 12) and experimental groups (n = 16). Data are 
expressed as mean ± SD. 
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3.2.2 Muscle soreness 
 

The difference in pain in the left arm in the experimental and control group measured by the 

VAS scale is shown in Figure 3.3a. Peak pain in the experimental group occurred 36 hours 

after the EIMD inducing protocol (X2 = 53.66, p = 0.0001). A difference in pain between the 

two groups occurred at 12 (H = 7.48, p = 0.0062), 36 (H = 14.32, p = 0.0002), 60 (H = 10.21, 

p = 0.0014), 84 (H = 8.03, p = 0.0046) and 108 hours (H = 8.37, p = 0.0038). Significant 

changes in pain occurred in the experimental group compared to the baseline value at 12, 

36, 60 84 and 108 hours (X2 = 53.66, p = 0.0001) (Figure 3.3a). 

 

3.2.3 Arm circumference 
 

During the experiment there was a significant increase in the difference in girth between the 

exercised and rested arm in the experimental group compared to the control group at 36 (H 

= 7.23, p = 0.0072), 60 (H = 6.97, p = 0.0093), 84 (H = 5.36, p = 0.0207) and 108 hours (H = 

5.04, p = 0.0248). Significant changes in arm circumference were also found over time in the 

experimental group compared to the baseline value at 36, 60 and 84 hours (X2 = 27.04, p = 

0.01). The difference between the left and right biceps girth of the control group did not 

change throughout the experiment. The difference between the left and right biceps girth of 

the control group did not change throughout the experiment (Figure 3.3b). 

 

3.2.4 Resting elbow joint angle (muscle length) 
 

The difference in resting joint angle between the left and right arms in the control and the 

experimental group are shown in Figure 3.3c. There was a significant decrease in elbow joint 

angle in the experimental group until 84 hours after the EIMD inducing protocol (X2 = 42.46, 

p = 0.001). The difference in joint angle decreased in the experimental group compared to 

the control group from 12 hours and reached its minimum 36 hours (H = 7.34, p = 0.0067) 

after the EIMD inducing protocol. It remained decreased until 108 hours (H = 6.71, p = 

0.0096) after the EIMD protocol. No changes in the resting elbow joint angle over time were 

observed in the control group (Figure 3.3c). 

 

3.2.5 Serum creatine kinase activity 
 

The serum creatine kinase activity in the experimental group increased at 36 hours (H = 

3.90, p = 0.0484) in the experimental group and reached its highest values compared to the 
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control group at 84 (H = 3.99, p = 0.0456), 108 (H = 4.87, p = 0.0274) and 132 hours (H = 

5.27, p = 0.0217) after the EIMD protocol. Creatine kinase activity in the experimental group 

was only significantly increased compared to baseline at 108 and 132 hours (X2 = 20.27, p = 

0.0025). The serum creatine kinase activity in the control group did not change during the 

experiment (Figure 3.3d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 

(a) The change in current pain measured 

with by VAS over seven days is shown the 

control () and experimental () group.  

 

 

(b) The change in the difference in 

relaxed elbow girth (cm) between the left 

and right arm of the control () and 

experimental () group over seven days. 

 

 

(c) The change in the difference in elbow 

angle (degrees) between the left and right 

arm of the control () and experimental 

() group over seven days. 

 

 
(d) The change in creatine kinase activity 

(U.l-1) over seven days is shown the 

control () and experimental () group. 

 

 

(e) The maximal force output produced on 

seven consecutive days is shown in the 

control () and experimental () group.  

 

(* indicates results of the Kruskal-Wallis nonparametric test, # indicates results of the Friedman’s non parametric test)  
Data are presented as averages with standard deviations. 
 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group, *** p < 0.001 control versus  
experimental group. 
# p < 0.05 post versus pre in the experimental group, ## p < 0.01 post versus pre in the experimental group, ### p < 0.005 post 
versus pre in the experimental group, #### p < 0.001 post versus pre in the experimental group 
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3.2.6 Muscle function 

Muscle function, as measured by MVC (Figure 3.3e), decreased significantly in the 

experimental group compared to the control group on all but one visit (108 hours) to the 

laboratory after the EIMD inducing protocol (p < 0.05). The largest decrease in maximal 

force output was observed within the first twelve hours after the EIMD protocol in the 

experimental group (H = 14.14, p = 0.0002) while there were no changes in the control group 

throughout the experiment. The force output in the experimental group remained different to 

that of the control group until the end of the trial (H = 5.61, p = 0.0179) (Figure 3.3 e). 

A difference was also observed in the force output of the experimental group over time at 12, 

36, 60 and 84 hours compared to the baseline measurement (X2 = 48.3, p = 0.001). There 

were no changes in the control group over time. 

3.2.7 Alpha-1 

Figure 3.4 and 3.5 show significant differences in α-1 activity between the control and 

experimental group at 12 and 36 hours after the exercise protocol. The greatest number of 

electrodes showing significant increases are seen 12 hours after the exercise protocol 

although changes remain at 36 hours especially in the electrodes overlying the motor and 

somatosensory areas (C3, Cz, and C4).  

3.2.7.1 Twelve hours 
At twelve hours after the EIMD protocol there was a widespread increase in α-1 activity over 

the motor and somatosensory area in the experimental group compared to the control group. 

This is seen especially at electrodes representing the areas surrounding C3, Cz and C4. To 

simplify the understanding of the results, electrodes have been placed into subgroups and 

labelled with the title of the closest electrode represented on the 10:20 system.  

Fz and F4 
Electrodes 6 (H = 4.97, p = 0.0259) and 113 (H = 4.56, p = 0.0327) placed on the frontal 

area of the cortex show significant differences between the groups. 
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Figure 3.4 The global change (%) of α-1 activity measured with 129 electrodes over the scalp is 
shown in the control (a) and experimental (b) group. An outline of the electrodes showing significant 
differences between the two groups (c) at each time point is also shown. 
 
T3 

A significant differences was found in electrode 47 (H = 4.56, p = 0.0327) which is located 

between C3 and T3. 

 
C3 
In the ipsilateral central area surrounding electrode C3 significant differences were seen in 

electrodes, 31 (H = 4.97, p = 0.0259), 32 (H = 6.29, p = 0.0122), 36 (H = 4.17, p = 0.0411), 

37 (H = 4.17, p = 0.0411), 38 (H = 8.02, p = 0.0046), 42 (H = 4.97, p = 0.0259), 43 (H = 7.76, 

p = 0.0053) and 48 (H = 5.61, p = 0.0179) where α-1 activity increases were significant in the 

experimental versus the control group. 

 

Cz 
Significant changes between the two groups were also seen over the vertex of the head in 

electrodes representing Cz. These electrodes are 7 (H = 6.28, p = 0.0122), 81 (H = 7.76, p = 

0.0053) and 129 (H = 8.28, p = 0.004). 

 

C4 
Significant differences occurred in the central area contralateral to the moving arm in 

electrodes 99 (H = 5.61, p = 0.0179), 104 (H = 8.28, p = 0.004), 105 (H = 5.61, p = 0.0179), 
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106 (H = 7.00, p = 0.0081) and 111 (H = 7.00, p = 0.0081). 

 
P3 and Pz 
There were significant differences in electrode 53 (H = 3.99, p = 0.0459), representing P3 

and also electrode 55 (H = 8.28, p = 0.004) representing Pz. 

 

T4 
Further down in the temporal areas there was a significant difference between groups 

(electrode 103; H = 7.77, p = 0.0053). 

 

 
Figure 3.5 Nine different electrodes representative of the change (%) of α-1 activity in the frontal, 
central and parietal areas of the brain. Each of the electrodes represents a location on the 10:20 
system.  
---- 
(* indicates results of the Kruskal-Wallis nonparametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group 
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3.2.7.2 Thirty-six hours 
Thirty-six hours after the EIMD inducing protocol differences were still observed between the 

experimental and control group, especially in the electrodes overlying the medial motor area.  

 
Cz 
The largest differences were recorded in the three electrodes surrounding the vertex area, 

electrodes 7 (H = 4.56, p = 0.0327), 107 (H = 4.17, p = 0.0411) and 129 (H = 5.83, p = 

0.0158). 

 

C3 
Differences occurred between the experimental and the control group at electrodes 32 (H = 

5.83, p = 0.0158) and 38 (H = 4.76, p = 0.0291) in the motor area ipsilateral to the 

movement (between C3 and Cz). 

 

C4 
Differences occurred between the groups in electrode 99 (H = 6.76, p = 0.0093). 

 

3.2.7.3 One hundred and thirty-two hours 
No differences were observed in α-1 activity between the two groups at 132 hours. 

 

3.2.8 Alpha-2  
 

Figures 3.6 and 3.7 show that there are significant differences in the α-2 activity between the 

control and experimental group at 12 and 36 hours after the induction of EIMD.  

 

3.2.8.1 Twelve hours 
At twelve hours after the EIMD protocol the differences between control and experimental 

group were seen on the contralateral frontal side of the cortex as well as on the ipsilateral 

side along the F3, C3 and P3 axis. 

 

F3 
In the ipsilateral frontal area only one electrode was significantly different, electrode 29 (H = 

4.56, p = 0.0327). 

 
Fz 
In the medial frontal area electrodes 4 (H = 4.56, p = 0.0327), 6 (H = 4.17, p = 0.0411) and 
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12 (H = 3.99, p = 0.0459) were significantly different between the two groups. 

 
F4 
In the contralateral frontal area electrodes 112 (H = 6.28, p = 0.0122), 113 (H = 7.25, p = 

0.0071), 118 (H = 9.97, p = 0.0016), 119 (H = 4.76, p = 0.0291) and 124 (H = 5.61, p = 

0.0179) there were significant differences between the groups while in the ipsilateral frontal 

area only one electrode (29) showed significant differences (H = 4.56, p = 0.0327). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6 The global change (%) of α-2 activity measured with 129 electrodes over the scalp is 
shown in the control (a) and experimental (b) group. An outline of the electrodes showing significant 
differences between the two groups (c) at each time point is also shown. 
 
 
C3 
Differences between groups occurred in the ipsilateral central area at electrode 42 (H = 6.52, 

p = 0.0107), 43 (H = 4.97, p = 0.0259) and 48 (H = 6.52, p = 0.0107). 

 

Cz 
In the medial central area at electrodes 107 (H = 6.52, p = 0.0107) and 129 (H = 4.76, p = 

0.0291) there were differences between the groups.  

 

C4 

In the contralateral central area surrounding C4 there were differences between groups at 
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electrodes 88 (H = 5.17, p = 0.0229), 105 (H = 6.52, p = 0.0107) and 106 (H = 11.80, p = 

0.0006). 

 
P3 
The difference between groups occurred in the parietal area at 52 (H = 7.50, p = 0.0062) and 

60 (H = 4.17, p = 0.0411). 

 
Pz 
Of the electrodes representing Pz only electrode 55 (H = 5.61, p = 0.0179) showed 

significant differences between the groups. 

 
Figure 3.7 Nine different electrodes representative of the change (%) of α-2 activity in the frontal, 
central and parietal areas of the brain. Each of the electrodes represents a location on the 10:20 
system. 
----  
(* indicates results of the Kruskal-Wallis nonparametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group 

 
 
3.2.8.2 Thirty-six hours 
At 36 hours after the exercise protocol significant changes between the experimental and 
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control group were localized and only found in the electrodes contralateral to the movement. 

C4  
Significant differences between groups occurred in electrode 88 (H = 4.17, p = 0.0411), 105 

(H = 6.52, p = 0.0107) and 111 (H = 4.97, p = 0.0259). 

P4 
There were significant differences between groups in electrode 87 (H = 6.28, p = 0.0122). 

3.2.8.3 One hundred and thirty-two hours 
No differences were observed in the α-2 activity between the two groups at 132 hours. 

3.3 DISCUSSION 

The first finding of this study was that the EIMD protocol resulted in similar physiological 

responses (Figure 3.3) reflecting muscle damage in the experimental group as previously 

reported in chapter 2 (page 59). 

In particular the symptoms of EIMD (swelling, muscle shortening and CK activity) changed in 

the typical way for the duration of the experiment (Figure 3.3a-d). Also, muscle function 

(force output) was impaired immediately after the EIMD protocol 339 and gradually recovered, 

but did not return to baseline by 132 hours (Figure 3.3e). Pain on the other hand 

progressively increased, peaking around 36 to 60 hours and was decreasing at 132 hours. 

The following sections will discuss α-1 and α-2 activity separately, as the two bands have 

shown to be active in different cortical areas. It is acknowledged that deducing functional and 

anatomical associations from EEG data is challenging, but the clustering of significant 

differences in certain areas does support the association with areas and functionality. 

3.3.1 Alpha 1 

The participants with symptoms of EIMD experienced an increase in cortical α-1 activity 

(Figure 3.4 and 3.5) while performing a series of brisk biceps brachii contractions. The 

increase in the experimental group was most noticeable at twelve hours after EIMD induction 

(Figure 3.4b) and activity had decreased, although it was still significantly different between 
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the two groups, by 36 hours post (Figure 3.4b and c). The difference in activity between the 

groups was most pronounced in electrodes overlying the motor and somatosensory cortex 

(Figure 3.4c). 

Heightened α-1 activity in the somatosensory and motor cortex has previously been 

associated with movement planning 10, as well as increased consciousness and perception 
274. Altered perception is suggested to lead to the increased α-1 activity as a response to 

changed peripheral bottom-up feedback. Feedback about changes in peripheral 

neuromuscular function (greater movement unsteadiness, increased submaximal EMG 

activity and decreased force output 339) is integrated and processed by the central nervous 

system, including the cortical areas. 

 

 The increase in α-1 activity could also be a result of precise movement planning and 

execution in the motor and somatosensory cortex to compensate (feed-forward) for the loss 

in neuromuscular function whilst experiencing the symptoms of EIMD.  

 

As previously shown in chapter 2 submaximal EMG activity increases within the first 12 to 36 

hours after the induction of EIMD, while maximal EMG and force output decrease. It has 

been suggested that the increased submaximal EMG activity is due to increased neural drive 

initiated by the central nervous system 240, 339. Thus our current findings of increased cortical 

α-1 activity in electrodes overlying the motor and somatosensory area together with the 

previous findings of increased submaximal and decreased maximal EMG activity at 12 and 

36 hours post-EIMD, support our hypothesis that the motor and somatosensory cortex act as 

a compensatory upstream regulator of motor control while experiencing EIMD.  

 

While it cannot be clearly stated what causes the increases in α-1 activity over the motor and 

somatosensory area in the EIMD group it is suggested that increased cortical α-1 activity 

might be necessary to counteract the loss of movement steadiness and force output whilst 

experiencing EIMD. Due to the recording of α-1 activity in this proximal location this leads to 

the assumption that this may be a cortical top- down regulator of peripheral function. 

Therefore the increased α-1 activity could be part of an upstream regulatory mechanism of 

motor perception, activation and neuromuscular function.  

 

3.3.2 Alpha 2 
 

Whilst α-1 activity increased in the motor and somatosensory areas, α-2 activity increased in 

the ipsilateral fronto-parietal area as well as in the contralateral fronto-central areas. 
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Alpha-2 activity peaked at twelve hours (Figure 3.6 and 3.7), when neuromuscular function 

was already disturbed although the main sensation of pain was yet to develop. At 36 hours 

post-EIMD induction α-2 activity remained elevated in the contralateral centro-parietal area. 

Pain peaked at 36 hours whilst α-2 activity decreased again towards pre-EIMD values.  

 

It has previously been shown that α-2 activity increases due to interactions between the 

frontal and parietal cortical areas. Palva and Palva 274 and Halgren et al. 161 proposed that 

this fronto-parietal α synchrony is associated with focused attention, working memory, 

conscious perception, cognition and action. As this is assumed to be the most proximal level 

of control, this fronto-parietal α synchrony is known to act as a top-down regulator for 

subcortical and peripheral information integration processes 393. 

 

Klimesch et al. 198 have further suggested that increased α-2 activity in cortical areas causes 

an inhibition of information retrieval from the involved areas. Hence the authors suggested 

the increase in α activity to be an inhibitory top-down control mechanism of information 

integration processes. A similar cortical top-down regulator has been suggested for pain 74, 

stating that the painful signal is perceived and incorporated at different frequency levels and 

areas of the cortex, with the somatosensory and the frontal cortex playing an important part.  

 

Further research by Kakigi and Lagopoulos 186, 207 showed that meditation increased α-2 

activity whilst simultaneously decreasing the sensation of pain. Following this trend Babiloni 

et al. 19 showed that α-2 activity decreases in the contralateral hemisphere with the induction 

of a combined stimulus of pain and movement 19. In addition the perception of pain, 

especially limb pain, has been further localized to the dorsolateral prefrontal, the primary 

somatosensory, motor and supplementary motor cortex 228.  

 

The above findings support the existence of a relationship between increased α-2 activity in 

the contralateral pre-motor, motor and somatosensory cortex and the subsequent inhibited 

perception of pain twelve hours post-EIMD induction 114, 228, 274, 393. Therefore an increased α-

2 activity in our cohort might be responsible for the dissociation between the sensation of 

pain and the changes in neuromuscular function caused by EIMD. This is of clinical 

importance as pain during the first twelve hours after the induction of EIMD does not reflect 

on the amount of damage caused. 

 

Therefore we propose that an increased contralateral fronto-central α-2 activity acts as a 

cortical top-down regulator of the perception of pain twelve hours post-EIMD induction and 
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therefore leads to the delayed–onset pain response associated with EIMD. There was a 

visible increase in α-2 activity in the control group at 132 hours (Figure 3.6b), but this was 

not significant. We suggest that these changes are a consequence of a learning or 

familiarization phenomenon, although we have no descriptive data to confirm this. As a 

result of repetitive testing sessions control participants probably had a lower attentiveness 

and increased movement automation 420. An increase in α-1 and -2 is associated with this 

lower attentiveness 327. 

 

3.3.3 Limitations and future research  
 

This study explored the relationship between the neuromuscular changes and pain induced 

by an EIMD protocol and associated changes in cortical α-1 and α-2 activity. However our 

study investigated changes in induced α activity, rather than event related α activity and 

therefore includes, pre movement, movement and post movement recordings. The aim was 

to investigate the influence of pain and changed neuromuscular function on α activity during 

a movement task. Also our data were not baseline corrected but rather compared to pre-

EIMD protocol values to identify differences in activity between the groups post- versus pre-

EIMD induction. Therefore it is acknowledged that other factors such as changes in pain 

pathways or inflammatory processes could have lead to the dissociated response of 

neuromuscular changes and the delayed pain response, but the interest of this study was 

how EIMD and its associated symptoms affected the α-1 and α-2 activity measured over the 

cortical areas. Further research is needed to integrate not only the pain and neuromuscular 

response with the EEG recordings but also possible inflammatory changes and adaptations 

in the pain pathways. Future studies should consider correlations between EMG and EEG, 

as well as look at a broader spectrum of EEG frequencies (including β, θ and γ). 

 

3.3.4 Conclusion 
 

Therefore it is proposed that the increase in α-1 activity, twelve hours after the EIMD 

protocol, may be part of a neurocognitive top-down regulator of neuromuscular function 186, 

198, 300, 326, and that α-2 activity may be a cortical top-down regulator that suppresses the 

sensation of pain during the first twelve hours of experiencing EIMD 186, 198, 326.  

 



 

CHAPTER 4  
 
 

THE RESPONSE OF CORTICAL BETA ACTIVITY TO 
PAIN AND NEUROMUSCULAR CHANGES CAUSED 

BY EXERCISE-INDUCED MUSCLE DAMAGE 
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4.1 INTRODUCTION 

As has been shown in the previous chapters EIMD leads to a decrease in force and 

EMG output during a MVC, and an increase in EMG activation during submaximal 

contractions with these changes lasting up to 132 hours post-EIMD induction 300, 301, 339,

385. The change in neuromuscular function, immediately after EIMD induction, is

caused by a reduction of voluntary activation either at the level of the spinal cord or

motor cortex 296, 300. These changes occur independently of the soreness caused by

EIMD 300.

During voluntary movement, efferent output from the brain to the muscle is guided by 

the motor cortex 22, 49, 83, 148, 157, 300. One of the frequencies in the brain associated with 

voluntary movement is the 15–35 Hz band 13, 64, 83. This frequency, known as β activity, 

is usually pronounced in the motor and somatosensory areas of the cortex and has 

been linked to motor performance 104, 119, 145, 217, 247, 249, 270 due to the measurement of 

synchronized 15–30 Hz activity in the muscle, peripheral and central nervous system 
12, 13, 64, 83 during isometric and dynamic muscle contractions. Due to the large 

frequency range covered by the β activity, the band has been divided into two sub 

bands, the β-1 activity at 15–20 Hz and the β-2 activity at 21–35 Hz, which display 

different responses to external stimuli 68-70, 73, 250.  

Studies have shown that the motor cortex and motor units fire in coherence at a 

frequency between 15–30 Hz (i.e. in the β-1 and -2 activity range) during a steady 

state contraction 64, 83, 199. These coherent oscillations are observed in the motor, 

somatosensory and pre-motor cortex during a steady state muscle contraction 22, 49, 199. 

Beta activity is usually decreased before and during movement action 285 and 

increases after the movement has ended or as an isometric contraction is maintained 

over several seconds 63, 83, 119, 191, 280, 285. 

However, recent studies suggest that increased β-1 and -2 activity is not only important 

for the maintenance of steady state contractions but is also required for the efficient 

processing of peripheral feedback required to maintain the status quo by means of 

constant recalibration of the motor and somatosensory system 22, 49, 152, 199, 208, 

especially while maintaining low force contractions 12, 13, 22, 62, 64, 300, 339, 398. Further it has 

been shown that the coherence between the EEG and EMG activity in the 15–30 Hz 

range is positively correlated to force output 64, 193, 194. 



Chapter 4 

 94 

During EIMD this peripheral feedback might be disturbed, as it has been shown that 

EIMD, as well as muscular pain in the biceps brachii, lead to a loss of proprioception, 

motor perception as well as neuromuscular function and motor recruitment 301, which in 

turn could lead to a compensatory increase in β activity in the associated cortical areas 
5, 13, 208, 249, 386.  

 

Movement perception, proprioception, motor planning and learning 5, 208, 249, 386 are 

associated with the pre-motor, supplementary motor and parietal area of the brain, all 

of which display strong β-1 and -2 activity during movement 104, 249. 

 

EIMD not only causes changes in neuromuscular function and proprioception but also 

induces muscular pain. It has been shown previously that tonic muscle pain, which is 

comparable to EIMD induced pain, leads to an inhibition of motor evoked potentials in 

the contralateral motor cortex and therefore leads to a reduction in cortical and spinal 

motor neuron excitability 214. It has been found that tonic heat pain in the arm leads to 

an increase in β-1 activity in the frontal and ipsilateral temporal region 68, 74, 175, while β-

2 activity increases globally with non-exercise-induced muscle pain 69, 70. However, 

other studies have not shown conclusive evidence that pain has an impact on β-1 or β-

2 activity at all 66.  

 

To clarify the inconsistencies in these studies we aim to investigate the relationship 

between the symptoms of EIMD and cortical β-1 and -2 activity during a submaximal 

movement for up to 132 hours following an exercise protocol design to cause EIMD. Of 

special interest is not only the effect of the neuromuscular changes, but also the effect 

of the sensation of pain on the β-1 activity and β-2 activity. We hypothesise that β-1 

and -2 activity in electrodes overlying the frontal and parietal area will be increased 

during EIMD to compensate for loss of neuromuscular function and to integrate the 

increased sensation of pain. 

