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Title: Impact of Neck Muscle Fatigue on Upper Limb Sensorimotor Integration 

Abstract 

Neck muscles have a high density of sensory receptors which project to the central 

nervous system, and have important role in sensory motor integration (SMI). The 

cerebellum is important for SMI and it is known to undergo neuroplastic changes in 

response to performing a novel motor acquisition task. Alterations in neck sensory input 

impacts motor output to upper limb muscles, cerebellar disinhibition, and performance 

accuracy in response to novel motor acquisition. Despite this, the impact of cervical 

extensor muscle (CEM) fatigue on cerebellar-motor cortex plasticity and SMI pathways in 

response to a novel motor acquisition task has not been yet investigated. 

Study one used short latency somatosensory evoked potentials (SEPs) to investigate 

the differential effects of CEM fatigue on motor learning and retention; and on 

sensorimotor processing from distal hand muscles. CEM fatigue impaired upper limb 

motor learning performance in conjunction with differential changes in SEP peak 

amplitudes related to SMI. Study two used a paired pulse cerebellar-motor cortex 

transcranial magnetic stimulation (TMS) technique to determine whether CEM fatigue 

alters cerebellar disinhibition in response to novel motor skill acquisition. Neck fatigue led 

to a lessened capacity for cerebellar disinhibition coupled with diminished motor learning 

relative to a control group. Study three used an eye-hand tracking protocol to investigate 

the effect of CEM fatigue on accuracy of pointing to both visual and hidden targets. CEM 

fatigue reduced the accuracy of upper limb tracking to a hidden target. Study four used 

short- and medium-latency SEPs to determine the impact of CEM fatigue on motor 

performance accuracy and retention of proximal upper limb muscles, as well as neural 

processing changes in response to novel motor acquisition using proximal upper limbs 

muscles. CEM fatigue had minimal impact on proximal upper-limb motor performance 

accuracy, but lead to differential changes in both short- and medium- latency SEP peak 

amplitudes related to SMI.   
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Overall, this thesis suggesting that SMI areas including the cerebellum are impacted 

by CEM fatigue, likely because the altered afferent input from the neck due to fatigue alters 

body schema, impacting awareness of upper limb position sense, resulting in decreased 

upper limb performance accuracy. 

Keywords 

Somatosensory Evoked Potentials (SEPs); Transcranial Magnetic Stimulation 

(TMS); Motor acquisition; Sensorimotor Integration (SMI); Proprioception; Fatigue; 

Cervical Extensor Muscles (CEM); Body Schema 
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TITLE: Impact of Neck Muscle Fatigue on Upper Limb Sensorimotor Integration 

Introduction to the thesis 

The internal representation of our body map, or body schema, allows us to perform 

motor tasks by perceiving the location of our limbs in space and in different postural 

positions. The body schema is essential for accurate motor performance, which relies on 

an accurate awareness of limb location. “When reaching to objects, our hand and arm rarely 

make contact with non-target objects, suggesting that a sophisticated system must exist to 

encode possible obstructions to a reach and incorporate them into motor plans and 

execution” [1]. The automatic nature of obstacle avoidance suggests that the mechanisms 

underlying the control of movements to the target position, and adjusting the reach 

accordingly, may involve an anatomically connected aspect of the visuomotor system 

which coordinates movement and visual perception by the brain [1]. Despite the incredible 

accuracy with which the visuomotor system generally functions, the majority of us have 

had instances when we reach for objects and miss. One reason for reaching and missing 

may be due to altered sensorimotor integration (SMI); the ability to correctly integrate 

somato-sensory information to formulate correct motor output. Sensory input from the 

neck is particularly important to accurate visuomotor performance and accurate SMI. The 

neck is linked biomechanically and neurologically to the upper limbs, and yet there is 

limited literature on how altered sensory feedback from the neck may affect its SMI.  

The conscious and unconscious awareness of body movement and position are 

signalled by muscle receptors (muscle Spindles and Golgi tendon organs), joint receptors, 

and cutaneous receptors [2]. This information contributes to our perceive of the physical 

world and is used to control fine movements [3]. Proprioception refers to the component 

of somatosensation [4] that provides unconscious perception of movement and spatial 

orientation including the awareness of where our body and limbs are located in relation to 

3D space or other body parts [5], and is measured by assessing joint position sense (JPS) 

[6]. JPS quantifies the active or passive ability to replicate a previously presented joint 

angle [6-11]. Proprioception is a composite function of many parts of the sensory 



3 

 

information, which are integrated in the brain in relation to the brain’s internal 

representation of the body, referred to as body schema for awareness of body position [12-

14]. The internal representation of our body schema allows us to perform motor tasks by 

enabling the accurate perception of the location of our limbs in space relative to the position 

of the rest of the body, and in different postural positions. An accurate body schema 

becomes even more critical when visual feedback is not available to correct movement 

trajectories. Only a small amount of research has focused on spinal JPS [15-18], or the 

effect of altered input from the spine on limb JPS [19-21]. Accurate JPS is important for 

balance and the regulation of locomotion [22] and if this JPS impaired,  it could lead to 

altered SMI and potential deficits in the ability to acquire new motor skills.  

An important area of the brain for SMI is the cerebellum, which mediates the 

control of reflexive and voluntary eye movements and provides a mechanism for adapting 

the position and movements of our body to maintain congruent representations of our body 

schema with respect to our changing visual experience as we look around [23]. To 

accomplish this, the cerebellum integrates many forms of sensory feedback to mediate 

motor control and  learning, with reciprocal influences between eye and body movements 

[23]. Cerebellar excitability modulates visuospatial and neurophysiological interactions 

that predict one's propensity that predict one’s propensity for efficient or compromised 

oculomotor learning [24].  

Motor learning refers to the acquisition or improvement of a motor skill with 

practice [25]. Motor practice is known to influence output of the primary motor cortex 

(MI), when changes are made to direction and speed during training [26]. The cerebellum 

can undergo neuroplastic changes following motor training and is a structure responsible 

for modulation of motor circuitry [27, 28]. Currently accepted models are that the 

cerebellum modulates activity and assists in learning via the formation of internal schema 

and network connections (such as: synaptic plasticity,  density, and axonal branching) that 

dictate the needed movements for executing a task [29]. Recent work has demonstrated 

that recurrent neck pain can impact motor learning as well as somatosensory evoked 

potentials (SEPs) related to SMI by the cerebellum and motor cortex [30]. Therefore, other 
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sources of altered input from the neck, such as muscle fatigue, are likely to impact upper 

limb SMI and motor learning and performance. 

Muscular fatigue can be defined as decline in a muscle’s ability to generate force 

to maintain a target level of motor performance [31]. Neck muscle fatigue has been shown 

to alter upper limb proprioception [32]. It is critical to understand the impact of neck muscle 

fatigue in the workplace, where some occupations are highly repetitive and others involve 

prolonged static contractions of the neck and shoulder [31]. Neck impairment, due to 

fatigue or injury, results in reduced postural control [33]. Even in people with no history 

of neck disorders, changes in head and neck position lead to reduced accuracy of elbow 

JPS [13], clearly showing that neck sensory input impacts limb proprioception. Given the 

increased reliance on technology requiring accurate upper limb motor control, it is critical 

to understand how disordered proprioception due to altered neck inputs may affect motor 

skill learning and task performance, and how this interacts with neurophysiological 

measures of SMI at the cortex and cerebellum and the proposed work of this thesis will 

address this.  

Objectives of the Thesis  

Manuscript 1: To characterize the effect of cervical extensor muscle (CEM) fatigue on 

the changes in cerebellar and SMI pathways in response to novel motor skill acquisition.  

Specific Objectives:  

 To investigate how CEM fatigue interacts with a motor acquisition task to affect 

sensory processing from distal upper limb muscles (measured by SEPs). 

 To investigate how CEM fatigue affects motor acquisition (measured by changes 

in performance accuracy following training for a novel motor tracing task). 

 To investigate how CEM fatigue affects motor training retention (as measured 24 

hours after motor acquisition). 
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Manuscript 2: To characterize the effect of CEM fatigue on the capacity of the 

cerebellum-motor cortex pathway to disinhibit in response to a novel motor acquisition 

task, and whether it is reflected in altered motor performance.  

Specific Objectives:  

 To investigate if CEM fatigue interacts with a motor acquisition task to affect motor 

output (as measured by TMS). 

 To investigate how CEM fatigue affects motor acquisition (accuracy). 

 To investigate how CEM fatigue affects motor training retention (as measured 24 

hours after motor acquisition). 

Manuscript 3: To characterize the influence of CEM fatigue on the performance of an 

upper limb tracking task performed with vision of a target and with the target hidden  

Specific Objectives:  

 To investigate if performance differences exist between tracking an object with 

vision of the target vs a hidden target condition. 

 To investigate the effect of CEM fatigue on the performance of an eye-hand 

tracking task for both vision and hidden target conditions.  

Manuscript 4: To characterize the neural plastic changes in specific short- and medium- 

latency cortical and subcortical SEP peak amplitudes in whole-arm motor performance in 

healthy humans following CEM fatigue 

Specific Objectives:  

 To investigate how CEM fatigue affects sensory processing in response to 

performance of a proximal upper limb muscle acquisition task (as measured by 

short and medium latency SEPs). 

 To investigate how CEM fatigue affects motor acquisition utilizing proximal upper 

limb muscles (as measured by performance accuracy of tracking task). 



6 

 

 To investigate how CEM fatigue affects motor training retention utilizing proximal 

upper limb muscles (as measured 24 hours after motor acquisition). 

Hypotheses of the Thesis  

Manuscript 1: A novel motor acquisition tracing task, when performed following CEM 

fatigue will result in differential changes in short latency somatosensory evoked potential 

(SEP) peaks, concurring with decreased performance accuracy, at post- motor acquisition 

and at retention, as compared to non-fatigue control group 

Manuscript 2: Following a novel motor acquisition tracing task, both control and fatigue 

groups will show reduced cerebellar inhibition (CBI), but the fatigue group will show less 

CBI reduction compared to the control group. It is also hypothesized that the fatigue group 

will have worse performance on motor learning outcomes as compared to the control 

group. 

Manuscript 3: Prior to CEM fatigue, eye-hand tracking performance will be reduced when 

the target is hidden as compared to when a target is visualized, and CEM fatigue will further 

impair performance in the hidden target condition immediately following fatigue, with no 

impairments in performance in the vision condition,   

Manuscript 4: A novel motor acquisition tracing task using proximal upper-limb muscles 

(shoulder muscles) performed after CEM fatigue result in differential changes in short- and 

medium- latency SEP peak amplitudes, along with worse motor performance accuracy, 

both post- motor acquisition and following task retention, relative to a control group.  
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Overview 

Neck muscles have a high density of sensory receptors [34], and the CNS uses the 

position of the head and neck to compute the position of the upper limb segments. Any 

alteration in these neck sensory inputs from the neck may impact the accuracy of upper 

body movement [13]. The CNS can physiologically reorganize itself in response to altered 

afferent input [35]. Altered afferent feedback from the neck may result in changes to 

sensory integration by the cerebellum and may channels this sensory input to create new 

internal models (body schema) on movement, reaction time and coordination [13, 36, 37].  

The cerebellum is actively involved in both motor learning [38] and sensorimotor 

integration of inputs from the neck and spine [39]. Motor learning tasks lead to induce 

plasticity of both the motor cortex [40] and the cerebellum [41]. The cerebellum uses a 

feedforward internal model to detect the encoded afferent sensory inputs occurring from 

hand movement [42] and conducting this information as part of the body schema [43]. 

Neck muscle fatigue has been demonstrated to decrease the ability to recruit neck 

extensor muscles [44] in addition to altering upper limb proprioception [32]. Given that the 

cerebellum is a main integration site for motor learning [25, 29, 41, 45] as well as for SMI 

of the sensory input from the joints of the neck and spine [46, 47], altered afferent neck 

input is likely to impact how the cerebellum integrates this sensory input to create accurate 

internal body schema.  

The overall objective of this thesis was to explore the influence of neck muscle 

fatigue on upper limb SMI in healthy right-handed participants when learning and 

performing novel tasks. The overall hypothesis was that because neck muscle fatigue 

would alter sensory feedback from the neck to the CNS, it would impact the accuracy of 

the internal body schema and lead to altered sensorimotor integration, which could be 

measured by altered neurophysiological responses of the cerebellum and decreased upper 

limb motor performance. This thesis will further our understanding of the 
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neurophysiological impact of neck muscle fatigue on upper limb motor acquisition, and the 

way in which neck muscle fatigue impacts neurophysiological and behavioral responses. 

Introduction to literature review 

This literature review covers the background literature relevant to the proposed 

projects of this thesis. It begins with an overview of sensorimotor integration (SMI) and 

the functional neuroanatomy of the somatosensory system. It then provides an overview of 

the neuroanatomy of the cerebellum and its role in motor learning, followed by a review 

and synthesis of motor learning theories in relation to motor sequence acquisition. The use 

of somatosensory evoked potentials (SEPs) and transcranial magnetic stimulation (TMS) 

as neurophysiological techniques to measure changes in SMI in response to motor learning 

are then discussed. Background literature on body schema, proprioception, muscular 

fatigue, motor skill learning and acquisition, and reaching movement accuracy relevant to 

the work of this thesis is also discussed. 

Sensorimotor Integration (SMI) 

Sensorimotor integration (SMI) refers to the ability of the central nervous system 

(CNS) to integrate sensory information from different body parts and formulate appropriate 

motor outputs to muscles [48]. To create motor commands, the sensory inputs are involved 

in adaptation processing and use-dependent plasticity and optimization [49]. The afferent 

information is projected to the sensorimotor cortex, to provide needed information about 

the state of the periphery so that the appropriate or desired motor program output can be 

formulated. We live in an ever-changing environment, and therefore need to be able to 

adapt to these changes. It is important to note that in order to effectively learn and perform 

a new motor skill, appropriate SMI is needed. However, undesirable alterations may also 

happen due to the plastic nature of the brain. 

 The CNS has an ability to reorganize itself following altered afferent signals [35]. 

Neural plasticity is any stable morphological or functional change in neuronal or network 
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properties [50]. Neural plastic changes can alter CNS function outlasting the period of the 

altered input itself  [35]. These alterations in neuronal activity (both increased or decreased) 

to the CNS can lead to both inhibition and facilitation of subsequent neural processing, as 

measured by somatosensory evoked potentials (SEPs) [51] and transcranial magnetic 

stimulation (TMS) [52]. The study of SMI is important due to its ability to influence 

neuroplastic changes in motor control and learning. Studies have increased in recent years 

in efforts to understand those factors which lead to beneficial physiological benefits or 

adaptive plasticity, as well as those which result in maladaptive plastic changes in response 

to motor learning. 

Somatosensory system 

Sensory transmission is the process by which external environmental stimuli are 

converted into electrical signals and transferred via relevant nerve pathway from receptors 

toward or to the CNS [53]. The somatosensory system is the part of the sensory system that 

supports the perception of sensory information (i.e. touch, pressure, pain, temperature, 

proprioception, movement, and vibration) from the muscles, joints, skin, viscera, and fascia  

[54]. Somatosensory input (or axons of the neurons that transmit somatosensory 

information) travels via one of two pathways:  the dorsal column system and the 

spinothalamic system [55]. For the purposes of this thesis, the dorsal-column leminiscal 

(DCL) pathway is the main focus of study, as short latency SEPs measure processing in 

this pathway in particular [55]. The DCL pathway is a sensory pathway of the CNS that 

transmits senses of touch, pressure, vibration,  and proprioception from the skin and joints. 

The primary afferents include a specialized sensory receptor: muscle spindle type static or 

dynamic receptor, an afferent axon, and a cell body [55]. The DCL transfers afferent 

information to the postcentral gyrus of the somotosensory cortex [56]. There are three 

neurons involved in the DCL pathway, which ascend to the cortex: first-order neurons 

(neuron I), second-order neurons (neuron II), and third-order neurons (neuron III). The cell 

body of first-order neurons are located in dorsal root ganglia and conduct impulses from 

receptors of the limbs, trunk, neck, or posterior head to the spinal cord or brain stem. The 

fasciculus cuneatus exists in thoracic segments (T1-T6) and cervical segments (C1-C8) and 
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contains long ascending fibers from the upper limbs. The first-order axons synapse with 

the second order neurons at the lower medulla through the medulla, pons, and midbrain 

and terminate in the contralateral ventral posterolateral nucleus of the thalamus. Axons of 

third order neurons ascend from the thalamus to the postcentral gyrus into the 

somatosensory areas (Figure. 1). 

 

Figure 1: The dorsal column medial lemniscal system.  
The fasciculus gracilis exists at all levels of the spinal cord and contains long ascending 
fibers from the lower limbs (shown in red). The fasciculus cuneatus exists in thoracic and 
cervical segments and contains long ascending fibers from the upper limbs (shown in blue). 
Figure from http://what-when-how.com/neuroscience/the-spinal-cord-organization-of-
the-central-nervous-system-part-2 [57]. 
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The primary somatosensory cortex (SI) has an important role in processing 

somatosensory feedback [58]. The SI is located in the postcentral gyrus of the parietal lobe 

of the cerebral cortex, with neurons  grouped based on their association to specific body 

portions, similar to the nearby motor cortex [55]. The SI is divided into various 

Brodmann’s areas. Brodmann’s classification refers to sections of the cerebral cortex that 

are classified based on the structure and organization of cells. Brodmann areas 1, 2, and 3 

represent the SI, and area 4 represents the primary motor cortex (MI) [55].  However, only  

Brodmann area 3 should be referred to as SI as it receives the majority of the thalamo-

cortical projections from incoming sensory feedback [59].  

Cerebellar structure and functions 

 The major part of the hindbrain that plays a significant role in the integration of 

incoming sensory input is the cerebellum. It is a fundamental integrator of sensory 

information that is very important in the development of internal models when learning 

new tasks, and enhanced adaptation when performing complex actions built on familiar 

actions [29, 46, 47]. Information about muscle activity is delivered to the somatosensory 

cortex through afferent feedback from muscle, tendons, and joints. This information is 

processed by the cerebellum, and which then sends output to motor areas so that efferent 

motor commands to the limbs are adjusted accordingly, in order to generate a more accurate 

movement [60, 61]. The cerebellum has over half of the neurons in the brain and is very 

important in balance and coordination of body movement [42, 62].  

The cerebellum integrates afferent and efferent information relating to a given 

movement [63]. Once a movement command is executed by upper motor neurons, the 

descending output travels via axons down through the cerebrum and the brain stem to 

connect to the lower motor neurons in the spinal cord and the muscles that they synapse 

on. Information is also sent to the cerebellum [61], so that the cerebellum is “aware” of the 

motor command and can modulate the motor commands relative to incoming sensory 

information about joint position [63]. This also enables the cerebellum to evaluate if 

movements are occurring according to plan or if corrections are necessary. If the motor 
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command needs to be adjusted, the cerebellum sends feedback to the motor areas of the 

motor cortex, to correct the motor output in order to make the movement smoother and 

more accurate [64]. The cerebellum thus has a fundamental role in guiding body 

movements and creating awareness of joint position sense [60, 63]. 

The cerebellum is important for adaptive learning and initiation of voluntary 

movement and it works in conjunction with the motor cortex and subcortical structures 

including the basal ganglia, thalamus, and brain stem [42]. The cerebellum connects to the 

motor cortex through two main sensory pathways. Inputs arrive at the cerebellum through 

the corticopontocerebellar pathway and efferent motor outputs are sent via the 

cerebellothalamocortical system [42]. 

Cerebellar sensory afferent inputs can be divided into two distinct classes, mossy 

and climbing fibers. Mossy fibers arise from the pontine nuclei, the spinal cord, the 

brainstem reticular formation, and the vestibular nuclei. They make 

excitatory connections with the deep cerebellar nuclei and the granule cells in the 

cerebellar cortex. The granule cells send axons up toward the cortical surface and 

their axons terminate onto parallel fibers. Climbing fibers arise exclusively from 

the inferior olive nucleus and make excitatory connections onto the cerebellar nuclei and 

directly synapse onto Purkinje cells. Glutamate is the neurotransmitter in the excitatory 

synapses between granular cells and mossy fibers, as well as between climbing fibers and 

Purkinje cells. The single source of efferent output from the cerebellar cortex is the 

Purkinje cell that makes inhibitory connections onto the cerebellar nuclei. The outer layer 

of the cerebellar cortex contains two types of inhibitory interneurons that form GABAergic 

synapses onto Purkinje cell dendrites [65] (Figure 2). 



14 

 

 

Figure 2: A simplified diagram of the cerebellar connectivity. Figure adapted from [66].  

The cerebellum receives and incorporates excitatory sensory inputs from mossy 

fibers (originating in the pontine nuclei) and climbing fibers (originating exclusively in 

the inferior olive) prior to modifying output through Purkinje cells which output to cortical 

regions. This enables the learning of smooth, constant motions and the formation of 

accurate body schema [67]. 

Neural plastic changes in the strength of synapses between the granule cell and 

Purkinje cell networks [68] and climbing and parallel fiber inputs to the Purkinje cells [69, 

70] which is a critical component in motor learning and consolidation. Activation of 

Purkinje cells requires simultaneous co-activation of afferent input from both  parallel and 

climbing fibers, which provides the inter cellular correlation needed to lead to motor 

learning [69]. Inputs from climbing fibers can adjust spike-associated calcium signaling in 



15 

 

Purkinje cells, which bidirectionally changes the plasticity of synapses between parallel 

fibers and Purkinje cells [71]. This coupling suggests that the role of climbing fibers is to 

act as an error detector, within the cerebellum, adjusting the sensory inputs and/or motor 

output to lead to effective motor learning [72].  

The cerebellum is known to contribute to sensorimotor integration, error correction, 

and also the development of internal models [73]. Internal models are used to predict the 

relationship between motor commands and the predicted sensory consequences of that 

movement [73], allowing comparison between predicted and actual consequences of an 

action. Integration of this error signal by the Purkinje cells, enables motor learning, by 

providing the CNS with an error signal that can be used to correct subsequent movements. 

Internal models can be modified via comparison between motor plans generated in the 

motor cortex, and the sensory feedback generated by the actual movement conveyed via 

the spinocerebellar pathway in the inferior olive, which contains the climbing fiber inputs 

responsible for the error signal to the Purkinje cell. This internal model then updates the 

link between the motor commands and the expected sensory consequences. Therefore, any 

changes in this cerebellar input due to altered sensory feedback from the periphery can alter 

the information from the cerebellum to the motor cortex,  potentially leading to 

maladaptive plasticity [73]. 

It also  has a specific role in the integration of oculomotor and limb control [23] 

and it is considered to be a main neural integrator between the eye and hand in visually 

guided tracking tasks [74]. The cerebellum integrates several forms of sensory feedback to 

mediate motor control, learning, and adaptation that has reciprocal influences between eye 

and hand movements [23]. The cerebellum mediates the control of reflexive and voluntary 

eye movements and provides a mechanism for adapting the position and movements of our 

body to maintain consistent, representations of our body schema with respect to our 

changing visual experience as we look around [23]. Dysfunction of the cerebellum results 

in a decline in the accuracy of movements performed under visual control and of co-

ordinated eye and hand movement. Visually guided tracking tasks combine both of these 

two control structures, as the eyes and hand together track a visual target [74]. 
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Effect of altered neck sensory inputs on SMI and motor control 

Head and neck position is important in organization of the central sensory 

information for upper limb joint position [14]. The CNS uses the position of the neck and 

head to compute the position of the upper limb segments, and thus  alterations in neck 

sensory inputs due to prolonged postures, fatigue, and/or pain by altering the body schema, 

may impact the accuracy of upper body movement [13]. Neck muscle proprioception is 

known to play a significant role in body balance, appropriate body reference, and 

movement organization [75]. 

 Neck muscles have numerous sensory receptors that are responsible for central and 

reflex connections to the vestibular, visual, and postural control systems [34]. Pain and 

injury of  the neck have been shown to impair CNS processing leading to altered upper 

limb proprioception [14]. Only a small amount of research has focused on spinal JPS [15-

18], or the effect of altered input from the spine on limb JPS [19-21]. Accurate JPS is also 

important for balance and the regulation of locomotion [22] and if it is impaired it could 

lead to altered SMI for these important functions.  

Altered afferent feedback from the neck may result in changes to sensory 

integration by the cerebellum and may affect how it channels this sensory input to create 

new internal models on movement, reaction time and coordination. It has been shown that 

head and neck movement [13], vibration of the neck muscles [36], and neck pain influence 

proprioception and placement of the elbow and forearm [37]. Alterations in sensory 

information occurs with recurrent neck pain patients alters the plasticity of pathways 

between the cerebellum and both motor and somatosensory cortices  [29, 76].  