 

 

4.2 METHODS 
 

Thirty-seven right-handed male participants, aged 21-40 years, were recruited for this 

study. Handedness was determined by the Edinburgh handedness inventory 

(Appendix 1) 271. Participants matched for age, height, weight, body fat and skinfold 

thickness, were allocated to the experimental or control group. All participants had to 
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be free of any upper body injuries and were not participating in any upper body training 

during the last twelve weeks before the study. This included the engagement in 

exercises involving specific muscle lengthening under tension movements. 
 

Prior to being informed about the study design, participants had to sign an informed 

consent form and complete a Physical Activity Readiness Questionnaire (Par-Q) 

(Appendix 2) 7. They were also asked to complete questionnaires about their injury 

(Appendix 3) and training history (Appendix 4). Participants were informed about the 

study design, familiarized with the equipment and signed the consent form before 

starting the study (Appendix 5). The study was approved by the Human Ethics 

Committee of the Faculty of Health Science, University of Cape Town (Appendix 6). 

The principles outlined by the Declaration of Helsinki for the use of Humans were 

adopted in this study 410. 

 

4.2.1 Study design 
 

Before the start of the study all participants were familiarized with the testing 

equipment and different test protocols. Figure 4.1 is a time line depicting the order of 

tests performed over the seven day testing period. To minimize the effect of circadian 

rhythm on any of the outcome measures, all tests were scheduled at the same time of 

the day (within 60 minutes). This however was not possible for the measurement at 

twelve hours after the exercise protocol. 

 

 

 

 

 

 

 

 
 
 
 
Figure 4.1: Timeline of measurements. The EIMD indicators include, pain, arm circumference, 
elbow angle, serum creatine kinase activity  
 

Twelve hours before the start of exercise protocol (see also Figure 4.1), stature, body 

mass, body fat percentage and skinfolds of each participant was measured. In addition 
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resting elbow angle, elbow muscle function (MVC), biceps girth and pain scores were 

measured. A blood sample was taken to determine creatine kinase activity. 

 

EEG activity was measured during a self-initiated self-paced flexion-extension 

movement. In contrast to all the above mentioned measurements that were conducted 

at -12, 12, 36, 60, 84, 108 and 132 hours EEG measurement were only captured at -

12, 12, 36 and 132 hours (Figure 4.1). These measurements were time consuming for 

the participants and there was concern about poor compliance if they were required to 

be tested more frequently.  

 

4.2.2 Exercise protocol 
 

Twelve hours after baseline testing, the subjects in the experimental group completed 

an EIMD inducing protocol. In brief, participants were asked to resist the lengthening 

movement of the left biceps (5 sets of 25 movements; see also ‘muscle function tests’ 

section for set up of the Biodex (Biodex pro 3, New York, USA)). The resistance to 

these movements was set on a Biodex dynamometer at 80% of each subject’s 

maximum isometric contraction torque, as this has been shown to induce EIMD in the 

previous two chapters. The control group did not perform this exercise protocol.  

 

4.2.3 Muscle function tests 
 

The muscle function tests consisted of a MVC measurement and a self-paced 

submaximal flexion-extension movement. The experimental and the control group 

performed these muscle function tests. 

 

The MVC was measured using a Biodex dynamometer while performing elbow flexion 

of the left arm. For this, the participant sat in the chair of the Biodex dynamometer with 

their upper body and left upper arm securely strapped to the dynamometer, while the 

left forearm was only able to move in the sagittal plane (flexion-extension). In this 

position, participants were able to freely flex and extend their elbow over a range of 

approximately 120°, without hyper-extending the elbow. The rotation axis of the 

dynamometer was aligned with the lateral epicondyle of the humerus, while the 

forearm was fixed into a fully supinated position. This ensured that the flexion-

extension movement was carried out in the transversal axis and sagittal plane. 

Participants were asked to perform three 5 second MVC’s interspaced by 60 second 
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recovery periods, as previously described in chapter 2. 

 

The submaximal flexion-extension movements were not performed on the Biodex, but 

rather the participants were seated on a standard armless-chair. The left arm was 

relaxed and hanging by their side, while the right arm was resting on the participants 

lap. For the submaximal self-paced flexion- extension movements all participants wore 

a 1kg wrist strap and movements were performed in the sagittal plane between elbow 

angles of 180° and 90°. In addition, the upper body and upper arm were positioned as 

described in the MVC set-up for standardization purposes. Participants were asked to 

perform 75 repetitions, which were interspaced by 5–10 second recovery periods with 

slightly longer rest periods after each 25 repetitions (during which EEG data were not 

recorded). 

 

4.2.4 Electroencephalographic study procedure 
 

The EEG data were obtained in a darkened, sound-attenuated, temperature controlled 

room to minimize the effect of confounding factors. Participants were instructed how to 

perform the self-paced flexion and extension movements. EEG activity was measured 

during the 75 submaximal, fast self-paced flexion and extension movements. In 

addition, subjects were asked to keep their eyes open and focused on a fixed spot on 

the wall during the submaximal self-paced movements.  

 

4.2.5 Electroencephalographic recording 
 

An EEG net with 128 recording sites plus a vertex reference electrode (electrode 129) 

Electrical Geodesic ™ system (Electrical Geodesics, Inc, Oregon, USA) 32, which 

measures the electrical activity on the surface of the scalp, was fitted onto each 

participant (see Figure 4.2 for an electrode layout). The impedance of all electrodes 

was maintained below 50 kΩ as suggested by the manufacture of the EGI system and 

different technical references 32, 190, 256 due to the high input resistance of the EEG 

amplifier. Specially designed amplifiers processed the high impedance signal. EEG 

was recorded using a 0.1–50 Hz bandpass filter (3 dB attenuation) 256. The signals 

were sampled at 250 Hz 32, 256. All recordings were initially referenced to the central 

reference electrode (Cz/129) 32, 256. The EEG system was connected to an 

experimental workstation (Net Station software, Apple Inc desktop) 32. 
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Figure 4.2 A layout of the EGI 129 channel system overlaid by the 10:20 electrode system 
(dark grey circles). Ellipses represent the following gross cortical areas: grey (Frontal), green 
(Pre-motor), orange (Supplementary Motor), blue (Motor), red (Somatosensory), yellow 
(Parietal), purple (Occipital). 
 

4.2.6 Electroencephalographic data analysis 
 

The raw EEG data were 50 Hz notch filtered as well as 1-40 Hz band pass filtered. 

Following this the data for each trial were segmented into three second epochs 374. 

Data were collected continuously during the pre-movement, movement and rest phase 

and therefore represent the common state of the brain during a biceps brachii 

movement protocol rather than a movement induced change. 

 

The EEG was re-referenced against an average reference 32, 34, 190, which made data 

recorded in the reference electrode (Cz/129) available for analysis. The EEG recording 

was monitored for movement, eye movement, blink artefacts, and noise by an 

amplitude threshold criterion. Epochs were excluded if the eye blink threshold 
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exceeded 140 μV and the eye movement threshold exceeded 55 μV. Ocular artefacts 

were also detected by a slope threshold, if the slope of a channel increased more than 

14 μV.ms-1 the channel was discarded within that epoch 418. The amplitude of a given 

channel was excluded in that epoch if it exceeded 150 μV, and in such a case replaced 

by an estimate calculated of the values of the surrounding channels. This was 

performed by computer algorithms built into the Net Station software version 4.2.3, 

(Electrical Geodesics, Inc, Oregon, USA) 256.  

After the automated artefact rejection algorithm all epochs were also visually inspected 

offline and the recordings in which artefacts could not be removed were manually 

discarded before further data analysis took place. 

While shorter epochs might reveal the relationship between, for example, spectral 

estimates or time-locked events, our intent was to characterize background brain 

states (induced activity) rather than specific components of event related processing 
382. Subjects who had less than 40 usable, artefact-free epochs per trial day were

excluded from further analysis. A FFT with a Welchen window was performed to obtain

the spectral information of an epoch of each subject. Hereafter the data were exported

to Microsoft Excel© and each subject’s data were averaged before further analysis.

The different frequency bands used in this study were as follows: β-1 (13.67–18.55 Hz) 

and β-2 (19.35–35.16 Hz). Thereafter the relative power (activity) for each frequency 

on each day was calculated with the following formula: ((Power (12h or 36h or 132h) - 

Power (-12h)) / Power (-12h))*100. The different relative power values for each subject 

on the different testing days were used to calculate the statistical differences between 

the two different groups on the four different testing days. 

Matlab 6.5 (The Mathworks Inc., Massachusetts, USA) and EEGlab v 5.02 (SCCN, 

University of California, San Diego, USA) were used to create topographical maps of 

the relative power on each day in each frequency. 

Recorded data are represented based on the 10:20 system. All electrodes are grouped 

according to electrode on the 10:20 system which represents the same area. For 

example the 10:20 electrode Fz is represented by electrodes 5, 6, 11 and 12 in the 

Netstation system (Figure 4.2). 
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4.2.7 Other measurements 
Blood samples, biceps girth, resting elbow angle and a pain score were measured 

daily as previously described in chapter 2. For the blood sample 5 ml of blood were 

drawn from the right antecubital vein. These samples were stored (-20° C) and later 

analyzed to determine the serum creatine kinase (CK) activity in the blood (Beckman 

DU-62, Beckman Instruments, Fullerton, California, USA) as described previously 210. 

The girth of the left biceps was measured with a tape measure midway between the 

acromion and radial bony landmarks, that was marked with a permanent marker for 

repeatability purposes 210. Resting elbow angles, and by implication the resting length 

of the biceps muscle were measured with a goniometer 210. Current pain perception 

was measured on a daily basis before the muscle function test with the use of a 10 cm 

visual analogue scale (VAS) 366. 

 

4.2.8 Statistical analysis 
 

An independent t-test was used to compare the descriptive data between experimental 

and control group, using STATISTICA 8.0 data analysis software (StatSoft, Inc. Tulsa, 

OK, USA). As some of the data sets in this study had an unequal variance, determined 

using Levene’s test of homogeneity of variance, it was decided to use non parametric 

statistical tests instead of the parametric ANOVA test. A Kruskal-Wallis test (H) 

compared the differences between the control and experimental group on each of the 

testing days in each electrode separately. A Friedman’s test (X2) was used to compare 

changes within each group over the repeated testing days in each electrode 

separately. A Dunn’s test was used for post-hoc analysis. Statistical significance was 

accepted at p < 0.05.  

 

 

4.3 RESULTS 
 

4.3.1 Characteristics of subjects 
 

One participant did not finish the trial and was excluded from the study. Seven other 

participants were also excluded because they did not have sufficient EEG data epochs 

for further analysis. The remaining twenty eight participants were divided into two 

groups similar in weight, height, age, skinfold thickness and handedness (Table 4.1). 
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Table 4.1: Descriptive data for the control (n = 12) and experimental groups (n = 16). Data are 
expressed as mean ± SD. 

4.3.2 Muscle soreness 

The difference in pain in the left arm in the experimental and control group measured 

by the VAS scale is shown in Figure 4.3a. Peak pain in the experimental group 

occurred 36 hours after the EIMD inducing protocol (X2 = 53.66, p = 0.0001). A 

difference in pain between the two groups occurred at 12 (H = 7.48, p = 0.0062), 36 (H 

= 14.32, p = 0.0002), 60 (H = 10.21, p = 0.0014), 84 (H = 8.03, p = 0.0046) and 108 

hours (H = 8.37, p = 0.0038). Significant changes in pain occurred in the experimental 

group compared to the baseline value at 12, 36, 60 84 and 108 hours (X2 = 53.66, p = 

0.0001) (Figure 4.3a). 

4.3.3 Arm circumference 

During the experiment there was a significant increase in the difference in girth 

between the exercised and rested arm in the experimental group compared to the 

control group at 36 (H = 7.23, p = 0.0072), 60 (H = 6.97, p = 0.0093), 84 (H = 5.36, p = 

0.0207) and 108 hours (H = 5.04, p = 0.0248). Significant changes in arm 

circumference were also found over time in the experimental group compared to the 

baseline value at 36, 60 and 84 hours (X2 = 27.04, p = 0.01). The difference between 

the left and right biceps girth of the control group did not change throughout the 

experiment (Figure 4.3b). 

Variable Control Experimental 

Age (years) 23 ± 4 23 ± 3 

Body mass (kg) 71.1 ± 8.8 72.7 ± 11.3 

Stature (cm) 171.7 ± 6.8 177.4± 8.0 

Body fat (% 15.9 ± 4.9 13.4 ± 5.4 

Skinfolds (mm) 79 ± 37 69 ± 38 

Handedness (%) 73 ± 20 79 ± 19 
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Figure 4.3 
 
a: The change in current pain 
measured with the VAS scale over 
sevendays is shown the control () 
and experimental () group.  
 
 
 
b: The change in the difference in 
relaxed elbow girth (cm) between the 
left and right arm of the control () 
and experimental () group over 
seven days. 
 
 
 
c: The change in the difference in 
elbow angle (degrees) between the 
left and right arm of the control () 
and experimental () group over 
seven days. 
 
 
 
d: The change in creatine kinase 
activity (U.l-1) over seven days is 
shown the control () and 
experimental () group. 
 
 
 
e: The maximal force output 
produced on seven consecutive days 
is shown in the control () and 
experimental () group.  
 

 
f: Percentage change of EMG 
amplitude produced during a low 
force isometric contraction with a 1 
kg wrist weight normalized to the 
maximal EMG amplitude measured 
on four different occasions in the 
control () and the experimental () 
group. 
 
---- 
(* indicates results of the Kruskal-Wallis 
nonparametric test, # indicates results of the 
Friedman’s non parametric test)  
 
Data are presented as averages with standard 
deviations. 
 
 * p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group, *** p < 0.001 control 

versus experimental group, # p < 0.05 post versus pre in the experimental group, ## p < 0.01 post versus pre in the 
experimental group, ### p < 0.005 post versus pre in the experimental group, #### p < 0.001 post versus pre in the 
experimental group 
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4.3.4 Resting elbow joint angle (muscle length) 
 

The difference in resting joint angle between the left and right arms in the control and 

the experimental group are shown in Figure 4.3c. There was a significant decrease in 

elbow joint angle in the experimental group until 84 hours after the EIMD inducing 

protocol (X2 = 42.46, p = 0.001). The difference in joint angle decreased in the 

experimental group compared to the control group from 12 hours and reached its 

minimum 36 hours (H = 7.34, p = 0.0067) after the exercise protocol. It remained 

decreased until 108 hours (H = 6.71, p = 0.0096) after the exercise protocol. No 

changes in the resting elbow joint angle over time were observed in the control group 

(Figure 4.3c). 

 

4.3.5 Serum creatine kinase activity 
 

The serum creatine kinase activity in the experimental group increased at 36 hours (H 

= 3.90, p = 0.0484) and reached its highest values compared to the control group at 84 

(H = 3.99, p = 0.0456), 108 (H = 4.87, p = 0.0274) and 132 hours (H = 5.27, p = 

0.0217) after the EIMD inducing protocol. Creatine kinase activity in the experimental 

group was only significantly increased compared to baseline at 108 and 132 hours (X2 

= 20.27, p = 0.0025). The serum creatine kinase activity in the control group did not 

change during the experiment (Figure 4.3d). 

 

4.3.6 Muscle function 
 

Muscle function, as measured by MVC (Figure 4.3e), decreased significantly in the 

experimental group compared to the control group on all but one visit (108 hours) to 

the laboratory after the EIMD inducing protocol (p < 0.05). The largest decrease in 

maximal force output was observed within the first twelve hours after the EIMD 

protocol in the experimental group (H = 14.14, p = 0.0002) while there were no 

changes in the control group throughout the experiment. The force output in the 

experimental group remained different to that of the control group on all days but one 

day until the end of the trial (132 hours; H = 5.61, p = 0.0179) (Figure 4.3e). 

 

A difference was also observed in the force output of the experimental group over time 

at 12, 36, 60 and 84 hours compared to the baseline measurement (X2 = 48.3, p = 

0.0001). There were no changes in the control group over time. 
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4.3.7 EMG activity 
 

The electromyographic activity during a submaximal isometric low force contraction is 

shown in Figure 4.3f. The data are displayed as normalized to the EMG during the 

maximal force output and as a percentage change compared to twelve hours pre-EIMD 

protocol. There was a tendency towards a significant difference between the groups at 

twelve hours (H = 3.81, p < 0.051).  

 

4.3.8 EEG results 
4.3.8.1 Beta-1 
Beta-1 activity was different between the experimental and control group in the frontal, 

central and parietal area at twelve hours post EIMD. The central differences are 

represented stronger on the ipsilateral compared to the contralateral side. These 

differences can still be seen 36 hours after the EIMD inducing protocol but were not as 

widespread and mainly focused in the contralateral frontal, ipsilateral central and 

contralateral parietal areas. Differences persisted 132 hours post-EIMD induction in the 

contralateral frontal and the parietal areas (Figures 4.4 and 4.5). To simplify the 

understanding of the results, electrodes have been placed into subgroups and labelled 

with the title of the closest electrode represented on the 10:20 system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4 The global change (%) of β-1 activity measured with 129 electrodes over the scalp is 
shown in the control (a) and experimental (b) group. An outline of the electrodes showing 
significant differences between the two groups (c) at each time point is also shown. 
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4.3.8.1.1 Twelve hours 
At twelve hours post-EIMD induction the differences between the control and 

experimental group were widespread over the frontal, ispilateral central and parietal 

areas (Figure 4.4 and 4.5) of the cortex. In particular the changes recorded in the 

frontal electrodes were widespread and recorded over the supplementary and pre-

motor areas.  

 
Fz 
Differences between groups were very pronounced in the electrodes surrounding the 

Fz area. The electrodes showing significant differences caused by an increase in 

activity in the experimental group were electrodes 4 (H = 5.39, p = 0.0203), 5 (H = 

6.52, p = 0.0107), 6 (H = 7.25, p = 0.0071), 11 (H = 5.61, p = 0.0179), 12 (H = 4.56, p = 

0.0327) and 13 (H = 4.36, p = 0.0367), all directly surrounding the Fz area and 

therefore representing electrical activity changes above the supplementary motor area. 

 

F4 
Differences between groups are also seen in the in the contralateral frontal area in 

electrodes 113 (H = 8.02, p = 0.0046), 118 (H = 4.76, p = 0.0291), 119 (H = 7.76, p = 

0.0053) and 124 (H = 5.61, p = 0.0179), which overlay the contralateral pre-motor 

area.  

 
C3 
Differences in the ipsilateral central area occurred in electrodes 38 (H = 4.56, p = 

0.0327), 42 (H = 6.05, p = 0.0139), 43 (H = 4.76, p = 0.0291) and 48 (H = 3.99, p = 

0.0459). These electrodes overlay the motor and somatosensory areas and differences 

between groups are caused by a decrease in activity in the control group rather than 

an increase in activity in the experimental group.  
 
Cz 
The electrodes covering the vertex of the head, such as electrodes 7 (H = 6.05, p = 

0.0139), 81 (H = 5.61, p = 0.0179), 107 (H = 7.00, p = 0.0081) and 129 (H = 4.76, p = 

0.0291) also showed significant differences between the groups at twelve hours after 

the EIMD protocol. 

 

 



Chapter 4 

 106 

 
Figure 4.5 Twelve different electrodes representative of the change (%) of β-1 activity in the 
frontal, central and parietal areas of the brain in the control () and experimental () group. 
Each graph is labelled with the corresponding electrode number. The vertical dotted line marks 
the time of the EIMD inducing protocol in the experimental subjects. 
---- 
(* indicates results of the Kruskal-Wallis nonparametric test, # indicates results of the Friedman’s non parametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group 
# p < 0.05 at 12 and 36 hours post versus pre in the control group, ## p < 0.01 at 12 hours post versus pre in the control 
group,### p < 0.001 at 36 hours post versus pre in the control group 
 
P3 
Differences in activity between the groups also occurred in the ipsilateral parietal area 

seen in electrodes 52 (H = 7.76, p = 0.0053), 53 (H = 8.55, p = 0.0034), 60 (H = 6.52, p 

= 0.0107), 61 (H = 6.05, p = 0.0139) and 67 (H = 4.17, p = 0.0411).  

 
Pz 
Differences were further observed in electrodes surrounding the parietal area 

represented by Pz. Electrodes 62 (H = 4.56, p = 0.0327), 54 (H = 4.17, p = 0.0411) and 

68 (H = 5.61, p = 0.0179) showed significant differences between groups. 
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P4 
Differences between groups also occurred in electrodes on the contralateral side to the 

movement in electrodes 87 (H = 4.76, p = 0.0291) and 79 (H = 3.99, p = 0.0459). 

O1 and O2 

There were significant differences in the occipital region at electrodes 72 (H = 4.76, p = 

0.0291), 73 (H = 5.83, p = 0.0158) representing O1 as well as 77 (H = 6.05, p = 

0.0139), 84 (H = 9.67, p = 0.0019), 85 (H = 10.86, p = 0.0010) representing O2. 

Differences over time in the control group 
P3 
A decrease in the β-1 activity was also observed in the ipsilateral parietal area of the 

control group compared to the baseline measurement in electrodes 48 (X2 = 13.2, p = 

0.05), 52 (X2 = 16.3, p = 0.05), 53 (X2 = 13.5, p = 0.05), 54 (X2 = 13.1, p = 0.05) and 61 

(X2 = 12.7, p = 0.05).  

Differences over time in the experimental group 
There were no changes in the experimental group over time. 

4.3.8.1.2 Thirty-six hours 
F3 and F4 
At 36 hours after the exercise protocol significant changes between the experimental 

and control group were more localized and mainly found in the ipsilateral (F3) 

electrodes 25 (H = 4.36, p = 0.0367) and 29 (H = 4.36, p = 0.0367) and over the 

contralateral pre-motor area (F4) in electrodes 113 (H = 4.56, p = 0.0327) and 119 (H = 

4.17, p = 0.0411). 

Cz and C3 
Significant differences were also found around the vertex 7 (H = 4.56, p = 0.0327) and 

81 (H = 4.17, p = 0.0411) and also in electrode 42 (H = 4.97, p = 0.0259) representing 

C3. 

P3 and Pz 
Differences between groups occurred in the ipsilateral parietal area (P3) at electrodes 

52 (H = 5.61 p = 0.0179), 53 (H = 5.39, p = 0.0203) and 61 (H = 5.61, p = 0.0179) as 

well as the central parietal area (Pz) at electrodes 54 (H = 6.28, p = 0.0122), 62 (H = 

6.52, p = 0.0107), 68 (H = 5.83, p = 0.0158), 73 (H = 5.83, p = 0.0158) and 80 (H = 
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6.52, p = 0.0107).  

 

P4 
In the contralateral parietal electrodes 78 (H = 3.99, p = 0.0459) and 79 (H = 5.83, p = 

0.0158), 87 (H = 5.39 p = 0.0203) and 92 (H = 6.76 p = 0.00093) showed significant 

differences between groups. 

 
O2 
Significant differences occurred in the occipital region in electrodes 77 (H = 4.76 p = 

0.0291), 84 (H = 4.36, p = 0.0367) and 85 (H = 5.61, p = 0.0179). 