Neck muscle fatigue has been shown to change the ability to recruit cervical 

extensor muscles [44] as well as altering upper limb proprioception, measured via a 

reduction in the ability to accurately replicate elbow and forearm positions [32]. It has been 

well documented that limb position is encoded via the spinocerebellar tract [77] and in the 

external cuneate nucleus projecting to the thalamus and cerebellum [78]. This encoding is 
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assumed to control the discharge pattern from cerebellar Purkinje cells during movement 

and during initial learning of a movement. Decreased cerebellar activity in the later stages 

of learning [41] reflects a greater reliance on internal schema with new encodings that 

reflect the post learning state [29]. Given that the cerebellum is an important integration 

site for motor learning [25, 29, 41, 45] as well as for SMI of the sensory input from the 

joints of the neck and spine [46, 47], altered neck input is likely to impact the accuracy of 

the internal schema. The cerebellum is important area of the brain for SMI and also for 

coordinating movements by processing the sensory inputs to create a motor command [79]. 

The fact that chronic changes in neck input alters cerebellar processing in response to motor 

training, as measured with both SEPs [30] and TMS [52] suggests that this may well be the 

case.   

The impact of cutaneous pain has been investigated using SEPs in various 

neurophysiological studies of  SMI [80, 81]. Pain fibers project to the SI and may inhibit 

the MI via thalamo-cortical or cortico-cortical inhibitory inputs [82]. A TMS study 

investigating changes in cerebellar-inhibition found that following motor acquisition, those 

with subclinical neck pain  (SCNP) had no capacity to disinhibit inhibitory cerebellar 

projections to the motor cortex, relative to healthy controls who showed significant 

disinhibition [52]. Alterations in sensory information processing due to SCNP, appears to 

have altered the capacity for plasticity of the cerebellum to motor and somatosensory cortex 

pathways [29, 76]. A previous study found that CEM fatigue altered neck motor control as 

measured by the flexion relaxation response [44]. Following fatigue, the CNS attempted to 

stabilize the cervical spine by increasing CEM muscle activation even during the relaxation 

phase of the response in a healthy control group. Interestingly, in the same study, an SCNP 

group had differential neuromuscular activation with less CEM muscle activity following 

fatigue, possibly because their neuromuscular system was already maximally activated to 

decrease the risk of further injury [44].  
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Somatosensory Evoked Potential (SEP) 

It is well known that the CNS can reorganize in response to altered afferent input 

[35]. Decreased sensory input (due to nerve damage, disuse etc.) from a body part will 

decrease the size of the brain “map” devoted to that part, whereas increased sensory input 

can expand the size of the  neural region devoted to that body part. These alterations happen 

because of the plastic nature of the brain. These plastic changes alter CNS function which 

can outlast the period of the altered input [35]. Some of these changes in neuronal activity, 

can be measured using somatosensory evoked potentials (SEPs) including changes in 

pathways between the cerebellum and SI, which can be explored using short- and medium- 

latency SEPs [79]. 

Evoked potentials (EPs) or evoked responses refers to the electrical activity of the 

brain in response to external stimulation of specific sensory nerve pathways. EPs are 

commonly evoked using electrical stimulation of peripheral nerves (and measuring the 

cortical responses) [83]. EPs are time-locked responses and can be evoked from visual or 

auditory pathways or from stimulation of peripheral nerve pathways in the arms (most 

commonly ulnar and median nerves) or legs (most commonly tibial or common peroneal 

nerves), when they are know as SEPs [55]. SEPs can be elicited by either physiological 

stimulation or by electrical stimulation of somatosensory receptors from skin or muscle or 

over the  peripheral nerve of interest [84].  Each evoked peak represents arrival at various 

cortical and subcortical sites measured in the approximate number of milliseconds (ms) the 

peak occurs following stimulation. For instance the N20 SEP peak represents the potential 

that occurs approximately 20 ms post- stimulation of the stimulated peripheral nerve. SEPs 

from nerve stimulation are evoked by bipolar transcutaneous electrical stimulation applied 

on the skin over the trajectory of the nerves of interest and provide an objective and direct 

means of assessing the integrity of the sensory pathways of the central and peripheral 

nervous systems [55].  

The amplitude of a SEP peak represents the volume of activity of the neural 

structures and any fluctuation detected in that peak amplitude represent alterations in the 
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activity of the neural generator [85]. The latency of the SEP peaks is  the conduction time 

between the site of stimulation and the onset of the waveform for a given neural generator, 

and again any variation in this peak latency represent alteration in neural transmission [86]. 

The two most commonly measured variables in SEPs studies are the amplitude (mV) and 

latency (ms) of the peaks representing activity of different neural generators [55] (Figure 

2). Increases or decreases in latency and amplitude are sometimes indicators of neurologic 

dysfunction. 

 

Figure 3: Example of a SEP peak. Analysis of latency, negative peak time, and positive 
peak amplitude.  

SEP peaks are waveform components named based on their deviation direction and 

latency. Peaks from waveforms are given a prefix representing their polarity. The 

International Federation of Clinical Neurophysiologists (IFCN), the American Clinical 

Neurophysiology Society [55] utilizes two conventions of labelling: the upwards waveform 

deflections  represents a negative polarity and is assigned the prefix “N” and downwards 

waveform deflections is a positive polarity and is labeled the prefix “P” [55]. For example, 

the N24 peak is a negative deflection occurring 24 ms latency after the stimulus, while the 

P14 peak display a positive deflection at 14 ms latency after the stimulus [85].  This 

convention will be utilized throughout this thesis 
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Various factors, including height and age, might affect waveform latencies [87]. 

The overall labelled latency (ie. P14) enable the examiners to compare the waveforms 

across different studies. This method is recommended by the IFCN [87] and for the purpose 

of this thesis, the peak-to-peak amplitude (mV) of the following early SEP peak 

components will be measured: the peripheral N9, the cervical/spinal N11 and N13, the far-

field N18, the parietal P14, N20 and P25, and the frontal N24,N30 and N60 (P14-N18, 

P22-N24 and P22-N30 complexes)  (Figure 3 and 4).   

 

Figure 4: Examples of SEP peaks.  

SEP peaks were recorded from the following electrodes: 1) frontal site (Fc’, 6 cm anterior 

and 2cm contralateral to Cz), which recorded the N18, N24, N30, and N60 SEP peaks;  2) 

parietal site (CC’, 20% of the subject’s tragus to tragus measurement and 2 cm posterior to 

contralateral to vertex or Cz), which recorded the N20 and P25 SEP peaks; 3) ipsilateral 

brachial plexus (Erb’s point), which recorded peripheral N9; and 4)  C5 spinous process 

(Cv5), which recorded the spinal N11 and N13. 
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SEP peak neural generators 

The ionic current flow across the cell membranes of active neural structures result 

in potential differences in voltage [88]. Along the transmission pathway, the area of the 

cortex or spinal cord producing these positive or negative potentials is named a neural 

generator [86].  SEP peak amplitudes can be used to measure changes in the activity of 

underlying neural generators, with greater peak amplitudes observed when scalp recording 

electrodes are closer to the neural generator responsible for that peak [86, 88]. The 

following section will focus on the SEP peaks of interest to this thesis, their neural 

generators and the optimal recording sites for each peak.  
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Figure 5: Sample short- latency SEP peaks and their neural generators. 
Figure adapted from http://what-when-how.com/neuroscience/the-spinal-cord-
organization-of-the-central-nervous-system-part-2 [57]. 
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N9 SEP peak: 

The N9 SEP peak is recorded at Erb’s point, over the brachial plexus, near the 

posterior border of the clavicular head of the sternocleidomastoid muscle and the clavicle 

with a reference electrode placed on either on the contralateral Erb’s point, scalp electrode 

or an ipsilateral earlobe [55]. N9 SEP peaks are located in the peripheral nerve pathway 

and are abnormal when there is a lesion from the peripheral median nerve to the brachial 

plexus [89, 90]. The N9 peak amplitude provides a way to ensure that the peripheral 

afferent nerve volley is stable, so that changes in subsequent SEP peaks can then be 

attributed to changes in activity at the relevant neural generator. IFCN guidelines require 

that the N9 be within ±20% with the latencies within 25 msec of each other, when 

comparing pre-post changes in amplitudes of subsequent upstream neural generators [87]. 

N11 SEP peak:  

The N11 SEP peak can be recorded over the 5th (Cv5), 6th (Cv6), or 7th (Cv7) 

cervical spinous process [87, 91] and indicates the afferent volley arriving the spinal cord 

as it begins to travel to the cuneate nucleus [92]. The N11 and N13 peaks are absent in 

patients with nerve root avulsions, although the N9 peak is preserved from Erb’s point 

component [90]. The N11 peak is thought to reflects the ascending volley in the dorsal 

column fibers at the cervical level [93]. A reference electrode is usually placed on the 

anterior neck at the level of the trachea for this peak [87, 91, 94]. 

N13 SEP peak: 

According to the IFCN, both the N11 and N13 SEP peaks can be measured from 

the same channel over 5th (Cv5), 6th (Cv6), or 7th (Cv7) cervical spinous process and N13 

presents as an inflection of the N11 peak. The N13 SP peak reflects activity of the 

postsynaptic potential of the dorsal horn interneurons and mid-cervical cord [95] and is 

generated at the first synaptic relay of the spinothalamic tract [55]. The N13 peak is thought 

to reflect activity in dorsal horn interneurons. This is supported by a study in patients with 
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cervical dorsal column lesions that do not have N13 peaks [96]. N13 peak is preceded by 

a P9 SEP peak positivity or by a N9/P9 defection reflecting the dorsal root volley [93]. 

N18 SEP peak: 

The N18 SEP peak is recorded from a contralateral frontal cephalic site (Fc’) [97]. 

The N18 peak is the long-lasting scalp negative shift which immediately follows P14 [98]. 

The N18 peak was originally thought to be generated by the thalamus, however this was 

disproven. The N18 peak is preserved in patients with thalamic lesions [99] and also with 

lesions of the medial lemniscus [100]. There is clinical evidence that the N18 peak is 

generated in the brain stem, up to the level of the midbrain-pontine region [95, 100] 

between the lower medulla and midbrain-pontine region (specifically nuclei in the dorsal 

column medial lemniscus and accessory inferior olives) [95, 100]. The N18 SEP peak is 

generated above the spinal cord but below the cortex [87, 95] and has been shown to reflect 

alterations in cerebellar activity [91, 100]. The IFCN recommends a non-cephalic reference 

(e.g. cephalic to ipsilateral earlobe montage) [91], because a cephalic reference might have 

a canceling effect on N18 peak, compared to using a non-cephalic reference [99]. 

P14 SEP peak: 

The P14 SEP peak can be recorded from a contralateral frontal cephalic site (Fc’). 

It is generated by the afferent volley in the medial lemniscus [98] near or above the foramen 

magnum (above the spinal cord but below the cortex) [91, 95]. The P14 peak potential 

arises from the lower brain-stem close to the cervico-medullary junction [93].This position 

is supported by lack of the P14 peak in patients with cervico-medullary lesions [101] and 

in braindead patients [92]. A non-cephalic reference (cephalic to ipsilateral earlobe 

montage) is recommended [55, 97]. 
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N20 SEP peak: 

The contralateral parietal N20 SEP peak is recorded from 2 cm posterior to 20% of 

contralateral central scalp site which is referred to as Cc’ with a reference electrode placed 

on the ipsilateral earlobe [55, 94]. It reflects the earliest cortical processing in the primary 

somatosensory cortex (SI), representing activity of a dipolar generator in Brodmann’s area 

3b situated in the posterior bank of the rolandic fissure [86, 87]. 

P22 SEP peak: 

The P22 SEP peak is recorded from contralateral frontal cephalic site (Fc’) with a 

non-cephalic ipsilateral earlobe reference [55]. The P22 peak is independent of the primary 

somatosensory N20 peak and generated in the primary motor cortex [98]. This evidence is 

supported by testing patients with parietal lesions had an absence of the N20 peaks, while 

the P22 and N30 peaks persisted. Also in patients with precentral lesions, the P22 peak was 

absent, which these indicate a separate precentral generator for the P22 SEP peak [102].  

N24 SEP peak: 

The N24 is recorded from contralateral frontal cephalic site (Fc’)  at the same 

recording electrode site as the N18, P22 and N30 peaks, however it is difficult to 

distinguish as it appears as a notch on the N30’s ascending slope (P22-N30 complex) [55]. 

Increasing the rate of stimulation of the peripheral nerve of interest, attenuates the N30 

component, creating a clear N24 peak which can be distinguished without reduction of N24 

peak amplitude with this high stimulation rate [83, 94]. There is some inconsistency in its 

nomenclature, in that the N24 SEP peak is sometimes referred to as the N23 [103], or the 

N25 SEP peak [104]. Using dipole source localization, the neural generator of the N24 

peak was identified near the wall of the central sulcus in the area 3b pathway between the 

cerebellum and the SI, close to the location of N20 peak [104]. Reduction or absence of 

N24 peak on those with cerebellar lesions indicates that N24 peak is directly linked to the 

integrity of the cerebellum [105]. 
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P25 SEP peak: 

The P25 peak is recorded from 2 cm posterior to 20% contralateral central scalp 

site (Cc’), and originates from a group of neurons within Brodmann’s area 1 of the SI, with 

a reference electrode placed on the ipsilateral earlobe [55, 94]. 

N30 SEP peak: 

The N30 SEP peak is recorded from contralateral frontal cephalic site (Fc’) at the 

same recording electrode site as the N18, P22 and N24 peaks and it references to the 

ipsilateral earlobe [97, 106]. The N30 peak originates in the post-central cortical regions 

[107], and it is a complex subcortical and cortical loop connecting the basal ganglia, 

thalamus, pre-motor areas, and primary motor cortex [108, 109]. Therefore, The N30 SEP 

peak reflects SMI [97] and has multiple neural generators. Past evidence has linked basal 

ganglia with the N30 SEP component [110, 111] as well as activity in the supplementary 

motor area (SMA) [112]. An EEG dipole source localization swLORETA method 

demonstrated that the frontal N30 SEP peak was localized in overlapping areas in MI 

specifically the motor cortex (BA4), extending to the premotor cortex (BA6), and 

prefrontal cortex (BA9) [113].  

 The N30 peak amplitude was absent in a patient who suffered from a lesion of the 

SMA [114] and it was decreased in Parkinson’s Disease patients [110, 111]. Deep brain 

stimulation of basal ganglia nuclei increased the N30 peak amplitude due to improved 

SMA functional activity [110]. However, Waberski et al., (1999) reported that the N30 

peak is generated in MI. They utilized source localization and demonstrated the N30 peak 

is belong to the MI [104]. Muscle movement reduces the N30 peak [103]. It has been shown 

to change after repetitive motor activity [94] and following high velocity, low-amplitude 

cervical manipulation [115]. 
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N60 SEP peak: 

The origin of the short- latency SEPs following median nerve stimulation has been 

extensively studied, but a few studies have analyzed the middle-latency SEPs recorded 

between 40 and 100 ms.  Middle-latency SEPs following median nerve stimulation is a 

sensitive measure of cortical function [116]. It is well known that the short- and medium- 

latency SEPs (>100 ms) originate from the SI area [117]. A non-invasive dipole source 

analysis study indicated that the N60 SEP peak originates from the area 1 of the SI area 

(posterior bank of the central sulcus contralateral to the stimulated hand) following the 

median nerve stimulation  [118]. Intracortical recordings in a group of drug-resistant 

epileptic patients indicated that middle-latency SEP peaks originated in pre-supplementary 

motor area (pre-SMA) and BA6, but not in SMA-proper. The fronto-central N60 

component therefore seems to be generated from SMA and SI areas [119]. Conversely, 

N60 SEP peak recordings from the cortical surface [120] or inside the cerebral cortex [121] 

have found that the secondary somatosensory area (SII) area, (BA40 and BA43 in the lower 

parietal lobe) [122], upper bank of the sylvian fissure contralateral to stimulation [121], are 

more activated following median nerve stimulation. As well, a biphasic potential peak at 

60–90 ms was recorded from implanted electrodes in the SII area [121], and further 

confirmed by  activation between 60 and 120 ms of dipolar sources in the SII area [123]. 

In a study of depth electrical source analysis in epileptic patients, scalp SEP peak 

recordings clearly distinguished that the N60 responses are generated from “parieto-

rolandic operculum” contralateral to stimulation site,  indicating that the N60 SEP peak is 

likely to be generated by the same source in the SII area.[124]. In functional neuroimaging 

studies, activations of SII have been reported in response to light touch [125], pain 

perception [126], and tactile stimuli [127]. 

SEPs and Sensorimotor Integration (SMI) 

Over the past decade SEPs have shown to be useful for measuring changes in SMI 

in various experimental paradigms. SMI alteration can be investigated using motor 

performance tasks. By linking the measurement of SEPs with motor learning paradigms, 
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variations in neural processing subsequent to motor learning can be investigated [128]. The 

cerebellum plays an essential role in motor learning. It processes sensory inputs to create 

motor responses for expected sensory events [79] and changes in  neural activity in 

pathways between the cerebellum and the sensorimotor cortex that can be measured using 

short- latency SEPs. Following the termination of simple typing tasks (20-min repetitive 

thumb abduction), alterations in cortical SEPs with no subcortical changes were detected 

[94]. The simple task requires minimal attention in automatic processing rather than 

learning.  More complex movement tasks have been shown to produce differential 

behavioural and neural changes as compared to simple tasks. One recent study found 

decreased reaction time with no changes in accuracy in a motor sequence acquisition task, 

possibly  because the accuracy was already very high to begin with [129]. Subsequent work 

addressed this by using a randomly generated sequence of letters for the motor training 

typing task, and more alterations were observed particular in SEP peaks related to 

cerebellar pathways [130]. A pursuit movement task, which involved tracing a moving 

waveform has been shown to be an effective  method to induce motor learning [131]. A 

novel tracing movement of finger abduction/adduction was used to perform the motor 

tracing task which is a more complex motor control task than a typing task using finger 

abduction/adduction, even though the biomechanical demands of the two tasks are similar 

[132]. The N24 SEP peak amplitude decreased after motor learning involving the tracing 

task, suggesting the cerebellum has a dynamic function in the integration of SMI [132]. 

The cerebellum is more activated during fast motor learning [133-135] and it reduces once 

a movement is well learned [76, 136]. 

Studies have applied repetitive voluntary movements with SEPs paradigms and 

demonstrated alterations in processing of somatosensory information [35, 94, 129, 130, 

137, 138] by alteration in SEP peak amplitudes following a repetitive motor task 

performances [35]. Following a motor learning typing task, P25, N30 [94], and  N24 [138] 

SEP peaks increased while the N18 SEP peak was decreased [138]. Additionally, 

significant changes has been reported in N13, N20, N24, P25, and N30 SEP peaks 

following both a complex tracing and typing task [131]. The N24 SEP peak changes reflect 

the role of the cerebellum in sensorimotor prediction [139] and SMI [47]. 
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In a previous study, the impact of  spinal manipulation was investigated on CNS 

processing in subclinical neck pain (SCNP) following a complex motor training typing task 

[129]. They reported increases in cortical SEP amplitudes with increased in P22-N30 and 

N30-P40 complex following passive head movement and following manipulation, 

respectively. Increased N30-P40 indicated the impact of SMI following motor learning that 

were attributable to the neck manipulation.  In addition, N20-P25 increased following the 

complex motor training typing task in the manipulation group. These results suggested that 

treating the neck pain had a significant effect in afferent processing that occurred in the 

early stage of motor learning [129]. Another study involving dual SEPs from the median 

and ulnar nerves investigated the effect of cervical dysfunction and manipulation of 

dysfunctional areas in patients with a history of reoccurring neck pain on the response of 

the CNS to a motor training task and its effect on SMI [140]. Dual SEPs measure the ratio 

of SEP peak amplitudes when the median and ulnar nerve are stimulated simultaneously 

as compared to the arithmetic sum of their amplitudes when stimulated individually [94].  

Ratios greater than one reflect a decreased ability by the CNS to inhibit the dual input from 

the two peripheral nerves (median and ulnar nerves) occurring at the cortical level [140]. 

Significant increases (i.e. N20-P25, and P22-N30 SEP peaks ) were reported in the dual 

SEP ratio after 20-minute motor training typing task and significantly decreased when the 

motor training task preceded with spinal manipulation, suggesting that neck manipulation 

altered cortical integration and the ability of the CNS to change in response to motor 

training [140]. These changes may be result of alteration of activity of the cortical loop at 

the level of the primary motor cortex and premotor area, and/or the subcortical loop linking 

basal ganglia, thalamus, and premotor areas after spinal manipulation [141]. 

Transcranial Magnetic Stimulation (TMS) 

The brain can be stimulated non-invasively either through an electrical current or 

an alternating current magnetic field applied vertically to the brain. Transcranial magnetic 

stimulation (TMS) is a safe method to stimulate the motor area of the brain. It is a technique 

that can map the output of small regions of the brain [142] with techniques available to 

demonstrate activation and inhibition of motor cortical output [143]. This stimulation is 
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created by a rapid discharge of alternating current through a coil placed over the scalp, 

which induces a magnetic field that is oriented perpendicular to the coil, to produce an 

electrical current in underlying neural tissue of the brain, and can stimulate the region of 

the motor cortex (MI) that controls a specific muscle. This induces stimulation of the 

interneurons that synapse onto the neurons of the MI [144], which then induce action 

potentials which discharge all the way down the lateral corticospinal tract to the activated 

muscle [145]. This procedure results in activation of neural tissue that can be observed 

through a noticeable muscle twitch [146]. The EMG response by the muscle to these type 

of stimuli is known as a motor evoked potential (MEP). The MEPs are usually larger in the 

upper limb (hand and forearm) regions than the lower limb (leg, foot and pelvis) regions 

[109]. This is because the somatotopic position of the upper limb and hand region on the 

MI is positioned near the most superior and superficial part of the skull, and has the largest 

representation dedicated to these finely skilled and complex neural pathways [147]. TMS 

over the MI has been used to assess changes in excitability of the corticomotor system in 

response to training of both skilled and non-skilled repetitive movements [38, 145, 148-

150]  

Stimulation over MI evokes both inhibitory and excitatory responses in EMG 

activity of the contracting muscles. TMS can be used to assess excitability of the CNS from 

the MI to the motoneurons, which are responsible for initiating contraction of the skeletal 

muscle. TMS stimulation of sufficient intensity results in MEPs, which are recorded from 

the muscle of interest.  MEPs result from direct and trans-synaptic activation of 

corticospinal neurons and is influenced by the excitability of the MI and the α motoneurone 

pool” [151, 152]. During exercise the failure to maintain the initial maximal voluntary 

muscle force depends on appropriate responses of both peripheral and central nervous 

system to effectively drive motoneurones [153, 154]. TMS can be used to measure central 

fatigue, which is related to a failure of the discharge rate of motoneurones during a 

sustained maximal effort  [155] and voluntary activation of the muscle [153]. The changes 

in the EMG response to TMS, point to a complex relationship between MI discharge and 

force reduction [152]. Fatiguing contractions can lead to changes in all levels of the motor 
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pathway including the muscle fiber, muscle fiber membrane, neuromuscular junction, 

motoneurons, and segmental and supraspinal circuits[156].  

Muscle fatigue 

Muscular fatigue is a process resulting in the decline of a muscle’s ability to 

generate force. Muscle fatigue is precipitated through repetitive or sustained muscle 

contractions ranging from sub-maximal to maximal voluntary exertion effort. [5, 157]. 

Constant skeletal muscles contractions can lead to alterations in muscle function and result 

in fatigue progression [158-160]. After performing submaximal muscle contractions with 

lower contraction intensities, muscles experience a long-lasting decline in force production 

with slower recovery from fatigue [5]. Muscle contraction is initiated in the MI and the 

pathway ends on one or groups of motor units to produce movement and force. Therefore, 

changes along this pathway from MI to spinal cord to peripheral nerve to muscle fiber 

might occur in response to muscular fatigue [153, 158, 159]. In general, muscle fatigue is 

categorized into two groups: central and peripheral fatigue. Any sub-optimal output from 

the CNS can cause some decline in MVC, which is termed central fatigue [159, 160]. 

Peripheral fatigue is caused by alteration in the muscle cells, nerves and/or neuromuscular 

junction [153]. 

In experimental settings, muscle fatigue is often induced by performing activities 

with intensive maximal voluntary contractions (MVC) [159] or exerting a submaximal 

contraction against resistance for a long duration of time [5, 157], while monitoring 

changes in performance. Constant contraction of skeletal muscles can lead to failure in 

muscle function and result in fatigue progression [158-160]. Frequently, after performing 

submaximal muscle contractions with lower contraction intensities, muscles experience a 

long-lasting decline in force production with slower recovery from fatigue [5]. The sense 

of movement generated by muscle spindles can be disturbed by the muscle fatigue [2]. The 

muscle spindle discharge declines during sustained isometric contractions by resulting in 

lower motor unit firing rates [161]. Severe fatiguing activities affect both force- and 
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position-matching tasks [2].  When the fatigued limb tries to create a movement, the altered 

position sense impacts the ability to accurately recreate the desired motion [2]. 