 

Differences over time in the control group 
F4 
The control group also showed a significant decrease compared to baseline in the 

contralateral frontal area in electrodes 113 (X2 = 8.5, p = 0.05), 117 (X2 = 9.7, p = 0.05), 

119 (X2 = 11.8, p = 0.01) and 123 (X2 = 10, p = 0.05). 

 

C3 
Changes over time occurred in the ipsilateral central area of the control group in 

electrode 48 (X2 = 13.2, p = 0.05). 

 

Cz 
Electrodes 7 (X2 = 10.1, p = 0.05), 107 (X2 = 8.5, p = 0.05) and 129 (X2 = 9.3, p = 0.05) 

overlying the vertex area showed significant differences over time between the 

baseline value and 36 hours after the EIMD protocol.  

 

P3  
Decreases in activity in the control group were also recorded in electrodes overlying 

the ipsilateral parietal area. These were electrodes 51 (X2 = 7.9, p = 0.05), 52 (X2 = 

16.3, p = 0.001), 53 (X2 = 13.1, p = 0.05) and 61 (X2 = 12.7, p = 0.01).  

 

Pz 

Decreases in activity compared to baseline also occurred in electrodes 54 (X2 = 13.1, p 

= 0.05), 55 (X2 = 12.4, p = 0.01), 62 (X2 = 15, p = 0.001) and 80 (X2 = 9.3, p = 0.05), 

overlying the medial parietal area of the control group. 
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P4 
Decreases in activity in the control group spread into the contralateral parietal area and 

were detected in electrodes 77 (X2= 10.3, p = 0.05), 79 (X2 = 10.1, p = 0.05), 81(X2 = 

9.0, p = 0.05) and 87 (X2 = 7.9, p = 0.05).  

 
Differences over time in the experimental group 
There were no changes in the experimental group over time. 

 

4.3.8.1.3  One-hundred and thirty-two hours 
F4 
At 132 hours after the exercise protocol significant changes in β-1 between the 

experimental and control group were more localized and only found in two electrodes 

overlying the contralateral pre-motor cortex in electrodes 4 (H = 4.76, p = 0.0291) and 

119 (H = 3.99, p = 0.0459). 

 

P3 and Pz 
The parietal area shows significant differences between the groups at electrodes 

representing P3 and Pz. Changes in the P3 area were observed in electrodes 52 (H = 

5.18, p = 0.0229), 53 (H = 7.75, p = 0.0053) and electrodes 54 (H = 6.29, p = 0.0122), 

62 (H = 7.75, p = 0.0053) and 68 (H = 4.36, p = 0.0367) which represent changes in 

the Pz area.  

 
O2 

The occipital region also shows significant differences around the O2 area at 

electrodes 77 (H = 4.36, p = 0.0367) and 84 (H = 5.83, p = 0.0158). 

 

Differences over time in the control group 
C3, P3 and Pz 
A difference was also observed in the β-1 activity of the control group over time 

compared to the baseline measurement in electrodes representing the area around 

C3, P3 and Pz, these are electrodes 48 (X2 = 13.2, p = 0.05), 52 (X2 = 16.3, p = 0.01), 

53 (X2 = 13.5, p = 0.05) and 54 (X2 = 13.1, p = 0.05). 

 

O2 
Significant decreases were also seen in electrode 77 (X2 = 10.3, p = 0.05) in the control 

group. 
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Differences over time in the experimental group 
No differences occurred in the experimental group over time.  

 

4.3.8.2 Beta 2 
Differences between the control and experimental group in the β-2 activity at twelve 

hours were represented in slightly different areas than β-1 activity. The contralateral 

pre-motor area (F4) showed no differences between groups in the β-2 activity. 

Differences did occur between the two groups in the ipsilateral pre-motor (F3), 

supplementary motor (Fz), motor (C3, Cz, C4) and parietal areas (P3, Pz).  

 

While no differences in β activity occurred between the experimental and control group 

on the contralateral side, differences on the ipsilateral side are visible at twelve hours. 

 

At 36 hours differences are only seen in the ipsilateral central and parietal areas and at 

132 hours changes have attenuated (besides one significant difference in an ipsilateral 

frontal electrode) (Figures 4.6 and 4.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.6 The global change (%) of β-2 activity measured with 129 electrodes over the scalp is 
shown in the control (a) and experimental (b) group. An outline of the electrodes showing 
significant differences between the two groups (c) at each time point is also shown. 
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4.3.8.2.1 Twelve hours 
At twelve hours after the EIMD protocol the differences between control and 

experimental group were widespread from the vertex to the occipital area of the head 

and to a smaller extend in the ipsilateral frontal area. 

 

Fz 
Significant differences between the experimental and control group occurred in the 

frontal area electrodes 11 (H = 5.61, p = 0.0179), 12 (H = 6.05, p = 0.0139), 13 (H = 

5.61, p = 0.0179), 20 (H = 5.39, p = 0.0203), 21 (H = 4.56, p = 0.0327), 25 (H = 4.36, p 

= 0.0367) and 118 (H = 3.99, p = 0.0459). 

 

 
Figure 4.7 Twelve different electrodes representative of the change (%) of β-2 activity in the frontal, 
central and parietal areas of the brain in the control () and experimental () group. Each graph is 
labeled with the corresponding electrode number. The vertical dotted line marks the time of the EIMD 
inducing protocol in the experimental subjects. 
---- 
(* indicates results of the Kruskal-Wallis nonparametric test, #, †, ‡ indicate results of the Friedman’s non parametric test) 
* p < 0.05 control group versus experimental group, ** p < 0.01 control versus experimental group, *** p < 0.001 control versus 
experimental group. # p < 0.0512 and 36 hours post versus pre in the control group, ## p < 0.01 at 12and 36 hours post versus 
pre in the control group.† p < 0.05 at 36 versus 12 hours post in the experimental group, ‡ p < 0.05 at 132 versus 12 hours post 
in the experimental group 
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C3 
In the ipsilateral motor area electrodes 31 (H = 5.39, p = 0.0203), 32 (H = 5.39, p = 

0.0203), 42 (H = 7.50, p = 0.0062), 43 (H = 4.97, p = 0.0259) and 48 (H = 3.99, p = 

0.0459) differences occurred between the experimental and control groups at twelve 

hours after the induction of EIMD. 

 
Cz 
Over the vertex area of the head differences between the groups were seen in 

electrodes 7 (H = 4.17, p = 0.0411), 81 (H = 7.00, p = 0.0081) and 129 (H = 4.76, p = 

0.0291). 

 
P3 
In the ipsilateral parietal area the electrodes 52 (H = 7.50, p = 0.0062), 53 (H = 7.50, p 

= 0.0062), 60 (H = 4.17, p = 0.0411) and 61 (H = 7.50, p = 0.0062) showed significant 

differences.  
 

Pz 
Differences occurred in electrodes 54 (H = 8.55, p = 0.0158), 55 (H = 8.83, p = 

0.0030), 62 (H = 11.17, p = 0.0008), 68 (H = 10.86, p = 0.0010), 73 (H = 9.39, p = 

0.0022) and 80 (H = 7.00, p = 0.0081) representing the parietal area.  

 
P4 
Electrodes 78 (H = 5.83, p = 0.0158), 79 (H = 9.11, p = 0.0025), 87 (H = 7.25, p = 

0.0071) and 92 (H = 4.76, p = 0.0291) were significantly different between the 

experimental and control group.  

 

O1 
Electrodes 66 (H = 5.61, p = 0.0179), 67 (H = 8.28, p = 0.040), 72 (H = 4.76, p = 

0.0291) show significant differences between the groups in the ipsilateral occipital 

area. 

 

O2 

Significant differences also occurred in the contralateral occipital area in electrodes 77 

(H = 5.83, p = 0.0158), 84 (H = 5.61, p = 0.0179) and 85 (H = 5.39, p = 0.0203).  

 

 

 



Chapter 4 

113 

Differences over time in the control group 
Differences were observed in the β-2 activity of the control group over time compared 

to the baseline measurement at twelve hours post –EIMD induction. These mainly 

occurred in the areas of F3, Cz and Pz. 

F3 
Electrodes 20 (X2 = 11.8, p = 0.01) and 21 (X2 = 8.7, p = 0.05) overlying the pre-motor 

area showed significant decreases between the baseline and twelve hour post 

measurement in the control group. 

C3 
A significant decrease also occurred in electrode 42 (X2 = 11.5, p = 0.05) overlying the 

ipsilateral motor area. 

Cz 
Significant decreases occurred in electrodes 7 (X2 = 9.9, p = 0.05) and 81 (X2 = 8.7, p = 

0.05) representing the vertex of the head. 

Pz and P4 
Electrodes 62 (X2 = 13.5, p = 0.05), 68 (X2 = 12.2, p = 0.01), 73 (X2 = 13.3, p = 0.05), 

79 (X2 = 13.0, p = 0.01) located over the parietal area all recorded significant 

decreases compared to baseline in the control group.  

O2  
Electrode 77 (X2 = 11.5, p = 0.05) showed significant decreases in the control group. 

Differences over time in the experimental group 
No differences were seen in the experimental group over time. 

4.3.8.2.2 Thirty-six hours 
Fz 
At 36 hours after the EIMD protocol the only difference in activity between groups in 

the frontal area occurred in electrode 11 (H = 6.28, p = 0.0122) and 20 (H = 4.36, p = 

0.0367). 

C3 
Differences between the two groups were found in the ipsilateral motor area in 
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electrodes 32 (H = 5.18, p = 0.0229), 42 (H = 5.18, p = 0.0229) and 43 (H = 3.99, p = 

0.0459). 

 

P3 
In the ipsilateral parietal area electrodes 53 (H = 5.83, p = 0.0158), 61 (H = 4.97, p = 

0.0259) and 67 (H = 4.76, p = 0.0291) displayed differences between the groups. 

 

Pz 
The area around Pz at electrodes 54 (H = 7.50, p = 0.0062), 68 (H = 4.17, p = 0.0411) 

and 73 (H = 4.76, p = 0.0291) showed significant differences between the control and 

experimental group at 36 hours after the induction of EIMD. 

 

O2 
Differences between groups occurred in electrodes 84 (H = 3.99, p = 0.0459) and 85 

(H = 3.99, p = 0.0459) overlying the occipital area. 

 
Differences over time in the control group 
Fz and F3 
Decreases were observed in the frontal β-2 activity of the control group compared to 

the baseline measurement in electrodes 5 (X2 = 8.7, p = 0.05), 11 (X2 = 10.8, p = 0.01) 

and 12 (X2 = 8.7, p = 0.05) all representing (Fz) as well as electrode 25 (X2 = 7.9, p = 

0.05) representing F3. 

 

C3 and P3 
The Ipsilateral central and parietal area each had one electrode in which a significant 

decrease occurred over time; these were electrodes 48 (C3) (X2 = 8.4, p = 0.05) and 52 

(P3) (X2 = 8.7, p = 0.05). 

  

Pz 
Decreases, compared to baseline, occurred in electrodes 54 (X2 = 10.1, p = 0.05), 55 

(X2 = 13.5, p = 0.01) and 68 (X2 = 12.2, p = 0.05) in the medial parietal area. 

 

Differences over time in the experimental group 
T3 
 A difference was observed in the β-2 activity of the EIMD group over time compared to 

the baseline measurement in electrode 41 (X2 = 15.23, p = 0.05). 
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4.3.8.2.3 One hundred and thirty-two hours 
Fz 
At 132 hours the only differences between groups was in the frontal electrode 12 (H = 

3.99, p = 0.0459). 

 

Differences over time in the control group 
Differences were observed in the control group over time compared to the baseline 

measurement in electrodes along an ipsilateral anterior- posterior axis. In electrodes 

35 (F3) (X2 = 9.0, p = 0.05), 42 (C3) (X2 = 11.5, p = 0.05), 53 (P3) (X2 = 11.8, p = 0.01) 

and 73 (Pz) (X2 = 13.3, p = 0.05). 

 

Differences over time in the experimental group 
Fz and F4 
In the frontal area of the experimental group decreases occurred in electrodes 6 (Fz) 

(X2 = 11.1, p = 0.01) and 117 (F4) (X2 = 10.13, p = 0.05). 

 
T3 and T5 
Difference were observed in the β-2 activity of the experimental group over time 

compared to the baseline measurement in electrodes running along an anterior-

posterior line in the ipsilateral temporal area 35 (F3) (X2 = 10.35, p = 0.05), 41 (T3) (X2 

= 15.23, p = 0.01), 51 (T5) (X2 = 12.15, p = 0.01), 59 (T5) (X2 = 9.25, p = 0.05). 

  

P3 

Differences in the EIMD group were also seen in electrode 52 between 12 and 132 

hours (X2 = 10.35, p = 0.05).  

 

As well as in electrode 60 between 12 and 36 hours (X2 = 15.23, p = 0.05) and 

between 12 and 132 hours (X2 = 15.23, p = 0.01). 

 
C4 
Differences occurred in electrode 104 (X2 = 10.28, p = 0.01637) in the experimental 

group at 12 and 132 hours while experiencing the symptoms of EIMD. 
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4.4 DISCUSSION 
 

Typical symptoms of EIMD were experienced by the experimental group (Figure 4.3). 

These included the symptoms of pain as well as decreased neuromuscular function as 

measured by force output (Figure 4.3). 

 

 The study also showed a trend in increased submaximal EMG activity in the biceps 

brachii in the first twelve hours (p = 0.051) after the induction of EIMD (Figure 4.3f). 

This is in agreement with chapter 2 which found submaximal EMG increased twelve 

hours after the induction of EIMD with the same protocol and a smaller cohort (25 

participants of the 37). In the same chapter we could show that a submaximal flexion-

extension movement lead to increased EMG activity until 132 hours after the EIMD-

inducing protocol. 

 

It has been shown that EIMD, as well as muscular pain in the biceps brachii, not only 

leads to altered proprioception and motor-perception but also changes in 

neuromuscular function and motor recruitment 301. Several studies 62, 300, 339, 398 have 

previously shown that movement steadiness and force output, both associated with 

motion perception and proprioception, are difficult to maintain during low force 

contractions whilst experiencing symptoms of EIMD 339, as observed in this study. 

 

The novel finding of this study was the significant changes in cortical β activity which 

occurred for up to 132 hours whilst experiencing symptoms of EIMD. Due to the β 

frequency range (from 13.67 to 35.16 Hz) overlapping with the α-2 frequency in the 

lower range and γ frequency in the upper range, we divided β into two different 

frequency bands, β-1 (13.67 to 18.55 Hz) and β-2 (19.35 to 35.16 Hz) activity 

respectively, for analysis and discussion.  

 

4.4.1 Beta 1 
 

The most pertinent β-1 finding was that differences between the experimental and 

control groups peaked at twelve hours after the induction of EIMD, these were 

predominantly evident in the frontal and parietal areas of the cortex (Figures 4.4 and 

4.5). Interestingly β-1 activity peaked at twelve hours post-EIMD in the experimental 

group. This was evident in the ipsilateral frontal and temporal areas as well as the 

entire central area. These differences were only seen at 12 and 36 hours after the 
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induction of EIMD, and not at 132 hours post. However, in the contralateral frontal and 

the entire parietal area these changes were visible over the entire duration of the trial 

(132 hours post-EIMD) (Figure 4.4 and 4.5).  

 

The increase in β-1 activity in the cortical areas, together with the above-mentioned 

similar changes in EMG activation during the same time period, suggest a link between 

the EEG and EMG activity patterns. Changes in the frontal and parietal cortical areas 

are often associated with movement perception, proprioception and movement 

integration 5, 208, 249, 386. These concurrent changes in cortical and neuromuscular 

measurements indicate a top–down regulatory mechanism 119, 152, 175, 250, 256, 257, 285, 

where cortical β activity regulates neuromuscular recruitment whilst the symptoms of 

EIMD are experienced. 

 

This hypothesis is supported by previous studies which have shown that a coherent 

firing of the motor cortex and peripheral motor units in a 15 Hz activity range is evident, 

especially during steady state contractions 64, 83, 199. These studies suggest a regulating 

interaction between the motor cortex and the motor units innervated. However, further 

substantiation by means of a cortico-muscular coherence study, would help determine 

if this is indeed a predominantly top-down regulatory mechanism between β-1 activity 

and motor units during biceps brachii contractions.  

 

Interestingly, these changes in neuromuscular function, seen as changes in EMG 

activity and force output, could also act as a bottom up control mechanism which would 

lead to a compensatory increase in β-1 activity in the associated frontal and parietal 

areas seen in our study 5, 208, 249, 386. This hypothesis is supported by previous studies 

which have not only shown cortico-motor coherence in the β frequency range 13, 157, but 

also that β-1 activity measured in the frontal, somatosensory and parietal area is 

associated with bottom up sensory signalling from the peripheral motor system 22, 209, 

344 to the brain. As the β-1 activity links afferent sensory information to motor planning, 

it has been suggested that this networking aids the decision making process before the 

execution of movement 48, 107, 116, 209, 257, 344, 344, 394.  

 

These studies support the findings of our experimental group (EIMD) which had 

increased β-1 activity in the parietal and frontal areas. Therefore the findings of this 

study also lead us to suggest that increased β-1 activity is associated with a bottom up 

feedback of sensory information (proprioception, altered neuromuscular function, motor 

perception, movement unsteadiness and force output) to cortical areas associated with 
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motor planning and movement execution.  

 

Hence we propose that an increase in β-1 activity in the parietal area during brisk 

biceps brachii contractions is due to altered bottom-up input as a result of the disturbed 

neuromuscular function (increased submaximal EMG and decreased maximal EMG) 

and decreased force output associated with EIMD. This increased β-1 activity in the 

parietal area may be involved in the integration of neuromuscular information 

movement learning and planning in the frontal and prefrontal areas as well as an top-

down feed-forward mechanism to the periphery. 

Interestingly at 132 hours post-EIMD differences between the groups can still be seen 

in frontal and parietal β-1 activity as well as in force output and serum creatine kinase 

activity, while all others markers of EIMD have already returned to baseline values. 

This strongly suggests that neuromuscular function (bottom-up signal) and movement 

planning (top-down) are still altered between the control and experimental group at 132 

hours. Therefore we propose that there could be a modification in the upstream 

regulator integrating movement perception and proprioception 47, 300 whilst experiencing 

the symptoms of EIMD.  

 

4.4.2 Beta 2 
 

In contrast to β-1 activity, β-2 activity differences are marked between the groups at 12 

and 36 hours but not at 132 hours after the exercise protocol. This difference is mainly 

seen in the frontal and parietal area and is due to a concomitant increase in activity in 

the experimental group and decrease in activity in the control group.  

 

This is the first study to show decreases in β-2 activity in the control group during 

repeated trials over 132 hours. This decrease was most pronounced at 12 and 36 

hours after the exercise protocol and was seen globally except for the contralateral 

motor area (Figure 4.7; electrode 104).  

 

During testing session two (12 hours) the decrease in β-2 activity was most notable in 

the parietal area whilst the most prominent decrease during testing session three (36 

hours) was observed in the frontal area. This is unlikely to be explained by circadian 

rhythm as both groups responded differently at the same time points.  

 

It is known that an increased β activity is related to maintaining the status quo of a 
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movement whilst new information is being integrated 116. A decrease in β activity, as 

seen in the control group and the contralateral motor area of the experimental group 

(Figure 4.7; electrode 104), is possibly a learning or familiarization response to 

repeated tasks. In this study the testing protocol was repeated over several days and 

the participants became familiarized with the voluntary movements as the experiment 

progressed. This is further supported by the decrease in β-2 activity in the frontal and 

parietal areas; both are brain areas associated with motor learning, attention and 

anticipation 5, 208, 249, 386. 

In the experimental group it was found that β-2 activity did not decrease but rather 

increased within the first twelve hours, suggesting that familiarization may have been 

delayed while EIMD symptoms were peaking. Therefore it seems that the EIMD 

protocol lead to changes in either afferent signals influencing β-2 activity or in efferent 

β-2 activity signalling to the muscle 22, 208, 209, 217, 359. 

This increase in β-2 activity was most pronounced in the parietal and somatosensory 

area (Figure 4.6 and 4.7) as shown by Rougeul et al. 313. Previous animal models have 

shown this increased activity is due to increased synchrony in the neuronal firing 363, 

which is known to be augmented by focused attention as well as anticipation 12, 13, 68, 314,

363. Previous research has also shown that the inferior parietal area is activated during

the experience of muscle pain and is associated with the localization of the painful

stimulus 205, 367. Therefore β-2 activity in this current study appears to be due to

anticipation of movement or pain on the focused attention.

This is supported by studies by Chang et al. and Worthen et al., which showed that β-2 

activity is positively correlated to pain intensity, especially muscle pain 68, 411. Our study 

also noted an increased β-2 activity in the experimental group while they experienced 

muscular pain associated with EIMD. Therefore the increased β-2 activity in our study 

could be due to the recognition or anticipation of pain (Figure 4.6 and 4.7) induced by 

the EIMD protocol. This is supported by non-significant differences in β-2 activity 

between the groups at 132 hours where there were no differences in either pain, 

swelling or changes in elbow angle as these had returned to pre-EIMD values by 132 

hours. 

In summary we found that β-2 activity in the control group decreased over time due to 

familiarization of the testing protocol. In contrast, this familiarization appeared delayed 

in the experimental group reflected by an initial increase in β-2 activity. It may be 
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surmised from this that the β-2 activity increases due to the cognitive evaluation of, and 

attention to, both pain and neuromuscular changes caused by EIMD. This is supported 

by previous research that has shown that β-2 activity appears to be a common mode of 

long-range communication in cognitive networks 203, 204. Therefore we conclude that β-2 

activity may be associated with the anticipation of pain induced by movement and the 

neuromuscular changes associated with EIMD. 

 

4.4.3 Limitations 
This novel study, conducted over 132 hours, explored the relationship between pain 

induced by an EIMD protocol and β-1 and β-2 activity measured by EEG. Although our 

study investigated changes in induced β activity, rather than event related β activity, 

the aim was to investigate the influence of pain and neuromuscular changes induced 

EIMD on β activity over the entirety of a movement task. Also our data were not 

normalised to baseline but rather compared to pre-EIMD protocol values to identify 

percentage changes in β activity post- versus pre-EIMD. We also measured EMG and 

EEG during the same testing protocol but not at similar time points and therefore 

correlations and coherences can only be postulated and further research is needed to 

confirm our hypothesis. 

 

4.4.4 Conclusion 
In conclusion this novel study showed an increased β-1 activity in the parietal area, 

possibly due to a bottom-up and top-down interaction to integrate information about 

disturbed neuromuscular function, decreased force output, increased submaximal and 

decreased maximal EMG. These data suggest that there could be a change in activity 

in the upstream regulator integrating movement perception and proprioception 47, 300 

after a bout of exercise as a result of EIMD. Additionally our data suggest that an 

increased β-2 activity might be associated with the anticipation of pain induced by 

movement and the cognitive evaluation of neuromuscular changes associated with 

EIMD. 

 

Further motor-cortical coherence research is required to elucidate, firstly the 

association between β-1 activity and motor perception and proprioception, and 

secondly β-2 activity and the anticipation of pain and changes in neuromuscular 

functioning (loss of force, stiffness and changes in EMG activation) while experiencing 

the symptoms of EIMD. 