EMG signal is often used as an indicator of muscle fatigue and corresponding 

physiological changes [5, 157, 159, 162]. EMG signals are known to change during 

sustained voluntary contraction with an alteration in the frequency spectrum of the 

myoelectric signal [157]. Depending on the level of voluntary contraction and during 

sustained muscle contractions, the consequence of fatigue is a decrease in myoelectric 

signal spectral frequencies, both mean and median, and an increase in myoelectric signal 

amplitudes [5, 162].  

By recruiting all motor units to fatigue the muscle, the power spectrum of the EMG, 

shifts to lower frequencies. There are several explanations for this alteration.  First, it might 

be due to a longer duration of action potential from muscle fibres. Second, synchronization 

of firing at lower frequencies or an overall drop in firing frequency may affect the power 

spectrum of EMG [163]. The final explanation is related to the action potential of slow and 

fast motor units. Through the overall spectrum, the fast units have higher frequency 

components and the slower units have lower frequency components. It has been reported 

that muscle function recovery after fatiguing performance occurs over different time scales. 

For example, action potential amplitude recovers between 30 to 60 seconds, and maximum 

voluntary contraction over 5 to 10 minutes [163].  

Effect of muscle fatigue on Motor Evoked Potentials (MEP) 

Throughout a sustained MVC, the ability to drive motoneurones declines [154, 

164]. Sustained fatiguing muscle contraction produces post-exercise depression of MEP 

amplitude [165]. However; initial post exercise facilitation in MEP size has been reported 

following repetitive isometric contractions of the extensor carpi radials until fatigue. This 

post-exercise facilitation was present immediately after muscle fatigue and was not long- 

lasting and recovery happened very quickly with post-exercise depression approximately 

30 s after fatigue and MEP amplitude recovery to baseline over 2-3 minutes [166]. It has 
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been shown that after 30s of relaxation, MEP amplitude drops to below pre-exercise values 

and stays low for up to 30 minutes [156, 166]. This post-exercise long-lasting depression 

of the MEP is linked to the period of the fatiguing exercise and level of voluntary 

contraction [165], and occurs in a range of muscles [165-167]. This post-exercise MEP 

depression is considered to be explained by threshold changes of the spinal motoneurones  

[152]. Any changes in excitation (leading to increased MEP size) or inhibition (indicated 

by a lengthening of the silent period) in MI contributes to altered EMG activity in response 

to TMS during or after fatiguing exercises. The change may be due to failure of activation 

of spinal motoneurones [164], or due to decrease in interhemispheric functional 

connectivity in the MI [168], or due to altered membrane properties of MI pyramidal cells 

in response to repeated activation, changes in synaptic efficacy of excitatory or inhibitory 

inputs due to neurotransmitter buildup or depletion; or through longer term plasticity 

changes, leading to changes in the response of excitatory or inhibitory motoneurons and 

their subsequent synaptic connections to pyramidal neurons [156].  

The size of an MEP changes depending on the strength of prior muscle contraction 

and the muscle tested [156, 166]. In a hand muscle, MEPs are easier to evoke and there are 

no additional MEP amplitude increases if contraction strength is greater than 10% MVC. 

In contrast for more proximal upper limb muscles, such as biceps brachii, the propriospinal 

pathway may be involved and increases in MEP size continues to occur with background 

contractions up to 75% MVC [169, 170]. One reason for these variations is different 

patterns of motor unit recruitment in response to voluntary muscle activation [156].  

During voluntary muscle contraction, both corticospinal neurons and motoneurons 

become more excitable, so that the same magnetic cortical stimulus elicits a larger MEP 

size in contracting muscle than in relaxed muscle [152, 156]. This leads to an increased 

facilitation of the response to cortical stimulation by increasing excitability at both cortical 

and spinal levels [152]. Fatiguing exercise decreases cortical excitability with a decrease 

in MEP amplitude, which could be a neurophysiological marker of central or peripheral   

fatigue as opposed to changes in mechanical function caused by exercise [167, 171]. After 

30 seconds of isometric exercise of the extensor carpi radialis until fatigue, MEP 
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amplitudes declined and were around 60% of the pre-exercise value with a gradual 

recovery occurring over several minutes of rest [166]. One possible reason is that the 

intracortical mechanisms are involved that initially overcome a drop of the excitability in 

MI. These mechanisms led to a reduction of MEPs in relaxed muscle, and had a negative 

influence on subsequent performance [156].  

The silent period refers to a period of near-silent EMG activity following an MEP 

that occurs due to inhibition of motor cortical output following the MEP [172]. After 

electrical and magnetic transcranial stimulation, spinal mechanisms (hyperpolarization and 

recurrent inhibition of spinal motoneurones) are responsible for the first 50 ms of the silent- 

period, while after 50 ms cortical inhibitory mechanisms are responsible for the EMG silent 

period [172].  Different muscles may have different cortical control pathways or different 

behaviors in response to fatigue. For example, both MEP amplitude and silent-period 

duration of the adductor pollicis muscle decreased during an ongoing 60% MVC up to 

maximal endurance, and then they both began to increase after cessation of the fatiguing 

contraction, indicating a complex process with differential impacts on inhibitory and 

facilitory inputs to motor cortex output cells during and after a fatiguing muscle contraction 

[173].  

Electrical or magnetic stimulation of the descending tracts at the level of the 

cervicomedullary junction can activate the corticospinal axons to  evoke a short-latency 

excitatory response in the muscle, and is termed a cervicomedullary motor evoked potential 

(CMEP) [174]. A previous study investigated the excitability of the motor cortex during 

sustained isometric fatiguing contractions at 30, 60 or 70%, and 100% MVC of the right 

elbow flexor muscles (biceps brachii and brachioradialis) in separate sessions. Motor 

responses were evoked by stimulating the MI and the cervicomedullary junction. The 

duration of silent-period lengthened in contracting muscle by exerting force near-maximal 

effort, but not during 30% MVCs nor during a sustained MVC of a remote muscle 

(adductor pollicis). Muscle fatigue increased MEP in size and increased duration of silent 

period with no changes in potentials induced by cervicomedullary stimulation, suggesting 

that the increase in MEP size during fatigue is due to increased MI-excitability at the 
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cortical level [152] due to an increase in voluntary neural drive to muscle during exercise, 

rather than changes at spinal level [152]. 

TMS stimulation on various motoneurone pools over the MI received stronger net 

facilitation in the FDI muscle than in the biceps brachii muscle [175], which is the result 

of activation of rapidly conducting corticospinal neurones with monosynaptic projections 

to motoneurones of distal hand muscles than on proximal arm muscles. One reason for 

these variations is different patterns of motor unit recruitment in response to voluntary 

activation of different muscles [156]. For example, one study compared the effect of 

increasing stimulator intensity and the muscle generating the MVC, and found that MEPs 

behaved differently in biceps brachii than in adductor pollicis. During a 10% MVC, MEPs 

were similar for both proximal and distal upper limb muscles [170]. However, MEPs are 

easier to evoke in a distal upper limb muscle, and there were no additional MEP amplitude 

increases when voluntary contraction was greater than 10% MVC. In contrast, for the more 

proximal bicpes brachii muscles, the propriospinal pathway may be involved and increases 

in MEP size continued to occur with background contractions up to 75% MVC [170]. In 

adductor pollicis, increased stimulation intensities with lower background MVC levels 

(5%), increased the size of the MEP. In contrast, for the elbow flexors MEP amplitudes  

increased slightly with greater stimulus intensities, but then continued to increase in size 

with greater background contraction levels  up to 50% MVC [170].  

MEP amplitude decreases with fatigue due to reductions in both cortical and spinal 

excitability [176] and/or peripheral transmission failure [177]. rTMS of the SMA following 

fatigue enhanced recovery of neuromuscular function and the ability to generate maximal 

force. Additionally, higher levels of intracortical facilitation following SMA stimulation 

were associated with lower sense of effort. Therefore, higher levels of cortical facilitation 

are associated with a decrease in the amount of upstream drive required to activate muscle 

and generate maximal voluntary force thus altering the sense of effort [178]. The 

neuromuscular system (both central and peripheral parts) attempts to compensate for the 

decrease in force generation and delay the onset of fatigue [94]. Decreased force production 

following fatigue has both the central and peripheral sources [100].  
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Effect of fatigue on intra-cortical facilitation and inhibition  

In a previous study Sharples et al (2016), reported a decrease in corticospinal 

excitability and an increase in intracortical facilitation following a series of muscle 

contractions by the first dorsal interosseous (FDI) muscle. The fatiguing tasks were two 

different protocols of isometric index finger abductions to fatigue the right FDI muscle. 

The first protocol was intended to elicit central fatigue and assessed the effects of muscle 

activation with 10 submaximal contractions at a target force of 40% MVC (3 second hold 

and 2 second rest), and another protocol was intended to asses the effect of FDI muscle 

activation with minimal fatigue (1 MVC every minute for 15 minutes). This fatiguing 

protocol was terminated at the point of task failure, which was defined as a 40% reduction 

in MVC force. Baseline measures consisted of 3–5 MVCs, which included the application 

of an electrical pulse to ulnar nerve during and 2 seconds after each MVCs to quantify the 

voluntary activation according to the interpolated twitch method. A paired-pulse TMS 

protocol was applied after one minute rest to measure intra-cortical facilitation (ICF) and 

inhibition (ICI), and interhemispheric inhibition (IHI) prior to a low-level FDI contraction. 

In addition, a 5Hz repetitive transcranial magnetic stimulation (rTMS)  was applied to the 

SMA at the point of task failure to try to offset fatigue related any decreases in SMA 

excitability [178]. Outcomes measures were collected immediately and 20 minutes after 

5Hz stimulation of the SMA. Maximal voluntary force declined following fatigue, 

indicating that the series of maximal and submaximal contractions elicited central fatigue 

Corticospinal excitability gradually decreased with fatigue in the active (left) hemisphere 

with a decline in ICF,  an increase in short-interval intracortical inhibition (SICI), and  no 

IHI changes of the MI [178]. The increased voluntary muscle contraction initially 

overcame the drop in MI excitability, leading to reduced MEP amplitude, and had a 

negative effect on subsequent motor performance [156].  

Hunter et al. (2016), determined whether SICI and ICF change during contraction 

and during recovery from a sustained submaximal isometric contraction (25%MVC).  The 

elbow flexors (biceps brachii) on dominant arm were contracted with two different 

protocol. The first experiment was conducted with 10-min fatiguing contraction (25% 
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MVC), and second experiment was 10 brief (7 seconds) isometric contractions before, and 

2 and 7 min after the 10-min fatiguing contraction. MEPs were evoked by paired stimuli 

(conditioning-test) or a single (test) stimulus. Both SICI and ICF decreased during 

fatiguing contraction, and SICI took longer to recover than ICF during the recovery 

contractions. For SICI, conditioned MEP returned toward control condition at 7-mins 

recovery. For ICF conditioned MEP decreased during control contractions (less 

facilitation), and recovered during contractions after 2 minutes of recovery. Both inhibitory 

and facilitatory intracortical circuits become less excitable during submaximal sustained 

fatiguing voluntary activity with the increase in perceived exertion, or the decrease in 

maximal voluntary force [179]. 

Cerebellar Inhibition (CBI) 

An important area for sensorimotor integration is the cerebellum. The dentate-

thalamo cortical pathway, which is an excitatory pathway, connects the cerebellum to the 

MI via projections from the dentate nucleus to the motor thalamus [180]. Projections from 

Purkinje cells, that synapse within the dentate nucleus lead to cerebellar inhibition (CBI) 

[181]. The cerebellum is involved in control of limb movements, and uses a feedforward 

internal model to predict the sensory consequences of different planned movements [42]. 

Activity of the descending motor pathway is altered by magnetic stimulation over the 

cerebellum. The cerebellum is involved in postural control and also during motor tasks for 

which eye–hand coordination is required [182]. It has been shown that cerebellar TMS 

induces a long latency motor response in the soleus muscle during a postural task [183] 

and evokes a long latency motor response in the hand during a visually guided tracking 

task, at the latency of proximately 65 ms following cerebellar TMS, suggesting that it is 

related to cerebellar activity associated with eye–hand coordination. This response was 

only seen when the target muscle was moving and not when it was stationary [182]. 

Depending on the anatomy of the head and neck in a given participant, cerebellar TMS 

may activate the corticospinal tract at the cervicomedullary junction. Previous studies have 

indicated the potential to activate the spinal cord and corticospinal tract when using 

cerebellar TMS [184]. To minimize potential contamination by these artifacts during 
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cerebellar stimulation, it is necessary to visually inspect each trace at a high gain while 

looking for cervical root activity and cervico-medullary MEPs within the range of 14 – 18 

ms following the cerebellar stimulation [185].  

Activity of the cerebellothalamo cortical pathway can be studied using magnetic 

stimulation of the cerebellum 5-8 ms prior to stimulation of the MI which is know to result 

in inhibition of motor cortical output in response to a given level of stimulation [186]. 

Applying cerebellar stimulation with a  double-cone coil, due to its potential for deeper 

stimulation, generates the optimal suppression of MI output [186], which is called  

cerebellar inhibition or CBI [187]. CBI can be used to evaluate functional connectivity and 

plasticity between the cerebellum and MI [187]. Ugawa et al. (1995) used a double cone 

coil to stimulate the cerebellum over the inion 5-8 ms in advance to a test stimulus over the 

contralateral MI. The magnetic stimulation was aimed to elicit a cervicomedullary evoked 

potential (CMEP) and a stimulation intensity 5–10% below CMEP threshold was used to 

excite the cerebellar neurons prior to the motor command volley [186]. One limitation of 

this technique is that its sometime elicits CMEPs and/or cervical nerve root activity. 

Additionally this technique can be painful due to high intensities of stimulator output 

resulting in strong contractions of dorsal cervical muscles [188]. In addition the central 

stimulation location over the inion did not account for the lateralization of cerebellar 

function. A technique addressing these issues was recently developed by Baarbé et al 

(2014). This technique uses a lateralized placement of double coin coil, and determines the 

level of cerebellar stimulation required to decrease a test MEP by 50%. This CBI50 

technique usually requires lower levels of cerebellar stimulation than other methods, and 

is thus much less likely to activate the corticospinal tract and/or the cervical nerve roots, as 

well as being more comfortable for the participants [185].  

CBI has previously been used to study changes in response to the learning of novel 

motor tasks [43, 189]. Treatment of neck joint dysfunction with spinal manipulation may 

improve afferent processing and motor control [137] of distal hand muscles. Daligadu et 

al. (2013) investigated whether there are alterations in cerebellar output in SCNP by using 

TMS before and after a combined intervention of spinal manipulation and upper limb motor 
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sequence learning. CBI provided a measure of the inhibitory effect of the cerebellum on 

MI. The CBI intensities were at 70%, 80%, or 90% of the maximal stimulator output 

(MSO). SCNP individuals were shown to have altered CBI, and spinal manipulation prior 

to a motor sequence learning task altered the CBI pattern to one similar to healthy controls. 

The authors suggested that afferent input from the neck restored internal body schema 

which it corrected their SMI and normalized their motor output”[43].  

The results of the Daligadu et al. (2013) study found that in healthy subjects there 

was no change in inhibition ratios at each of the stimulator intensities of 70, 80, and 90% 

MSO [43]. As mentioned previously, Baarbé et al (2014) subsequently established an 

alternate technique which demonstrated clear cerebellar inhibitions with stimulator 

intensities individualized to elicit 50% EMG-MEP suppression (CBI50) [185]. CBI50 for 

each participant was defined as the “intensity of cerebellar- MI stimulations that produced 

MEPs that are 50% of the initial test MEP.” The authors also collected at stimulator 

intensities 5 and 10% above CBI50. This is a novel protocol to investigate motor training-

induced plasticity and SMI in the cerebellum and MI for detecting changes in the 

excitability of the cerebellar to MI pathways following a motor acquisition task. Following 

a motor acquisition typing task, there was reduced inhibition of the previously determined 

cerebellar-MI stimulations delivered at an interstimulus interval (ISI) of 5 ms. This 

significant disinhibition of cerebellar-MI was seen at the three different intensities: CBI50 

and at 5% and 10% stimulator output above CBI50 (CBI50+5% and CBI50+10%). This 

method is robust because it avoids issues with signal fluctuation at a single stimulation 

intensity, suggesting it might be an advantage to compare data as a minimum of three 

different stimulation intensities [185].  

In  another study by Baarbé et al. (2014), the CBI50 was compared in healthy and 

SCNP was used to measure alterations in motor training-induced plasticity from the 

cerebellum [52]. Three groups were tested: 1) healthy control, 2) a control SCNP group 

who received a passive head movement intervention where their neck joints were palpated 

and their neck rotated to the right and left prior to motor acquisition, and 3) a SCNP 

treatment group who received spinal manipulation delivered to areas of dysfunction in prior 
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to motor acquisition. All three groups then performed a motor sequence acquisition task. 

Noticeable differences in CBI50 were observed between healthy, SCNP control, and SCNP 

manipulation groups following a motor acquisition task. The healthy group showed total 

inhibition of the CBI response following motor learning, in keeping with Baarbé et al. 

(2014), while the SCNP control group failed to disinhibit in response to novel motor 

sequence acquisition, suggesting impairments in the capacity for adaptive plasticity in 

cerebellar-MI pathways due to SCNP. The SCNP treatment group showed not only 

disinhibition, but facilitation. Task performance in the treatment group also improved as 

indicated by improved accuracy and faster response times. The authors suggested that 

SCNP would have lead to impaired sensory feedback from the neck musculature, which 

then impacted the body schema and subsequent cerebellar output and motor processing. 

Treating the areas of dysfunction would have at least partially restored normal sensory 

feedback and cerebellar output [52]. 

Internal body representation (body schema) 

Piaget (1936) was the first psychologist to develop a systematic theory of cognitive 

development with three fundamental modules: schemas, adaptation processes, and stages 

of development [190]. Piaget defined a schema as a form of thought or intelligent behavior 

that organizes knowledge and linked mental representations of the world and set 

relationships between them to understand and respond to various situations [190]. Having 

a mental model of the world is required to use information from the past experience and 

plan future actions. Schemas act as an 'index cards' filed in the brain and tell how react to 

received stimuli or information [191]. 

In order to control the movement of the body in 3D space, the brain is continually 

screening the position and movement of the body with regard to nearby items. We need to 

have a personal awareness of the integrated neural representation of the body parts (the 

body schema) and their relative motion in space and time in relation to nearby environment 

(peripersonal space) to have an effective body motion to pursuit the behavioural goals [192, 

193]. The body schema is considered as a postural model of the body that modifies and 
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keeps track the final limb position during movement in relation to the position of other 

body parts and relies on  accurate awareness of prior body position [194].  

The body schema has a significant role in spatial organization and control of action 

and it updates during the movement and involves with the aspects of both central (brain 

processes) and peripheral (sensory, proprioceptive) systems. It is therefore includes the 

shape of each body parts in space, proprioceptive information about the configuration of 

the limbs in space, and the length of limbs and their arrangements, as well as the shape of 

the body surface [195-197]. The proprioceptive and kinaesthetic awareness of joint angles 

has an important role in movement postures and in performing movements [198]. In the 

course of a limb movement, proprioceptive, kinaesthetic, and visual feedbacks continually 

matched against the brain’s body schema to predict future limb position. In the absence of 

visual input, proprioceptive feedback is particularly important, and muscle spindles, Golgi 

tendon organ, and joint and cutaneous receptors contribute to limb proprioception by 

signaling both static and dynamic alterations in the length of muscle through changes in 

their firing rate [199]. 

Peripersonal space is the space surrounding the body that can be reached and 

operated with the hands without moving the body [200], and objects located beyond this 

space are termed extrapersonal [201]. The brain represents each body segments with 

specific neural sections by using the modular network to represent all body postures [202]. 

There are emergent properties of a network interaction between cortical and subcortical 

brain regions that is representative of the peripersonal space in different reference frames, 

such as body-centred or eye-centred reference frames [203]. The multisensory 

representation of peripersonal space in a body part-centred reference frame can be encoded 

through several brain areas: for instance primary somatosensory cortex (SI) (area 7), 

secondary somatosensory cortex (SII), the putamen, ventral premotor cortex, and primary 

motor cortex, and the ventral intraparietal cortex [204].  

Afferent signals from muscles and joints [75, 205], as well as the visual, auditory, 

vestibular, and somatosensory information are integrated in the ventral premotor cortex, 
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which is representative of the space around the arms, hands, and face [206]. Somatosensory 

information projects from the thalamus to the SI in Brodmann’s areas 1, 2, & 3.  

Brodmann’s area 5 of the posterior parietal cortex receives feedback from SI and encodes 

position of the limbs and body movements by integrating proprioceptive signals [207] and 

visual information regarding limb position. Over a long period of time, the picture of visual 

and tactile peripersonal space adapts with dynamic changes of the body [196]. Virtual body 

studies (rubber arm illusion) [208], and the use of tools to extend the reaching arm space 

[209] suggest that the brain’s representation of visuo-tactile peripersonal space can be 

modulated to incorporate the position of surrounding objects in space in relation to the 

body. Therefore, a combination of multisensory inputs are responsible for the body 

representation, body schema, and peripersonal space. 

An accurate body schema is critical for generating accurate and coordinated 

movement [29] and loss of cerebellar projections impacts the body schema [210]. It has 

been shown that changes in sensory input from the neck may alter the body schema, 

increasing joint position sense errors. Additionally, sensory inputs are altered as a result of 

alterations to sensory input to the CNS from the neck, such as the incidence of neck muscle 

tension [37] or fatigue [32]. People with neck muscle stiffness have demonstrated poor 

ability to replicate elbow proprioception [37]. In consequence, the presence of neck muscle 

tension seems to alter the body schema, which represents spatial and/or temporal awareness 

of limb proprioception in three-dimensional space [37]. 

 Neck muscle fatigue decreases the ability to recruit cervical extensor muscles [44] 

as well as altering upper limb proprioception by reducing the spatial ability to accurately 

replicate elbow and forearm positions [32].  Movement of the head and neck may trigger 

vestibular signals that alters interpretation of spatial coordinates for the arm [36] and 

passive displacement of the head and neck has been found to influence the accuracy of the 

elbow and forearm proprioception [13]. Additionally, applying vibration to neck muscles 

to activate the muscle spindles without tilting the head also influences upper limb 

proprioception [36], indicating that it is the altered neck afferent input influences spatial 

awareness and alters upper limb proprioception [36]. This indicates that alterations in 
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sensory input from the neck impact the internal body schema, which may have significant 

implications for upper limb motor control.  

Proprioception and body schema 

The conscious and unconscious awareness of body movement and position are 

signaled by muscle receptors (muscle spindles and Golgi tendon organs), joint receptors, 

and mechanoreceptors [2]. This information contributes to our understanding of the 

physical world and is used to control fine movements [3]. Proprioception refers to the 

component of somatosensation [4] that provides unconscious perception of movement and 

spatial orientation including the awareness of where our body and limbs are located in 

relation to 3D space or other body parts [5]. Proprioception is a composite function of many 

parts of the sensory information, which are integrated in the brain in relation to the body 

schema [12-14]. The internal body schema allows us to perform motor tasks by enabling 

the accurate perception of the location of our limbs in space relative to the position of the 

rest of the body, and in different postural positions. An accurate body schema is important 

for balance and the regulation of locomotion [22] and if impaired, could lead to altered 

SMI and potential deficits in the ability to acquire new motor skills.  

The cerebellum mediates the control of reflexive and voluntary eye movements and 

provides a mechanism for adapting the position and movements of our body to maintain 

congruent representations of our body schema with respect to our changing visual 

experience as we look around [23]. To accomplish this, the cerebellum integrates many 

forms of sensory feedback to mediate motor control and  learning, with reciprocal 

influences between eye and body movements [23]. Cerebellar excitability predicts a variety 

of visuospatial and neurophysiological interactions that predict one’s propensity for 

efficient or compromised oculomotor learning [24].  

The proprioceptive awareness of joint angles has an important role in maintaining 

posture and performing movements [198]. In the course of a limb movement, the 

proprioceptive, kinaesthetic, and visual feedback is continually matched against the brain’s 
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body schema, to predict the future limb position. In the absence of visual input, muscle 

spindles control limb proprioception by signaling both static and dynamic alterations in the 

length of muscle through changes in their firing rate [199]. 

Cerebellar functioning and motor behavior 

Motor learning, defined as an improvement of a motor skill with practice [25], leads 

to changes in the cortical network patterns that encoded kinematic details of the practiced 

movement  [38]. Motor sequence learning tasks have been shown to induce plasticity of 

both the MI [40] and the cerebellum [41]. The cerebellum is a plastic structure that is 

actively involved in both motor learning [38] and sensorimotor integration of afferent 

feedback from the joints of the body, including the neck and spine [39]. The cerebellum 

integrates the internal body schema and neural linkages to MI to perform the required 

actions for performing a task in response to motor learning [29]. The cerebellum detects 

the encoded afferent inputs and relays this information as part of the body schema [43]. 