 

CHAPTER 5                                                              
SUMMARY AND CONCLUSIONS 
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5.1 OVERVIEW 

 

Exercise–induced muscle damage is experienced by many athletes after periods of 

long inactivity or after strenuous unaccustomed exercise. It has been documented that 

EIMD leads to a disruption of peripheral homeostasis. The understanding thereof has 

been a topic of continuous research over the last few decades, including research on 

micro- and macroscopic tissue damage, the delayed pain response, clinical symptoms 

and gross recovery of the muscle. However, the dissociation of the clinical symptoms 

from the perception of pain and changes in neuromuscular function associated with 

EIMD has not been well reported. Further no convincing explanations for the 

association between the delayed, and over exaggerated pain response, and the 

structural damage of the muscle have been presented. Countless studies have 

reported cellular and sub-cellular changes due to EIMD, however there are a lack of 

data on the neuromuscular changes and altered cortical upstream regulation due to 

EIMD. This lack of information can, among other things, be attributed to the difficulty of 

measuring upstream regulation.  

 

Interestingly studies have investigated the cortical anticipation and regulation of 

evoked pain as well as the cortical involvement in voluntary movement control. 

However, this methodology has not been applied to study the regulation of EIMD and 

associated symptoms, pain response and neuromuscular changes.  

 

Therefore this thesis intended to document the changes in muscular and cortical 

activation for 132 hours following the induction of EIMD. A summary of the main 

findings of the studies follows: 

 

1. The experimental group, which underwent the EIMD inducing protocol, had 

increased serum creatine kinase activity, swelling of the M. biceps brachii, a decrease 

in elbow angle at rest, a loss of force during a maximal voluntary contraction and the 

sensation of pain, whereas the control group did not display symptoms of EIMD. 

 

2. There was a significant decrease in EMG activity during a maximal voluntary 

contraction at 132 hours after the EIMD inducing protocol, whilst during a submaximal 

isometric contraction EMG activity increased twelve hours after the EIMD protocol in 

the experimental group. Furthermore, EMG activity increased during a submaximal 

flexion-extension protocol in the experimental group from 12 until 132 hours whilst 
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experiencing EIMD. These dissociations in EMG activation in the experimental group 

suggest the possibility of an upstream regulator of neuromuscular function as a result 

of EIMD. 

 

3. An increase of α-1 activity in the motor, pre-motor and supplementary motor areas of 

the cortex was seen in the experimental group compared to the control group for the 

first 36 hours while experiencing EIMD. Together with the location and the previous 

findings of increased submaximal EMG twelve hours after inducing EIMD, this could 

imply the involvement of α-1 activity in the up-regulation of the neuromuscular function 

post EIMD. 

  

4. Alpha-2 activity increased, in the contralateral frontal area, twelve hours after 

inducing EIMD in the experimental compared to the control group. The location and 

frequency of the activity suggest an inhibition of the painful stimulus within the first 

twelve hours of experiencing EIMD.  

 

5. A decreased β-1 activity was observed in the control group for the duration of the 

study. This is associated with the familiarisation of the participants to the movement 

protocol over the days of the experiment, suggesting less anticipation and necessity of 

conscious control during the movement tasks.  

 

6. An increase in β -1 activity occurred in the frontal and parietal area at twelve hours 

post EIMD in the experimental group. The increase in β-1 activity especially in the 

parietal and posterior parietal area proposes a feedback link about EIMD induced 

peripheral changes in proprioception, force steadiness and neuromuscular function in 

the experimental participants.  

 

7. Significant differences were evident between the experimental and control groups 

and over time in the ipsilateral frontal, central and parietal areas at 12 and 36 hours 

post EIMD. In the experimental group there were significant increases in β-2 activity in 

the ipsilateral parietal area at 12 hours and a consistent decrease towards 132 hours. 

This change in activity, from an increase to a decrease, suggests that β-2 might be 

associated with the anticipation of movement and/or pain which explains its peaking at 

12 hours and its continuous decrease until the end of the study at 132 hours.  

 

A future research model, describing how to investigate further the central upstream 

regulation in response to the neuromuscular changes and delayed pain caused by the 



Chapter 5 

125 

disturbance of system homeostasis due to EIMD, has been proposed. This research 

model has been developed from the findings of the experiments described in the 

previous three chapters as well as previous research as discussed in chapter 1.  

The next section will explain how this model was developed based on the findings of 

this study. 

5.2 SUMMARY OF CHAPTER 2 

Chapter 2 shows that changes in neuromuscular recruitment and delayed pain are 

associated with the clinical symptoms of EIMD.  

Particularly interesting is the finding that neuromuscular changes during maximal 

isometric and submaximal isometric and flexion-extension contractions are dissociated. 

The decrease of EMG activity during a maximal contraction is caused by damage to 

the contractile machinery and the down regulation of neural drive to the muscle. The 

increased EMG activity during submaximal neuromuscular activity suggests that more 

muscle fibres are recruited to compensate for the disturbed motor perception and 

altered proprioception. Both the up and down regulation of EMG activity during 

contraction suggests that an upstream (central) regulator might be located within the 

central nervous system. 

It was also noted during this study that the pain response is delayed and dissociated 

from the neuromuscular responses. The neuromuscular changes are most pronounced 

twelve hours after the induction of EIMD while the pain response is delayed and the 

symptoms of pain peak only 48 hours after the induction of EIMD.  

This suggests that there is a central regulator overriding the pain within the first 12 to 

24 hours. This could be explained using evolutionary principles as the delayed onset of 

the symptoms made a “fight or flight” response possible, after which the damage to the 

tissue could heal. Therefore it may be argued that the delayed onset of pain is an 

evolved mechanism, acquired for survival, as it provided the human being time to 

escape from danger before severe pain forced them to rest to give the damaged tissue 

time to recover. 
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An overview of the findings of chapter 2 is shown in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.1 Schematic overview of the main findings of chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EMG 
↓ EMG activity during MVC 

 

 ↑ EMG activity during submaximal isometric (12 hours) and flexion-

extension movements (132 hours) 

 

This dissociation suggests upstream regulation 
 
EIMD symptoms 
↑ Muscular pain 

↑ Arm circumference 

↑ Serum creatine kinase activity 

↓ Elbow angle 
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5.3 SUMMARY OF CHAPTER 3 
 
The second study was designed to determine the involvement of the cortex in 

neuromuscular control and pain perception following EIMD. The cortex was selected 

as the area of the brain for this research, rather than the lower lying brain areas as it is 

easier to measure changes with EEG and also due to the fact that the motor and 

somatosensory control areas are to a large extent based in the cortex.  

 

To determine whether the cortex was affected by EIMD the EEG was measured during 

a similar movement protocol in which the EMG was measured. EEG was measured 

during a movement sequence as the effect of movement was assumed to heighten the 

sensation of pain caused by EIMD.  

 

The study found increased α-1 activity in the electrodes overlying the motor and 

somatosensory area during a submaximal flexion–extension contraction within the first 

36 hours after the induction of EIMD. Previous research has shown that these areas 

are concerned with the integration of proprioceptive and motor perceptive feed back as 

well as the control of voluntary movement. 

 

As these areas are associated with sensory stimuli as well as motor control it was 

concluded that the increased α activity was associated with the changed 

neuromuscular function measured with EMG in chapter 2. This conclusion was based 

on the fact that α-1 activity was elevated during the same time period during which 

neuromuscular disturbances had been measured in chapter 2. Therefore it was 

proposed that the increased activity was due to increased movement planning, to 

maybe counteract the altered proprioceptive feedback reaching the brain.  

 

Alpha-2 activity, in contrast, increased in the pre-motor and motor cortex contralateral 

to the movement. These areas are to be part of the medial pain system and are 

associated with the perception and integration of a painful stimulus. Therefore it is 

proposed that an increased contralateral fronto-central α-2 activity acts as a cortical 

top-down regulator of the perception of pain twelve hours after the induction of EIMD 

which consequently leads to the delayed onset pain response associated with EIMD.  

 

As hardly any significant changes are seen in α-2 activity 36 and 132 hours after EIMD 

induction it is proposed that α-2 activity suppresses the sensation of pain at the cortical 
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level even if painful stimuli are received from the periphery. This suppression is 

attenuated at 36 hours and therefore allows the sensation of pain to develop. It might 

even be attenuated earlier, as the sensation of pain is often felt 24 hours after the 

induction of EIMD. However this was not tested in this study and follow up studies 

would need to be conducted to show this. It is suggested that this is the mechanism by 

which the delayed onset of pain, possibly necessary for survival as mentioned earlier, 

is provided. This hypothesis needs to be tested further. 

 

A summary of the main findings of chapter 3 are shown in Figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Figure 5.2 Schematic overview of the main findings of chapter 3 

 

FEED-FORWARD 
 
Cortical alpha activity 

↑ alpha-1 activity in the motor area at 12 hours, decreasing at 36 hours and 

disappearing at 132 hours. 

 
Suggests that α-1 activity is associated with motor response and execution of 
movement. 
 
↑ alpha-2 activity in the contralateral frontal and pre-motor area at 12 hours post, no 

significant changes at 36 and 132 hours. 

 

Suggests that α-2 activity is associated with suppressing the sensation of pain.  
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5.4 SUMMARY OF CHAPTER 4 
 

The findings of the experiment described in Chapter 3 lead to the question of how the 

information about the neuromuscular changes and the painful stimulus are sent and 

perceived by the cortex before the feed-forward response can be formed.  

 

The sensory information about the clinical changes due to EIMD (increased serum CK 

activity, oedema) and the proprioceptive information (shortened muscles, decreased 

force output, changes in neuromuscular function) are relayed to and integrated in the 

brain in the 14–35 Hz frequency. 

 

Recent research has shown that proprioceptive information is not only received and 

integrated in the cerebellum but also in the parietal area of the cortex. In this study β-1 

activity is increased particularly in the parietal and frontal areas of the cortex while 

experiencing EIMD. Therefore it is proposed that there is a link between the changed 

neuromuscular functioning, disturbed proprioception and the increased β-1 activity in 

the parietal area. This suggests that the increased β-1 activity in the parietal and frontal 

area is directly related to the feedback about proprioceptive changes and adaptations. 

 

Beta-2 on the other hand seems to decrease in both groups over the time course of the 

study (132 hours) and we therefore propose that an increased β-2 activity is related to 

anticipation either of the movement or pain felt during the movement.  
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A summary of the main findings of chapter 4 are shown in Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 
Figure 5.3 Schematic overview of the main findings of chapter 4 

  

 

FEEDBACK and FEED-FORWARD 
 
Cortical beta activity 
↑ Beta-1 activity in the medial frontal, central and parietal area. Subsiding in frontal 

and central areas, but still different from control group in the parietal area at 132 

hours. 

 

Suggests that β-1 activity is linked to proprioception and motor perception. 
Bottom-up feedback from periphery to parietal area as well as top-down 
control from cortical areas to periphery 
 
↑ Beta-2 activity at 12 hours in the ipsilateral frontal, central and parietal areas, 

subsiding towards 36 hours and differences between the groups are mainly seen in 

ipsilateral parietal area at 36 hours. This is the only frequency in which changes are 

seen over time in the experimental group between 12 and 132 hours post.  

 

Suggests that β-2 could be associated with the anticipation of movement and 
pain, which could explain the over-compensatory increase in submaximal 
neuromuscular activity (top-down control) between 12 and 136 hours in the 
experimental group 
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5.5 LIMITATIONS 

This novel study, conducted over 132 hours, explored the relationship between pain 

and neuromuscular changes induced by an EIMD protocol and cortical α-1 and α-2 

activity as well as β-1 and β-2 activity measured by EEG. Although the study 

investigated changes in induced cortical activity, rather than event related activity, the 

aim was to investigate the influence of pain and neuromuscular changes induced by 

EIMD on cortical activity as well as EEG over the entirety of a movement task. Also our 

data were not normalised to baseline but rather compared to pre-EIMD protocol values 

to identify percentage changes in cortical activity post- versus pre-EIMD. We also 

measured EMG and EEG during the same testing protocol but not at similar time 

points and therefore correlations and coherences can only be postulated and further 

research is needed to confirm our hypothesis. We acknowledge that other factors such 

as changes in pain pathways or inflammatory processes could have lead to the 

dissociated response of neuromuscular changes and the delayed pain response, but 

the interest of this study was how EIMD and its associated symptoms affected the 

cortical α  and β activity measured over the cortical areas. Further research is needed 

to integrate not only the pain and neuromuscular response with the EEG recordings 

but also possible inflammatory changes and adaptations in the pain pathways. Future 

studies should consider correlations between EMG and EEG, as well as look at a 

broader spectrum of EEG frequencies (including β, θ and γ). 

Further limitations are that the distribution of the data needs to be seen with caution as 

the recorded signal source localization data was corrupted and could therefore not be 

used for further analysis. Signal source localization would have been of integral help in 

confirming the brain areas involved in the response to pain and changes in 

neuromuscular function.  Also the additional recording of fMRI data would increase the 

interpretability of the data. 

There was also a large amount of intra and inter subject variability especially in the 

EEG recordings leading to large standard deviations and the use of the non-

conservative non-parametric statistical tests which might have lead to accepting false 

assumptions, although we tried to counteract this phenomenon by presenting data at 

p<0.05 but only discussing data at p<0.01 as calculated by an Bonferoni adjustment. 



Chapter 5 

 132 

5.6 PROPOSED RESEARCH MODEL 
 

Based on these three findings described in the preceding chapters and previous 

research summarized in the review of the literature the following proposed research 

model integrating the information is put forward (Figure 5.4 and 5.5).  

 
This proposed model suggests that information supplied to the brain by the pain 

specific and proprioceptive pathways is received, integrated and processed in the 

cortical areas to generate an appropriate motor and somatosensory response to 

restore system homeostasis and neuromuscular function.  

 

The first proposed line of communication is the sensation of pain during movement 

tasks which is assessed and integrated in the somatosensory structures. The 

inflammatory response (guided partially by the brain as mentioned in chapter 1) in the 

areas affected by the pain caused by EIMD is integrated and a response can be 

formed.  

 
Figure 5.4 Schematic overview of the hypothesized model. 
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The second proposed communication pathway is the interaction between the periphery 

and the brain with information about the damaged muscle fibres being sent to the brain 

for assessment and processing. To be able to execute the identical submaximal 

movement task the brain is required to feed-forward this information to augment the 

contraction and recruitment patterns of the damaged muscle fibres to counteract the 

associated force loss.  

 

 The studies conducted for this thesis were the first studies to investigate the effect of 

EIMD on cortical activity. Therefore the approach was kept very broad and only 

general concomitant activity patterns in the muscle and cortical areas were 

investigated. Therefore in this last paragraph a model is suggested on which further 

research could be based to investigate the interaction between peripheral and cortical 

changes associated with EIMD in more detail.  

 

 In summary the proposed research model suggests that a feed-forward –feedback 

loop exists between the periphery and the cortical brain areas while the symptoms of 

EIMD are experienced. Information about pain and neuromuscular changes is 

transmitted to the brain via a feedback mechanism leading to increases in parietal β-1 

and β-2 activity. The parietal area is known to be involved in the integration of 

movement and proprioception; therefore it is an entry point of feedback information. 

From the parietal area β-1 and -2 activities propagate information to the frontal areas of 

the brain where movement planning takes place. The pre-motor area relays planning 

information to the motor cortex. Within the motor cortex increased α-1 activity acts as a 

feed-forward mechanism to co-ordinate submaximal neuromuscular function detected 

as submaximal EMG activation. Concomitantly α-2 activity is increased in the frontal 

and pre-motor area leading to a suppressed pain sensation. Further activity in this area 

may also act as an additional feedback to control neuromuscular function, as moving 

the painful limbs might be inhibited. 
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Figure 5.5 An abstract model of the communication pathways between the peripheral muscle 
and the cortical areas. Each colour represents a frequency. Blue = β-1, green = α-2, red = α-1 
and yellow = β-2. The solid lines connect areas in which activity was found during the 
mentioned studies, while the dotted lines represent suggest interactions. The direction of the 
arrows is hypothetical. 
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5.7 FUTURE DIRECTIONS 
 

This thesis has provided the foundation for understanding the complex interactions 

between the periphery and the brain during EIMD and exercise-induced muscular pain. 

The feed-forward and feedback loops as well as the information transmitting pathways 

in the proposed model, which was developed based on the experimental findings of 

this thesis, needs to be researched extensively in future studies to prove their 

proposed existence. Future research will have to confirm this proposed model by 

measuring coherences in changes in frequency and time between EMG and EEG 

(cortico-muscular) as well as EEG changes between brain areas (cortico-cortical). 

Further the investigation of changes in θ and γ activity as a result of EIMD could reveal 

a greater understanding of cortico-muscular communication. 

 

This is the first study to document changes in cortical activity using EEG methodology 

over 132 hours (six days) after the induction of EIMD. This and other studies could 

further broaden the knowledge on the treatment of EIMD as well as the incurrence of 

the repeat bout effect. 

 

Future studies should also consider evoked potentials, temporal spectral 270 and 

wavelet analysis should be further used to elucidate the signal propagation velocity 

and location within the cortical networks (i.e.. if the signal travels front to back or back 

to front in the fronto-parietal network). This increase in the body of knowledge will lead 

to the further understanding of pain during movement tasks and perhaps the use of 

biofeedback with different brain frequencies to control acute and exercise-induced pain 

states.  

 

It would also be interesting in future to use fine-wire EMG electrodes as well as nerve 

stimulation or nerve conduction velocity measurements to gain more information about 

the neuromuscular changes within the muscle as well as to maybe determine in more 

detail if sensation of pain associated with EIMD is an emotional response to the 

nociceptive signal or an actual mechanical or physiological disturbance of the 

nociceptors or the nociceptive pathways. 

 

In conclusion, these are the first series of studies illustrating the involvement in the 

cortical areas and documenting the time course of central and peripheral interactions 
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which co-ordinate movement tasks while experiencing pain associated with EIMD. This 

is the first study to illustrate the involvement of the cortical areas and document the 

time course of central and peripheral changes in relation to EIMD. The model 

contributes to the understanding of the physiological changes as a result of EIMD and 

the understanding of pain associated with it. These findings could contribute to better 

management of EIMD and acute muscular pain.  

 

 



REFERENCES 



References 

 138 



References 

 139 

 1.  IASP Pain Terminology 2010. (www.iasp-pain.org) (09-09-2011)                                                                        

 2.  Abraham WM. Factors in delayed muscle soreness. Med Sci Sports. 

1977;9:11-20. 

 3.  Adrian ED, Matthews BH. The interpretation of potential waves in the cortex. 

J Physiol. 1934;81:440-71. 

 4.  Albertus-Kajee Y, Tucker R, Derman W, Lambert M. Alternative methods of 

normalising EMG during cycling. J Electromyogr Kinesiol. 2010;20:1036-43. 

 5.  Altamura M, Goldberg TE, Elvevag B, Holroyd T, Carver FW, Weinberger DR, 

Coppola R. Prefrontal Cortex Modulation during Anticipation of Working 

Memory Demands as Revealed by Magnetoencephalography. Int J Biomed 

Imaging. 2010 (DOI: 10.1155/2010/840416) 

 6.  Amara Graps. An Introduction to Wavelets. IEEE Computational Science and 

Engineering. 1995;2:1-18. 

 7.  American College of Sports Medicine. preparticipation health Screening and 

Risk Stratification. In: Mitchell H.Whaley, ed. ACSM's Guidlines For Exercise 

Testing and Prescription. Indiana: Lippincott William & Wilkins; 2007:19-35. 

 8.  Amzica F, Steriade M. Electrophysiological correlates of sleep delta waves. 

Electroencephalogr Clin Neurophysiol. 1998;107:69-83. 

 9.  Anders C, Bretschneider S, Bernsdorf A, Schneider W. Activation 

characteristics of shoulder muscles during maximal and submaximal efforts. 

Eur J Appl Physiol. 2005;93:540-6. 

 10.  Anderson KL, Ding M. Attentional modulation of the somatosensory mu 

rhythm. Neuroscience. 2011;180:165-80. 

 11.  Andrew C, Pfurtscheller G. On the existence of different alpha band rhythms 

in the hand area of man. Neurosci Lett. 1997;222:103-6. 

 12.  Androulidakis AG, Doyle LM, Gilbertson TP, Brown P. Corrective movements 

in response to displacements in visual feedback are more effective during 

periods of 13-35 Hz oscillatory synchrony in the human corticospinal system. 

Eur J Neurosci. 2006;24:3299-304. 



References 

 140 

 13.  Androulidakis AG, Doyle LM, Yarrow K, Litvak V, Gilbertson TP, Brown P. 

Anticipatory changes in beta synchrony in the human corticospinal system 

and associated improvements in task performance. Eur J Neurosci. 

2007;25:3758-65. 

 14.  Apkarian AV, Bushnell MC, Treede RD, Zubieta JK. Human brain 

mechanisms of pain perception and regulation in health and disease. Eur J 

Pain. 2005;9:463-84. 

 15.  Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish TB, Gitelman 

DR. Chronic back pain is associated with decreased prefrontal and thalamic 

gray matter density. J Neurosci. 2004;24:10410-5. 

 16.  Armstrong RB. Mechanisms of exercise-induced delayed onset muscular 

soreness: a brief review. Med Sci Sports Exerc. 1984;16:529-38. 

 17.  Armstrong RB. Initial events in exercise-induced muscular injury. Med Sci 

Sports Exerc. 1990;22:429-35. 

 18.  Armstrong RB, Warren GL, Warren JA. Mechanisms of exercise-induced 

muscle fibre injury. Sports Med. 1991;12:184-207. 

 19.  Babiloni C, Brancucci A, Capotosto P, Arendt-Nielsen L, Chen AC, Rossini 

PM. Expectancy of pain is influenced by motor preparation: a high-resolution 

EEG study of cortical alpha rhythms. Behav Neurosci. 2005;119:503-11. 

 20.  Babiloni C, Ferri R, Binetti G, Cassarino A, Dal FG, Ercolani M, Ferreri F, 

Frisoni GB, Lanuzza B, Miniussi C, Nobili F, Rodriguez G, Rundo F, Stam CJ, 

Musha T, Vecchio F, Rossini PM. Fronto-parietal coupling of brain rhythms in 

mild cognitive impairment: a multicentric EEG study. Brain Res Bull. 

2006;69:63-73. 

 21.  Bajaj P, Madeleine P, Sjogaard G, Arendt-Nielsen L. Assessment of 

postexercise muscle soreness by electromyography and 

mechanomyography. J Pain. 2002;3:126-36. 

 22.  Baker SN. Oscillatory interactions between sensorimotor cortex and the 

periphery. Curr Opin Neurobiol. 2007;17:649-55. 



References 

 141 

 23.  Bares M, Rektor I, Kanovsky P, Streitova H. Cortical and subcortical 

distribution of middle and long latency auditory and visual evoked potentials 

in a cognitive (CNV) paradigm. Clin Neurophysiol. 2003;114:2447-60. 

 24.  Barthel T, Mechau D, Wehr T, Schnittker R, Liesen H, Weiss M. Readiness 

potential in different states of physical activation and after ingestion of taurine 

and/or caffeine containing drinks. Amino Acids. 2001;20:63-73. 

 25.  Baumeister J, Reinecke K, Liesen H, Weiss M. Cortical activity of skilled 

performance in a complex sports related motor task. Eur J Appl Physiol. 