However, its ability to form an internal body schema may be altered in subclinical neck 

pain (SCNP) due to altered sensory input from the neck which interferes with the accuracy 

of spatial encoding of neck and upper limb position [43]. Individuals with SCNP have 

recurrent neck pain which is not currently being treated. SCNP provides experimenters 

with this opportunity to explore the neurophysiologic effect of altered afferent input from 

the neck without the interactive effect of current pain, because they have days which are 

pain free. This is important because pain can impact the SMI measurements and motor 

control [97]. 

Strategies to improve motor learning may depend on the underlying 

neurobiological mechanisms of motor skill acquisition and retention in the brain. For 

example, exercise influences brain structures and the level of the brain organization [211] 

and training-induced plasticity in MI [212] by changing the level of learning related 

neurotransmitters [213] through long-term modulations in synaptic transmission [214] and 

weakening of synaptic connections [215]. For example one year of moderate-intensity 

aerobic training increased hippocampal volume by two percent, which was associated with 
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greater serum levels of brain-derived neurotrophic factor [216].  Online motor learning or 

motor memory acquisition, is defined as improvement in motor performance within a 

motor practice session [217]. Past fMRI studies have demonstrated  that prefrontal, parietal 

and partly hippocampal brain regions and cortical-striato cerebellar networks are involved 

in the early stage of learning [218], whereas the prefrontal contributions decline in the later 

stage of learning [219] by structural changes in cortical gray matter and underlying white 

matter tracts [220]. The motor memory acquisition appears to be encoded in sensorimotor 

cortical and subcortical (striatum and cerebellum) systems [220]. 

Previous neuroimaging studies reported an increases in regional blood flow in the 

cerebellum in the early stages of motor skill acquisition, which decreases as performance 

improves [221]. The cerebellum does not encode motor memory but rather is involved and 

activated in the earlier stage of motor learning [221], with its role related to the acquisition 

of internal models during motor learning [222]. In an fMRI study by Imamizu et al. (2000), 

participants were monitored while they tracked a moving square target with a cursor on a 

screen. In comparison to baseline values, wide areas of the cerebellum were activated 

during a motor acquisition tracking task period that controlled the acquisition of internal 

models during learning. Cerebellar activity decreased after repetitive testing trials, and this 

decrease was accompanied by a reduction in tracking errors as participants learned the 

novel motor skill [222]. Interestingly, the activity of a specific area of the sub-regions of 

the cerebellum, near the posterior superior fissure, remained activated even after 

participants had learned the novel tracking task, which  represents a acquired internal 

model of the new tool that is developed through the repeated tracking test trials [222]. 

Motor prediction 

Motor skill can be improved by using motor prediction, mental practice, or induced 

sensorimotor plasticity through the movement performance  [223]. Motor memory is a 

component of the process of improving specific motor task performance through 

repetition, while motor prediction refers to estimating future states of a system. [224]. 

Motor prediction is important for different aspects of motor behaviors (e.g.  postural 
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control, tracking moving target, and arm trajectory) [223]. The CNS implements prediction 

by using an internal model to simulate the interaction between the body and external 

environment [225]. Motor prediction is the ability to perform a task by predicting the 

dynamics of a body part [226]. Internal models are neural representations to estimate how, 

for example, the arm moves in response to a motor command, relative to the environment 

and its current position and velocity, which is termed an internal forward model  [224, 

227]. In a previous study, during constrained target tracking joint stiffness was increased 

to improve accuracy of the movement [228]. In a 2007 study, participants tracked a 

sinusoidal moving target by performing elbow flexion and extension in the horizontal plane 

pre and post elbow flexor and extensor muscle fatigue, induced by resisting against a time 

varying motor torque. To control for the learning effect, the tracking task performance was 

retested 5 minutes after muscle fatigue. The fatigue caused participants to change their 

control plan to a feedforward strategy during tracking and they stayed closer to the center 

of the target than in the unfatigued state [229]. 

Factors influencing motor learning are not essentially predictive of motor 

retention [230], and a fixation period is a critical process for learning [80], which 

indicates whether learning has been affected positively or negatively [231]. It is therefore 

important to consider how retention is affected with a complex motor learning model 

[231]. Studies have explored the effect of repetitive voluntary movements in  

combination with SEPs outcomes to examine its implications on SMI and demonstrated 

alterations in the processing of somatosensory information [35, 94, 129, 130, 137, 138] 

by changing in SEP peak amplitudes following a repetitive motor task [35]. 

Motor skill learning and acquisition  

Motor skill acquisition is the process of improving motor skills through practice 

[41], with long-lasting changes in the motor skill capability.  Motor skill acquisition 

consists of two separate stages: 1) an early, fast learning stage, where improvements in 

performance occur within a single training session; and 2) a slow stage, in which further 

improvements occur across several sessions of practice[232]. A motor skill is an action that 
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involves the coordinated movement of muscles and is a learned sequence that forms a 

smooth, effective action that can be classified as either gross or fine motor skills. Gross 

motor skills are involved in movement and coordination of the large muscle groups such 

as arms, legs, and fine motor skills are involved in smaller muscle groups that occur in the 

wrists, hands, fingers, and the feet and toes. Generally, after periods of non-use, the 

performance levels of gross motor skill remain unchanged, while there is a retention loss 

over periods of non-use for the fine motor skill. Motor skill acquisition is usually measured 

by a reduction in reaction time and the number of errors, or accuracy, with the retention of 

these improvements generally assessed 24 to 48 hours after motor skill acquisition [27].  

Both animal and human studies have demonstrated cortical neuroplasticity with 

motor skill acquisition [27].  Altered afferent input in the form of repetitive movement 

activities, induces plastic changes in the CNS. Even 20 minutes of repetitive finger 

contractions can affect prefrontal and brainstem processing [35]. In some animal studies, 

motor training acquisition lead to increases in synapse number inside the cerebellum [233-

235] and the MI [236]. In the early stage of motor learning, the cerebellum is activated by 

error-correction mechanisms [70, 100], whereas later stages of consolidation, result in 

plastic changes in areas of the cerebellar hemispheres and nuclei [237-239]. Therefore, 

cortico-cerebellar and cortico-striatal changes may be essential for each level of learning 

[27, 29], various styles of learning [29] or for learning different features of a similar motor 

learning task [135, 240]. Cortical neuroplasticity is linked with novel motor training 

acquisition [241], which results in improvement in task performance [40, 232, 242]. The 

cerebellum is very active in learning new tasks [29], motor sequence tasks [27], and finger-

tapping tasks [243-245].  

Reaching movement accuracy 

Awareness of limb position, with respect to both body and external world, depends 

on information delivered by vision, proprioception, and touch to the CNS [246]. During 

the course of limb movement, the kinaesthetic and visual inputs are constantly matched 

against the brain’s internal map or “body schema” to predict the future position of the limb. 
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In the absence of visual feedback, the primary endings of muscle spindles are responsible 

for limb proprioception in 3D space and in association to the other limbs [199]. It has been 

suggested that the efficacy of limb proprioception is altered by sustained periods of either 

absent vision, which improves proprioception,  or absence of movement which leads to 

decreased proprioceptive accuracy [247]. Before a reaching activity, both vision and 

proprioception provide appropriate information for the arm configuration required to 

perform that movement [4]. A motor plan is developed in advance of movement initiation 

[4], with both the starting position of the arm prior to movement [60], and the final position 

of the arm at the end of the movement planned in advance. The CNS estimates movement 

distance between the starting and target hand position to plan the movement [4].  

Accurate proprioception is important for the intersegmental coordination 

requirements of unconstrained daily living activities that require more complex movements 

[248]. That is why deafferentated patients, with damage to the large diameter sensory 

neurons that carry proprioceptive information, are able to perform constrained single joint 

movements without substantial errors even in the absence of vision, but they have severe 

limitations in the performance of unconstrained complex activities [248]. Visual 

information is critical in determining static limb position. In the absence of visual feedback, 

hand location tends to drift over time in deafferented individuals [247]. This has been 

attributed to the lack of proprioception sense to signal limb position, thus reducing the 

accuracy of estimating movement distance and direction over a series of movements 

completed in the absence of visual feedback [247]. Vision of the hand during reaching task 

performance also  provides dynamic information that further can be used to control 

movement [249]. 

Arm movement planning towards visual targets is controlled by extrinsic 

information of the hand and target positions [250] and humans use both visual and 

proprioceptive information [251, 252]. The visual information encodes the position of the 

target with respect to the hand, while proprioceptive information encodes the position of 

the hand relative to an egocentre [252]. Vision determines the position of the target by 

recording information about the target’s retinal image, and extra retinal signals encoded by 
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eye position in the orbit. This information allows the CNS to generate a motor plan to 

generate movement with an appropriate amplitude and direction toward the target arm 

[253]. However, participants were able to point to visual targets when they could not see 

their hand, indicating that proprioceptive information about hand and upper limb position 

can also be used to control limb position during upper limb movements. This suggests that 

the spatial position of a seen hand is encoded in both the visual and proprioceptive systems 

to enable accurate arm movements [251, 254]. 

Pointing and tracking objects using visual input are the most common motor 

behaviors in everyday activities. To have an accurate motor performance toward a moving 

visual target, eye-hand coupling is of paramount importance [255]. Even though the eyes 

and hand can move alone, it has been shown that performance considerably improves when 

they move together toward the same object [256]. A motor pursuit tracking task is a task 

that assesses eye–hand coordination and is known to rely on the cerebellum. It presents 

two indicators: the ‘target’ and the ‘follower’. The participant pursues (follows) a moving 

target in such a way as to keep it superimposed on the target [257]. Predominantly smooth 

pursuit tracing eye motions become more precise and have lesser catch-up saccades (a rapid 

movement of the eye between fixation points) when they perform along with an arm 

tracking movement to follow the same spatial trajectory [258] and vice versa [23].  

Human smooth pursuit tracing tasks are multifaceted, requiring more than simple 

feedback of retinal velocity error data to control eye movements. The CNS is able to 

produce predictive eye movements and allow continued pursuit tracing of a target even 

when it has disappeared from view [259]. Smooth eye movements may continue in the 

absence of any visual stimulus that may result from the temporal summation of the transient 

response to each target presentation and it tends to be of reduced velocity and declines over 

a period of 0.5-2 seconds [260], once vision is removed. When tracking a predictable 

external target [261], visual tracking responses are superior to those tracking random 

unpredictable targets, and there is reduced response pause and fewer catch up 

saccades[258]. Likewise, the hand and eyes communicate from the oculomotor centres to 

the manual control system [262]. For movements in the absence of vision, the current and 



50 

 

future state of each effector is accomplished using feed forward, predictive, information 

and not feedback signals. Accordingly, the synchronisation of complex motor performance 

is also dependent on predictive or feed forward control [263], indicating the importance of 

cerebellar integration of sensory input to update the body schema to allow accurate 

feedforward, as well as feedback control.  

Conclusion to the literature review  

This literature suggests that normalizing afferent input from the neck may correct 

the internal body schema, improve SMI and normalize motor output. Conversely, impaired 

sensory input in SCNP can impact cerebellar output and motor processing. Neck muscle 

fatigue has also been shown to affect upper limb proprioception and movement, as well as 

impacting the way the brain controls the neck following fatigue [44]. The prevalence of 

repetitive strain and musculoskeletal disorders are increasing within the workplace and 

neck pain (NP) is a common and significant health problem with significant disability in 

the general population [264]. Neck muscle fatigue and its potential impact on the internal 

body schema, is likely to affect motor learning and performance, and is an important area 

of study due to the growing number of occupational and recreational activities which lead 

to neck fatigue [43]. This literature review indicates that the impact of neck fatigue on 

upper limb motor performance and on neural function of the cerebellum and the motor 

cortex has had limited investigation, and this thesis will begin to address this important 

area. 
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Title: Effect of neck muscle fatigue on motor skill learning and early somatosensory 

evoked potentials 
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Preface to manuscript 1   

Upper limb motor learning tasks alter the level of cortical activity. SEPs have been 

used to measure these cortical changes in response to novel motor acquisition performed 

with distal upper limb muscles. Previous work demonstrated that the presence of SCNP 

leads to differential cortical and subcortical SEP peak changes related to cerebellar 

processing and SMI, following  a motor acquisition task [30], as compared to healthy 

controls. CEM fatigue has previously been shown to alter upper limb proprioception [44], 

and impact the way that the brain controls the neck muscles following fatigue [44]. 

However, there is no previous research exploring the response of specific short-latency 

SEP peaks in healthy humans exposed to CEM fatigue prior to a motor acquisition task, 

which manuscript 1 of this thesis seek to address. The purpose of manuscript 1 was to 

determine whether motor acquisition performed following CEM fatigue leads to significant 

differences in SMI and motor performance as compared to a control group.  
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Abstract 

Background and aim: Short latency somatosensory evoked potentials (SEPs) (<30 

ms) can be used to measure upper limb somatosensory processing in response to motor 

acquisition tasks. Previous work found changes in SEP peak amplitudes related to 

sensorimotor integration (SMI) in response to performance of a novel tracing task [1]. Neck 

muscle fatigue is also known to alter upper limb proprioception [3, 4] with potential to 

impact upper limb performance accuracy. Therefore, this study aimed to determine the 

differential effects of cervical extensor muscle (CEM) fatigue on motor learning and 

retention; and on sensory processing from distal upper-limb muscles, measured via median 

nerve SEP peak amplitudes. 

Methods: 24 healthy individuals with no neurological conditions were randomly 

assigned to either a CEM fatigue or control group (12 per group). An isometric endurance 

neck muscle fatigue protocol was applied and monitored via electromyography (EMG). 

Participants assigned to both groups lay prone on a padded table but the fatigue group 

supported a 2 kg weight with their head held off the table until they could no longer 

maintain the position. The control group rested their neck in a neutral position for 5 

minutes. SEPs were recorded in response to median nerve stimulation at the wrist (1500 

sweeps), at pre- and post- motor acquisition. Both groups performed and completed a novel 

motor acquisition tracing task with different levels of complexity. Task retention was 

measured 24 hours later. 

Results: There was a significant effect of time for both groups following motor 

acquisition (p=0.002) and retention (p=0.031), with significant group interactions for the 

N24 (p= 0.017) and N30 (p = 0.007) SEP peaks.  

Discussion: Neck fatigue impaired upper limb motor learning outcomes in 

conjunction with differential changes in SEP peak amplitudes related to SMI, suggesting 

that SMI areas including the cerebellum may be impacted by CEM fatigue. Technology 

use has become ubiquitous with increased potential for CEM fatigue due to the neck being 
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held in a flexed posture for long periods, indicating that this research has important clinical 

and workplace implications. 
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Introduction 

Sensorimotor integration (SMI) refers to the ability of the central nervous system 

(CNS) to integrate sensory information from the environment and formulate appropriate 

motor outputs [48]. Short latency somatosensory evoked potentials (SEPs) (<30 ms) have 

been used to measure changes and alterations in SMI in various experimental paradigms 

involving motor acquisition tasks. Past studies utilizing SEPs have shown differential 

changes following motor acquisition in neck pain populations [30] and when motor 

acquisition occurred in the presence of capsaicin-induced pain [132]. The cerebellum plays 

an essential role in motor learning with activation in response to a period of fast motor 

learning [135], and reduction in activation once the task is well learned [76]. The 

cerebellum can modulate sensory inputs that create and modify motor responses based on 

expected sensory outputs [79], thereby directly influencing neural pathways between the 

cerebellum and the sensorimotor cortex that can be measured using short latency SEPs 

[231].  

In order to control body movement in three-dimensional (3D) space, an awareness of 

the integrated neural representation of body parts (the body schema) and their virtual 

motion in space and time in relation to the environment is required to pursue behavioral 

goals [192]. The body schema is conceptualized as a postural model of the body, that the 

CNS monitors and modifies based on the sensory feedback of body position and previous 

body movements [194]. In order to plan motor commands for a movement, the CNS relies 

on both feedforward and feedback models, which are the result of coordination of both 

visually observed consequences of the motor command, and its proprioceptive feedback 

[265].  

An accurate body schema is critical for generating accurate and coordinated 

movement [29]. Consequently, a loss of cerebellar influence and projections impacts 

regulatory mechanisms that directly affect body schema [210] as demonstrated by 

individuals with subclinical neck pain (SCNP),  who have a reduced ability to replicate 

elbow joint position compared to healthy controls.  [37]. Neck muscle fatigue can also 
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change upper limb proprioception, with reduced ability to accurately replicate elbow and 

forearm positions [44]. Additionally, passive head and neck movement, as well as an 

external vibration to the neck muscles can influence the accuracy of elbow and forearm 

proprioception [13]. These studies demonstrate that altered neck afferent input, rather than 

vestibular changes, influences spatial awareness of the limbs [36], thereby indicating that 

sensory input from the neck impacts the internal body schema, with likely implications for 

SMI and upper limb motor control.  

Neck muscles contain a high density of sensory receptors [266], therefore altered 

sensory input due to SCNP [30], or fatigue [44], can affect sensory feedback from the neck 

muscles to the CNS, resulting in impaired upper limb motor control [30], with functional 

neck impairment linked to altered muscle recruitment patterns known to decrease postural 

control [33]. Neck pain has been shown to affect SEP measurements related to SMI, 

resulting in maladaptive neural plastic changes [30], that improved following neck 

treatment [37]. Similarly it is known that individuals with SCNP demonstrate differential 

SEP peak changes relative to controls following a motor learning task in SEP peaks related 

to cerebellar processing and SMI [30]. 

Fatigue of voluntary muscular effort is a complex phenomenon that might occur not 

only due to peripheral changes of the muscle [154], but also because the CNS decreases 

neural drive to motoneurons (central fatigue) [154]. Peripheral fatigue refers to changes at 

or distal to the neuromuscular junction, while central fatigue is failure to generate output 

from the motor cortex [154]. Cervical extensor muscle (CEM) fatigue, has been shown to 

alter upper limb proprioception [44], as well as performance on tasks requiring accurate 

proprioception [267]. CEM fatigue leads to altered afferent input from the neck to the CNS 

for several minutes following cessation of a fatiguing task, and is known to impact the way 

that the brain controls the neck following fatigue [44]. While the impact of low level neck 

pain on upper limb motor performance has been well established [30], there is a gap in the 

research investigating the impact of CEM fatigue on upper limb motor performance and 

neural processing, which can be measured using short latency SEPs. This study explored 

the role that CEM fatigue has on changes in cerebellar and SMI pathways in response to 
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novel motor skill acquisition. It was hypothesized that a novel motor acquisition tracing 

task, when performed following CEM fatigue, would result in differential changes in short 

latency SEP peaks previously shown to change in response to motor acquisition (i.e. N24, 

and N30), coinciding with diminished performance accuracy both post- motor acquisition, 

and subsequent task retention, relative to healthy controls. Based on previous motor 

acquisition studies, the spinal N11 and N13 peaks were not expected to change, and were 

included to ensure there were no spinal changes. 

Methods 

Participants 

GPOWER statistical software indicates that for a large effect size (0.4) with an alpha 

of 0.05 and a power of 0.95, 12 participants are needed for each group in a pre-post 

experimental design [268].  Two groups of 12 healthy individuals with no known 

neurological conditions (mean age: 21.24 ±SD yr; range: 0.78) were randomly assigned to 

either a fatigue (6 males, 6 females) or a control (6 males, 6 females) group. Due to possible 

gender differences in motor skill acquisition, effort were made to ensure equal proportions 

of males and females in each group. All participants were right-hand dominant, as 

confirmed by the Edinburgh Handedness Inventory (EHI) self-report questionnaire. 

Inclusion and exclusion criteria 

Inclusion criteria required that participants be free from chronic or recurrent neck, 

shoulder, or elbow pain and have full pain-free neck and shoulder range of motion for at 

least 3 months prior to data collection confirmed with the Neck Disability Index (NDI) 

self-report questionnaire (score of 0–4/50). All participants age, height, weight, NDI and 

EHI data are found in Table 1. Written informed consent was obtained and the study was 

approved by the Ontario Tech University Research Ethics Board. This study was carried 

according to the ethical standards set out by the Declaration of Helsinki for the use of 

humans in experimental studies. 
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As cortical plasticity has been linked with age, we aimed to test young, healthy right 

handed participants (between 18 – 40 years of age). Right handed individuals were tested 

due to known differences in cortical excitability between dominant and non-dominant 

limbs in response to performing a novel motor tracing task [269]. Each participant 

completed a confidential health history in order to identify any exclusionary medical 

conditions that could influence normal somatosensation including recent cervico-thoracic 

injury, neurological conditions, current use of neuroactive or pain medication, history of 

epilepsy, heart disease, presence of metal fragments in the head, upper body or eye, and 

pregnancy.  

Experimental protocol 

This study was a between group experimental design, comparing the effects of 

muscle fatigue and motor acquisition on a group with CEM fatigue to a control group. All 

participants were required to attend two sessions, 24 hours apart. After applying all 

instrumentation, the first session started by obtaining the pre-SEP (baseline) measurements 

through the stimulation of the median nerve (described below). Participants then completed 

either CEM rest or fatigue, depending on the group. The fatigue group performed a set of 

two CEM maximal voluntary contractions (MVC), followed by a CEM fatigue protocol, 

while the control group rested their head, while lying prone on a table. Each participant 

completed the motor acquisition task consisting of pre-acquisition (four tracing trials), 

acquisition phase (twelve tracing trials), and post-acquisition (four tracing trials). Then 

post-SEP measurements were obtained. The second session measured retention using the 

same pre- and post- motor acquisition task performed in session one. During the second 

session, SEPs were not collected to determine the instant and direct ability of the CNS in 

response to the acquisition of a novel motor acquisition task.  A schematic of the protocol 

design can be seen in Figure 5.  
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Figure 6:  Experimental protocol 

 

SEP recording parameters 

SEP recording electrodes were placed according to the International Federation of 

Clinical Neurophysiologists (IFCN) guidelines [87]. Electroencephalography (EEG) 

electrodes were placed according to the recommendations with Grass Technologies EEG 

adhesive conducting paste (type TEN20) international EEG system, with cortical locations 

placed contralateral to the site of stimulation and an ipsilateral earlobe reference [87]. 

Recording surface EMG electrodes (Ag-AgCl, Meditate, conductive adhesive hydrogel) 

were placed on the ipsilateral brachial plexus (Erb’s point) for upper extremity SEPs [93], 

over C5 spinous process (Cv5), and the anterior neck or trachea (Supraglottic region on the 

midline) [93]. The cephalic site recoding EEG electrodes were placed on parietal site (CC’) 

(20% of the subject’s tragus to tragus measurement and 2 cm posterior to contralateral to 

vertex or Cz), and frontal site (Fc’) (6 cm anterior and 2cm contralateral to Cz) [97] (Figure 

6). Prior to each electrode placement, the sites were prepared and cleaned with abrasive 

pads and alcohol swabs. 

To minimize the electrical artifact produced by the stimulation, the ground electrode 

was placed between the stimulation site and the recording electrodes, in the mouth. The 

two cephalic site electrodes and the ground electrode were 1.828-m-long traditional lead 

(10mm disc, 2-mm hole gold cup EEG electrodes, Grass Technologies; Astro-Med; 
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Subsidiary, Rockland, MA; impedance <5kΩ). The C5 spinous process was referenced to 

the trachea, while all other electrodes were referenced to the ipsilateral earlobe, as this 

minimizes the stimulus artifact. For the quality control, the SEP peaks must be replicated 

(at least once) to show the reproducibility of the components measured [93].  

 

Figure 7: Schematic of scalp electrode placement  

The SEP signals were amplified (gain of 10,000), filtered (0.2–1000 Hz), and saved 

on a laboratory computer for further retrieval using a configuration written in Signal 

software (Version 4.08, Cambridge Electronic Design, Cambridge, UK). The amplitudes 

of the SEP peaks were manually measured from the peak of interest to the earlier or later 

peak of opposite deflection [87]. SEP peak latencies were recorded from the onset time of 

the stimulation to the maximal peak deviation or between each of the SEP peak 

components. The amplitudes and latencies of the following short-latency SEP components 

were identified and analyzed: the peripheral N9, the spinal N11 and N13, and the far-field 

N18 (P14–N18 complex), the parietal N20 (P14–N20 complex), and P25 (N20–P25 

complex), the frontal N24 (P22–N24 complex), and the frontal N30 (P22–N30 complex). 
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SEPs were recorded at two different rates to enable optimal conditions to record both the 

N24 and N30 SEP peak complexes. The slow rate, 2.47Hz (5- min), does not lead to SEP 

peak attenuation, while the fast rate, 4.98Hz (15- min), attenuates the N30 SEP peak, 

allowing for proper and applicable identification of the underlying N24 SEP peak [83]. The 

N24 SEP peak is often detected as a notch that remains in upward slope of the N30 SEP 

peak [270]. During the SEPs data collection, participants were in a quiet room and seated 

in a comfortable, but rigid office chair with their eyes open.  

Motor acquisition tracing task parameters 

The motor acquisition tracing task was run and analyzed through a custom-written 

(C++) Leap Motion software tool (Leap Motion, Inc., San Francisco, CA, USA). The traces 

were formed by a series of continuous sinusoidal-pattern waves composed of colored dots, 

which moved vertically down a monitor, while the participant attempted to trace each dot 

as it passed the horizontal axis. This horizontal axis has a single dot with the same radius 

as the dots composing the sinusoidal-pattern waves. Four unique preselected sinusoidal-

pattern waves were designed to change in complexity through the variation and 

randomization of both the frequency and amplitude of the sinusoid. This ensured 

continuous learning, allowed for unpredictability throughout the duration of the trace [130] 

and utilized a protocol known not to result in hand muscle fatigue [271]. Each trial required 

the participant to constantly adjust velocity and abduction/adduction range of motion of 

the thumb, involving a sweep from left to right, utilizing the abductor pollicis brevis (APB) 

muscle. Color coding of the dots provided trace accuracy feedback with green representing 

a perfect trace and yellow some error. The sinusoidal-pattern waves are close together at 

the beginning and get wider at the end of each trial (Figure 7).  

The participants were seated upright in front of an adjustable table, which had a 

monitor that was presenting the sinusoidal-pattern waves. To ensure stability of the arm, to 

isolate the thumb movement during task performance, and to prevent shoulder fatigue, the 

participant’s forearms were rested atop adjustable armrests. The height of the armrest was 

set to allow the shoulder to remain in a neutral position and the table’s platform was level 
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with the armrest. The position and direction of the hand was marked to ensure a consistent 

position during median nerve stimulation. The thumb was positioned on an external 

wireless touchpad (Logitech, Inc., Fremont, CA) to perform the tracing task. No obvious 

delay time occurred between the participant’s movements on the external tracing pad and 

the movement of the traces observed on the monitor. At each training session, the 

participant completed three blocks of training for the pre-acquisition, post-acquisition, and 

retention trials, with each of the four trace conditions performed once in approximately 3-

minutes time duration. For the acquisition phase, each version was performed three times 

for a total of 12 traces, taking approximately 10-minutes. Prior to the start of each block 

for each participant, the order of the task version was pseudo-randomized to control for 

possible order effects in completing the different tasks [269]. Previous work using the same 

tracing tasks has shown that the simplest trace was easy to trace for all participants and the 

hardest was challenging [269]. Motor error was analyzed by determining the average 

distance of the attempted trace from the original template trace. Improvement in 

performance refers to a decrease in the percentage of error throughout the task.  

  

Figure 8: Motor acquisition tracing task (Custom Leap Motion Software Tool). 
Continuous sinusoidal waves move vertically down a monitor and participants attempted 
to copy each dot as it passed the black horizontal axis. Colour coding of the dots show 
trace accuracy. 
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Stimulation parameters 

Stimuli consists of electrical square pulses, 200µs in duration, delivered at constant 

intensity at frequencies of both 2.47Hz and 4.98Hz through Ag/AgCl EMG conductive 

adhesive surface electrodes (Meditrace™ 130, Kendall, and Mansfield, MA, USA) 

(impedance <5 kΩ ) connected to the cathode and anode of the stimulator (Digitimer DS7A 

constant current,  Welwyn Garden city, England). These electrodes were placed on the skin 

overlying the median nerve of the right wrist, between the tendons of flexor pollicis longus 

and palmaris longus. The cathode, was placed 2 cm proximal to the wrist crease and the 

anode on the wrist crease in order to prevent anodal block [93]. This position allows for 

movement of the APB, through stimulation of the motor branches of the median nerve that 

mainly innervates this muscle. SEP peak amplitudes were measured from the averaged 

1500 sweeps of the waveforms. 

The intensity of the electrical stimuli were delivered until motor threshold was 

reached for each participant, which was defined as the lowest possible stimulation intensity 

that elicited a visible and constant thumb twitch (approximately 10 mm) of the APB 

muscle. At this stimulus intensity, all SEP components peaking before 50 ms post stimulus 

can reach their maximal amplitude [93]. Stimulating above motor threshold ensured that 

the fastest conducting group 1a afferents, responsible for much of the short latency SEPs, 

are being stimulated [272]. The activity in group 1a muscle afferents project to the cerebral 

cortex following the median nerve stimulation [272].  

CEM fatigue/rest  

Muscle activity was measured bilaterally from the CEM at the level of the C4/C5 

spinous process using surface EMG (Meditrace™ 130, Kendall, and Mansfield, MA, 

USA). Following shaving and cleansing the skin with an isopropyl alcohol swab, surface 

EMG electrodes were placed bilaterally over the muscle belly of CEM, in line with fiber 

orientation, and 2 cm lateral to the space between the spinous processes of C4 and C5 and 

a ground electrode was over the right clavicle. EMG activity and force were measured 

through Lab Chart 7™ (AD Instruments, Sydney, Australia). 
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CEM fatigue protocol 

Prior to CEM fatigue, participants performed a neck muscle warm up with 10 range 

of motion repetitions, consisting of neck flexion, extension, and lateral flexion and rotation 

to both sides. Next, two maximal voluntary contractions (MVC) of the CEM were 

performed on both pre- and post- fatigue interventions. For MVC trials, participants were 

instructed to exert a maximum head extension force against a wall-mounted adjustable 

force transducer (Model: BG 500, Mark-10 Corporation, New York, USA) that was 

attached via a cable to a Nexgen™ ergonomic strap fixed to the participant’s head (Figure 

8). The angles between the cable attached to the force transducer and the participant’s head 

were maintained at 90°. Participants were seated on a chair with no upper thoracic or 

cervical support, with the hips and knees at 90°, feet crossed on the floor and arms crossed 

on their lap to prevent bracing and to minimize any additional leverage such that the created 

force were mostly from the cervical extensors [44]. Each participant performed 2 MVC’s, 

held for 3 seconds each and separated by one minute rest. Peak force was determined from 

the MVC’s and then each participant performed the CEM fatigue protocol.  

 

Figure 9:  Maximum voluntary force production.  
Isometric head/neck extension against a force transducer.  
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The CEM fatigue protocol used was first described by Edmondston et al, [107], which 

has been shown to have a good test-retest reliability. Participants lay prone with their head 

over the edge of a table, initially supported by a head support. To counter-support the upper 

thoracic spine, a strap was fixed around the thorax at the level of T6 to isolate the CEM. A 

Velcro strap was fixed around the head and an inclinometer (Carpi digital angle gauge TM, 

accuracy ±0.1°, resolution 0.1°, CP20005, Carpi tools, Pomona, California) was placed 

superior to the right ear to measure sagittal head position. Before starting the fatigue 

protocol, the head and neck were placed on the headrest in a comfortable neutral position 

and the test began by removing the head support. A 2 kg weight hung from the head and 

participants held the head in a horizontal position, with the chin retracted, until they could 

no longer maintain a neural head posture (Figure 9, panel A). The body position was 

monitored during the test to detect any extra upper limb movements and CEM fatigue was 

terminated when participants even with encouragement could not maintain the head posture 

due to neck fatigue, or if the horizontal position of the head changed by more than 5 degrees 

towards the floor for more than 5 seconds.  

CEM rest protocol 

 The control participants lay prone for 5 minutes on a padded table with their head 

supported on a head rest over the end of the table and arms alongside with their trunk 

(Figure 9, panel B).  
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                             A                                   B 

Figure 10: Submaximal CEM fatigue/rest protocol 
A) Participant performing fatigue protocol. B) Control participant laying prone on the 
table. 

 

Data processing 

The outcome measures of this study were analyzed separately, which included the 

CEM fatigue, the motor acquisition tracing task, and the amplitude of the early SEP peaks.  

To evaluate fatigue, mean power frequency (MNF) and root mean square (RMS) 

of the CEM sEMG during the first and last 10 seconds of the fatigue protocol  and also 

maximum peak force were calculated using Lab Chart 8™ (AD Instruments, Sydney, 

Australia) [44]. Because all participants were right hand dominant, it was possible there 

might be differences in fatigability between the right and left CEM, therefore fatigue 

indices were calculated for both sides. 

The sinusoidal tracing task data was exported to Excel™ (Microsoft Office version 

16). Accuracy of the motor acquisition task data represented as percent error determined 

as the average distance of the attempted trace from the template trace, where 100% error 

represented one dot width (6.62 mm), in distance away from the template. For each 

participant, percent errors were averaged for each trial in all test conditions, including the 

pre-acquisition, post-acquisition and retention tests.  

SEP peak amplitudes were measured in both pre- and post- motor acquisition task 

and latencies were determined for any variations in processing time or speed subsequent to 
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the post- motor acquisition performance. Stable afferent input is essential in order to 

attribute any subsequent changes in SEP peak amplitudes to learning- induced plasticity. 

The N9 peak, measured over the brachial plexus, provides an indicator of a stable and 

consistent peripheral nerve volley (N9 SEP peak). Therefore, the N9 SEP peak had to be 

within ±10% between pre- and post-intervention trials in order to include a participant’s 

SEPs data in the study. This percent variation would indicate any observed potential 

changes that the SEP peaks have on central generators and were due to motor acquisition 

or CEM fatigue interventions and not due to alteration in the incoming afferent volley. As 

two separate groups (control- fatigue) were being compared to each other, data from SEP 

peak to peak amplitudes from pre- and post- motor acquisition task were normalized to the 

baseline values, being expressed as a proportion of the baseline, to account for inter-

participant baseline variability and to allow for between- group comparisons. 

Statistical analysis 

Baseline differences between groups: Independent samples t-tests were used to 

determine if there were any baseline differences between the fatigue and control groups in 

age, NDI, and EHI scores. 

Fatigue effect: Separate independent samples t-tests compared the MVC force 

level (pre vs post fatigue), and the time to fatigue between male and female participants. 

Myoelectric fatigue was assessed by separate 2 × 2 repeated measures analyses of variance 

(ANOVAs) to examine MNF and RMS with fatigue (pre vs post) as the repeated measure, 

and CEM (right and left) as the between subject factor.  

Behavioral data: The accuracy of the motor acquisition tracing task, which was 

the average percent error for pre-acquisition, post-acquisition and retention were compared 

between the fatigue and the control group. Independent samples t-tests compared baseline 

motor performance accuracy differences between the groups (fatigue and control) in order 

to ensure that pre-intervention differences did not influence the outcomes. If the two groups 

were different in baseline accuracy, then the accuracy data was normalized to each 

individual’s baseline value, and a 2 × 3 repeated measures ANOVA with TIME (pre- 
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acquisition, post- acquisition, and retention) as the repeated measure and GROUP (control 

vs fatigue) as the between factor was performed on the normalized data, in order to enable 

comparison of the relative improvements in performance between groups 

Neurophysiological data: The interactive effect of fatigue and the motor 

acquisition tracing task on each SEP peak amplitude, was tested with a 2 × 2 mixed-design 

repeated measures ANOVA with time (pre-acquisition vs. post-acquisition) as the repeated 

measure and group (control vs. fatigue) as the between subjects factor for each SEP peak. 

Post-hoc ANOVA (Bonferroni correction) were used to compare the pre- and post-

intervention of the SEP differences between the groups.  

Statistical significance was set at P ≤ 0.05 for all analysis (SPSS v.24, IBM 

Corporation, Armonk, NY, USA). All numeric values are expressed as mean ± standard 

deviation (SD). 

Results 

Participants 

Demographics of the control and fatigue groups are summarized in (Table 1). There 

were no significant differences in demographics between groups. The mean baseline NDI 

and EHI scores for both fatigue and control group confirmed that all participants were free 

of neck pain and right-hand dominant. None of the participants in the fatigue group stopped 

the fatigue protocol due to neck or upper body pain. 
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Table 1: Participant demographics and self-report measures 

 

 

Fatigue data 

 There were significant differences between pre- and post- MVCs (p= 0.0001), with 

a decrease in force from the pre- MVC (131.45 ± 39.83 N), to the post- MVC (95.16 ± 

17.50). The mean pre MVC for males and females was 163.24 ± 27.98 and 99.67 ± 16.83 

N, and post MVC was 109.08 ± 6.55 and 81.25 ± 12.88 N, respectively. The mean 

contraction time to fatigue was 6.29 ± 2.84 min, with no significant differences between 

genders (p= 0.457) (Table 1). 

 Post-fatigue MNF was significantly lower than baseline for both right and left 

CEM [F1,22= 9.65, p= 0.0001] (Figure 10, A), with no significant interaction between right 

and left CEM [F1,22= 0.547, p= 0.374]. Post-fatigue RMS amplitude was significantly 

greater than baseline for both right and left CEM [F1,22= 10.968, p= 0.003] (Figure 10, B), 

with no significant interaction between right and left CEM [F1, 22= 1.026, p= 0.322].  

 

Control Group Fatigue Group  

T-test alpha results 

(6 Females- 6 Males) (6 Females- 6 Males) 

Mean (SD)       Mean (SD) 

Age 20.91 (0.7) 21.58 (0.9) t(11)= -2, p=0.071 

NDI score 1.75 (1.6)   2.16 (1.6) t(11)= -0.613, p=0.552 

EHI score 63.33 (23.1) 78.33 (18.5) t(11)= -2.22, p=0.062 

Handedness  12 right handed 12 right handed  

Time to fatigue 

       (min) 
5 min neck muscle rest 

Average: 6.29 (2.8) 

Female: 5.82(2.0) 

Male: 6.76(3.6) 

t(11)=0.805 , p=0.457 

No male-female 

difference 
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B 

 

 

Figure 11: Average (A) mean power frequency (MNF), and (B) root mean square (RMS) 

for both right and left CEM during the pre and post fatigue protocol for fatigue group. 

Significant differences between pre and post fatigue existed for both the MNF and RMS. 

* P < 0.001. 

 

Behavioral data 

Independent samples t tests showed significant baseline differences between groups 

[t (11)= 2.086, p= 0.049]. The fatigue group had a greater motor tracing accuracy (125 ± 
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17%) as compared to the control group (109± 81%). Thus, in order to compare changes in 

performance accuracy between the two groups, the acquisition and retention tracing 

accuracy data were normalized to each individual’s baseline value.   

There was a significant main effect of TIME [F1,22= 114.82, p < 0.0001, partial eta 

squared (η 2)= 0.839] and a significant interaction of TIME by GROUP [F1,22= 15.239, p= 

0.0001, η2= 0.409] for the normalized motor acquisition tracing task. The pre-planned 

contrast demonstrated a significant increase in accuracy for both groups following motor 

acquisition [F1,22= 23.55, p= 0.0001, η2= 0.517] and at retention [F1,22= 12.78, p= 0.002, 

η2= 0.368]. After both motor acquisition and retention, the control group had more 

improvement (27% and 37%) than the fatigue group (4% and 26%), respectively (Figure 

11).   

 

Figure 12: Normalized mean proportional trace error changes by groups (Control vs. 
Fatigue).  
Both groups improved in accuracy after motor acquisition tracing tasks and during the 
retention (p<0.001). The control group outperformed the fatigue group in both post- motor 
acquisition and during the retentions (*p <0.05). Error bar represent SD. 
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Neurophysiological SEPs data 

The inclusion criteria for SEP data analysis was that the N9 SEP peak recorded 

over the brachial plexus, should differ less than ±10% between pre- and post-intervention 

trials in order for that participant’s data to be included. Although great care was taken when 

repositioning the participant for SEP recording after the fatigue and/or control intervention, 

the N9 was not stable for some participants and the results for 2 control and 5 fatigue group 

participants could not be further analyzed as they failed to meet the inclusion criteria. In 

total, 17 participants were included in the analysis of SEP peaks (10 control and 7 fatigue). 

SEPs results are reported as (mean percent ± SD). 

N24 SEP peak: Following motor acquisition, there was a significant interaction of 

TIME by GROUP [F1,15= 7.252, p= 0.017, η2= 0.326] with no effect of TIME (p= 0.101). 

The N24 decreased by 16 ± 20% for the control group and increased by 76 ± 107% for the 

fatigue group. (Fig. 8 and Fig. 9). The achieved statistical power (1- β error prob) for the 

time by group effect size η2= 0.39426 (f=0.6955) with an alpha of 0.05 was 0.999 [273]. 

N30 SEP peak: Following motor acquisition, there was a significant TIME effect 

[F1,15 = 10.54, p= 0.005, η2 = 0.431], and a significant interaction of TIME by GROUP 

[F1,15 = 9.73, p= 0.007, η2= 0.394]. The control group N30 changed minimally 1.5 ± 24% 

after motor acquisition (p= 0.869), while the fatigue group increased by 64 ± 58% [F1,6 = 

8.678, p= 0.026, η2= 0.591] (Fig. 8 and Fig. 9). The achieved statistical power (1- β error 

prob) for the time by group effect size η2=0.394 (f=0.8063) and an alpha of 0.05 was 0.999 

[273]. 

There was no significant difference between groups for N11 (p=0.549), N13 (p= 

0.324), N18 (p= 0.877), N20 (p=0.524), and P25 (p= 0.993) (Figure 12 and Figure 13).    
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Figure 13: Averaged normalized SEP Peak amplitude ratios relative to baseline (dotted 
line) showing control vs. fatigue groups following motor acquisition tracing task. 
 Note: significant interactive effects between groups were found for N24 and N30 SEP 
peaks (*p<0.05). Following motor acquisition tracing task, significant changes from 
baseline were observed for both the control and fatigue group on N24 SEP peak and for 
fatigue group on N30 SEP peak. Error bars represent SD. 
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Figure 14:  Raw data from a representative control and fatigue participant indicating 
cortical SEP peak amplitudes.  A) Fast rate (2.47 Hz), B) Slow rate (4.98 Hz).  
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Discussion 

This study investigated the interactive effect of CEM fatigue and motor acquisition 

on sensorimotor processing by measuring changes in early SEP peak amplitudes between 

control and fatigue groups. In keeping with hypothesis one, differential changes were 

evoked in early SEP peaks related to SMI in the CEM fatigue vs control group following 

motor acquisition. The amplitude of the N24 SEP peak significantly decreased for the 

control group and increased for the fatigue group. In addition, the N30 SEP peak amplitude 

significantly increased for the fatigue group and not the control group. There were 

significant improvements in accuracy for both groups, suggestive that motor learning 

occurred. In line with hypothesis two, we observed significantly less performance accuracy 

both post- motor acquisition and at subsequent task retention following fatigue, as 

compared to the control group. Neck muscle fatigue has been shown to alter upper limb 

motor performance [44] and chronic changes in neck input alters cerebellar processing in 

response to motor learning [30]. This study is the first to report differential SEP peak 

amplitude changes (in frontal N24 and N30), in response to acute alterations in neck 

sensory input induced by fatigue.  

N24 SEP peak changes 

In the current study, the tracing task lead to differential changes between the control 

and CEM fatigue groups. The decreased N24 SEP peak in the control group is consistent 

with previous studies that found decreased N24 SEP amplitudes following a simple 

automatic repetitive typing task [130] and after a motor learning tracing task, similar to the 

one used in the current study [30]. In a previous study, the N24 SEP peak showed a larger 

decrease for the tracing task in comparison to the repetitive typing task, likely due to fact 

that these sort of tracing tasks rely heavily on cerebellar pathways [29]. The N24 SEP peak 

is recorded from the contralateral frontal cephalic site. The N24 SEP peak reflects 

activation of neurons in the pathway between the cerebellum- primary sensory area (SI) 

and is thus likely to reflect changes in cerebellar output  [81]. Therefore, the decreased N24 

amplitude in the control participants of the current study is likely related to decreased 
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cerebellar nuclei activity [76], which was also associated with the greater improvement in 

motor acquisition. This is also in line with previous transcranial magnetic stimulation 

(TMS) studies that showed a decrease in cerebellar inhibition following motor skill 

acquisition [274] and previous fMRI studies which found that disinhibition of cerebellar 

output is reflective of the decreased reliance on cerebellar activity when a task is well 

learned [29, 76].  

The increase in the N24 in the fatigue group in the current study is consistent with a 

previous study by Andrew et al (2018) that investigated chronic changes in neck sensory 

input in a neck pain population following a motor training task. Their work also found an 

increased N24 SEP peak in response to motor skill acquisition, for neck pain participants’ 

vs a healthy control group, which may reflect increased cerebellar-SI processing in this 

group. The neck pain participants did not reach the later stage of learning in the same way 

as the healthy control group [30]. The SEP changes in peaks related to cerebellar 

processing, indicated that the altered sensory input from the neck to the CNS, likely 

impacted the expected neuroplastic changes in cerebellar pathways in response to motor 

acquisition [30].  

The differential N24 SEP peak changes may also reflect the role of the cerebellum in 

sensorimotor prediction [139] and SMI [47]. Differences between predicted and real 

movements are used by the CNS to update feed forward models, and an accurate model is 

critical for accurate motor performance [275]. The cerebellum is a fundamental integrator 

of sensory information that is critical for the development of internal models when learning 

complex motor tasks [223]. Given that the cerebellum is an important integration site for 

motor learning [25, 29, 41, 45] as well as for SMI of the sensory input from the joints of 

the neck and spine [46, 47], altered neck input is likely to have impacted the accuracy of 

the internal body schema. Information about muscle activity is delivered to the 

somatosensory cortex through afferent feedback from muscle, tendons, and joints. This 

information is processed by the cerebellum, which then sends output to motor areas so that 

efferent motor commands to the limbs are adjusted accordingly, to generate a more 

accurate movement [60, 61]. The cerebellum receives and incorporates sensory input prior 
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to modifying output through Purkinje cells which output to cortical regions [67]. These 

enable the learning of smooth, constant motions and the formation of an accurate internal 

body schema [67] thus permitting learners to progressively adjust and decrease errors in 

motor acquisition performance [47].  

fMRI studies have demonstrated that the cerebellum is activated during both the early 

and later stages of motor learning [276]. The regional blood flow in the cerebellum 

increases in the early stage of motor skill acquisition, and then decreases as performance 

improves [221]. Interestingly, the activity of a specific sub-region of the cerebellum, near 

the posterior superior fissure, remained activated even once participants had learned a 

novel task, which is thought to represent an area where an acquired internal model is stored 

[222]. The decrease in the N24 SEP amplitude in the control group of the current study 

may reflect a decrease in cerebellar nuclei activity, which is related to the later stages of 

learning, reflecting a greater reliance on internal body schema, with new encodings that 

reflect the post learning state [29]. In contrast, the CEM fatigue group had increased 

cerebellar-SI processing, confirmed by an increased N24 SEP amplitude. This suggests 

that the fatigue group did not reach the later stage of learning in the same way as the control 

group. In support of these findings, previous studies have shown that in order to learn a 

novel task and correct performance error, when a task is not well-learned the activity of 

certain parts of the brain including the cerebellum increases, while once a task is well-

learned, these “error detection” areas do not need to be as active [47, 76]. 

N30 SEP peak changes 

The N30 peak originates in the post-central cortical regions [107], and is a complex 

subcortical and cortical loop connecting the basal ganglia, thalamus, pre-motor areas, 

primary motor cortex (MI) [108, 109], supplementary motor area (SMA) [277], and reflects 

the overarching process of SMI [97]. Dipole source localization found that sources in the 

cingulate cortex, bilateral secondary somatosensory cortex (SII), contralateral primary 

somatosensory cortex (SI), and prefrontal cortex all contributed to the N30 SEP peak [278]. 

The N30 SEP peak component is known as a critical index of brain sensorimotor 
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processing. It has been shown that it goes along with an increase amplitude of the constant 

beta-gamma rhythm peaking at 30 Hz [279, 280].  

In the current study, the motor acquisition tracing task lead to an increased N30 SEP 

peak for both groups. The fatigue group had a greater increase compared to the control 

group, which is in line with previous studies [30, 80, 131]. The greater N30 SEP peak in 

the fatigue group post- motor acquisition may reflect attempts by the SMI integration 

network [30] to integrate the altered neck muscle sensory feedback following fatigue [44], 

resulting in altered excitability in pathways relevant to motor learning.  

Previous literature found that pain resulted in increased N30 SEP peak amplitudes 

[281] following motor learning both in acute experimental elbow pain [80, 231] and 

chronic SCNP participants [30]. Both acute experimental elbow pain [30] and chronic neck 

pain [132, 282] appeared to induce neuroplastic changes in the sensorimotor system which 

differentially modulated the areas of the brain contributing to the N30 SEP peak in response 

to the incoming afferent volley. These observations suggest that neck fatigue may induce 

similar changes in neural processing as occurred in the chronic and acute pain groups. The 

increased N30 SEP peak amplitude observed in our study suggests that there may be an 

increase of activity of the cortical loop at the level of the primary motor cortex and 

premotor area, and/or the subcortical loop linking basal ganglia and thalamus, in response 

to median nerve stimulation, immediately following CEM fatigue. However, we cannot 

conclude which specific areas of the complex loop of N30 neural generators changed their 

activation, and future source localization studies should address this. 