2008;104:625-31. 

 26.  Baumeister J, Reinecke K, Weiss M. Changed cortical activity after anterior 

cruciate ligament reconstruction in a joint position paradigm: an EEG study. 

Scand J Med Sci Sports. 2008;18:473-84. 

 27.  Belcastro AN. Skeletal muscle calcium-activated neutral protease (calpain) 

with exercise. J Appl Physiol. 1993;74:1381-6. 

 28.  Ben-Simon E, Podlipsky I, Arieli A, Zhdanov A, Hendler T. Never resting 

brain: simultaneous representation of two alpha related processes in humans. 

PLoS One. 2008;3:e3984. 

 29.  Berardelli A, Hallett M, Rothwell JC, Agostino R, Manfredi M, Thompson PD, 

Marsden CD. Single-joint rapid arm movements in normal subjects and in 

patients with motor disorders. Brain. 1996;119 ( Pt 2):661-74. 

 30.  Berger H. Über das Elektroenkephalogramm des Menschen. Arch Psychiat 

Nervenkr. 1929;527-70. 

 31.  Berger H. Über das Elektroenkephalogramm des Menschen, 2nd report. J 

Psychol Neurol (Leipzig). 1930;160-79. 

 32.  Bernier R, Dawson G, Webb S, Murias M. EEG mu rhythm and imitation 

impairments in individuals with autism spectrum disorder. Brain Cogn. 

2007;64:228-37. 

 33.  Bernik TR, Friedman SG, Ochani M, DiRaimo R, Ulloa L, Yang H, Sudan S, 

Czura CJ, Ivanova SM, Tracey KJ. Pharmacological stimulation of the 

cholinergic antiinflammatory pathway. J Exp Med. 2002;195:781-8. 



References 

 142 

 34.  Bertrand O, Perrin F, Pernier J. A theoretical justification of the average 

reference in topographic evoked potential studies. Electroencephalogr Clin 

Neurophysiol. 1985;62:462-4. 

 35.  Bertrand O, Tallon-Baudry C. Oscillatory gamma activity in humans: a 

possible role for object representation. Int J Psychophysiol. 2000;38:211-23. 

 36.  Besedovsky H, Del Rey A, Sorkin E, Dinarello CA. Immunoregulatory 

feedback between interleukin-1 and glucocorticoid hormones. Science. 

1986;233:652-4. 

 37.  Bigland B, Lippold OC. Motor unit activity in the voluntary contraction of 

human muscle. J Physiol. 1954;125:322-35. 

 38.  Bigland B, Lippold OC. The relation between force, velocity and integrated 

electrical activity in human muscles. J Physiol. 1954;123:214-24. 

 39.  Bigland-Ritchie B. EMG/force relations and fatigue of human voluntary 

contractions. Exerc Sport Sci Rev. 1981;9:75-117. 

 40.  Bijur PE, Silver W, Gallagher EJ. Reliability of the visual analog scale for 

measurement of acute pain. Acad Emerg Med. 2001;8:1153-7. 

 41.  Bjork MH, Stovner LJ, Nilsen BM, Stjern M, Hagen K, Sand T. The occipital 

alpha rhythm related to the "migraine cycle" and headache burden: a blinded, 

controlled longitudinal study. Clin Neurophysiol. 2009;120:464-71. 

 42.  Bledowski C, Prvulovic D, Goebel R, Zanella FE, Linden DE. Attentional 

systems in target and distractor processing: a combined ERP and fMRI study. 

Neuroimage. 2004;22:530-40. 

 43.  Bottas R, Nicol C, Komi PV, Linnamo V. Adaptive changes in motor control of 

rhythmic movement after maximal eccentric actions. J Electromyogr Kinesiol. 

2007;19:347-56. 

 44.  Bowsher D. Termination of the central pain pathway in man: the conscious 

appreciation of pain. Brain. 1957;80:606-22. 

 45.  Braitenberg V., Schuz A. Anatomy of the cortex. New York: Springer; 1991. 



References 

143 

46. Bramble DM, Lieberman DE. Endurance running and the evolution of Homo.

Nature. 2004;432:345-52.

47. Brockett C, Warren N, Gregory JE, Morgan DL, Proske U. A comparison of

the effects of concentric versus eccentric exercise on force and position

sense at the human elbow joint. Brain Res. 1997;771:251-8.

48. Brovelli A, Ding M, Ledberg A, Chen Y, Nakamura R, Bressler SL. Beta

oscillations in a large-scale sensorimotor cortical network: directional

influences revealed by Granger causality. Proc Natl Acad Sci U S A.

2004;101:9849-54.

49. Brown P. Abnormal oscillatory synchronisation in the motor system leads to

impaired movement. Curr Opin Neurobiol. 2007;17:656-64.

50. Brown P, Salenius S, Rothwell JC, Hari R. Cortical correlate of the Piper

rhythm in humans. J Neurophysiol. 1998;80:2911-7.

51. Bruno RM, Sakmann B. Cortex is driven by weak but synchronously active

thalamocortical synapses. Science. 2006;312:1622-7.

52. Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science.

2004;304:1926-9.

53. Byrd SK. Alterations in the sarcoplasmic reticulum: a possible link to exercise- 

induced muscle damage. Med Sci Sports Exerc. 1992;24:531-6.

54. Byrne C, Twist C, Eston R. Neuromuscular function after exercise-induced

muscle damage: theoretical and applied implications. Sports Med.

2004;34:49-69.

55. Byrne C, Twist C, Eston R. Neuromuscular function after exercise-induced

muscle damage: theoretical and applied implications. Sports Med.

2004;34:49-69.

56. Byrnes WC, Clarkson PM, White JS, Hsieh SS, Frykman PN, Maughan RJ.

Delayed onset muscle soreness following repeated bouts of downhill running.

J Appl Physiol. 1985;59:710-5.



References 

 144 

 57.  Calmels C, Jarry G, Stam CJ. Changes in local and distant EEG activities 

before, during and after the observation and execution of sequential finger 

movements. Neurophysiol Clin. 2009;39:303-12. 

 58.  Campos CR, Ocheltree SM, Hom S, Egleton RD, Davis TP. Nociceptive 

inhibition prevents inflammatory pain induced changes in the blood-brain 

barrier. Brain Res. 2008;1221:6-13. 

 59.  Cantero JL, Atienza M, Salas RM. Human alpha oscillations in wakefulness, 

drowsiness period, and REM sleep: different electroencephalographic 

phenomena within the alpha band. Neurophysiol Clin. 2002;32:54-71. 

 60.  Carlqvist H, Nikulin VV, Stromberg JO, Brismar T. Amplitude and phase 

relationship between alpha and beta oscillations in the human 

electroencephalogram. Med Biol Eng Comput. 2005;43:599-607. 

 61.  Carr DB, Goudas LC. Acute pain. Lancet. 1999;353:2051-8. 

 62.  Carson RG, Riek S, Shahbazpour N. Central and peripheral mediation of 

human force sensation following eccentric or concentric contractions. J 

Physiol. 2002;539:913-25. 

 63.  Cassim F, Monaca C, Szurhaj W, Bourriez JL, Defebvre L, Derambure P, 

Guieu JD. Does post-movement beta synchronization reflect an idling motor 

cortex? Neuroreport. 2001;12:3859-63. 

 64.  Chakarov V, Naranjo JR, Schulte-Monting J, Omlor W, Huethe F, Kristeva R. 

Beta-range EEG-EMG coherence with isometric compensation for increasing 

modulated low-level forces. J Neurophysiol. 2009;102:1115-20. 

 65.  Chambers RL, McDermott JC. Molecular basis of skeletal muscle 

regeneration. Can J Appl Physiol. 1996;21:155-84. 

 66.  Chang PF, Arendt-Nielsen L, Chen AC. Differential cerebral responses to 

aversive auditory arousal versus muscle pain: specific EEG patterns are 

associated with human pain processing. Exp Brain Res. 2002;147:387-93. 

 67.  Chang PF, Arendt-Nielsen L, Chen AC. Comparative cerebral responses to 

non-painful warm vs. cold stimuli in man: EEG power spectra and coherence. 

Int J Psychophysiol. 2005;55:73-83. 



References 

 145 

 68.  Chang PF, Arendt-Nielsen L, Graven-Nielsen T, Chen AC. Psychophysical 

and EEG responses to repeated experimental muscle pain in humans: pain 

intensity encodes EEG activity. Brain Res Bull. 2003;59:533-43. 

 69.  Chang PF, Arendt-Nielsen L, Graven-Nielsen T, Svensson P, Chen AC. 

Different EEG topographic effects of painful and non-painful intramuscular 

stimulation in man. Exp Brain Res. 2001;141:195-203. 

 70.  Chang PF, Arendt-Nielsen L, Graven-Nielsen T, Svensson P, Chen AC. 

Comparative EEG activation to skin pain and muscle pain induced by 

capsaicin injection. Int J Psychophysiol. 2004;51:117-26. 

 71.  Chang YW, Su FC, Wu HW, An KN. Optimum length of muscle contraction. 

Clin Biomech (Bristol , Avon ). 1999;14:537-42. 

 72.  Chen AC, Dworkin SF, Haug J, Gehrig J. Topographic brain measures of 

human pain and pain responsivity. Pain. 1989;37:129-41. 

 73.  Chen AC, Feng W, Zhao H, Yin Y, Wang P. EEG default mode network in the 

human brain: spectral regional field powers. Neuroimage. 2008;41:561-74. 

 74.  Chen AC, Herrmann CS. Perception of pain coincides with the spatial 

expansion of electroencephalographic dynamics in human subjects. Neurosci 

Lett. 2001;297:183-6. 

 75.  Chen CW, Lin CC, Ju MS. Detecting movement-related EEG change by 

wavelet decomposition-based neural networks trained with single thumb 

movement. Clin Neurophysiol. 2007;118:802-14. 

 76.  Chen TC. Effects of a second bout of maximal eccentric exercise on muscle 

damage and electromyographic activity. Eur J Appl Physiol. 2003;89:115-21. 

 77.  Chersi F. Neural mechanisms and models underlying joint action. Exp Brain 

Res. 2011;211:643-53. 

 78.  Clamann HP. Statistical analysis of motor unit firing patterns in a human 

skeletal muscle. Biophys J. 1969;9:1233-51. 

 79.  Clarkson PM, Nosaka K, Braun B. Muscle function after exercise-induced 

muscle damage and rapid adaptation. Med Sci Sports Exerc. 1992;24:512-

20. 



References 

 146 

 80.  Clarkson PM, Tremblay I. Exercise-induced muscle damage, repair, and 

adaptation in humans. J Appl Physiol. 1988;65:1-6. 

 81.  Cleak MJ, Eston RG. Delayed onset muscle soreness: mechanisms and 

management. J Sports Sci. 1992;10:325-41. 

 82.  Coghill RC, Talbot JD, Evans AC, Meyer E, Gjedde A, Bushnell MC, Duncan 

GH. Distributed processing of pain and vibration by the human brain. J 

Neurosci. 1994;14:4095-108. 

 83.  Conway BA, Halliday DM, Farmer SF, Shahani U, Maas P, Weir AI, 

Rosenberg JR. Synchronization between motor cortex and spinal 

motoneuronal pool during the performance of a maintained motor task in 

man. J Physiol. 1995;489 (Pt 3):917-24. 

 84.  Cooper NR, Burgess AP, Croft RJ, Gruzelier JH. Investigating evoked and 

induced electroencephalogram activity in task-related alpha power increases 

during an internally directed attention task. Neuroreport. 2006;17:205-8. 

 85.  Costill DL, Pascoe DD, Fink WJ, Robergs RA, Barr SI, Pearson D. Impaired 

muscle glycogen resynthesis after eccentric exercise. J Appl Physiol. 

1990;69:46-50. 

 86.  Craig AD. A new view of pain as a homeostatic emotion. Trends Neurosci. 

2003;26:303-7. 

 87.  Crossman A R. Spinal Cord. In: Standring S, ed. Gray's Anatomy Elsevier; 

2005:307-326. 

 88.  Crossman A R, Neary D. Spinal Cord. In: A.R Crossman, D.Neary, eds. 

Neuroanatomy:  An illustrated colour text. London: Churchill Livingstone, 

pearson Professional Limited; 1995:37-56. 

 89.  Cunningham AJ, Murray CA, O'Neill LA, Lynch MA, O'Connor JJ. Interleukin-

1 beta (IL-1 beta) and tumour necrosis factor (TNF) inhibit long-term 

potentiation in the rat dentate gyrus in vitro. Neurosci Lett. 1996;203:17-20. 

 90.  Cunningham ET, Jr., De Souza EB. Interleukin 1 receptors in the brain and 

endocrine tissues. Immunol Today. 1993;14:171-6. 



References 

 147 

 91.  Cunnington R, Windischberger C, Deecke L, Moser E. The preparation and 

readiness for voluntary movement: a high-field event-related fMRI study of the 

Bereitschafts-BOLD response. Neuroimage. 2003;20:404-12. 

 92.  Cunnington R, Windischberger C, Moser E. Premovement activity of the pre-

supplementary motor area and the readiness for action: studies of time-

resolved event-related functional MRI. Hum Mov Sci. 2005;24:644-56. 

 93.  Dafters RI, Duffy F, O'Donnell PJ, Bouquet C. Level of use of 3,4-

methylenedioxymethamphetamine (MDMA or Ecstasy) in humans correlates 

with EEG power and coherence. Psychopharmacology (Berl). 1999;145:82-

90. 

 94.  Darques JL, Bendahan D, Roussel M, Giannesini B, Tagliarini F, Le Fur Y, 

Cozzone PJ, Jammes Y. Combined in situ analysis of metabolic and 

myoelectrical changes associated with electrically induced fatigue. J Appl 

Physiol. 2003;95:1476-84. 

 95.  Dartnall TJ, Nordstrom MA, Semmler JG. Motor unit synchronization is 

increased in biceps brachii after exercise-induced damage to elbow flexor 

muscles. J Neurophysiol. 2008;99:1008-19. 

 96.  Day SH, Donnelly AE, Brown SJ, Child RB. Electromyogram activity and 

mean power frequency in exercise-damaged human muscle. Muscle Nerve. 

1998;21:961-3. 

 97.  de la Rocha J, Doiron B, Shea-Brown E, Josic K, Reyes A. Correlation 

between neural spike trains increases with firing rate. Nature. 2007;448:802-

6. 

 98.  deCharms RC, Merzenich MM. Primary cortical representation of sounds by 

the coordination of action-potential timing. Nature. 1996;381:610-3. 

 99.  Degtyarenko AM, Kaufman MP. Bicuculline and strychnine suppress the 

mesencephalic locomotor region-induced inhibition of group III muscle 

afferent input to the dorsal horn. Neuroscience. 2003;118:779-88. 

 100.  Del PC, Babiloni C, Marzano N, Iacoboni M, Infarinato F, Vecchio F, Lizio R, 

Aschieri P, Fiore A, Toran G, Gallamini M, Baratto M, Eusebi F. "Neural 



References 

 148 

efficiency" of athletes' brain for upright standing: a high-resolution EEG study. 

Brain Res Bull. 2009;79:193-200. 

101. Del PC, Brancucci A, Bergami F, Marzano N, Fiore A, Di CE, Aschieri P, Lino

A, Vecchio F, Iacoboni M, Gallamini M, Babiloni C, Eusebi F. Cortical alpha

rhythms are correlated with body sway during quiet open-eyes standing in

athletes: a high-resolution EEG study. Neuroimage. 2007;36:822-9.

102. Del PC, Infarinato F, Iacoboni M, Marzano N, Soricelli A, Aschieri P, Eusebi

F, Babiloni C. Movement-related desynchronization of alpha rhythms is lower

in athletes than non-athletes: a high-resolution EEG study. Clin Neurophysiol.

2010;121:482-91.

103. Del PC, Le PD, Arendt-Nielsen L, Babiloni C, Brancucci A, Chen AC, De AL,

Miliucci R, Restuccia D, Valeriani M, Rossini PM. Distraction affects frontal

alpha rhythms related to expectancy of pain: an EEG study. Neuroimage.

2006;31:1268-77.

104. Del PC, Marzano N, Tilgher S, Fiore A, Di CE, Aschieri P, Lino A, Toran G,

Babiloni C, Eusebi F. Pre-stimulus alpha rhythms are correlated with post-

stimulus sensorimotor performance in athletes and non-athletes: a high-

resolution EEG study. Clin Neurophysiol. 2007;118:1711-20.

105. Deschenes MR, Brewer RE, Bush JA, McCoy RW, Volek JS, Kraemer WJ.

Neuromuscular disturbance outlasts other symptoms of exercise-induced

muscle damage. J Neurol Sci. 2000;174:92-9.

106. Dirnberger G, Duregger C, Lindinger G, Lang W. Habituation in a simple

repetitive motor task: a study with movement-related cortical potentials. Clin

Neurophysiol. 2004;115:378-84.

107. Donner TH, Siegel M, Oostenveld R, Fries P, Bauer M, Engel AK. Population

activity in the human dorsal pathway predicts the accuracy of visual motion

detection. J Neurophysiol. 2007;98:345-59.

108. Downie WW, Leatham PA, Rhind VM, Wright V, Branco JA, Anderson JA.

Studies with pain rating scales. Ann Rheum Dis. 1978;37:378-81.

109. Du X, Li Y, Zhu Y, Ren Q, Zhao L. Removal of artifacts from EEG signal

(translated). Sheng Wu Yi Xue Gong Cheng Xue Za Zhi. 2008;25:464-71.



References 

 149 

 110.  Dundon JM, Cirillo J, Semmler JG. Low-frequency fatigue and neuromuscular 

performance after exercise-induced damage to elbow flexor muscles. J Appl 

Physiol. 2008;105:1146-55. 

 111.  Durka PJ, Ircha D, Neuper C, Pfurtscheller G. Time-frequency microstructure 

of event-related electro-encephalogram desynchronisation and 

synchronisation. Med Biol Eng Comput. 2001;39:315-21. 

 112.  Durnin JV, Womersley J. Body fat assessed from total body density and its 

estimation from skinfold thickness: measurements on 481 men and women 

aged from 16 to 72 years. Br J Nutr. 1974;32:77-97. 

 113.  Ebbeling CB, Clarkson PM. Exercise-induced muscle damage and 

adaptation. Sports Med. 1989;7:207-34. 

 114.  Egsgaard LL, Wang L, Arendt-Nielsen L. Volunteers with high versus low 

alpha EEG have different pain-EEG relationship: a human experimental 

study. Exp Brain Res. 2009;193:361-9. 

 115.  Elul R. The genesis of the EEG. Int Rev Neurobiol. 1972;15:227-72. 

 116.  Engel AK, Fries P. Beta-band oscillations--signalling the status quo? Curr 

Opin Neurobiol. 2010;20:156-65. 

 117.  Enoka RM. Morphological features and activation patterns of motor units. J 

Clin Neurophysiol. 1995;12:538-59. 

 118.  Enoka RM. Eccentric contractions require unique activation strategies by the 

nervous system. J Appl Physiol. 1996;81:2339-46. 

 119.  Erbil N, Ungan P. Changes in the alpha and beta amplitudes of the central 

EEG during the onset, continuation, and offset of long-duration repetitive 

hand movements. Brain Res. 2007;1169:44-56. 

 120.  Ervilha UF, Farina D, Arendt-Nielsen L, Graven-Nielsen T. Experimental 

muscle pain changes motor control strategies in dynamic contractions. Exp 

Brain Res. 2005;164:215-24. 

 121.  Eston RG, Finney S, Baker S, Baltzopoulos V. Muscle tenderness and peak 

torque changes after downhill running following a prior bout of isokinetic 

eccentric exercise. J Sports Sci. 1996;14:291-9. 



References 

 150 

122. Eyelade OR, Oladokun RE, Fatiregun AA. Convergent validity of pain

measuring tools among Nigerian children. Afr J Med Med Sci. 2009;38:333-6.

123. F.B.Horak JMM.  Balance orientation and equilibrium  . In: J.Shepard LR, ed.

Handbook of physiology. Exercise: Regulation and Integration of Multiple

Systems. New York: Oxford University Press; 2011:255-292.

124. Fang Y, Siemionow V, Sahgal V, Xiong F, Yue GH. Distinct brain activation

patterns for human maximal voluntary eccentric and concentric muscle

actions. Brain Res. 2004;1023:200-12.

125. Farina D. Interpretation of the surface electromyogram in dynamic

contractions. Exerc Sport Sci Rev. 2006;34:121-7.

126. Farina D, do Nascimento OF, Lucas MF, Doncarli C. Optimization of wavelets

for classification of movement-related cortical potentials generated by

variation of force-related parameters. J Neurosci Methods. 2007;162:357-63.

127. Farina D, Merletti R, Enoka RM. The extraction of neural strategies from the

surface EMG. J Appl Physiol. 2004;96:1486-95.

128. Farina D, Merletti R, Nazzaro M, Caruso I. Effect of joint angle on EMG

variables in leg and thigh muscles. IEEE Eng Med Biol Mag. 2001;20:62-71.

129. Farmer SF, Swash M, Ingram DA, Stephens JA. Changes in motor unit

synchronization following central nervous lesions in man. J Physiol.

1993;463:83-105.

130. Faulkner JA. Terminology for contractions of muscles during shortening, while

isometric, and during lengthening. J Appl Physiol. 2003;95:455-9.

131. Feige B, Scheffler K, Esposito F, Di SF, Hennig J, Seifritz E. Cortical and

subcortical correlates of electroencephalographic alpha rhythm modulation. J

Neurophysiol. 2005;93:2864-72.

132. Felici F. Neuromuscular responses to exercise investigated through surface

EMG. J Electromyogr Kinesiol. 2006;16:578-85.

133. Felici F, Colace L, Sbriccoli P. Surface EMG modifications after eccentric

exercise. J Electromyogr Kinesiol. 1997;7:193-202.



References 

 151 

 134.  Fogassi L, Ferrari PF, Gesierich B, Rozzi S, Chersi F, Rizzolatti G. Parietal 

lobe: from action organization to intention understanding. Science. 

2005;308:662-7. 

 135.  Fogassi L, Luppino G. Motor functions of the parietal lobe. Curr Opin 

Neurobiol. 2005;15:626-31. 

 136.  Franciotti R, Ciancetta L, Della PS, Belardinelli P, Pizzella V, Romani GL. 

Modulation of alpha oscillations in insular cortex reflects the threat of painful 

stimuli. Neuroimage. 2009;46:1082-90. 

 137.  Freund HJ. Mechanisms of voluntary movements. Parkinsonism Relat Disord. 

2002;9:55-9. 

 138.  Frey U, Morris RG. Synaptic tagging and long-term potentiation. Nature. 

1997;385:533-6. 

 139.  Freyer F, Aquino K, Robinson PA, Ritter P, Breakspear M. Bistability and non-

Gaussian fluctuations in spontaneous cortical activity. J Neurosci. 

2009;29:8512-24. 

 140.  Fridén J, Kjorell U, Thornell LE. Delayed muscle soreness and cytoskeletal 

alterations: an immunocytological study in man. Int J Sports Med. 1984;5:15-

8. 

 141.  Fridén J, Lieber RL. Structural and mechanical basis of exercise-induced 

muscle injury. Med Sci Sports Exerc. 1992;24:521-30. 