Behavioral Data  

Significant increases in accuracy were observed for both groups, suggesting that 

motor learning had occurred for both the control and CEM fatigue groups. Overall accuracy 

differed by group, with the control group outperforming the fatigue group following both 

motor acquisition and retention. The better motor acquisition accuracy for the control group 

is in line with previous studies that investigated the impact of motor learning, using the 

same tracing task, with significant improvements in accuracy observed after both 
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acquisition and retention [30, 131, 231]. The worse performance by the fatigue group 

indicates that the differential N24 and N30 SEP changes coincide with worse motor 

performance.  

Motor skill can be improved by using motor prediction, mental practice, or 

sensorimotor plasticity induced through movement performance [223]. The CNS 

implements prediction by using internal models to simulate the interaction between the 

body and external environment [225]. Internal models are neural representations to 

estimate how, for example, the arm moves in response to a motor command, relative to the 

environment, and its own current position and velocity, which is known as an internal 

forward model  [224, 227]. In a previous target tracking study, Selen et al. (2007) fatigued 

the elbow flexor and extensor muscles and participants were required to track a sinusoidal 

moving target using elbow flexion and extension [229]. Post fatigue, the participants 

changed their control strategy to a feedforward plan, staying closer to the middle of the 

target than in the unfatigued state [229]. In this study, neck fatigue, may have resulted in 

an altered body schema subsequent to altered neck sensory input, which would force 

increased reliance on feedforward processes.    

Effect of fatigue 

In the current study, there was a significant decrease in force from the pre to the post 

MVCs, confirming that neck muscle fatigue occurred [5]. During sustained submaximal, 

low-intensity muscle contractions over time, a decrease in force production occurs due to 

facilitatory and inhibitory influences at the nerve endings (axonal terminals) and at the 

neuromuscular junction (NMJ) [283]. The neuromuscular system attempts to compensate 

for the decrease in force generation and delays declines in force production [284]. 

Decreases in force generation are usually associated with both central and peripheral 

fatigue  [154]. Central fatigue can account for the drop in sustained force productions [154], 

due to a decline in motor cortex excitation and a decrease in motoneuron activity [285]. 

The differential SEP changes in the CEM fatigue group in response to motor learning 



82 

 

indicates that neck fatigue has the ability to impact upper limb motor performance and 

learning.  

Conclusion 

Our work suggests that CEM fatigue influences how the CNS learns an upper limb 

motor task. This work demonstrated that the cerebellum may be particularly affected by 

CEM fatigue, as well as SMI pathways, as indicated by the differential changes in the 

magnitude of the N24 and N30 SEP peak amplitudes following motor learning.  

The worse performance accuracy in the CEM fatigue group indicates that input from 

the neck affects upper limb movement performance. An important direction for future work 

is to investigate the role and mechanism of the cerebellum as well as SMI integration areas 

in the response to neuromuscular fatigue of neck muscles. As the acquisition of new upper 

limb motor skills often occurs in conjunction with neck fatigue in a variety of occupational 

and recreational settings, the influence of CEM muscular fatigue on motor learning and 

neuroplasticity is critical to understand, to ensure that that the neuroplasticity associated 

with motor learning is adaptive and not maladaptive. 
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Preface to manuscript 2:  

Evidence suggests that altered neck sensory input changes cerebellar processing, 

possibly by impacting body schema. The first manuscript of this thesis demonstrated that 

neck fatigue impaired distal upper limb motor learning outcomes and resulted in 

differential changes in SEP peak amplitudes related to SMI. The cerebellum’s ability to 

form an internal body schema has been shown to be altered in subclinical neck pain (SCNP) 

[43]. Transcranial magnetic stimulation (TMS) over the cerebellum, coupled with a 

conditioning test stimulus over the contralateral MI, can be used to investigate changes in 

cerebellar outputs following novel motor acquisition training tasks [76]. SCNP individuals 

have shown a decreased ability to “disinhibit” the cerebellum-MI pathway following novel 

motor acquisition task [286]. To differentiate the mechanisms that alter cerebellar 

integration, neck input needs to be experimentally altered while measuring differential 

effects on motor acquisition and retention, and on cortical and cerebellar processing.  

There is a large gap in cerebellar-MI TMS research to explore the impact of neck 

muscle fatigue on the response of the cerebellum to learning novel motor tasks, which 

manuscript 2 of this thesis seeks to address. Given the results of study one, it is likely that 

CEM fatigue may also alter distal upper limb SMI. The purpose of manuscript 2 was to 

determine whether motor acquisition in conjunction with CEM fatigue would show 

significant differences in cerebellar inhibition when compared with a control group. If this 

is found it would indicate that altered sensory processing found in study one also impacted 

cerebellar-MI pathways. 
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Abstract 

Background and aim: The cerebellum undergoes neuroplastic changes in response 

to motor learning. Healthy individual demonstrated reduced cerebellar inhibition (CBI) 

following novel motor skill acquisition. Alterations in neck sensory input can impact upper 

limb motor output, and the capacity for cerebellar disinhibition in response to novel motor 

skill acquisition. Therefore, this study aimed to determine whether cervical extensor 

muscle (CEM) fatigue alters CBI in response to novel motor skill acquisition.  

Methods: Sixteen healthy individuals participated (8 CEM fatigue and 8 CEM 

control). A double cone coil TMS was applied over the ipsilateral cerebellar cortex 5 ms 

prior to application of a contralateral test stimuli of the motor cortex (MI). Cerebellar-MI 

activity curves were established pre- and post- motor skill acquisition task and following 

the CEM fatigue or control interventions.  

  Results: The control group showed greater cerebellar disinhibition than the fatigue 

group following motor skill acquisition (p<0.006), while the fatigue group showed similar 

levels of CBI pre- and post-most acquisition. Both groups improved in accuracy following 

motor acquisition (p= 0.012), and retention (p= 0.007), and there was a significant group 

interaction with the control group improving by 17% at acquisition and 22% at retention 

vs 6% and 9% improvements for the fatigue group, respectively. 

Conclusion: Lessened cerebellar disinhibition in the CEM fatigue vs. control group, 

coupled with diminished motor learning, suggests that CEM fatigue affects the cerebellar-

MI interaction, impacting the cerebellum’s ability to adjust motor output to perform a novel 

motor acquisition task with greater accuracy.  
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Introduction 

Neck muscles have a high density of sensory receptors that are responsible for the 

central and reflex connections to the vestibular and postural motor control networks [34]. 

The neck links the upper limbs to the central nervous system (CNS), and alterations in neck 

sensory input has been shown to affect upper limb sensorimotor integration (SMI) and 

motor performance [13, 36]. Inputs from the neck are received by the cerebellum, and 

become integrated for the control of limb movements, as well as contributing to the forward 

internal model system, for the sensorimotor prediction of movements prior to motor 

commands [42, 287]. The cerebellum is a neuroplastic structure that is actively involved in 

both motor learning [38] and SMI of afferent feedback from the joints of the body, 

including the neck and spine [39]. The cerebellum processes sensory information and 

corrects motor outputs; and is also known to undergo neuroplastic changes following motor 

learning [288].  

Transcranial magnetic stimulation (TMS) is a non-invasive method to measure 

excitability of the CNS from the primary motor cortex (MI) to the motoneurons, which are 

responsible for initial skeletal muscle contraction [151, 152]. The cerebellum modulates 

motor output through development of a feedforward internal body schema, which has 

neural linkages to MI, and is critical to create accurate motor outputs [29]. Magnetic 

stimulation over the cerebellum, coupled with a conditioning test stimulus over the 

contralateral MI, can be used to investigate changes in cerebellar outputs following novel 

motor acquisition training tasks [76]. Most experimental designs that explore the 

sensorimotor role of the cerebellum utilize imaging methods, such as functional magnetic 

resonance imaging (fMRI) scans, which partially limits the types of tasks that can be 

investigated [76]. TMS has an advantage as it can be applied to measure structural 

(plasticity in deep cerebellar nuclei) [289] or functional learning-related changes in 

cerebellar-MI connectivity [290]. A number of TMS studies have shown changes in MI 

excitability in response to motor learning of both skilled and non-skilled repetitive 

movements [17-21]. Work by Doyon et al (2002) indicates that the cerebellum “disinhibit” 

in order to learn new motor programs [76]. Recently, a TMS technique combining 
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cerebellum and MI stimulation has been used to study the functional connectivity and 

plasticity between the cerebellum and the MI, and its ability to disinhibit in order to acquire 

a new motor skill [185]. Activity of the descending motor pathway is altered instantly 

following magnetic stimulation over the cerebellum [186]. Projections from Purkinje cells, 

that synapse within the dentate nucleus lead to cerebellar inhibition (CBI) [181]. CBI is a 

technique that involves TMS applied over the cerebellum 5-8 milliseconds (ms) prior to 

stimulation over the MI. This technique is valuable for investigating neuroplasticity that 

arises in response to motor acquisition [52, 185]. 

Cervical extensor muscle (CEM) fatigue has been shown to affect postural control, 

possibly due to central fatigue and/or proprioceptive conflicts [291]. In addition, CEM 

fatigue has been shown to change the ability to recruit the neck extensor muscles [32], 

reduce the accuracy of upper limb motor performance [32], and alter the accuracy of an 

eye-hand movement [267]. These collective works suggest that neck fatigue impacts the 

internal forward model, including the body schema [267]. CEM fatigue has also been found 

to alter cortical and cerebellar processing in response to novel motor skill acquisition, 

measured using somatosensory evoked potentials [292], but the impact of these alterations 

in cerebellar processing on motor output are not yet known. Fatiguing contractions lead to 

changes in all levels of the motor pathway [156].  

Changes in concentrations of the monoamines serotonin, dopamine, and noradrenalin 

neurotransmitters, have been linked to central fatigue following whole body exercise [293, 

294]. TMS can be used to measure central fatigue, which is associated with a decrease in 

the discharge rate of motoneurones during a sustained maximal effort [155], as well as a 

decreased ability to voluntarily activate a muscle [153]. Sustained fatiguing muscle 

contraction results in a greater motor-evoked potential (MEP) amplitude during the 

fatiguing contractions [152] and depression of MEP amplitude following the exercise 

[165]. The post-exercise MEP depression is believed to involve neurotransmitter reduction 

or increased presynaptic inhibition [295]. These alterations suggest neurophysiological 

signs of CNS fatigue, upstream of the corticospinal neurons, affecting MEP amplitude and 

likely diminished release of neurotransmitters [167].  
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Similarly increased MEP amplitude during exercise may be linked to increased MI-

excitability at the cortical level due to increased voluntary activation (neural drive to a 

muscle during exercise) instead of alteration in afferent inputs [152].  These responses to 

TMS, point to a complex relationship between MI discharge and force reduction [152].   

The cerebellum’s ability to form an internal body schema has been shown to be 

altered in neck pain populations [43]. Treatment of neck joint dysfunction with spinal 

manipulation improve afferent processing and motor control of distal hand muscles [137]. 

A CBI technique which adjusts the level of cerebellar stimulation to that which decreases 

the test MEP by 50 percent (CBI50) has been shown to be less likely to activate the 

corticospinal tract and/or the cervical nerve roots, as well as being more comfortable for 

participants [185]. CBI50 is defined as the “intensity of cerebellar- MI stimulations that 

evoked MEPs that are 50% of the initial test MEP” [185]. This protocol investigated motor 

training-induced plasticity and SMI in the cerebellum and MI following novel motor 

acquisition task. The study found reduced CBI inhibition after performing a motor 

acquisition task [185]. CBI50 in healthy and neck pain was also compared, and it was found 

that neck pain impacted motor training-induced plasticity from the cerebellum to MI, 

resulting in a decreased ability to disinhibit the cerebellum-MI pathway [286]. The authors 

suggested that the altered sensory feedback from the neck musculature to CNS, impacted 

the internal body schema as well as, subsequent cerebellar output and motor processing 

[286].  

It is thus highly likely that CEM fatigue may also alter upper limb SMI. This study 

therefore aimed to determine whether CEM fatigue alters the capacity of the cerebellum-

MI pathway to disinhibit in response to a novel motor acquisition task and also to establish 

if this is associated with altered motor performance. We hypothesized that both control and 

fatigue groups would show reduce CBI following a novel motor acquisition tracing task, 

but the fatigue group would show less CBI reduction than the control group. We also 

hypothesized that the fatigue group would have worse performance on motor learning 

outcomes as compared to the control group. 
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Methods 

Inclusion and exclusion criteria  

As mechanisms of cortical plasticity change with age [296], we recruited  

participants aged between 18–40 years with no known neurological conditions that would 

affect TMS measurements or safety. Qualified participants completed a screening survey 

and TMS safety checklist and they were excluded if they had any contraindications to TMS. 

Participants also had to be able to tolerate the cerebellar TMS stimulation at levels that 

resulted in approximately 50% inhibition of test MEP amplitude. 

Participants 

Thirty eight healthy participants were initially tested to see whether stimulation over 

the cerebellum-M1 would produce extraneous activity within the EMG trace and whether 

the protocol could be tolerated. Eleven participants were not eligible because of either too 

high initial maximum stimulation output (MSO) (2 participants), or low initial MEP 

amplitude that did not reach the minimum 0.5 mV test MEP amplitude (9 participants). 

Additionally, 10 participants found the increase of the cerebellar stimulations were 

uncomfortable and they were not willing to continue the experiment. Therefore, out of 38 

individual who were participated, 16 results were included in the final analysis. All these 

16 participants showed inhibition of the test MEP with cerebellar-M1 stimulations. 

Two groups of 8 healthy right-handed individuals participated and were randomly 

assigned to either a CEM fatigue (4 Male, 4 Female) or control (4 Male, 4 Female) group. 

Handedness was confirmed by the Edinburgh Handedness Inventory (EHI) [297], and the 

Neck Disability Index (NDI) [298] was administered to confirm the absence of neck pain 

(scores of 0–4/50), as pain is known to alter some of the dependent measures of this current 

study. Participants’ age, height, weight, NDI and EHI data are found in Table 1. Each 

participant gave written and verbal consent and the study was approved by the Ontario 

Tech University Research Ethics Board and conducted in accordance to the ethical 

standards set out by the Declaration of Helsinki statutes governing research on human 

subjects. 
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Motor acquisition tracing task 

A custom-written (C++) Leap Motion software tool (Leap Motion, Inc., San 

Francisco, CA, USA), was used to create a novel motor acquisition tracing task. This task 

consisted of four distinct pre-selected sinusoidal-pattern waves and were designed to 

change in complexity with  both frequency and amplitude of the sinusoid varied in each 

version in order to allow for continuous learning [130]. The most complex task was 

challenging enough to ensure constant learning occurred, and the randomization allowed 

for unpredictability of the task during each trace [130]. This protocol has been shown in 

previous work not to result in hand muscle fatigue [271]. The virtual movement of the 

tracing task was limited to the horizontal axis, restricting the vertical movement through 

adjusting speed and degree of combined abduction/adduction movements of the index 

finger, involving a sweep from left to right, which utilized the index finger (FDI) muscle. 

Each trace was made by a series of color-coded dots and each trial consisted of 500 dots, 

with green displayed as a perfect trace accuracy and yellow representing not as accurate. 

The dots moved vertically down a monitor, and participants attempted to trace each dot as 

it passed the horizontal axis. The width of the horizontal axis had the same radius as the 

dots comprising the sinusoidal-pattern waves (Figure 14).  

The sinusoidal-pattern waves were presented on a monitor that was placed on top 

of an adjustable table in front of the participants. To stabilize the upper and lower arm 

movements, the right forearm was placed on an adjustable armrest to avoid any muscle 

strain or reaching movements during the tracing task performance. The sinusoidal waves 

were traced with the right index finger on an external wireless touchpad (Logitech, Inc., 

Fremont, CA) during pre-acquisition, acquisition, post-acquisition, and retention trials (24 

hours later). There were no noticeable time delays between the movements of the index 

finger on the wireless touchpad and the observed traced dots on the monitor [130]. Each 

motor acquisition session consisted of completing three blocks of training. Four unique 

pre-selected sinusoidal-pattern waves were performed once each for pre-acquisition, post-

acquisition, and retention trials, taking approximately 3-minutes to complete, while for the 

acquisition phase, each version was performed three times (12 traces overall, 
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approximately 10-minutes in duration). The order of the task version was pseudo-

randomized [271].  

 

Figure 15: An illustration of the motor acquisition tracing task (Custom Leap Motion 
Software Tool).  
Constant sinusoidal-pattern waves move vertically down the monitor and participants 
attempted to copy each dot as it passed the horizontal axis. Colour coding of the dots show 
trace accuracy with green as a perfect trace accuracy and yellow as an error. 
 

CEM muscle activity 

Neck muscle activity was recorded bilaterally from the cross line of approximately 

all superficial and middle layers of the CEM at the level of the C4/C5 spinous process using 

surface electromyography (sEMG, Meditrace™ 130, Kendall, and Mansfield, MA, USA). 

The most superficial CEM are upper, middle, and lower trapezius, splenius capitus and 

splenius cervicis and the middle layers are longissimus capitus and cervicis [32]. The right 

clavicle was used as a placement for the ground electrode. sEMG data were sampled at 
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1024 Hz (powerLab 26T and Labchart 8™, 16-bit resolution, CMRR>105 dB @100 Hz, 

input impedance ~1 MΩ, AD Instruments, Sydney, Australia). 

Maximal voluntary contraction (MVC)  

Prior to a CEM fatigue protocol, each participant performed a neck muscle warm 

up, including neck flexion, extension, and lateral flexion and rotation to both sides, with 

10 repetitions of each exercise. Then two isometric CEM MVCs were performed, 

consisting of exerting a maximum force by extending the head against a wall-mounted 

force transducer (Model: BG 500, Mark-10 Corporation, New York, USA) that was 

attached to a Nexgen™ ergonomic head strap, affixed to the head of participants. Care was 

taken to adjust the angle between the cable and the head strap to approximately 90°. 

Participants were seated on a chair with a backrest that came to approximately the mid 

thoracic level, and the hip and knee angles were at approximately 90°. Feet remained 

crossed on the floor and arms crossed on their chest to prevent any bracing and also to 

ensure that the generated force came mainly from the CEM [32]. The MVCs were 

performed twice for three seconds each, with a one minute break. The peak force of each 

MVC was measured during resisted neck extension against the head strap, without 

hyperextension of the neck (Figure 15). 
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Figure 16: A wall-mounted force transducer was attached to the head of participants to 

generate isometric MVC.  

 

CEM fatigue protocol 

The fatigue protocol was similar to our previous work [267], which has been shown 

to have a good test-retest reliability [107, 299]. Participants in the fatigue condition lay 

prone on a table with their head initially supported over the end by a head support and arms 

alongside their body. A strap was fixed around the thorax at the level of T6 to minimize 

the activity of the upper thoracic muscles and isolate CEM activity, during the fatigue 

protocol. An adjustable head strap was used, which was fixed with a Velcro strap around 

the head. In order to measure sagittal head position, an inclinometer (Carpi digital angle 

gauge TM, accuracy ±0.1°, resolution 0.1°, CP20005, Carpi tools, Pomona, California) was 

placed superior to the right ear. A 2 kg weight, attached to the head strap, hung from the 

head. Prior to the CEM fatigue, the head was rested on the headrest in a neutral position 

and the fatiguing test started by removing the head support. Participants were required to 

hold the 2 kg weight with their head against gravity in a horizontal position (Figure 16, 

panel A). The CEM fatigue protocol ended once participants were no longer able to 

maintain a neutral head posture, or if there were more than 5 degrees deviation in horizontal 
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head position, from the initial position, for more than 5 seconds. The CEM-MVCs were 

measured again immediately following fatigue. 

CEM rest protocol 

 The control participants lay prone for 5 minutes on a table with their head rested 

on a head rest over the end of the table and arms beside their trunk (Figure 16, panel B).  

 

  

A) CEM fatigue            B) CEM rest 

Figure 17: Submaximal CEM fatigue/rest protocol 

A) Participant performing CEM fatigue protocol. B) Control participant lay prone on a 

padded table. 

 

Instrumentation 

Electromyography 

Surface EMG electrodes (Meditrace™ 130, Kendall, and Mansfield, MA, USA) 

were placed over the muscle belly of FDI, and recorded motor evoked potentials (MEPs). 

A ground electrode was strapped around the right wrist, between the site of stimulation and 

the recording electrodes. 

Transcranial Magnetic Stimulation (TMS)  
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Two stimulations were delivered simultaneously. The first stimulation was 

delivered by a figure-of-eight coil over the primary motor cortex (MI) on the contralateral 

side and was connected to a Magstim 2002 (Magstim Co., Whitland, Dyfed, UK). The 

second stimulation was delivered by a double-cone coil over the ipsilateral cerebellum, 5 

ms in advance to the MI stimulation (Figure 17) that was connected to a Magstim Bistim 

(Magstim Co., Whitland, Dyfed, UK). When cerebellar- MI stimulations were delivered, 

the MEP recorded from FDI of the right hand was inhibited. The signals were amplified 

(1000×), filtered (band pass 20 -2000 Hz), digitized at 1 kHz (Micro 1401, version4.0, 

Cambridge Electronic Design (CED), Cambridge, UK) and saved on the laboratory 

computer for offline analysis and further retrieval using a configuration written in Signal 

software (Cambridge Electronic Design, Cambridge, UK). 

All coils except the figure-of-eight coil can stimulate targets at ~ 4 cm. Approaching 

depths of ~ 6 cm is almost certainly unsafe considering the excessive superficial 

stimulation strength and activated brain volume [300] 

Motor cortex TMS: A figure-of-eight coil (9 cm diameter) was held on the 

contralateral side over the MI with the handle pointed backward in a posterior direction at 

45° from the sagittal plane. The stimulator outputs were adjusted to elicit the test MEPs ~ 

0.5 mV in peak-to-peak amplitude, because MEPs less than 1 mV are very sensitive to 

effects of inhibition [301] (Figure 17). To find the area of the MI, corresponded to the FDI 

muscle, the TMS stimulation continued until there was a visual activation of the muscle 

twitch on the index finger [302]. The optimal stimulation site to elicit the largest MEPs 

from the FDI muscle were marked with a permanent felt tip marker onto a tightly fitted 

scalp cloth cap. Once the optimal site was found, we progressively increased the intensity 

of the stimulation to find a test MEP of approximately 0.5 mV. For both pre- and post-

motor learning test MEPs, an average of 16 sweeps were collected for each stimulus 

parameter. The resting threshold (RTh), obtained over MI, was the lowest stimulus 

intensity that elicits a minimal MEP with peak-to-peak amplitude on the threshold of or 

greater than 50 µV in at least 5 of every 10 stimulations at rest [302].   
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Cerebellar TMS: Cerebellar stimulations were delivered via a double-cone coil 

placed over the cerebellar hemisphere contralateral to the site of the MI stimulation. The 

double cone coil can stimulate deep targets within the energy limit of standard TMS 

devices, and is more appropriate for deep TMS studies [300]. The construction of the 

double cone coil allows the coil to fit the contour of the body shape and gives greater depth 

of penetration. This coil was connected to a Magstim Bistim (Magstim Co., Whitland, 

Dyfed, UK), which channeled the voltage from two Magstim 2002 units into a single coil, 

and enabled the output to be 13% greater than output from a single unit [303]. The double-

cone coil (11 cm diameter) was held over the cerebellum, ipsilateral to the dominant-test 

hand (right hand) at the midline between the inion and the external auditory meatus at the 

level of inion. The coil was oriented downwards to produce an upwards current in the 

cerebellar cortex to elicit optimal MEP suppression [186] (Figure 17).  

Cerebellar stimulations: The CBI50 of the MI output was determined as the level 

of stimulation required to decrease the test-MEP by 50%, as described by Baarbé et al 

[185]. This technique usually requires lower intensities of cerebellar stimulation and is 

unlikely to activate the corticospinal tract and/or the cervical nerve roots, as well as being 

more comfortable for the participants [185, 186]. For each participant, the stimulators were 

set to each individuals’ initial test- MEP value, due to possible effects of the head size, 

skull thickness, gender, RTh, and age on cerebellar–MI inhibition. The conditioning 

cerebellar stimuli were delivered with an (interstimulus interval) ISI of 5 ms in advance to 

the MI stimulation. The combined cerebellar-MI stimuli pairs were delivered with 5% 

MSO intervals at each of the stimulator intensities (e.g., 45, 50, 55, 60, and 65% MSO). A 

total of 10 stimulations at each level of the cerebellar-MI MEPs were elicited until CBI50 

of the initial test-MEP was observed alongside two subsequent declines, CBI50+5% and 

CBI50+10%. Comparing data with three different stimulation intensities avoid issues with 

signal oscillation at a single stimulation intensity [185].  
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Figure 18: TMS coils configuration 
The figure-of-eight coil held over the contralateral MI with the handle pointed backward 
in a posterior direction at 45° from the sagittal plane. The double-cone coil held over the 
ipsilateral cerebellum at the midline between the inion and the external auditory meatus at 
the level of the inion [186]. One pair of the electrodes were placed on the belly and distal 
tendon of the first dorsal interosseous (FDI) muscle of the dominant right hand to measure 
muscle twitch from the contralateral MI stimulation. 
 