 142.  Fridén J, Sjostrom M, Ekblom B. Myofibrillar damage following intense 

eccentric exercise in man. Int J Sports Med. 1983;4:170-6. 

 143.  Fridén J, Seger J, Sjostrom M, Ekblom B. Adaptive response in human 

skeletal muscle subjected to prolonged eccentric training. Int J Sports Med. 

1983;4:177-83. 

 144.  Fries P. A mechanism for cognitive dynamics: neuronal communication 

through neuronal coherence. Trends Cogn Sci. 2005;9:474-80. 

 145.  Fukuda M, Juhasz C, Hoechstetter K, Sood S, Asano E. Somatosensory-

related gamma-, beta- and alpha-augmentation precedes alpha- and beta-

attenuation in humans. Clin Neurophysiol. 2010;121:366-75. 



References 

 152 

 146.  Gallagher EJ, Bijur PE, Latimer C, Silver W. Reliability and validity of a visual 

analog scale for acute abdominal pain in the ED. Am J Emerg Med. 

2002;20:287-90. 

 147.  Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. 

Physiol Rev. 2001;81:1725-89. 

 148.  Gandevia SC, Allen GM, Butler JE, Taylor JL. Supraspinal factors in human 

muscle fatigue: evidence for suboptimal output from the motor cortex. J 

Physiol. 1996;490 (Pt 2):529-36. 

 149.  Gemba H, Matsuura-Nakao K, Matsuzaki R. Preparative activities in posterior 

parietal cortex for self-paced movement in monkeys. Neurosci Lett. 

2004;357:68-72. 

 150.  George JS, Aine CJ, Mosher JC, Schmidt DM, Ranken DM, Schlitt HA, Wood 

CC, Lewine JD, Sanders JA, Belliveau JW. Mapping function in the human 

brain with magnetoencephalography, anatomical magnetic resonance 

imaging, and functional magnetic resonance imaging. J Clin Neurophysiol. 

1995;12:406-31. 

 151.  Gerloff C, Richard J, Hadley J, Schulman AE, Honda M, Hallett M. Functional 

coupling and regional activation of human cortical motor areas during simple, 

internally paced and externally paced finger movements. Brain. 1998;121 (Pt 

8):1513-31. 

 152.  Gilbertson T, Lalo E, Doyle L, Di L, V, Cioni B, Brown P. Existing motor state 

is favored at the expense of new movement during 13-35 Hz oscillatory 

synchrony in the human corticospinal system. J Neurosci. 2005;25:7771-9. 

 153.  Gleeson M, Blannin AK, Zhu B, Brooks S, Cave R. Cardiorespiratory, 

hormonal and haematological responses to submaximal cycling performed 2 

days after eccentric or concentric exercise bouts. J Sports Sci. 1995;13:471-

9. 

 154.  Graven-Nielsen T, Svensson P, Arendt-Nielsen L. Effects of experimental 

muscle pain on muscle activity and co-ordination during static and dynamic 

motor function. Electroencephalogr Clin Neurophysiol. 1997;105:156-64. 



References 

 153 

 155.  Greenwood PM, Parasuraman R. Neuronal and cognitive plasticity: a 

neurocognitive framework for ameliorating cognitive aging. Front Aging 

Neurosci. 2010;2:150. 

 156.  Grobler L., Collins M, Lambert M I. Remodelling of skeletal muscle following 

exercise-induced muscle damage. International SportsMed Journal. 

2004;5:67-83. 

 157.  Gross J, Tass PA, Salenius S, Hari R, Freund HJ, Schnitzler A. Cortico-

muscular synchronization during isometric muscle contraction in humans as 

revealed by magnetoencephalography. J Physiol. 2000;527 Pt 3:623-31. 

 158.  Grouiller F, Vercueil L, Krainik A, Segebarth C, Kahane P, David O. A 

comparative study of different artefact removal algorithms for EEG signals 

acquired during functional MRI. Neuroimage. 2007;38:124-37. 

 159.  Grounds MD. Towards understanding skeletal muscle regeneration. Pathol 

Res Pract. 1991;187:1-22. 

 160.  Gruzelier J. A theory of alpha/theta neurofeedback, creative performance 

enhancement, long distance functional connectivity and psychological 

integration. Cogn Process. 2009;10 Suppl 1:S101-S109. 

 161.  Halgren E, Boujon C, Clarke J, Wang C, Chauvel P. Rapid distributed fronto-

parieto-occipital processing stages during working memory in humans. Cereb 

Cortex. 2002;12:710-28. 

 162.  Halliday DM, Conway BA, Farmer SF, Rosenberg JR. Using 

electroencephalography to study functional coupling between cortical activity 

and electromyograms during voluntary contractions in humans. Neurosci Lett. 

1998;241:5-8. 

 163.  Harris KD. Neural signatures of cell assembly organization. Nat Rev 

Neurosci. 2005;6:399-407. 

 164.  Headley PM, Duggan AW, Griersmith BT. Selective reduction by 

noradrenaline and 5-hydroxytryptamine of nociceptive responses of cat dorsal 

horn neurones. Brain Res. 1978;145:185-9. 



References 

 154 

165. Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of

recommendations for SEMG sensors and sensor placement procedures. J

Electromyogr Kinesiol. 2000;10:361-74.

166. Herrmann CS, Munk MH, Engel AK. Cognitive functions of gamma-band

activity: memory match and utilization. Trends Cogn Sci. 2004;8:347-55.

167. Hirai M, Fukushima H, Hiraki K. An event-related potentials study of biological

motion perception in humans. Neurosci Lett. 2003;344:41-4.

168. Hobson JA, Pace-Schott EF. The cognitive neuroscience of sleep: neuronal

systems, consciousness and learning. Nat Rev Neurosci. 2002;3:679-93.

169. Hochli D, Schneiter T, Ferretti G, Howald H, Claassen H, Moia C, Atchou G,

Belleri M, Veicsteinas A, Hoppeler H. Loss of muscle oxidative capacity after

an extreme endurance run: the Paris-Dakar foot-race. Int J Sports Med.

1995;16:343-6.

170. Hoeger Bement MK, Weyer A, Hartley S, Yoon T, Hunter SK. Fatiguing

exercise attenuates pain-induced corticomotor excitability. Neurosci Lett.

2009;452:209-13.

171. Hong JH, Son SM, Jang SH. Identification of spinothalamic tract and its

related thalamocortical fibers in human brain. Neurosci Lett. 2010;468:102-5.

172. Howell JN, Chila AG, Ford G, David D, Gates T. An electromyographic study

of elbow motion during postexercise muscle soreness. J Appl Physiol.

1985;58:1713-8.

173. Howell JN, Chleboun G, Conatser R. Muscle stiffness, strength loss, swelling

and soreness following exercise-induced injury in humans. J Physiol.

1993;464:183-96.

174. Hsieh S, Yu YT. Switching between simple response-sets: inferences from

the lateralized readiness potential. Brain Res Cogn Brain Res. 2003;17:228-

37.

175. Huber MT, Bartling J, Pachur D, Woikowsky-Biedau S, Lautenbacher S. EEG

responses to tonic heat pain. Exp Brain Res. 2006;173:14-24.



References 

 155 

 176.  Huber R, Ghilardi MF, Massimini M, Tononi G. Local sleep and learning. 

Nature. 2004;430:78-81. 

 177.  Izhikevich EM, Gally JA, Edelman GM. Spike-timing dynamics of neuronal 

groups. Cereb Cortex. 2004;14:933-44. 

 178.  Jensen O, Lisman JE. Hippocampal sequence-encoding driven by a cortical 

multi-item working memory buffer. Trends Neurosci. 2005;28:67-72. 

 179.  Johnson MA, Polgar J, Weightman D, Appleton D. Data on the distribution of 

fibre types in thirty-six human muscles. An autopsy study. J Neurol Sci. 

1973;18:111-29. 

 180.  Johnston J, Rearick M, Slobounov S. Movement-related cortical potentials 

associated with progressive muscle fatigue in a grasping task. Clin 

Neurophysiol. 2001;112:68-77. 

 181.  Jordan LM, Kenshalo DR, Jr., Martin RF, Haber LH, Willis WD. Depression of 

primate spinothalamic tract neurons by iontophoretic application of 5-

hydroxytryptamine. Pain. 1978;5:135-42. 

 182.  Julius D, Basbaum AI. Molecular mechanisms of nociception. Nature. 

2001;413:203-10. 

 183.  Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V, 

Sejnowski TJ. Removing electroencephalographic artifacts by blind source 

separation. Psychophysiology. 2000;37:163-78. 

 184.  Kahana MJ, Seelig D, Madsen JR. Theta returns. Curr Opin Neurobiol. 

2001;11:739-44. 

 185.  Kakigi R, Inui K, Tamura Y. Electrophysiological studies on human pain 

perception. Clin Neurophysiol. 2005;116:743-63. 

 186.  Kakigi R, Nakata H, Inui K, Hiroe N, Nagata O, Honda M, Tanaka S, Sadato 

N, Kawakami M. Intracerebral pain processing in a Yoga Master who claims 

not to feel pain during meditation. Eur J Pain. 2005;9:581-9. 

 187.  Kamen G, Caldwell GE. Physiology and interpretation of the electromyogram. 

J Clin Neurophysiol. 1996;13:366-84. 



References 

 156 

 188.  Kanda M, Nagamine T, Ikeda A, Ohara S, Kunieda T, Fujiwara N, Yazawa S, 

Sawamoto N, Matsumoto R, Taki W, Shibasaki H. Primary somatosensory 

cortex is actively involved in pain processing in human. Brain Res. 

2000;853:282-9. 

 189.  Keenan KG, Farina D, Maluf KS, Merletti R, Enoka RM. Influence of 

amplitude cancellation on the simulated surface electromyogram. J Appl 

Physiol. 2005;98:120-31. 

 190.  Keil A, Muller MM. Feature selection in the human brain: electrophysiological 

correlates of sensory enhancement and feature integration. Brain Res. 

2010;1313:172-84. 

 191.  Keinrath C, Wriessnegger S, Muller-Putz GR, Pfurtscheller G. Post-

movement beta synchronization after kinesthetic illusion, active and passive 

movements. Int J Psychophysiol. 2006;62:321-7. 

 192.  Kerr FW. Pain. A central inhibitory balance theory. Mayo Clin Proc. 

1975;50:685-90. 

 193.  Kilner JM, Baker SN, Salenius S, Hari R, Lemon RN. Human cortical muscle 

coherence is directly related to specific motor parameters. J Neurosci. 

2000;20:8838-45. 

 194.  Kilner JM, Baker SN, Salenius S, Jousmaki V, Hari R, Lemon RN. Task-

dependent modulation of 15-30 Hz coherence between rectified EMGs from 

human hand and forearm muscles. J Physiol. 1999;516 ( Pt 2):559-70. 

 195.  Kirmizi-Alsan E, Bayraktaroglu Z, Gurvit H, Keskin YH, Emre M, Demiralp T. 

Comparative analysis of event-related potentials during Go/NoGo and CPT: 

decomposition of electrophysiological markers of response inhibition and 

sustained attention. Brain Res. 2006;1104:114-28. 

 196.  Klimesch W. EEG alpha and theta oscillations reflect cognitive and memory 

performance: a review and analysis. Brain Res Brain Res Rev. 1999;29:169-

95. 

 197.  Klimesch W, Doppelmayr M, Schwaiger J, Auinger P, Winkler T. 'Paradoxical' 

alpha synchronization in a memory task. Brain Res Cogn Brain Res. 

1999;7:493-501. 



References 

 157 

 198.  Klimesch W, Sauseng P, Hanslmayr S. EEG alpha oscillations: the inhibition-

timing hypothesis. Brain Res Rev. 2007;53:63-88. 

 199.  Klostermann F, Nikulin VV, Kuhn AA, Marzinzik F, Wahl M, Pogosyan A, 

Kupsch A, Schneider GH, Brown P, Curio G. Task-related differential 

dynamics of EEG alpha- and beta-band synchronization in cortico-basal 

motor structures. Eur J Neurosci. 2007;25:1604-15. 

 200.  Komi PV, Buskirk ER. Reproducibility of electromyographic measurements 

with inserted wire electrodes and surface electrodes. Electromyography. 

1970;10:357-67. 

 201.  Komi PV, Rusko H. Quantitative evaluation of mechanical and electrical 

changes during fatigue loading of eccentric and concentric work. Scand J 

Rehabil Med Suppl. 1974;3:121-6. 

 202.  Kostal L, Lansky P, Rospars JP. Neuronal coding and spiking randomness. 

Eur J Neurosci. 2007;26:2693-701. 

 203.  Kukleta M, Bob P, Brazdil M, Roman R, Rektor I. Beta 2-band 

synchronization during a visual oddball task. Physiol Res. 2009;58:725-32. 

 204.  Kukleta M, Brazdil M, Roman R, Bob P, Rektor I. Cognitive network 

interactions and beta 2 coherence in processing non-target stimuli in visual 

oddball task. Physiol Res. 2009;58:139-48. 

 205.  Kulkarni B, Bentley DE, Elliott R, Youell P, Watson A, Derbyshire SW, 

Frackowiak RS, Friston KJ, Jones AK. Attention to pain localization and 

unpleasantness discriminates the functions of the medial and lateral pain 

systems. Eur J Neurosci. 2005;21:3133-42. 

 206.  Lafargue G, Paillard J, Lamarre Y, Sirigu A. Production and perception of grip 

force without proprioception: is there a sense of effort in deafferented 

subjects? Eur J Neurosci. 2003;17:2741-9. 

 207.  Lagopoulos J, Xu J, Rasmussen I, Vik A, Malhi GS, Eliassen CF, Arntsen IE, 

Saether JG, Hollup S, Holen A, Davanger S, Ellingsen O. Increased theta and 

alpha EEG activity during nondirective meditation. J Altern Complement Med. 

2009;15:1187-92. 



References 

 158 

 208.  Lalo E, Gilbertson T, Doyle L, Di L, V, Cioni B, Brown P. Phasic increases in 

cortical beta activity are associated with alterations in sensory processing in 

the human. Exp Brain Res. 2007;177:137-45. 

 209.  Lamb GD. Mechanisms of excitation-contraction uncoupling relevant to 

activity-induced muscle fatigue. Appl Physiol Nutr Metab. 2009;34:368-72. 

 210.  Lambert MI, Marcus P, Burgess T, Noakes TD. Electro-membrane 

microcurrent therapy reduces signs and symptoms of muscle damage. Med 

Sci Sports Exerc. 2002;34:602-7. 

 211.  Larkum ME, Senn W, Luscher HR. Top-down dendritic input increases the 

gain of layer 5 pyramidal neurons. Cereb Cortex. 2004;14:1059-70. 

 212.  Laufs H, Krakow K, Sterzer P, Eger E, Beyerle A, Salek-Haddadi A, 

Kleinschmidt A. Electroencephalographic signatures of attentional and 

cognitive default modes in spontaneous brain activity fluctuations at rest. Proc 

Natl Acad Sci U S A. 2003;100:11053-8. 

 213.  Le Pera D, Brancucci A, De AL, Del PC, Miliucci R, Babiloni C, Restuccia D, 

Rossini PM, Valeriani M. Inhibitory effect of voluntary movement preparation 

on cutaneous heat pain and laser-evoked potentials. Eur J Neurosci. 

2007;25:1900-7. 

 214.  Le Pera D, Graven-Nielsen T, Valeriani M, Oliviero A, Di L, V, Tonali PA, 

Arendt-Nielsen L. Inhibition of motor system excitability at cortical and spinal 

level by tonic muscle pain. Clin Neurophysiol. 2001;112:1633-41. 

 215.  Lee J, Clarkson PM. Plasma creatine kinase activity and glutathione after 

eccentric exercise. Med Sci Sports Exerc. 2003;35:930-6. 

 216.  Lee M, Gandevia SC, Carroll TJ. Cortical voluntary activation can be reliably 

measured in human wrist extensors using transcranial magnetic stimulation. 

Clin Neurophysiol. 2008;119:1130-8. 

 217.  Leocani L, Toro C, Manganotti P, Zhuang P, Hallett M. Event-related 

coherence and event-related desynchronization/synchronization in the 10 Hz 

and 20 Hz EEG during self-paced movements. Electroencephalogr Clin 

Neurophysiol. 1997;104:199-206. 



References 

 159 

 218.  Lieber RL, Thornell LE, Friden J. Muscle cytoskeletal disruption occurs within 

the first 15 min of cyclic eccentric contraction. J Appl Physiol. 1996;80:278-

84. 

 219.  Linnamo V, Bottas R, Komi PV. Force and EMG power spectrum during and 

after eccentric and concentric fatigue. J Electromyogr Kinesiol. 2000;10:293-

300. 

 220.  Linnamo V, Moritani T, Nicol C, Komi PV. Motor unit activation patterns during 

isometric, concentric and eccentric actions at different force levels. J 

Electromyogr Kinesiol. 2003;13:93-101. 

 221.  Linnamo V, Strojnik V, Komi PV. Maximal force during eccentric and isometric 

actions at different elbow angles. Eur J Appl Physiol. 2006;96:672-8. 

 222.  Linssen WH, Stegeman DF, Joosten EM, Binkhorst RA, Merks MJ, ter Laak 

HJ, Notermans SL. Fatigue in type I fiber predominance: a muscle force and 

surface EMG study on the relative role of type I and type II muscle fibers. 

Muscle Nerve. 1991;14:829-37. 

 223.  Linssen WH, Stegeman DF, Joosten EM, Merks HJ, ter Laak HJ, Binkhorst 

RA, Notermans SL. Force and fatigue in human type I muscle fibres. A 

surface EMG study in patients with congenital myopathy and type I fibre 

predominance. Brain. 1991;114 ( Pt 5):2123-32. 

 224.  Linthorst AC, Flachskamm C, Holsboer F, Reul JM. Local administration of 

recombinant human interleukin-1 beta in the rat hippocampus increases 

serotonergic neurotransmission, hypothalamic-pituitary-adrenocortical axis 

activity, and body temperature. Endocrinology. 1994;135:520-32. 

 225.  Lisman J, Buzsaki G. A neural coding scheme formed by the combined 

function of gamma and theta oscillations. Schizophr Bull. 2008;34:974-80. 

 226.  Lopes da Silva FH, van RA, Barts P, van HE, Burr W. Models of neuronal 

populations: the basic mechanisms of rhythmicity. Prog Brain Res. 

1976;45:281-308. 

 227.  Lopes da SF. Neural mechanisms underlying brain waves: from neural 

membranes to networks. Electroencephalogr Clin Neurophysiol. 1991;79:81-

93. 



References 

 160 

228. Lorenz J, Minoshima S, Casey KL. Keeping pain out of mind: the role of the

dorsolateral prefrontal cortex in pain modulation. Brain. 2003;126:1079-91.

229. Lowery M, Nolan P, O'Malley M. Electromyogram median frequency, spectral

compression and muscle fibre conduction velocity during sustained sub-

maximal contraction of the brachioradialis muscle. J Electromyogr Kinesiol.

2002;12:111-8.

230. Luu P, Shane M, Pratt NL, Tucker DM. Corticolimbic mechanisms in the

control of trial and error learning. Brain Res. 2009;1247:100-13.

231. Luu P, Tucker DM, Makeig S. Frontal midline theta and the error-related

negativity: neurophysiological mechanisms of action regulation. Clin

Neurophysiol. 2004;115:1821-35.

232. MacIntyre DL, Reid WD, Lyster DM, Szasz IJ, McKenzie DC. Presence of

WBC, decreased strength, and delayed soreness in muscle after eccentric

exercise. J Appl Physiol. 1996;80:1006-13.

233. MacIntyre DL, Reid WD, McKenzie DC. Delayed muscle soreness. The

inflammatory response to muscle injury and its clinical implications. Sports

Med. 1995;20:24-40.

234. Magill PJ, Bolam JP, Bevan MD. Dopamine regulates the impact of the

cerebral cortex on the subthalamic nucleus-globus pallidus network.

Neuroscience. 2001;106:313-30.

235. Maier SF, Watkins LR. Cytokines for psychologists: implications of

bidirectional immune-to-brain communication for understanding behavior,

mood, and cognition. Psychol Rev. 1998;105:83-107.

236. Mair J, Mayr M, Muller E, Koller A, Haid C, Artner-Dworzak E, Calzolari C,

Larue C, Puschendorf B. Rapid adaptation to eccentric exercise-induced

muscle damage. Int J Sports Med. 1995;16:352-6.

237. Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend J, Courchesne E,

Sejnowski TJ. Dynamic brain sources of visual evoked responses. Science.

2002;295:690-4.



References 

 161 

 238.  Maquet P, Degueldre C, Delfiore G, Aerts J, Peters JM, Luxen A, Franck G. 

Functional neuroanatomy of human slow wave sleep. J Neurosci. 

1997;17:2807-12. 

 239.  Marchand F, Perretti M, McMahon SB. Role of the immune system in chronic 

pain. Nat Rev Neurosci. 2005;6:521-32. 

 240.  McAuley JH, Rothwell JC, Marsden CD. Frequency peaks of tremor, muscle 

vibration and electromyographic activity at 10 Hz, 20 Hz and 40 Hz during 

human finger muscle contraction may reflect rhythmicities of central neural 

firing. Exp Brain Res. 1997;114:525-41. 

 241.  Melzack R. From the gate to the neuromatrix. Pain. 1999;Suppl 6:S121-S126. 

 242.  Melzack R. Pain--an overview. Acta Anaesthesiol Scand. 1999;43:880-4. 

 243.  Melzack R. Pain and the neuromatrix in the brain. J Dent Educ. 

2001;65:1378-82. 

 244.  Melzack R, Wall PD. Pain mechanisms: a new theory. Science. 

1965;150:971-9. 

 245.  Merletti R, Parker P.A. Electromyography: Physiology,Engineering, and 

Noninvasive Applications: John Wiley & sons, Inc., Hoboken, New Jersey; 

2004. 

 246.  Mesin L, Joubert M, Hanekom T, Merletti R, Farina D. A finite element model 

for describing the effect of muscle shortening on surface EMG. IEEE Trans 

Biomed Eng. 2006;53:593-600. 

 247.  Miller KJ, Leuthardt EC, Schalk G, Rao RP, Anderson NR, Moran DW, Miller 

JW, Ojemann JG. Spectral changes in cortical surface potentials during motor 

movement. J Neurosci. 2007;27:2424-32. 

 248.  Miller KJ, Zanos S, Fetz EE, den NM, Ojemann JG. Decoupling the cortical 

power spectrum reveals real-time representation of individual finger 

movements in humans. J Neurosci. 2009;29:3132-7. 

 249.  Mizelle JC, Forrester L, Hallett M, Wheaton LA. Electroencephalographic 

reactivity to unimodal and bimodal visual and proprioceptive demands in 

sensorimotor integration. Exp Brain Res. 2010;203:659-70. 



References 

 162 

 250.  Moraes H, Deslandes A, Silveira H, Ribeiro P, Cagy M, Piedade R, Pompeu 

F, Laks J. The effect of acute effort on EEG in healthy young and elderly 

subjects. Eur J Appl Physiol. 2011;111:67-75. 

 251.  Morgan DL, Allen DG. Early events in stretch-induced muscle damage. J Appl 

Physiol. 1999;87:2007-15. 

 252.  Moritani T, Muramatsu S, Muro M. Activity of motor units during concentric 

and eccentric contractions. Am J Phys Med. 1987;66:338-50. 