Experimental procedures 

After applying all instrumentation, the first session started by obtaining the pre-

CBI50 measurements; consisted of hot-spotting the MI (optimal location on the scalp that 

evokes a maximum TMS response with minimum stimulator intensity), cerebellar warm- 

up stimulation (applying a single pulse of low to high intensity of cerebellar stimulations), 

pre-test MEP, pre-cerebellar-MI stimulation, and pre-RTh. Participants then completed 

either a CEM fatigue protocol or rest condition. The CEM fatigue group performed two 

sets of two isometric MVCs, pre- and post- CEM fatigue protocol. Immediately, each 

participant completed a novel motor acquisition tracing task including pre- acquisition, 

acquisition phase, and post- acquisition. Then the post-CBI50 measurements, identical to 

the pre-CBI50, were obtained. The second session was a follow-up session to measure the 
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retention using the same pre- acquisition and post- acquisition motor tracing task 

performed on session one. During the second session, participants did not receive 

cerebellar or MI stimulations. A schematic of the protocol design can be seen in Figure 18.  

During pre- and post CBI50 data collection, participants sat on a rigid chair with 

resting their right hand on a hand rest to eliminate any extraneous FDI muscle activities. 

In addition, to minimize any potential methodological effects, care was taken to replicate 

the same TMS coils position following the CEM control/ fatigue intervention and 

performance of the novel motor acquisition task. 

 

 

Figure 19:  Schematic of the experimental procedure 

Data processing 

Motor performance: To evaluate motor acquisition induced plasticity, the 

accuracy of the motor acquisition task was determined as the average distance of the 

attempted trace from the original accurate trace. Increased accuracy refers to a decrease in 

percentage error during the task trials. A 100 percent error would show that, on average, 

the trace accuracy was equal to the width of one dot away from the generated trace. 

CEM fatigue: Neck muscle fatigue was evaluated via our pre and post fatigue 

protocol MVC force values. In addition, the mean power frequency (MNF) and root mean 

square (RMS) of the CEM sEMG data were measured during the first and last 10 seconds 
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of the fatigue protocol and calculated for every second during the 10 second window and 

averaged as our measure of fatigue  (Fast Fourier transform (FFT) size: 1 K (1024), data 

window: Hann (cosine-bell), window overlaps: 50%, Hanning , SEF threshold: 75%, upper 

frequency: 500 Hz, lower frequency: 10 Hz) using Lab Chart 8™ (AD Instruments, 

Sydney, Australia). Because all participants were right hand dominant, it was possible there 

might be differences in fatigability between the right and left CEM, therefore fatigue 

indices were calculated for both sides. 

MEP measurement: Depending on physical properties of the head and neck, 

cerebellar TMS may activate the corticospinal tract at the cervicomedullary junction. There 

is potential to activate the spinal cord and corticospinal tract when using the cerebellar 

TMS [184]. To minimize potential contamination of theses artifacts it is important to 

visually inspect each trace at a high gain while looking for cervical root activity and 

cervicomedullary MEPs within the range of 14–18 ms following the cerebellar stimulation 

[185]. The traces were carefully inspected for any irrelevant corticospinal tract activities 

(e.g. cervicomedullary evoked potential (CMEP), or cervical root activity) [185]. The 

stimulations over the inion elicit CMEPs with a latency of ~ 18 ms and cervical root activity 

with a latency of ~ 15 ms, whereas stimulation of the MI MEPs have a latency of ~ 21 ms 

[188]. Our cerebellar-MI stimulation elicited an MEP with a latency of ~ 26 ms, due to the 

5 ms interval from the cerebellum to the MI [52]. Since there was no evidence of extraneous 

activity due to CMEPs or cervical root activity, before or subsequent to cerebellar and MI 

stimulations, all MEPs were averaged for each level of stimulus intensity. 

 The waveform average of the peak-to-peak amplitude for each level of CBI 

intensities was determined and divided by each individual test MEP for both pre- and post-

test intervention. CBI50 as well as conditioning stimulus intensities of CBI50+5% and 

CBI50+10% were measured [185]. Some of our participants inhibited at 50% as soon as 

they started the protocol and disinhibited by increasing the intensities, but we continued 

increasing the intensities until we had three sequential gradual inhibitions. We had one 

participant that inhibited at 90% MSO, thus we only extended the intensities to CBI50+10%, 

because we could not collect levels above 100%. This technique, which compares MEPs 
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for a minimum of three different levels of stimulation intensities, creates a more robust 

indicator of CBI, and decreases the impact of fluctuations in excitability of single MEPs 

that can have a big impact of averaged MEP amplitude, when collecting at only a single 

stimulation intensity [185]. 

For the overall CBI comparison between groups, we separately averaged the MEP 

amplitude elicited at each of the three stimulator intensities (CBI50, CBI50+5% and 

CBI50+10%) both pre- and post- motor acquisition for both the control and CEM fatigue 

groups. The percentage differences in MEP amplitude for each stimulator intensities were 

then calculated for the individuals in each group.  

Statistical analysis 

Baseline differences between groups: Independent sample t-tests compared 

baseline NDI, and EHI scores, age, weight, and height, between the CEM fatigue and 

control groups.  

Fatigue effects: Separate independent t-tests determined the MVC force level (pre 

vs. post fatigue), and the time to fatigue between male and female participants. Induction 

of myoelectric fatigue were evaluated by separate 2 × 2 repeated measures analyses of 

variance (ANOVAs) on mean power frequency (MNF) and root mean square (RMS) with 

time (pre vs. post fatigue) as the repeated measure, and CEM (right and left) as the factor.  

Behavioral data: Mean percent error for each participant was normalized to their 

own baseline value for the motor acquisition tracing task, and this data was compared 

between groups using a 2 × 3 mixed-design repeated measures ANOVA with time (pre- 

acquisition, post- acquisition, and retention) as the repeated measure, and group (control 

vs. fatigue) as the between subject factors. Pre-planned contrasts to baseline were 

embedded within the overall ANOVA. 

Neurophysiological analysis: A separate repeated measures ANOVA was used to 

compare the CBI responses to novel motor acquisition between the two groups, with time 
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(pre vs. post intervention) as the repeated measure and groups (control vs. fatigue) and 

stimulator intensities (CBI50, CBI50+5% and CBI50+10%) as between subject factors. 

Separate 2 × 2 mixed design repeated-measures ANOVAs were used to assess changes to 

the test MEP and RTh, with time (pre vs. post intervention) as the repeated measure and 

group (control vs. fatigue) as the between-subjects factors.  

Statistical significance was set at p ≤ 0.05 for all analysis (SPSS v.24, IBM 

Corporation, Armonk, NY, USA). All numeric values are expressed as mean ± standard 

deviation (SD). 

Results 

Participants: Demographics of the control and fatigue groups are summarized in 

Table 2. No significant differences were found in demographics between groups. The NDI 

and EHI scores confirmed that all participants were free of neck pain and right-hand 

dominant. The fatiguing test always terminated when participants could no longer able to 

meet the test requirement. Thus, we did not measure NDI scores after the fatigue protocol. 

Values are reported as mean ± standard deviation (SD). 
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Table 2: Participant demographics and self-report measures 

 

Fatigue effects 

Force: Average pre MVC force was 143.21 (49.42) N and the post MVC decreased 

to 109.95 (60.38) N, which approached statistical significance [F1, 6= 4.92, p= 0.068]. The 

mean pre MVC force for males and females was 170.38 (45.67) N and 116.08 (40.63) N, 

and post MVC was 134.31 (33.37) N and 92.46 (58.78) N, respectively. The mean 

contraction time to fatigue was 6.86 (2.86) min, with an average for males of 8.75 (2.84), 

and 4.97 (1.25) min for females (Table 2). This difference also approached significance 

(p= 0.088). 

EMG: There was a significant decrease in MNF from the beginning to the end of 

the fatigue protocol for both right and left CEM [F1,4= 39.65, p= 0.0001], with no 

significant interaction between right and left CEM [F1,14= 0.404, p= 0.563]. There was a 

significant increase in RMS amplitude from the beginning to the end of fatigue protocol 

for both right and left CEM [F1, 4= 71.78, p= 0.0001], with no significant interaction 

between right and left CEM [F1,14= 0.583, p= 0.458] (Figure 19) 

 

Control Group Fatigue Group  

T-test alpha results 

(4 Females- 4 Males) (4 Females- 4 Males) 

      Mean (SD)         Mean (SD) 

Age (years) 23 (4.62) 21.12 (1.55) t(8)= 2.261, p= 0.155 

NDI score 2.0 (1.69) 1.25 (1.83) t(8)= 0.477, p= 0.501 

EHI score 82.5 (15.35) 64.37 (37.17) t(8)= 3.046, p= 0.103 

Weight (kg) 78.5 (35.53) 152 (19.26) t(8)= 4.736, p= 0.047 

Height (cm) 164.3 (10.05) 5.72 (0.29) t(8)= 0.123, p= 0.731 

Handedness  8 right handed 8 right handed  

Fatigue time 

 (min) 
5 min CEM rest  6.862 (2.86) 

Female: 4.97 (1.25) No male-female difference 

 t(8)= 4.143 , p= 0.088 Male: 8.75 (2.84) 
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Figure 20: Average (A) mean power frequency (MNF), and (B) root mean square (RMS) 
for both right and left CEM during the pre- and post- fatigue protocol for the CEM fatigue 
group.  
Significant differences existed from pre- to post- CEM fatigue for both MNF and RMS. 
(*p<0.0001). Error bars represent the standard deviation (SD).  
 

Behavioral Data: There was a significant main effect of TIME [F 1,14= 63.751, p= 

0.0001, partial eta squared (η2)= 0.820] with a significant interactive effect of TIME by 

GROUP [F 1,14= 8.299, p= 0.001, η2= 0.327] for the normalized error data from the novel 

motor tracing task. The pre-planned contrast demonstrated a significant increase in 

accuracy for both groups following both motor acquisition [F 1,14= 8.390, p= 0.012, η2= 

0.375] and at retention [F 1,14 =10.086, p= 0.007, η2= 0.419]. After both motor acquisition 

and retention, the control group had more improvement (17% and 22%) than the fatigue 
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group (6% and 9%), respectively (Figure 20). The achieved statistical power (1- β error 

prob), with 8 participants per group (16 total), for the time by group effect size of 0.327 

(f=0.6971), with alpha = 0.05 was 0.999 [273]. 

 

Figure 21: Mean percent trace error for the fatigue (black line) and control (grey line) 
groups.  
Both groups improved in accuracy after both motor acquisition and during the retention 
(*p<0.05). The control group outperformed the fatigue group after both motor acquisition 
and at retention. Error bars represent SD.  
 

Neurophysiological data: There was a significant effect of TIME [F1,42= 16.15; 

p< 0.0001, η2 = 0.278] following the novel motor acquisition task, and a significant TIME 

by GROUP interaction [F1,42= 8.41; p< 0.006, η2= 0.167], with the fatigue showing less 

disinhibition following motor acquisition. CBI traces from a representative control and 

fatigue participant can be found in (Fig. 8). There was less CBI disinhibition following the 

motor acquisition in the control group (an average increase in magnitude at the three CBI 

stimulation intensities from 37±17% of pre-test MEP to 51±10% of post-test MEP), while 

the fatigue group showing lessened disinhibition post- motor acquisition (CBI 39±13% of 

pre-test MEP, disinhibited further to 42±10% of post-test MEP).There was no effect of 

CBI intensity (p<0.997), indicating that all CBI intensities were similarly affected by the 
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motor skill acquisition task (Figure 21, 22, and 23). The achieved statistical power (1- β 

error prob) for the time by group effect size 0.167 (f=0.4478) with 8 participants per group 

(16 total) with an alpha of 0.05 was 0.91 [273]. The achieved statistical power (1- β error 

prob) for the time by group effect size 0.167 (f=0.4478) with 8 participants per group (16 

total) with an alpha of 0.05 was 0.91 [273]. 

Test MEP amplitudes did not change over the course of experiment with no TIME 

by GROUP interactions [F 1,14= 1.211; p= 0.29, η2= 0.080] or effects of TIME [F1,14= 

0.367; p= 0.554, η2= 0.026]. The mean test MEP amplitude pre- intervention was 0.59±0.15 

mV and 0.75±0.12 mV post- intervention. Mean test MEP stimulator intensity was 

46.12±4.7% of MSO pre- intervention and 47.43±4.76% of MSO post- intervention. Rth 

showed no interactive effects of TIME by GROUP [F1,14= 1.25; p= 0.410, η2= 0.049] or 

effects of TIME [F1,14= 0.720; p= 0.410, η2= 0.049]. The mean RTh pre- intervention was 

42.31±5.1% of MSO and 42.81±5.1% of MSO post- intervention. 
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Figure 22: Raw traces from representative participants from both CEM fatigue and control 
groups.  
CBI50 was represented as pre- and post- CEM interventions and motor acquisition task, as 
relative to raw traces of test MEP and cerebellar-MI activation. Pre-intervention, prior to 
CEM fatigue/control and motor acquisition; Post-intervention, following CEM 
fatigue/control and motor acquisition.  
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Discussion 

This study is the first to examine cerebellar disinhibition to MI when CEM fatigue 

precedes a novel motor acquisition tracing task. As hypothesized, CEM fatigue lessened 

the magnitude of the CBI disinhibition in response to motor skill acquisition. The accuracy 

of a novel motor acquisition task improved for both groups, suggesting that motor learning 

had occurred, however the degree of learning was significantly less for the CEM fatigue 

group both post acquisition, and retention, indicating that the altered capacity for cerebellar 

disinhibition seen in the CBI results, was also reflected in worsened motor performance. 

Cerebellar inhibition 

The CEM control group disinhibition post- motor acquisition is consistent with 

previous studies that found CBI disinhibition in heathy participants following a novel 

motor acquisition task [185]. The lessened CBI disinhibition in the CEM fatigue group is 

consistent with the work of Baarbé et al, (2018), which found that a healthy control group 

A B 

Figure 23:  Mean CBI50 responses in each group. 
(A) Mean CBI50 response in the control group pre- and post- intervention and motor acquisition 
task showing significant disinhibition. (B) Mean CBI50 response in CEM fatigue group pre- and 
post- intervention and motor acquisition task, showing no change in inhibition post- motor 
acquisition. Pre intervention, prior to CEM rest/fatigue; Post intervention, following to CEM 
rest/fatigue. Error bars represent SD. 
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had 50% average reduction to CBI pre- vs. post-motor acquisition; while an untreated neck 

pain group failed to disinhibit at all in response to motor acquisition. This suggests that the 

altered sensory input from the neck to the CNS  impaired their cerebellar-MI pathways 

[52]. There is a linkage between disinhibition of MI and disorders of chronic 

musculoskeletal pain. Greater MI disinhibition has been observed in chronic pain 

participants without tissue injury (fibromyalgia and myofascial pain syndrome patients) as 

compared with healthy and structural lesion (osteoarthritis) participants [304]. Like chronic 

pain models, acute experimental pain has modulated MI neuroplasticity associated with 

novel motor skill acquisition task [305]. Neck pain is associated with impaired 

sensorimotor function including altered shoulder kinematics [306], poor upper limb 

proprioception [306], and reduced cervical range of motion [307]. In the current study, 

even though none of our participants terminated the fatigue protocol due to pain, it is 

possible that acute CEM fatigue may have caused similar neurophysiological changes as 

neck pain, on cerebellar processing. The lessened disinhibition in the CEM fatigue group 

are likely due to changes in neck sensory input to the cerebellum following the CEM 

fatigue, which then influenced the cerebellar output to MI. 

The cerebellum exerts fundamental influence on sensorimotor integration modulating 

the MI via the ascending cerebello-thalamo-cortical network [308]. In the sensorimotor 

circuit, afferent inputs are transmitted to the cerebellum via the middle cerebellar peduncle 

along climbing fibers [309], the efferent output from the cerebellum ascending to the motor 

cortex via the disynaptic dentate-thalamo-cortical pathway [180]. Our results demonstrate 

that two basic mechanisms may contribute to the observed differences in CBI disinhibition.  

The initial mechanism during double cone stimulation, to the posterior fossa, 

brainstem, and cerebellum seems to induce discharge from two primary extra-cerebellar 

projections to cerebellar nuclei via (CN) via mossy and climbing fibers [310]. This 

excitatory discharge from collateral mossy and climbing fibers observed in CN [310], is 

likely due to GABAergic neuron inputs from Purkinje cells in the cerebellar cortex [311]. 

It is known that  sensory neurons synapse into the CN prior to synapsing with deeper 

Purkinje cells, typically increasing discharge of the CN in association with limb voluntary 
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movement [180], thus inhibiting their CN targets [311]. Purkinje cells also receive 

extensive inputs from motor and premotor cortex [312], with projections from Purkinje 

cells, that synapse within the dentate nucleus, leading to cerebellar inhibition [181].  

The second mechanism, however, is associated with activity of sensory neuron inputs 

that project to the CNS as a result of changes in motor behavior [185]. The CNS creates a 

motor prediction by comparing the internal body schema with the external world [225] 

with the cerebellum integrating afferent signals form the spine, specifically from the neck 

into the internal body schema, to allow for coordination of limbs movement relative to neck 

position in 3 dimensional space. The accurate representation of the body schema is 

therefore critical for motor error correction [39, 47]. An error signal is transferred to the 

cerebellum by ascending fiber input, thus weakening the strength of Purkinje neuron 

outputs that synapse in the cerebellar cortex, enabling the control of the movement via trial-

and-error practice [42]. Doyon et al. (2002) using functional magnetic resonance imaging 

(fMRI) demonstrated that practice of a motor acquisition task would result in increased 

cerebellar cortex activity and also greater activity within the associated deep CN with 

recruitment of the dentate nucleus,  during both early and later-stages of learning and 

adaptation [76]. These cerebellar nuclei changes arising upstream of Purkinje cells [185] 

encode sensory neuron inputs following a novel motor acquisition task, that may alter the 

CN outputs, and consequently lead to differential CBI disinhibition, as seen in the current 

study. 

Motor Behavior 

Motor behavior results from the current study demonstrates that the CEM fatigue 

group had worse motor performance accuracy both at acquisition and retention. Motor 

learning, refers to motor skill enhancement with practice [25], that has been shown to result 

in temporary change in the direction and speed of thumb movements during training time 

[38]. Motor acquisition tasks have been shown to induce plasticity of both MI [40], and 

cerebellum [76]. The cerebellum is known to contribute to SMI and error correction [73], 

and also integrates and compares encoded afferent inputs relative to the existing internal 
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body schema [42, 287]. Internal body schema can be altered by comparison between motor 

plans generated in the motor cortex, and the sensory feedback generated by the actual 

movement transferred via the spinocerebellar pathway in the inferior olive, which contains 

the climbing fiber inputs responsible for the error signal to the Purkinje cell. Thus the 

internal body schema can update the connection between the motor commands and the 

expected sensory consequences. Therefore, any changes in this cerebellar input due to 

altered sensory feedback from the periphery can alter the information from the cerebellum 

to the motor cortex,  potentially leading to maladaptive plasticity [73]. Past work suggests 

that the ability to form an internal body schema may be altered in neck pain [43] and also 

after CEM fatigue  [267], due to altered  sensory input from the CEM. It has been shown 

that in the early stages of learning, the cerebellum is most actively involved, and  in later 

stages of learning, the basal ganglia and cortical regions of the brain are more active [27]. 

Our participants performed the entire motor acquisition tracing task for 20 minutes, when 

their cerebellum would be more involved in the early stages of learning [27].   

Neural plastic changes in the strength of synapses between the granule cell and 

Purkinje cell networks [68] and climbing and parallel fiber inputs to the Purkinje cells [69, 

70] which is a critical component in motor learning and consolidation. Activation of 

Purkinje cells requires simultaneous co-activation of afferent input from both  parallel and 

climbing fibers, which provides the inter cellular correlation needed to lead to motor 

learning [69]. Inputs from climbing fibers can adjust spike-associated calcium signaling in 

Purkinje cells, which bidirectionally changes the plasticity of synapses between parallel 

fibers and Purkinje cells [71]. This coupling suggests that the role of climbing fibers is to 

act as an error detector, within the cerebellum, adjusting the sensory inputs and/or motor 

output to lead to effective motor learning [72]. 

Recently, CEM fatigue was found to impact performance on an eye-hand tracking 

task [267], and also with the same motor tracing task used in the current study [292]. As 

predicted, the current study found similar negative impacts of CEM fatigue on upper limb 

motor performance. Interestingly, the somatosensory evoked potential (SEP) study, using 

the same tracing task, showed changes in the N24 SEP peak [292], which is related to 
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cerebellar-SI pathways. These two studies and the associated impact of the cerebellum on 

the fast phase of motor learning, suggest that the neck fatigue mediates its effects on motor 

acquisition via changes in cerebellar processing.  

Fatigue effects 

CEM force decrease: In the current study, maximum isometric CEM force 

decreased from the pre to post MVC test in the CEM fatigue group. This is consistent with 

previous work showing decreases in force following submaximal fatiguing contractions 

[5]. Decreased force following fatigue has both central (failure in muscle voluntary 

activation) and peripheral (changes in neuromuscular transmission and/or contractile 

mechanisms) components [229]. The central fatigue can account for the fall in sustained 

maximum voluntary force productions [229]. Previous rTMS studies found a decline in 

corticospinal excitability and an increase in intracortical facilitation (ICF) following 

fatigue of the FDI muscle [177, 178]. The increased ICF was associated with decrease in 

the amount of upstream drive required to activate muscle and generate maximal voluntary 

force that altering the sense of effort [178].  

Muscle activity: In the current study, following the CEM fatigue protocol, the MNF 

significantly decreased and the RMS significantly increased. The shift in mean power 

frequency to the lower frequency and increase RMS confirm that the decrease in MVC 

force was due to CEM fatigue and not because of a deficiency in the force exertion or a 

lack of effort. 

Altered sensory input from the neck to CNS may impair the internal body schema 

along with subsequent cerebellar output and motor processing [286].  It is important to note 

that the muscular fatigue and TMS stimulations were to different muscles. The fatigue 

occurred in cervical extensor muscles (CEM) and cerebellar-MI outputs were measured 

from the FDI muscle. Therefore, the force decline, combined with EMG changes, and the 

CBI results for the FDI hand muscle, suggest central changes in upper limb motor output 

following CEM fatigue which are at least partly mediated by the cerebellum.  
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MEP amplitude depression: Previous MEP studies have found post- exercise MEP 

depression following an isometric fatiguing contraction of the extensor carpi radialis [166]. 

Fatiguing exercise decreases cortical excitability with a decrease in MEP amplitude, which 

could be a neurophysiological marker of central fatigue as opposed to changes in 

mechanical function caused by exercise [167, 171]. MEP amplitude decreases with CEM 

fatigue may be due to reductions in both cortical and spinal excitability [176] and/or 

peripheral transmission failure [177]. Any alterations in excitation (leading to increased 

MEP size) or inhibition (indicated by a lengthening of the silent period) in MI contributes 

to altered EMG activity in response to TMS during or after fatiguing exercises [156]. These 

differences may be due to altered membrane potentials of MI pyramidal cells in response 

to repeated activation, or changes in synaptic efficacy of excitatory or inhibitory inputs due 

to neurotransmitter build-up or reduction. As well, longer term plasticity alterations lead 

to changes in the response of excitatory or inhibitory motoneurons and their subsequent 

synaptic connections to pyramidal neurons [156].  

Neck muscle fatigue: Deep sub-occipital and intervertebral muscles contain a higher 

number of the muscle spindles [313] than other cervical muscle groups, and both contribute 

to signaling cervical proprioceptive information [314]. It has been suggested that fatiguing 

the sub-occipital muscles can activate the tonic gamma motor neurons [315]  and this 

activation can increase group III/IV afferent inputs [316], that are known to facilitate 

central fatigue with a reduction in output from driving motoneurons [317]. Group III/IV 

muscle afferents result in inhibition of central motor drive to slow the process of peripheral 

fatigue development and reduce the likelihood of extreme fatigue and possibly injury [154]. 

It is thus likely that altered input from CEM proprioceptive as well as group III and IV 

muscle afferents lead to altered cerebellar processing, and are responsible for the decreased 

capacity for disinhibition in the cerebellar-MI pathways observed in the current study. 

Conclusion 

These findings are important as they indicate that neck muscle fatigue negatively 

impacts upper limb motor learning and performance. The results suggest that decreased 
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motor learning is likely due to the impact of CEM fatigue on processing in cerebellar 

pathways. This is the first study to demonstrate the likelihood that neck muscle fatigue can 

lead to a decreased capacity for cerebellar disinhibition in response to novel motor skill 

acquisition. Given the increased incidence of neck fatigue associated with technology use, 

these findings have important practical implications. 
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Preface to manuscript 3 

Given the changes in SMI and motor control seen in study one and two, it is 

important to understand if neck fatigue impacts upper limb performance during common 

everyday activities. Previous studies have shown that humans rely on visual and 

proprioceptive information for upper limb movement [251], and absence of vision can 

impact limb proprioception [247]. Evidence has suggested that altered neck sensory inputs 

due to CEM fatigue, which alters sensory feedback from the neck muscles to the central 

nervous system (CNS),  can alter the map or schema of the upper limb in relation to the 

neck [12, 13], which may have significant implications for upper limb motor control. 