 253.  Moritani T, Muro M, Kijima A. Electromechanical changes during electrically 

induced and maximal voluntary contractions: electrophysiologic responses of 

different muscle fiber types during stimulated contractions. Exp Neurol. 

1985;88:471-83. 

 254.  Murali S., Kulish V.V. Modeling of  evoked potentials of 

electroencephalograms: An Overview. Digital Signal Processing. 

2007;17:665-74. 

 255.  Murck H, Nickel T, Kunzel H, Antonijevic IA, Schill J, Zobel A, Steiger A, 

Sonntag A, Holsboer F. State markers of depression in sleep EEG: 

dependency on drug and gender in patients treated with tianeptine or 

paroxetine. Neuropsychopharmacology. 2003;28:348-58. 

 256.  Murias M, Swanson JM, Srinivasan R. Functional connectivity of frontal cortex 

in healthy and ADHD children reflected in EEG coherence. Cereb Cortex. 

2007;17:1788-99. 

 257.  Murthy VN, Fetz EE. Coherent 25- to 35-Hz oscillations in the sensorimotor 

cortex of awake behaving monkeys. Proc Natl Acad Sci U S A. 1992;89:5670-

4. 

 258.  Neugebauer V, Galhardo V, Maione S, Mackey SC. Forebrain pain 

mechanisms. Brain Res Rev. 2009;60:226-42. 

 259.  Neuper C, Pfurtscheller G. Event-related dynamics of cortical rhythms: 

frequency-specific features and functional correlates. Int J Psychophysiol. 

2001;43:41-58. 



References 

 163 

 260.  Niedermeyer E LdSF. Electroencephalography: Basic Principles, Clinical 

Applications, and Related Fields. Philadelphia, Baltimore, New York, London, 

Buenos Aires, Hong Kong, Sydney, Tokyo: Lippincott Williams & Wilkins 2005 

 

 261.  Niedermeyer E. Alpha rhythms as physiological and abnormal phenomena. 

Int J Psychophysiol. 1997;26:31-49. 

 262.  Nielsen OB, de Paoli F, Overgaard K. Protective effects of lactic acid on force 

production in rat skeletal muscle. J Physiol. 2001;536:161-6. 

 263.  Nordander C, Willner J, Hansson GA, Larsson B, Unge J, Granquist L, 

Skerfving S. Influence of the subcutaneous fat layer, as measured by 

ultrasound, skinfold calipers and BMI, on the EMG amplitude. Eur J Appl 

Physiol. 2003;89:514-9. 

 264.  Nosaka K, Clarkson PM. Changes in indicators of inflammation after eccentric 

exercise of the elbow flexors. Med Sci Sports Exerc. 1996;28:953-61. 

 265.  Nosaka K, Clarkson PM. Influence of previous concentric exercise on 

eccentric exercise-induced muscle damage. J Sports Sci. 1997;15:477-83. 

 266.  Nosaka K, Newton M, Sacco P. Muscle damage and soreness after 

endurance exercise of the elbow flexors. Med Sci Sports Exerc. 2002;34:920-

7. 

 267.  Nosaka K, Sakamoto K, Newton M, Sacco P. How long does the protective 

effect on eccentric exercise-induced muscle damage last? Med Sci Sports 

Exerc. 2001;33:1490-5. 

 268.  Nottle C, Nosaka K. The magnitude of muscle damage induced by downhill 

backward walking. J Sci Med Sport. 2005;8:264-73. 

 269.  O'Neil TK, Duffy LR, Frey JW, Hornberger TA. The role of phosphoinositide 3-

kinase and phosphatidic acid in the regulation of mammalian target of 

rapamycin following eccentric contractions. J Physiol. 2009;587:3691-701. 

 270.  Ohara S, Ikeda A, Kunieda T, Yazawa S, Baba K, Nagamine T, Taki W, 

Hashimoto N, Mihara T, Shibasaki H. Movement-related change of 

electrocorticographic activity in human supplementary motor area proper. 

Brain. 2000;123 (Pt 6):1203-15. 



References 

 164 

 271.  Oldfield RC. The assessment and analysis of handedness: the Edinburgh 

inventory. Neuropsychologia. 1971;9:97-113. 

 272.  Oshiro Y, Quevedo AS, McHaffie JG, Kraft RA, Coghill RC. Brain 

mechanisms supporting spatial discrimination of pain. J Neurosci. 

2007;27:3388-94. 

 273.  Palva JM, Palva S, Kaila K. Phase synchrony among neuronal oscillations in 

the human cortex. J Neurosci. 2005;25:3962-72. 

 274.  Palva S, Palva JM. New vistas for alpha-frequency band oscillations. Trends 

Neurosci. 2007;30:150-8. 

 275.  Pariente J, White P, Frackowiak RS, Lewith G. Expectancy and belief 

modulate the neuronal substrates of pain treated by acupuncture. 

Neuroimage. 2005;25:1161-7. 

 276.  Paschalis V, Koutedakis Y, Baltzopoulos V, Mougios V, Jamurtas AZ, Giakas 

G. Short vs. long length of rectus femoris during eccentric exercise in relation 

to muscle damage in healthy males. Clin Biomech (Bristol , Avon ). 

2005;20:617-22. 

 277.  Paul-Dauphin A, Guillemin F, Virion JM, Briancon S. Bias and precision in 

visual analogue scales: a randomized controlled trial. Am J Epidemiol. 

1999;150:1117-27. 

 278.  Perry A, Bentin S. Mirror activity in the human brain while observing hand 

movements: a comparison between EEG desynchronization in the mu-range 

and previous fMRI results. Brain Res. 2009;1282:126-32. 

 279.  Pfurtscheller G. Event-related synchronization (ERS): an electrophysiological 

correlate of cortical areas at rest. Electroencephalogr Clin Neurophysiol. 

1992;83:62-9. 

 280.  Pfurtscheller G, Andrew C. Event-Related changes of band power and 

coherence: methodology and interpretation. J Clin Neurophysiol. 

1999;16:512-9. 



References 

 165 

 281.  Pfurtscheller G, Klimesch W. Functional topography during a visuoverbal 

judgment task studied with event-related desynchronization mapping. J Clin 

Neurophysiol. 1992;9:120-31. 

 282.  Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchronization 

and desynchronization: basic principles. Clin Neurophysiol. 1999;110:1842-

57. 

 283.  Pfurtscheller G, Neuper C. Event-related synchronization of mu rhythm in the 

EEG over the cortical hand area in man. Neurosci Lett. 1994;174:93-6. 

 284.  Pfurtscheller G, Stancak A, Jr., Neuper C. Post-movement beta 

synchronization. A correlate of an idling motor area? Electroencephalogr Clin 

Neurophysiol. 1996;98:281-93. 

 285.  Pfurtscheller G, Zalaudek K, Neuper C. Event-related beta synchronization 

after wrist, finger and thumb movement. Electroencephalogr Clin 

Neurophysiol. 1998;109:154-60. 

 286.  Picton TW, Bentin S, Berg P, Donchin E, Hillyard SA, Johnson R, Jr., Miller 

GA, Ritter W, Ruchkin DS, Rugg MD, Taylor MJ. Guidelines for using human 

event-related potentials to study cognition: recording standards and 

publication criteria. Psychophysiology. 2000;37:127-52. 

 287.  Piitulainen H, Bottas R, Linnamo V, Komi P, Avela J. Effect of electrode 

location on surface electromyography changes due to eccentric elbow flexor 

exercise. Muscle Nerve. 2009;40:617-25. 

 288.  Pivik RT, Broughton RJ, Coppola R, Davidson RJ, Fox N, Nuwer MR. 

Guidelines for the recording and quantitative analysis of 

electroencephalographic activity in research contexts. Psychophysiology. 

1993;30:547-58. 

 289.  Place N, Yamada T, Bruton JD, Westerblad H. Muscle fatigue: from 

observations in humans to underlying mechanisms studied in intact single 

muscle fibres. Eur J Appl Physiol. 2010;110:1-15. 

 290.  Ploner M, Holthusen H, Noetges P, Schnitzler A. Cortical representation of 

venous nociception in humans. J Neurophysiol. 2002;88:300-5. 



References 

 166 

291. Pockett S, Holmes MD. Intracranial EEG power spectra and phase synchrony

during consciousness and unconsciousness. Conscious Cogn. 2009;18:1049-

55.

292. Pogosyan A, Gaynor LD, Eusebio A, Brown P. Boosting cortical activity at

Beta-band frequencies slows movement in humans. Curr Biol. 2009;19:1637-

41.

293. Porro CA, Baraldi P, Pagnoni G, Serafini M, Facchin P, Maieron M, Nichelli P.

Does anticipation of pain affect cortical nociceptive systems? J Neurosci.

2002;22:3206-14.

294. Porro CA, Cettolo V, Francescato MP, Baraldi P. Temporal and intensity

coding of pain in human cortex. J Neurophysiol. 1998;80:3312-20.

295. Prasartwuth O, Allen TJ, Butler JE, Gandevia SC, Taylor JL. Length-

dependent changes in voluntary activation, maximum voluntary torque and

twitch responses after eccentric damage in humans. J Physiol. 2006;571:243-

52.

296. Prasartwuth O, Taylor JL, Gandevia SC. Maximal force, voluntary activation

and muscle soreness after eccentric damage to human elbow flexor muscles.

J Physiol. 2005;567:337-48.

297. Price DD, McGrath PA, Rafii A, Buckingham B. The validation of visual

analogue scales as ratio scale measures for chronic and experimental pain.

Pain. 1983;17:45-56.

298. Proske U. Muscle tenderness from exercise: mechanisms? J Physiol.

2005;564 (Pt 1):259-68.

299. Proske U, Allen TJ. Damage to skeletal muscle from eccentric exercise.

Exerc Sport Sci Rev. 2005;33:98-104.

300. Proske U, Gregory JE, Morgan DL, Percival P, Weerakkody NS, Canny BJ.

Force matching errors following eccentric exercise. Hum Mov Sci.

2004;23:365-78.



References 

 167 

 301.  Proske U, Weerakkody NS, Percival P, Morgan DL, Gregory JE, Canny BJ. 

Force-matching errors after eccentric exercise attributed to muscle soreness. 

Clin Exp Pharmacol Physiol. 2003;30:576-9. 

 302.  Quensel F. Ein Fall von Sarcom der Dura Spinalis. Neurol Zbl. 1898. 

 303.  Rainoldi A, Melchiorri G, Caruso I. A method for positioning electrodes during 

surface EMG recordings in lower limb muscles. J Neurosci Methods. 

2004;134:37-43. 

 304.  Rektor I. Scalp-recorded Bereitschaftspotential is the result of the activity of 

cortical and subcortical generators--a hypothesis. Clin Neurophysiol. 

2002;113:1998-2005. 

 305.  Reyns N, Houdayer E, Bourriez JL, Blond S, Derambure P. Post-movement 

beta synchronization in subjects presenting with sensory deafferentation. Clin 

Neurophysiol. 2008;119:1335-45. 

 306.  Ritter P, Moosmann M, Villringer A. Rolandic alpha and beta EEG rhythms' 

strengths are inversely related to fMRI-BOLD signal in primary 

somatosensory and motor cortex. Hum Brain Mapp. 2009;30:1168-87. 

 307.  Rolian C, Lieberman DE, Zermeno JP. Hand biomechanics during simulated 

stone tool use. J Hum Evol. 2011;61:26-41. 

 308.  Romo-Vazquez R, Ranta R, Louis-Dorr V, Maquin D. EEG ocular artefacts 

and noise removal. Conf Proc IEEE Eng Med Biol Soc. 2007;2007:5445-8. 

 309.  Ronaldson PT, Finch JD, Demarco KM, Quigley CE, Davis TP. Inflammatory 

Pain Signals an Increase in Functional Expression of Organic Anion 

Transporting Polypeptide 1a4 at the Blood-Brain Barrier. J Pharmacol Exp 

Ther. 2010;336:827-39. 

 310.  Rosanova M, Casali A, Bellina V, Resta F, Mariotti M, Massimini M. Natural 

frequencies of human corticothalamic circuits. J Neurosci. 2009;29:7679-85. 

 311.  Ross WD, Marfell-Jones M. Kinanthropometry. In: MacDougall JG, Wenger 

HA, Green HJ, eds. Physiological Testing of the High Performance Athlete. 

Champaign, IL; Human Kinetics Books; 1991:223-308. 



References 

 168 

 312.  Rosso OA, Martin MT, Figliola A, Keller K, Plastino A. EEG analysis using 

wavelet-based information tools. J Neurosci Methods. 2006;153:163-82. 

 313.  Rougeul A, Bouyer JJ, Dedet L, Debray O. Fast somato-parietal rhythms 

during combined focal attention and immobility in baboon and squirrel 

monkey. Electroencephalogr Clin Neurophysiol. 1979;46:310-9. 

 314.  Roy A, Steinmetz PN, Hsiao SS, Johnson KO, Niebur E. Synchrony: a neural 

correlate of somatosensory attention. J Neurophysiol. 2007;98:1645-61. 

 315.  Saitou K, Washimi Y, Koike Y, Takahashi A, Kaneoke Y. Slow negative 

cortical potential preceding the onset of postural adjustment. 

Electroencephalogr Clin Neurophysiol. 1996;98:449-55. 

 316.  Salenius S, Hari R. Synchronous cortical oscillatory activity during motor 

action. Curr Opin Neurobiol. 2003;13:678-84. 

 317.  Salenius S, Portin K, Kajola M, Salmelin R, Hari R. Cortical control of human 

motoneuron firing during isometric contraction. J Neurophysiol. 1997;77:3401-

5. 

 318.  Salenius S, Portin K, Kajola M, Salmelin R, Hari R. Cortical control of human 

motoneuron firing during isometric contraction. J Neurophysiol. 1997;77:3401-

5. 

 319.  Salinas E, Sejnowski TJ. Correlated neuronal activity and the flow of neural 

information. Nat Rev Neurosci. 2001;2:539-50. 

 320.  Salles JI, Alves H, Costa F, Cunha-Cruz V, Cagy M, Piedade R, Ribeiro P. 

Electrophysiological analysis of the perception of passive movement. 

Neurosci Lett. 2011;501:61-6. 

 321.  Salmelin R, Hari R. Spatiotemporal characteristics of sensorimotor 

neuromagnetic rhythms related to thumb movement. Neuroscience. 

1994;60:537-50. 

 322.  Sarnthein J, Stern J, Aufenberg C, Rousson V, Jeanmonod D. Increased 

EEG power and slowed dominant frequency in patients with neurogenic pain. 

Brain. 2006;129:55-64. 



References 

 169 

 323.  Sato JR, Rondinoni C, Sturzbecher M, de Araujo DB, Amaro E Jr. From EEG 

to BOLD: brain mapping and estimating transfer functions in simultaneous 

EEG-fMRI acquisitions. Neuroimage. 2010;50:1416-26. 

 324.  Sauseng P, Griesmayr B, Freunberger R, Klimesch W. Control mechanisms 

in working memory: a possible function of EEG theta oscillations. Neurosci 

Biobehav Rev. 2010;34:1015-22. 

 325.  Sauseng P, Klimesch W. What does phase information of oscillatory brain 

activity tell us about cognitive processes? Neurosci Biobehav Rev. 

2008;32:1001-13. 

 326.  Sauseng P, Klimesch W, Doppelmayr M, Pecherstorfer T, Freunberger R, 

Hanslmayr S. EEG alpha synchronization and functional coupling during top-

down processing in a working memory task. Hum Brain Mapp. 2005;26:148-

55. 

 327.  Sauseng P, Klimesch W, Freunberger R, Pecherstorfer T, Hanslmayr S, 

Doppelmayr M. Relevance of EEG alpha and theta oscillations during task 

switching. Exp Brain Res. 2006;170:295-301. 

 328.  Sauseng P, Klimesch W, Gruber WR, Birbaumer N. Cross-frequency phase 

synchronization: a brain mechanism of memory matching and attention. 

Neuroimage. 2008;40:308-17. 

 329.  Saxton JM, Donnelly AE. Light concentric exercise during recovery from 

exercise-induced muscle damage. Int J Sports Med. 1995;16:347-51. 

 330.  Saxton JM, Donnelly AE. Length-specific impairment of skeletal muscle 

contractile function after eccentric muscle actions in man. Clin Sci (Lond). 

1996;90:119-25. 

 331.  Sayers SP, Clarkson PM. Force recovery after eccentric exercise in males 

and females. Eur J Appl Physiol. 2001;84:122-6. 

 332.  Sayers SP, Knight CA, Clarkson PM. Neuromuscular variables affecting the 

magnitude of force loss after eccentric exercise. J Sports Sci. 2003;21:403-

10. 



References 

 170 

 333.  Schack B, Klimesch W, Sauseng P. Phase synchronization between theta 

and upper alpha oscillations in a working memory task. Int J Psychophysiol. 

2005;57:105-14. 

 334.  Schneider S, Brummer V, Abel T, Askew CD, Struder HK. Changes in brain 

cortical activity measured by EEG are related to individual exercise 

preferences. Physiol Behav. 2009;98:447-52. 

 335.  Schneidman E, Berry MJ, Segev R, Bialek W. Weak pairwise correlations 

imply strongly correlated network states in a neural population. Nature. 

2006;440:1007-12. 

 336.  Schoffelen JM, Oostenveld R, Fries P. Imaging the human motor system's 

beta-band synchronization during isometric contraction. Neuroimage. 

2008;41:437-47. 

 337.  Schoffelen JM, Poort J, Oostenveld R, Fries P. Selective movement 

preparation is subserved by selective increases in corticomuscular gamma-

band coherence. J Neurosci. 2011;31:6750-8. 

 338.  Seifert T, Petersen NC. Changes in presumed motor cortical activity during 

fatiguing muscle contraction in humans. Acta Physiol (Oxf). 2010;199:317-26. 

 339.  Semmler JG, Tucker KJ, Allen TJ, Proske U. Eccentric exercise increases 

EMG amplitude and force fluctuations during submaximal contractions of 

elbow flexor muscles. J Appl Physiol. 2007;103:979-89. 

 340.  Sharwood KA, Lambert MI, St Clair GA, Noakes TD. Changes in muscle 

power and neuromuscular efficiency after a 40-minute downhill run in veteran 

long distance runners. Clin J Sport Med. 2000;10:129-35. 

 341.  Shibasaki H. Central mechanisms of pain perception. Suppl Clin 

Neurophysiol. 2004;57:39-49. 

 342.  Shima K, Tanji J. Both supplementary and presupplementary motor areas are 

crucial for the temporal organization of multiple movements. J Neurophysiol. 

1998;80:3247-60. 



References 

171 

343. Shima K, Tanji J. Neuronal activity in the supplementary and

presupplementary motor areas for temporal organization of multiple

movements. J Neurophysiol. 2000;84:2148-60.

344. Siegel M, Engel AK, Donner TH. Cortical network dynamics of perceptual

decision-making in the human brain. Front Hum Neurosci. 2011;5:21.

345. Siegel M, Warden MR, Miller EK. Phase-dependent neuronal coding of

objects in short-term memory. Proc Natl Acad Sci U S A. 2009;106:21341-6.

346. Simpson GV, Pflieger ME, Foxe JJ, Ahlfors SP, Vaughan HG, Jr., Hrabe J,

Ilmoniemi RJ, Lantos G. Dynamic neuroimaging of brain function. J Clin

Neurophysiol. 1995;12:432-49.

347. Singer W. Neuronal representations, assemblies and temporal coherence.

Prog Brain Res. 1993;95:461-74.

348. Singer W. Synchronization of cortical activity and its putative role in

information processing and learning. Annu Rev Physiol. 1993;55:349-74.

349. Sjodin B, Svedenhag J. Applied physiology of marathon running. Sports Med.

1985;2:83-99.

350. Slobounov S, Cao C, Jaiswal N, Newell KM. Neural basis of postural

instability identified by VTC and EEG. Exp Brain Res. 2009;199:1-16.

351. Slobounov S, Hallett M, Cao C, Newell K. Modulation of cortical activity as a

result of voluntary postural sway direction: an EEG study. Neurosci Lett.

2008;442:309-13.

352. Slobounov S, Hallett M, Newell KM. Perceived effort in force production as

reflected in motor-related cortical potentials. Clin Neurophysiol.

2004;115:2391-402.

353. Slobounov S, Hallett M, Stanhope S, Shibasaki H. Role of cerebral cortex in

human postural control: an EEG study. Clin Neurophysiol. 2005;116:315-23.

354. Smith LL. Acute inflammation: the underlying mechanism in delayed onset

muscle soreness? Med Sci Sports Exerc. 1991;23:542-51.



References 

 172 

 355.  Smith LL. Cytokine hypothesis of overtraining: a physiological adaptation to 

excessive stress? Med Sci Sports Exerc. 2000;32:317-31. 

 356.  Solomonow M, Baten C, Smit J, Baratta R, Hermens H, D'Ambrosia R, Shoji 

H. Electromyogram power spectra frequencies associated with motor unit 

recruitment strategies. J Appl Physiol. 1990;68:1177-85. 

 357.  Srinivasan R, Russell DP, Edelman GM, Tononi G. Increased synchronization 

of neuromagnetic responses during conscious perception. J Neurosci. 

1999;19:5435-48. 

 358.  Stancak A, Jr., Feige B, Lucking CH, Kristeva-Feige R. Oscillatory cortical 

activity and movement-related potentials in proximal and distal movements. 

Clin Neurophysiol. 2000;111:636-50. 

 359.  Stancak A, Jr., Pfurtscheller G. Event-related desynchronisation of central 

beta-rhythms during brisk and slow self-paced finger movements of dominant 

and nondominant hand. Brain Res Cogn Brain Res. 1996;4:171-83. 

 360.  Starbuck C, Eston RG. Exercise-induced muscle damage and the repeated 

bout effect: evidence for cross transfer. Eur J Appl Physiol. 2011: DOI 

10.1007/s00421-011-2053-6. 

 361.  Starr CJ, Sawaki L, Wittenberg GF, Burdette JH, Oshiro Y, Quevedo AS, 

Coghill RC. Roles of the insular cortex in the modulation of pain: insights from 

brain lesions. J Neurosci. 2009;29:2684-94. 

 362.  Staud R, Craggs JG, Perlstein WM, Robinson ME, Price DD. Brain activity 

associated with slow temporal summation of C-fiber evoked pain in 

fibromyalgia patients and healthy controls. Eur J Pain. 2008;12:1078-89. 

 363.  Steinmetz PN, Roy A, Fitzgerald PJ, Hsiao SS, Johnson KO, Niebur E. 

Attention modulates synchronized neuronal firing in primate somatosensory 

cortex. Nature. 2000;404:187-90. 

 364.  Stephens JA, Taylor A. Fatigue of maintained voluntary muscle contraction in 

man. J Physiol. 1972;220:1-18. 



References 

 173 

 365.  Stupka N, Tarnopolsky MA, Yardley NJ, Phillips SM. Cellular adaptation to 

repeated eccentric exercise-induced muscle damage. J Appl Physiol. 

2001;91:1669-78. 

 366.  Svensson P, Graven-Nielsen T, Matre D, Arendt-Nielsen L. Experimental 

muscle pain does not cause long-lasting increases in resting 

electromyographic activity. Muscle Nerve. 1998;21:1382-9. 

 367.  Svensson P, Minoshima S, Beydoun A, Morrow TJ, Casey KL. Cerebral 

processing of acute skin and muscle pain in humans. J Neurophysiol. 

1997;78:450-60. 

 368.  Svirskis G, Hounsgaard J. Influence of membrane properties on spike 

synchronization in neurons: theory and experiments. Network. 2003;14:747-

63. 

 369.  Swann N, Tandon N, Canolty R, Ellmore TM, McEvoy LK, Dreyer S, DiSano 

M, Aron AR. Intracranial EEG reveals a time- and frequency-specific role for 

the right inferior frontal gyrus and primary motor cortex in stopping initiated 

responses. J Neurosci. 2009;29:12675-85. 

 370.  Taguchi T, Sato J, Mizumura K. Augmented mechanical response of muscle 

thin-fiber sensory receptors recorded from rat muscle-nerve preparations in 

vitro after eccentric contraction. J Neurophysiol. 2005;94:2822-31. 

 371.  Taheri S, Gasparovic C, Shah NJ, Rosenberg GA. Quantitative measurement 

of blood-brain barrier permeability in human using dynamic contrast-

enhanced MRI with fast T(1) mapping. Magn Reson Med. 2010;65:1036-42. 

 372.  Taylor JL, Gandevia SC. Transcranial magnetic stimulation and human 

muscle fatigue. Muscle Nerve. 2001;24:18-29. 

 373.  Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze M. Tumor 

necrosis factor-alpha triggers a cytokine cascade yielding postoperative 

cognitive decline. Proc Natl Acad Sci USA. 2010;107:20518-22. 

 374.  Thompson T, Steffert T, Ros T, Leach J, Gruzelier J. EEG applications for 

sport and performance. Methods. 2008;45:279-88. 



References 

 174 

 375.  Tidball JG. Inflammatory cell response to acute muscle injury. Med Sci Sports 

Exerc. 1995;27:1022-32. 

 376.  Todd G, Taylor JL, Butler JE, Martin PG, Gorman RB, Gandevia SC. Use of 

motor cortex stimulation to measure simultaneously the changes in dynamic 

muscle properties and voluntary activation in human muscles. J Appl Physiol. 

2007;102:1756-66. 

 377.  Todd G, Taylor JL, Gandevia SC. Measurement of voluntary activation of 

fresh and fatigued human muscles using transcranial magnetic stimulation. J 

Physiol. 2003;551:661-71. 

 378.  Todd G, Taylor JL, Gandevia SC. Reproducible measurement of voluntary 

activation of human elbow flexors with motor cortical stimulation. J Appl 

Physiol. 2004;97:236-42. 

 379.  Tokumaru O, Mizumoto C, Takada Y, Ashida H. EEG activity of aviators 

during imagery flight training. Clin Neurophysiol. 2003;114:1926-35. 

 380.  Torres R, Vasques J, Duarte JA, Cabri JM. Knee proprioception after 

exercise-induced muscle damage. Int J Sports Med. 2010;31:410-5. 

 381.  Toumi H, Best TM. The inflammatory response: friend or enemy for muscle 

injury? Br J Sports Med. 2003;37:284-6. 

 382.  Travis F, Tecce J, Arenander A, Wallace RK. Patterns of EEG coherence, 

power, and contingent negative variation characterize the integration of 

transcendental and waking states. Biol Psychol. 2002;61:293-319. 

 383.  Treede RD, Kenshalo DR, Gracely RH, Jones AK. The cortical representation 

of pain. Pain. 1999;79:105-11. 

 384.  Turnbull AV, Rivier CL. Regulation of the hypothalamic-pituitary-adrenal axis 

by cytokines: actions and mechanisms of action. Physiol Rev. 1999;79:1-71. 

 385.  Turner TS, Tucker KJ, Rogasch NC, Semmler JG. Impaired neuromuscular 

function during isometric, shortening, and lengthening contractions after 

exercise-induced damage to elbow flexor muscles. J Appl Physiol. 

2008;105:502-9. 



References 

 175 

 386.  Vaina LM, Solomon J, Chowdhury S, Sinha P, Belliveau JW. Functional 

neuroanatomy of biological motion perception in humans. Proc Natl Acad Sci 

U S A. 2001;98:11656-61. 

 387.  van Wijk BC, Daffertshofer A, Roach N, Praamstra P. A role of beta 

oscillatory synchrony in biasing response competition? Cereb Cortex. 

2009;19:1294-302. 

 388.  Vanderwolf CH. Are neocortical gamma waves related to consciousness? 

Brain Res. 2000;855:217-24. 

 389.  Vanderwolf CH. What is the significance of gamma wave activity in the 

pyriform cortex? Brain Res. 2000;877:125-33. 

 390.  Vierck CJ, Jr., Staud R, Price DD, Cannon RL, Mauderli AP, Martin AD. The 

effect of maximal exercise on temporal summation of second pain (windup) in 

patients with fibromyalgia syndrome. J Pain. 2001;2:334-44. 

 391.  Viitasalo JH, Komi PV. Signal characteristics of EMG during fatigue. Eur J 

Appl Physiol Occup Physiol. 1977;37:111-21. 

 392.  Vogt BA. Pain and emotion interactions in subregions of the cingulate gyrus. 

Nat Rev Neurosci. 2005;6:533-44. 

 393.  von Stein A, Chiang C, Konig P. Top-down processing mediated by interareal 

synchronization. Proc Natl Acad Sci USA. 2000;97:14748-53. 

 394.  Wang XJ. Probabilistic decision making by slow reverberation in cortical 

circuits. Neuron. 2002;36:955-68. 

 395.  Warhol MJ, Siegel AJ, Evans WJ, Silverman LM. Skeletal muscle injury and 

repair in marathon runners after competition. Am J Pathol. 1985;118:331-9. 

 396.  Watkins LR, Maier SF. Beyond neurons: evidence that immune and glial cells 

contribute to pathological pain states. Physiol Rev. 2002;82:981-1011. 

 397.  Webber S, Kriellaars D. Neuromuscular factors contributing to in vivo 

eccentric moment generation. J Appl Physiol. 1997;83:40-5. 



References 

 176 

 398.  Weerakkody N, Percival P, Morgan DL, Gregory JE, Proske U. Matching 

different levels of isometric torque in elbow flexor muscles after eccentric 

exercise. Exp Brain Res. 2003;149:141-50. 

 399.  Weerakkody NS, Percival P, Hickey MW, Morgan DL, Gregory JE, Canny BJ, 

Proske U. Effects of local pressure and vibration on muscle pain from 

eccentric exercise and hypertonic saline. Pain. 2003;105:425-35. 

 400.  Weiller C, Juptner M, Fellows S, Rijntjes M, Leonhardt G, Kiebel S, Muller S, 

Diener HC, Thilmann AF. Brain representation of active and passive 

movements. Neuroimage. 1996;4:105-10. 

 401.  Westphal KP, Grozinger B, Diekmann V, Kornhuber HH. EEG-blocking before 

and during voluntary movements: differences between the eyes-closed and 

the eyes-open condition. Arch Ital Biol. 1993;131:25-35. 

 402.  Wiech K, Ploner M, Tracey I. Neurocognitive aspects of pain perception. 

Trends Cogn Sci. 2008;12:306-13. 

 403.  Wiese H, Stude P, Nebel K, Osenberg D, Volzke V, Ischebeck W, Stolke D, 

Diener HC, Keidel M. Impaired movement-related potentials in acute frontal 

traumatic brain injury. Clin Neurophysiol. 2004;115:289-98. 

 404.  Wieseler-Frank J, Maier SF, Watkins LR. Glial activation and pathological 

pain. Neurochem Int. 2004;45:389-95. 

 405.  Willis WD, Jr. The somatosensory system, with emphasis on structures 

important for pain. Brain Res Rev. 2007;55:297-313. 

 406.  Willis WD, Westlund KN. Neuroanatomy of the pain system and of the 

pathways that modulate pain. J Clin Neurophysiol. 1997;14:2-31. 

 407.  Woda A, Blanc O, Voisin DL, Coste J, Molat JL, Luccarini P. Bidirectional 

modulation of windup by NMDA receptors in the rat spinal trigeminal nucleus. 

Eur J Neurosci. 2004;19:2009-16. 

 408.  Woertz M, Pfurtscheller G, Klimesch W. Alpha power dependent light 

stimulation: dynamics of event-related (de)synchronization in human 

electroencephalogram. Brain Res Cogn Brain Res. 2004;20:256-60. 



References 

 177 

 409.  Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain. 

Science. 2000;288:1765-9. 

 410.  World. World medical Association Declaration of Helsinki. Nurs Ethics. 

2002;9:105-9. 

 411.  Worthen SF, Hobson AR, Hall SD, Aziz Q, Furlong PL. Primary and 

secondary somatosensory cortex responses to anticipation and pain: a 

magnetoencephalography study. Eur J Neurosci. 2011;33:946-59. 

 412.  Yamamoto S, Kitamura Y, Yamada N, Nakashima Y, Kuroda S. Medial 

profrontal cortex and anterior cingulate cortex in the generation of alpha 

activity induced by transcendental meditation: a magnetoencephalographic 

study. Acta Med Okayama. 2006;60:51-8. 

 413.  Yang JF, Winter DA. Electromyography reliability in maximal and submaximal 

isometric contractions. Arch Phys Med Rehabil. 1983;64:417-20. 

 414.  Yao W, Fuglevand RJ, Enoka RM. Motor-unit synchronization increases EMG 

amplitude and decreases force steadiness of simulated contractions. J 

Neurophysiol. 2000;83:441-52. 

 415.  Yuan H, Liu T, Szarkowski R, Rios C, Ashe J, He B. Negative covariation 

between task-related responses in alpha/beta-band activity and BOLD in 

human sensorimotor cortex: an EEG and fMRI study of motor imagery and 

movements. Neuroimage. 2010;49:2596-606. 

 416.  Yuval-Greenberg S, Tomer O, Keren AS, Nelken I, Deouell LY. Transient 

induced gamma-band response in EEG as a manifestation of miniature 

saccades. Neuron. 2008;58:429-41. 

 417.  Zhang Y, Chen Y, Bressler SL, Ding M. Response preparation and inhibition: 

the role of the cortical sensorimotor beta rhythm. Neuroscience. 

2008;156:238-46. 

 418.  Zhou X, Booth JR, Lu J, Zhao H, Butterworth B, Chen C, Dong Q. Age-

independent and age-dependent neural substrate for single-digit 

multiplication and addition arithmetic problems. Dev Neuropsychol. 

2011;36:338-52. 



References 

 178 

 419.  Zhu FF, Maxwell JP, Hu Y, Zhang ZG, Lam WK, Poolton JM, Masters RS. 

EEG activity during the verbal-cognitive stage of motor skill acquisition. Biol 

Psychol. 2010;84:221-7. 

 420.  Zhuang P, Toro C, Grafman J, Manganotti P, Leocani L, Hallett M. Event-

related desynchronization (ERD) in the alpha frequency during development 

of implicit and explicit learning. Electroencephalogr Clin Neurophysiol. 

1997;102:374-81. 

 421.  Zoefel B, Huster RJ, Herrmann CS. Neurofeedback training of the upper 

alpha frequency band in EEG improves cognitive performance. Neuroimage. 

2011;54:1427-31. 

 

 



 

APPENDIX 
 

 

 

 



 



Appendix 

 181 

APPENDIX 1 
 
THE ASSESSMENT AND ANALYSIS OF HANDEDNESS  

(The Edinburgh inventory)  
 

Name:_______________________________ 

 

Have you ever had any tendency to left-handedness? 

 

 

 

 

 

Please indicate your preferences in the use of hands in the following activities by 

putting + in the appropriate column. Where the preference is so strong that you would 

never try to use the other hand unless absolutely forced to, put ++. If in any case you 

are really indifferent put + in both columns. Some of the activities require both hands. 

In these cases the part of the task, or object, for which hand-preference is wanted is 

indicated in brackets. Please try to answer all the questions, and only leave a blank if 

you have no experience at all of the object or task. 

 

 

 

 

YES 

 

NO 
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  R L 

1 Writing   

2 Drawing   

3 Throwing   

4 Scissors   

5 Comb   

6 Toothbrush   

7 Knife (without fork)   

8 Spoon   

9 Hammer   

10 Screwdriver   

11 Tennis Racket    

12 Knife (with fork)   

13 Cricket Bat (lower hand)   

14 Golf Club (lower hand)   

15 Broom (upper hand)   

16 Rake (upper hand)   

17 Striking match (match)   

18 Opening box (lid)   

19 Dealing cards (card being dealt with)   

20 
Threading needle (needle, thread according to which is 

moved) 
  

21 Which foot do you prefer to kick with?   

22 Which eye do you use when using only one?   
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APPENDIX 2 
 
MODIFIED PHYSICAL ACRIVUTY READINESS QUESTIONNAIRE (PAR-Q)  
 

Name Date 

DOB Age Home Phone Work Phone 

Regular exercise associated with many health benefits, yet any change of activity may 

increase the risk of injury. Completion of this questionnaire is a first step when planning 

to increase the amount of physical activity in your life. Please read each question 

carefully and answer every question honestly and if applicable

Yes 

: 

No 
1) Has a physician ever said you have a heart condition and 
you should only do physical activity recommended by a 
physician? 

Yes No 2) When you do physical activity, do you feel pain in your 
chest? 

Yes No 3) When you were not doing physical activity, have you had 
chest pain in the past month? 

Yes No 4) Do you ever lose consciousness or do you lose your 
balance because of dizziness? 

Yes No 5) Do you have a joint or bone problem that may be made 
worse by a change in your physical activity? 

Yes No 6) Is a physician currently prescribing medications for your 
blood pressure or heart condition? 

Yes No 7) Do you have insulin dependent diabetes? 

Yes No 8) Are you 45 years of age or older? 

Yes No 9) Do you know of any other reason you should not exercise or 
increase your physical activity? 

If you answered yes to any of the above questions, talk with your doctor BEFORE you 

become more physically active. Tell your doctor your intent to exercise and to which 

questions you answer yes. 

If you honestly answered no to all questions, you can be reasonably positive that you 



Appendix 

 184 

can safely increase your level of physical activity gradually. 

If your health changes so you then answer yes to any of the above questions, seek 

guidance from a physician. 

 

 

Participant Signature 

 

 

Date 



Appendix 

 185 

APPENDIX 3 
 
MEDICAL QUESTIONNAIRE  
 
MRC/UCT Research Unit for Exercise Science and Sports Medicine 

 
Questionnaire  
 

Name:  

Date of Birth:  

Age: 

 

Medical and Surgical History (last 2 years):  

 

 

 

 

 

 

 

 

Present/previous injuries to cervical spine or upper limbs:  

 

 

 

 

 

 

Medication:  
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Are you currently receiving any massage, soft tissue or physiotherapy treatment?  

 
  

 

If “yes”, please state details of treatment: 

 

 

 

 

 

 

 

 

Are you able to visit the laboratory at the Sports Science Institute (Boundary Road, 

Newlands) for the eccentric exercise protocol, and again at 12, 36, 60, 84, 108 and 132 

hours after the eccentric exercise bout designed to induce muscle damage  

 

  

  

 

 

Signature: 

 

Date: 

 

 

Thank-you for your co-operation in completing this questionnaire. 

Y N 

Y N 
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APPENDIX 4 
 
TRAINING HISTORY 
 

Name:  

 

Please complete the following table. List any sport/activity in which you have regularly 

participated, and estimate for how long and how often you participated. 

Sport/Activity year 
started 

number 
of years 

months/yr hrs/week level * HIT ** 
(yes/no) 

       

       

       

       

       

       

       

       

       

       

       

* competitive or social 

** interval or high-intensity training (HIT) included; yes or no 

 

Examples of sporting activities include: 

- jogging  - tennis  - aerobic dance/step 

- swimming  - badminton  - dancing 

- cycling  - volleyball  - skating 

- walking  - netball  - hiking 

- rugby   - squash  - rock climbing 

- football/soccer - canoeing  - martial arts 

- hockey  - golf   - strength and resistance training 
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APPENDIX 5 
 
INFORMED CONSENT FORM 

Dear Volunteer, 

 

The MRC/UCT Research Unit for Exercise Science and Sports Medicine will be conducting a 

trial on the effect of exercise-induced muscle stiffness on brain cortical encephalographic 

patterns. 

 

The clinical trial will involve the following tests: 

1.  Weight and height measurements  

2.  Anthropometric assessment of body composition  

3.  An eccentric exercise bout designed to induce muscle stiffness of the biceps muscle in 

the non-dominant arm. The magnitude of this induced muscle stiffness is of similar 

magnitude to that experienced after a bout of vigorous or unaccustomed exercise ( 

people in the control group are not required to do this exercise bout). 

4.  Repeated assessments of muscle function (peak isometric, concentric and eccentric 

force), using a Biodex isokinetic dynamometer. These measurements will occur before 

the muscle is exercised, and again at 12, 36, 60, 84, 108, and 132 hours after the 

exercise. 

5.  Resting biceps girth measurements and elbow joint angles will be measured before the 

bout of exercise, and again at 12, 36, 60, 84, 108, and 132 hours after the exercise.  

6.  Muscle soreness will be measured using a visual analogue scale, and subjectively 

according to a “rating of perceived pain” scale. Both procedures will be explained to you 

in detail. 

7.  Blood samples will be collected from an antecubital vein prior to each test of muscle 

function to determine plasma creatine kinase activity (This is a marker of muscle 

damage.). This is the only invasive technique used in this study and standard medical 

practice and sterile procedures will be strictly adhered to. 

8.  The measurement of electrical activity of the elbow flexor and extensor muscles using 

an electromyography (EMG). This involves the marking of the skin of the upper arm with 

a washable body marker and 7 hypo-allergic sticky disks will be placed on these 

markings on the skin. To improve the stickiness, the skin will be wiped with an alcoholic 

wipe and if necessary body hair will be shaved with a disposable razor. The EMG will be 

measured before and again 12, 36 and 132 h after the bout of exercise. 

9.  The measurement of electroencephalographic (EEG) activity. Before the EEG net is 
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fitted on the head, the hair will be washed with Johnson’s Baby Shampoo. This 

procedure will ensure optimal conduction of the EEG electrodes. The EEG 

measurements will be performed before and again 12, 36 and 132 h after the bout of 

exercise. During this test the subjects will perform several movements with the left arm 

either on command or self paced. 

10.  Immediately after the EEG testing, the position of EEG electrodes and anatomical 

landmarks will be scanned using a PolhemusTM 3D digitizer. This system uses a 

transmitter which generates a magnetic field for use as a reference frame. A stylus with 

an electromagnetic coil set is then used to tap on leads and reference points. A receiver 

then detects the position of the stylus in the reference frame and allows the leads and 

reference points to be marked in 3D.  

11.  During the trial, subjects will be required to refrain from alcohol consumption, strenuous 

physical activity, and from taking any other form of medication, including non-steroidal 

anti-inflammatory agents. 

 

 Risks 

There will be a small risks for the subjects associated with the drawing of blood from the 

antecubital vein. Risks associated with the drawing of blood include discomfort, infection 

(wound sepsis), muscle bruising (haematoma formation) and numbness (peripheral 

subcutaneous nerve injury). The risks will be minimized by cleaning the area around the 

antecubital vein with a disinfectant alcohol swap before the blood will be drawn. Immediately 

afterwards a protective plaster will be applied. 

 

The subjects will be instructed on the usage of the Biodex dynamometer. The risks 

associated with the Biodex are similar to the risks associated with training with weights. The 

bout of eccentric exercise on the Biodex dynamometer is designed to cause moderate 

muscle stiffness which disappears after about 3 days (Rec.Ref.075/99). The muscle stiffness 

might lead to a slight feeling of discomfort or pain which will disappear within 3 days after the 

exercise protocol and will not influence the subjects’ daily life in any way. 

The EEG and EMG will only be used for receiving electrical impulses from the brain and 

muscle respectively and as such will place no inherent risk on the subjects. Neither the EEG 

nor the EMG is being used as a diagnostic tool, but only as a research tool in this study. If 

any abnormalities show during either of the recordings the subjects will be referred to a 

qualified neurologist. 

 

A qualified medical doctor will be available to treat any side effects that might occur during 

the study. 
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Benefits 
The subjects will receive their results when the study has been completed. This feedback will 

contain their anthropometrical data including an estimate of their body fat percentage and 

the maximal power output of their biceps muscle. 

 

The study will contribute to the better understanding of the mechanisms associated with a 

decline in muscle function after a bout of exercise which causes muscle stiffness. 

 

This trial is undertaken for research purposes and is not designed to treat any medical 

condition. 

 

I confirm that the nature, purpose, testing procedures, and the likely duration of the clinical 

trial study have been fully explained to me. I understand that I may ask questions at any time 

during the testing procedures. I agree to comply with any instruction given during the study 

and to co-operate with the project co-ordinator. I realise that I am free to withdraw from the 

study without prejudice at any time, should I choose to do so. I have been informed that the 

personal information required by the researchers will be held in strict confidentiality. In 

addition, I know that the information derived from the testing procedures will remain 

confidential and will be revealed only as a number in statistical analyses. I understand that 

this study has been reviewed by the Ethics and Research Committee of the University of 

Cape Town Medical School. 

 

I have carefully read this form. I understand the nature, purpose and procedure of this study. 

I agree to participate in this study of the MRC/UCT Unit for Exercise Science and Sports 

Medicine. 

 
 

Name (in full) of volunteer:  

 

Signature of volunteer:   

 

Name (in full) of witness:  

 

Signature of witness:   

 
Date:     
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APPENDIX 6 

UNIVERSITY OF CAPE TOWN 

30 Apr;1 2004 

REC REF' 090/2004 

Prof M Lambert 
Human B;0109Y 
Sports Science Institute 

Dear Prof Lambert 

Research Ethics Committee 
Faculty of Health Sciences 
OMS E46 Room 26, GSH 
Queries: Xolile Fula 
Tel: (021) 406-6492 Fax: 406-6411 
E-mail: Xfula@curie.uct.ac.za 

THE EFFECT OF EXERCISE INDUCED MVsa..E STIFFNESS ON BRAIN CORTICAL 
ENCEpHAL06AAPHICPATTERNS 

Thank you for submItting your study to the Research Ethics Committee for 
review. 

It is a pleasure to inform you that the Ethics Committee has formally approved 
the above-mentIoned study on the 29'h Aprd 2004. 

Your comments and revisions have been noted with thanks. 

Ple.ase quote. the. Reference. number in all correspondence. 

Yours Sincerely 

PROF T . v,sow )~ ~ 
CHAIRPERSON I / J1 
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APPENDIX 7 
 
VAS SCALE 

 
10 cm Visual Analogue scale (10 cm VAS score) 

 
Name____________________________________ Date_______________ 

 
Experiment day_______________________________________________ 

 

1. Rate the average level of pain you have experienced in your left biceps brachii in 

the past 24 hours by making a mark on the line below. 

 

 

No pain          Excessive 

pain 

 

 

2. Rate the level of pain that you are experiencing currently in your left biceps brachii 

by making a mark on the line below. 

 

 

No pain          Excessive 

pain 

 

 

3. Rate the level of pain that you experienced while performing a single left biceps curl 

with a 3 kg weight by making a mark on the line below. 

 

 

No pain          Excessive 

Pain 
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