Muscles of the shoulder complex are at a greater risk of work-related injury due to 

repetitive glenohumeral (GH) movements, making it important to understand whether neck 

fatigue impacts movement accuracy.  However, no previous studies have compared the 

impact of CEM fatigue on shoulder function measured by a motor eye-hand tracking task, 

which manuscript 3 of this thesis seek to address. The purpose of manuscript 3 was to 

determine the influence of CEM fatigue on the performance of a novel eye-hand tracking 

task performed with both visible and hidden targets. 
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Keywords: cervical extensor muscle, neck fatigue, position tracking task  

Abstract  

Altered afferent input from the neck due to fatigue alters upper limb proprioception 

and is likely to impact upper limb performance accuracy. This study examined the effect 

of cervical extensor muscle (CEM) fatigue on eye-hand tracking accuracy in healthy 

participants.   

Twenty-four healthy right-handed individuals were randomly assigned to either a 

control or CEM fatigue group. Each participant performed a tracking task which required 

shoulder rotation to move a circular object to a square target on a touchscreen computer. 

The task was performed with vision of the target and with the target hidden. A prone lying 

position, CEM fatigue protocol required participants to hold a 2 kg weight against gravity 

with their head in a neutral posture. The control participants rested for 5 minutes, in a prone 

position, with the head supported in a neutral posture. Participants performed 3 trials with 

vision and 3 without at 5 different time points: 1) pre-intervention (fatigue or control), 2) 

immediately post-intervention, 3) 5 minutes, 4) 10 minutes, and 5) 20 minutes post-

intervention.  

There were significant differences between the target with vision and the hidden 

condition for both groups between pre- and post-fatigue trials in angle of trajectory 

(p=0.0001), and distance from release point to the target (p=0.0001). Significant 

differences occurred in the hidden target condition for the fatigue group immediately post 

fatigue (p=0.018) for distance from release to the target.  

Neck muscle fatigue reduced the accuracy of an upper limb tracking task to a hidden 

target, suggesting that altered afferent input from the neck due to fatigue may impair body 

schema and result in decreased upper limb performance accuracy.  
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 Introduction 

Humans rely on visual and proprioceptive information to inform planning and 

control of upper limb movement [251]. These sensory inputs are matched against the 

brain’s internal map or “body schema” to predict the future position of the limb. In the 

absence of visual feedback, muscle spindles are responsible for limb proprioception in 3D 

space [199]. The efficacy of limb proprioception is altered by sustained periods of 

movement performed in the absence of vision [247]. When a target is visible, the result of 

reaching movements are more accurate [253]. However, participants are able to point to 

visual targets when the hand is occluded, indicating that proprioceptive information from 

the hand can relate its position to visually encoded positions. This suggests that the spatial 

position of the observed hand is encoded using both types of sensory information to enable 

accurate arm movements [251].  

Changes in sensory input from the neck may alter the body schema and lead to joint 

position sense (JPS) errors. Individuals with neck muscle stiffness have increased error 

when performing an  elbow JPS task [37]. Neck muscle stiffness [37] or fatigue [32] can 

alter sensory inputs to the CNS. The presence of neck muscle tension seems to alter the 

body schema, which represents spatial and/or temporal awareness of limb proprioception 

in 3D space [37]. Recent work found that CEM fatigue, even for a short period of time, 

may alter cervical spine stability and modulate the cervical flexion relaxation ratio (ratio 

of cervical muscle activity in full neck flexion) by decreasing the ability to relax the 

cervical extensor muscles as measured via surface electromyography (EMG). In this work, 

the EMG would have recorded the more superficial layers of the CEM (trapezius, splenius 

capitus and splenius cervicis) and possibly the middle layers of longissimus capitus and 

cervicis [32]. CEM fatigue also altered upper limb proprioception, reducing the ability to 

accurately replicate elbow and forearm positions [32]. Movement of the head and neck 

may trigger vestibular signals that alters interpretation of spatial coordinates for the arm 

[36] and passive displacement of the head and neck has been found to influence the 

accuracy of elbow and forearm proprioception [13]. Additionally, applying vibration to 

neck muscles without tilting the head also influences upper limb proprioception [36], 
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demonstrating that altered neck afferent input, in the absence of vestibular changes, 

influences spatial awareness and alters upper limb proprioception [13]. Evidence has 

suggested that altered neck sensory input alters sensory feedback from the neck muscles to 

the CNS, and this can alter the map or schema of the upper limb in relation to the neck 

[13].  Therefore, if alterations in sensory input from the neck influences the internal body 

schema, this may have significant implications on upper limb motor control. However, the 

effects of CEM fatigue have not been studied in relation to an upper limb tracking task that 

predominantly relies on proprioception. There is currently a lack of understanding if altered 

proprioception induced by CEM fatigue translates to a reduction and worsening of motor 

performance. 

The sense of movement generated by muscle spindles can be disturbed by muscle 

fatigue [2]. Severe fatiguing activities affect both force- and position-matching tasks [2] 

by changing the amount of muscle activity needed to produce the required force to maintain 

limb position. Altered neck sensory inputs due to CEM fatigue can alter the map or schema 

of the upper limb in relation to the neck [13]. However, it is currently unknown how altered 

sensory feedback from the neck, due to CEM fatigue, impacts performance of an upper 

limb motor task which relies on an accurate body schema. Therefore, the objective of this 

study was to examine the influence of CEM fatigue on the performance of an upper limb 

tracking task performed with vision of a target and with the target hidden in order to 

increase the reliance on upper limb proprioception. We hypothesized: 1) eye-hand tracking 

performance would be reduced in the hidden versus vision target condition before CEM 

fatigue, 2) CEM fatigue would further impair performance in the target-hidden condition 

immediately following fatigue, with no impairments in performance in the vision 

condition, and 3) The fatigue group would show a slow recovery in performance over time, 

whereas the control group would show sustained improvements immediately following the 

control intervention.   
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Methods  

Participants  

GPOWER statistical software indicates that for a medium effect size (0.4) with an 

alpha of 0.05 and a power of 0.95, 12 participants are needed for each pre-post 

experimental design.   

Two groups of 12 healthy right-handed individuals participated (Fatigue: 6 Male, 

6 Female; Control: 7 Male, 5 Female). Handedness was confirmed by the Edinburgh 

Handedness Inventory (EHI) [297], and the Neck Disability Index (NDI) was 

administrated to confirm the absence of neck pain (scores of 0–4/50) for inclusion in the 

study [298], (Table 1). This study was approved by the University of Ontario Institute of 

Technology Research Ethics Board.  

Instrumentation  

Electromyography  

Muscle activity was measured bilaterally from the CEM using wireless surface 

electromyography (sEMG) (TrignoTM, Delsys Inc., Boston, MA, USA) in keeping with a 

recent publication [32]. The skin was prepared prior to the electrode placement by shaving 

and cleaning the site with an isopropyl alcohol swab. Parallel-bar surface electrodes with 

a 10 mm inter-electrode distance were secured with double sided tape (20–450 Hz, CMRR 

92 dB @ 60 Hz, input impedance 1015 Ω) and Hypafix tape™ was applied over each 

electrode. Electrodes were placed bilaterally 20 mm lateral to the space between the 

spinous processes of C4 and C5 in line with fiber orientation and over the muscle belly 

of the CEM. All sEMG data were sampled at 2000 Hz.   

Position tracking software    

Custom software (UnityTM, San Francisco, CA) was used to create the tracking 

task. The software required participants to track a circular object to a square target on a 

touchscreen computer with discrete movement for each trial.  Path deviation was 
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measured as the angle from the desired trajectory and distance from release of object to 

the target. The circle radius was 50 pixels (e.g. 1.32 cm on the large monitor), the square 

width was 100 pixels (2.64 cm) and the minimum distance between start and end locations 

was 15.87 cm. This size was selected as the minimum size found in pilot testing that was 

clearly visible to all the participants, when sitting at an arm’s length distance away from 

the monitor. Object kinematics (pixel data)) were sampled at 60 Hz.   

Position tracking task   

 Participants were seated on a height adjustable chair. For each trial they were told 

to use their index finger to position the circular object at the center of a square target using 

a fully extended arm, which required movement at the shoulder joint in the transverse 

plane, either: a) with vision of the target, or b) with the target hidden (Figure 24). The 

position of the square target was kept the same, but the position of the circular object was 

randomized to ensure unpredictability throughout the eye-hand tracking task. For the 

hidden target condition, the square was not visible. For both vision and hidden conditions, 

the trajectory of dragging from the circular object to the square target was visible.  

Between trials, the screen returned to the reference frame and participants placed 

their hand back on the table with the forearm at approximately 90-100 degrees of elbow 

flexion (dependent on participant). Care was taken to keep the head and neck in a neutral 

and balanced position during the tracking task. All participants were familiarized with the 

experiment with two practice trials during which they received instructions regarding 

proper arm and finger movement, and path tracking. 

Vision vs hidden condition: Each trial consisted of two tracking movements where 

participants had vision of the target (target in vision) followed by three trials where the 

target was not visible (target hidden) and therefore participants had to rely on 

proprioception to move their limb to the remembered target position. Each participant 

performed the blocks of five trials (2 vision and 3 hidden) at five different time points in 

relation to the intervention (fatigue or control), time points included: 1) pre- intervention, 



123 

 

2) immediately (imm.) post-intervention, 3) 5 min, 4) 10 min, and 5) 20 min post-

intervention. 

 

Figure 24: Eye-hand tracking task. 
View of computer screen during the start and end of each movement track. Participants 
moved their index finger from right to left to keep the circular object at the center of a 
square target for each trial. This was performed: A) with target vision, and B) target hidden 
guidance.  
 

Fatigue/Control protocol  

CEM Fatigue Protocol: Participants randomly allocated to the fatigue group, 

performed an initial warm up session with 10 repetitions of neck flexion, extension, lateral 

flexion, and rotation to both sides. The CEM fatigue protocol has been shown to have a 

good test-retest reliability [Edmondston et al., 2008, Edmondston et al., 2011]. Prior to 

fatigue, participants lay prone on a table with their arms alongside their trunk and their 

head/neck supported in a comfortable neutral position by a headrest located on the table 

edge. To ensure that participants were primarily using CEM to maintain head position 

during the fatigue task, a counter-support strap was fixed around the thorax at the level of 

T6. A Velcro strap was fixed around the head and an inclinometer (Carpi digital angle 
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gaugeTM, Carpi tools, Pomona, California) was placed superior to the right ear to measure 

sagittal head position. A 2 kg weight was hung from the head, and the fatigue protocol 

began by removing the head support from under the head, and participants were required 

to hold the head in a horizontal position with the chin retracted (Figure 25). The CEM 

fatigue test was terminated when participants could no longer maintain the head posture 

due to discomfort or fatigue, or if the horizontal position of the head changed by more 

than 5 degrees towards the floor (from the starting position) for more than 5 seconds.   

CEM Control Protocol: The control participants lay prone for 5 minutes on a 

padded table with their head supported on a head rest over the end of the table and arms 

alongside their trunk (Figure 25).   

 

Figure 25: Submaximal fatigue/control protocol 
Left) Participant performing fatigue protocol. Right) Control participant prone on a padded 
table for 5 minutes.  
 

General overview  

Upon arrival to the laboratory, participants gave their informed written consent, 

then were randomly assigned to either the control or fatigue group. 13 females and 11 

males were randomly assigned to either the control or fatigue intervention by flipping a 

coin. In order to ensure gender balance between groups, the coin toss was performed 
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separately for each gender, and once a group was full (12 participants), the remaining 

participants were then allocated to the other group. 

Both groups completed two practice trials, where they received instructions 

regarding proper arm and finger movement. After practice, participants performed the 

first set of the pre-intervention eye-hand tracking task. Next, the fatigue group completed 

the CEM fatigue protocol, while the control group rested their head and neck on a head 

rest. Participants performed the eye-hand tracking task immediately, 5 minutes (min), 10 

min, and 20 min post-intervention 

Data Analysis   

Myoelectric measures of fatigue were measured as mean power frequency (MNF) 

and root mean square (RMS) of the CEM sEMG during the first and last 10 seconds of 

the fatigue protocol (Fast Fourier Transform length, 1-s; window type, Hanning; window 

length, 0.13 s; overlap, 0.06s were calculated, using the Delsys EMG works Analysis 

4.1.1.0 Calculation Toolkit). Because all participants were right hand dominant, it was 

possible there might be differences in fatigability between the right and left CEM, 

therefore fatigue indices were calculated for both sides Task error was measured in pixels, 

as how far away the center of the circle was from the center of the square. The angle of 

trajectory and distance from release to the target location were measured as the angles of 

path deviation and end-point position in relation to the target. The X- and Y-axis 

deviations were calculated based on these measures to quantify if there was directional 

specificity (Figure 26). These dependent measures were calculated separately as averages 

for the target vision and target hidden movements within each of the five blocks pre- and 

post-intervention (CEM fatigue or control). Since every participant had different baseline 

values, data for angle of trajectory, distance from release to target, and direction of error 

were normalized for each participant by dividing each of these measures by the respective 

baseline values.   
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Figure 26: Example of two hand-path tracking trajectories. 
The green square represents the target and the solid circle is the starting point. The dotted 
circles are two examples of the end point. For example 1, Ɵ is the angle of the trajectory 
and d is the distance from release to the target location with consideration of error for both 
X and Y axes.  
 

Statistical analysis  

Baseline differences between groups: Independent samples t-tests compared 

baseline values for the fatigue and control groups for age, height, weight, NDI, and EHI. 

Repeated measures analysis of variance (ANOVA) with Vision vs Hidden as the repeated 

measure and group (fatigue vs control) as the between subject factor were run on the 

baseline pre-intervention data in order to confirm differences in performance between the 

vision and hidden conditions based on previous literature [253], and possible differences 

between groups.   
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Myoelectric measures of fatigue: Fatigue was defined as an inability to hold the 

head and neck in a neutral position. To ensure that physiological fatigue had occurred and 

that participants had not terminated the test due to motivation or other factors, MNF and 

RMS were examined using a 2×2 repeated measures analyses of variance (ANOVA) with 

fatigue (pre vs post) as the repeated measure and CEM (right and left) as the between 

subjects factor. Since all participants were right hand dominant, the left-right comparison 

examined if there were differences in physiological fatigue between the two sides.  

Effects of fatigue: It was determined that the vision and hidden conditions were 

significantly different at baseline, in terms of distance from release to the target location, 

angle of trajectory, and path deviation. Therefore, separate two-way repeated measures 

ANOVAs were performed following the intervention, with time period (pre and post-

fatigue) as the repeated measure, and group (fatigue vs control) as the between subjects 

factor. Pre-planned contrasts evaluated the overall repeated measures ANOVA to 

compare the two groups (fatigue vs control) at each time point. Since the X and Y axis 

deviations were calculated based on angle of trajectory and distance to endpoint (figure 

3), repeated measures ANOVAs on the X and Y axis directions were performed only if 

there was a significant difference in one of these outcomes measures. This would allow 

for an understanding or directional specificity to the error. 

 Statistical significance was set at P ≤0.05 for all analyses (SPSS v.24, IBM 

Corporation, Armonk, NY, USA). All numeric values are expressed as mean ± standard 

deviation.  

 Results  

Participants  

Demographics of the control and fatigue groups are summarized in (Table 3). 

There were no significant differences in demographics between groups. The mean 

baseline NDI and EHI scores for both the fatigue and control group confirmed that all 

participants were free of neck pain and strongly right-hand dominant.   
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Table 3: Participant demographics and self-report measures 

 

 Fatigue protocol  

For the fatigue group, the mean isometric contraction time to fatigue was 5.14 ± 

1.08 minutes, which was similar to the 5 minute rest period for the control group. A 

decrease in MNF [318] and an increase in RMS amplitude [319] are characteristics of the 

EMG signal indicative of muscle fatigue. Post-fatigue MNF was significantly lower than 

baseline for both right and left CEM (F1, 22=56.29, p=0.0001), with no significant 

interaction between right and left CEM (F1, 22=2.18, p=0.154). Post-fatigue RMS 

amplitude was significantly greater than baseline for both right and left CEM (F1, 

22=7.781, p=0.011), with no significant interaction between right and left CEM (F1, 

22=2.533, p=0.126).   

Baseline pre-intervention differences between vison and hidden conditions 

The repeated measures ANOVA for the non-normalized baseline data with Vision 

vs Hidden as the repeated measure and group (Fatigue vs Control) as the between subject 

factor confirmed that:   

Distance from release to the target location: There were significant differences 

between the vision and hidden condition (F1,22=144.06, p<0.0001), and a significant 
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interaction between the control and fatigue groups (F1,22=6.808, p<0.016), with vision 

being significantly more accurate. 

Angle of trajectory: There were significant differences between the vision and 

hidden condition (F1,22=26.528, p<0.0001), with vision being significantly more accurate, 

with no differences between the two groups (F1,22=0.700, p=0.412). 

Distance from end-point to the target (X, horizontal direction): There were no 

significant differences between the vision and hidden condition (F1,22=1.918, p=0.180), 

and no significant interaction between the two groups (F1,22=0.440, p=0.514). 

Distance from end-point to the target (Y, vertical direction): There were no 

significant differences between the vision and hidden condition (F1,22=0.552, p=0.465), 

and no significant interaction between the two groups (F1,22=0298, p=0.59). 

The comparison of the normalized data for each variable is as follows: 

Distance from release to the target location   

In Vision condition: Following the intervention (fatigue or control) there was a 

significant overall effect of time (F1,22=201.37, p<0.0001), but no interaction between 

groups (fatigue vs control) in the vision condition (F1, 22=0.002, p=0.961.) (Figure 27, A).  

Hidden condition: There was a significant effect of time (F1,22=132.79, p<0.0001) 

and a significant interaction between groups (fatigue vs control) in the hidden condition 

immediately following fatigue (F1,22= 6.541, p=0.018) (Figure 27, B), with the control 

group improving their performance to a greater extent. The pre-planned contrasts between 

groups indicated similar trends at both 5 min post (p=0.066) and 10 min post (p=0.06).  
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Figure 27: Normalized distance from release to the target location (all distances are 
normalized to baseline).  
A) Vision and B) Hidden target conditions for both control and fatigue groups between 
baseline and post intervention trials. Error bars represent the standard deviation of the 
mean. *Significance of p ≤0.0001.  
 

Angle of trajectory  

In Vision condition: There were no significant changes in the angle of trajectory 

over time (p=0.329) and following the intervention (fatigue vs control) there was no 

significant interaction between groups (F1, 19=0.919, p=0.350) (Figure 28, A).   

Hidden condition: Following the intervention (fatigue vs control) there was no 

significant interaction between groups for angle of trajectory in the hidden condition 

(p=0.102). The pre-planned contrasts to baseline indicated that the fatigue group had 

significant improvements in the hidden condition immediately post intervention (F1, 

19=6.963, p=0.016), 10 min post intervention (F1, 19=2.938, p=0.045) and 20 min post 

intervention (F1, 19=10.138, p=0.005) relative to baseline (Figure 28, B). Although, still 
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better than baseline, performance was decreased 5 and 10 minutes post-fatigue relative to 

the immediate post-fatigue trial, followed by much better performance for the 20 min 

post-fatigue trials (nearly zero error).  

 

Figure 28: Normalized angle of trajectory in vision and hidden target conditions for both 
control and fatigue group (all angles are normalized to baseline).  
Error bars represent the standard deviation of the mean. *Significance of p ≤0.0001.  
 

Distance from end-point to the target (X, horizontal direction)   

In Vision condition: Following the intervention (fatigue vs control), there was a 

significant main effect of time (F1, 22=6.36, p=0.019), but no significant interaction 

between groups (F1, 22=1.468, p=0.219) (Figure 29, A).  

Hidden condition: There were no significant time interactions (F1, 22=0.915, 

p=0.459) and no significant interaction between groups (fatigue vs control) (F1, 22=1.871, 

p=0.185) (Figure 29, B). There was a significant interaction between groups (fatigue vs 

control) from baseline to 5 min post intervention (F1, 22=4.518, p=0.045). The fatigue 
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group overshot the target in the immediately post intervention trials and this trend 

switched to the opposite direction (undershoot), in the 5 min post intervention trial (Fig. 

6B), with performance remaining almost similar for the remaining trials.   

 

Figure 29: Distance from end-point to the target (X, horizontal direction).  
Negative refers to overshooting the target, and positive under shooting the target. 
**Significance of p ≤0.05. 
 

Distance from end-point to the target (Y, vertical direction)  

In Vision condition: There were no significant changes over time (F1, 22= 1.041, 

p=0.556) and no significant interaction (fatigue vs control) between groups following the 

intervention (fatigue vs control) (F1, 22=1.187, p=0.322) (Figure 30, A). 

Hidden condition: Following the intervention there was no significant interaction 

between groups (F1, 22=0.323, p=0.862). The fatigue group showed a slow recovery and 

the control group showed improvement immediately in the hidden condition, however 
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there was no significant differences between groups over time with performance 

remaining almost similar (Figure 30, B).    

 

Figure 30: Distance from end-point to the target (Y, vertical direction)  
A) vision and B) hidden target conditions. Negative refers to the end-point being below the 
target, and positive being above the target.  
 

 Discussion  

This study investigated the effect of an eye-hand tracking task on sensorimotor 

processing and the interactive effects of CEM fatigue on task performance. Baseline 

differences were found between the vision and hidden target conditions for the fatigue 

and control groups in distance from the target and the angle of trajectory. Fatigue altered 

the distance from release to the end-point with a significant interaction between groups 

and this was evident from baseline to immediately post-fatigue in the hidden condition. 

In addition, there were no significant impairments in the vision condition for any outcome 

measures. Moreover, we found differential changes in the hidden target condition at 

different time points for angle of trajectory and in the X-direction distance from release 
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point. This was in accordance with our hypothesis that the fatigue group would show a 

slow recovery and the control group would show improvements immediately following 

the control intervention during the hidden target condition.  

People tend to create straight and smooth hand movements when reaching for an 

object, and both proprioceptive and visual feedback contribute to the global control of 

these hand trajectories [320]. However, vision is not always available for movement 

planning or for providing online feedback about limb position in space during the 

trajectory (e.g. reaching for a light switch in a dark room) [321]. The visual and 

proprioceptive responses work together during hand-path control and final position 

guidance of tracking and reaching movements [320]. In the absence of a visual predictable 

target trajectory, hand movements are linked to the internal predictor model that integrates 

eye movements into consequent hand motor performance, and the internal model of eye 

movements can transfer to the hand with the same latency [322]. Information from the 

limb is necessary for accurately adjusted movement and to specify the patterns of muscle 

contraction for the subsequent maintenance of the posture [323]. The baseline differences 

between the vision and hidden target conditions is predicted because the hidden condition 

relies on an accurate body schema. This is consistent with a previous study which reported 

that sighted individuals with a blindfold had an increased error in hand-path curvature 

direction when compared with their own visually guided movements and with 

congenitally blind participants [321]. One possible explanation is that misperception of 

the tracking path influenced by the sensory systems used to plan and guide movement 

direction, and loss of target position on the hidden condition, altered the motor patterns 

to execute the limb movements [321]. 

Our results demonstrated that the accuracy of the distance from release to the end-

point of the tracking hand-path was affected by the CEM fatigue immediately post-

fatigue. This suggests that the altered neck input impaired upper limb proprioception, 

which consequently altered the tracking path. Muscle fatigue, even for a short period of 

time, may alter cervical spine stability by transferring loads to the passive tissues and 

substantially increasing muscle activity [44]. Fatiguing the CEM alters firing of group I 
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to IV afferents, and decreases firing of Ia afferents [324]. Muscle fatigue increases 

involuntary discharge in mechanically sensitive non-spindle group II and III muscle 

afferents and alerts their reaction for 20–30s subsequent to fatigue [325]. CEM fatigue 

has been shown to alter upper limb proprioception [32] and impair neck muscle motor 

control as measured by the cervical flexion relaxation response [44]. Therefore, our 

findings are important, as they indicate that input from the neck also affects upper limb 

movement performance. Altered afferent input from the neck to the CNS is likely to lead 

to a distorted body schema, which then impacts spatial and/or temporal awareness of limb 

movement in 3D space [37]. Neck muscle fatigue may alter body schema and 

sensorimotor integration, resulting in inaccurate upper limb performance [13].   

In the distance from release to the end-point and angle of trajectory, there was a 

trend in hand path direction at both 5 min and 10 min post-fatigue for a continued decrease 

in performance for the fatigue group in the hidden condition, indicating that the altered 

input due to fatigue was impacting the accuracy of upper limb performance. The accuracy 

of the hand path was affected by the CEM fatigue but as we predicted, a potential practice 

effect may account for increased accuracy throughout the trials. This coincides with the 

idea that training improves joint proprioception sensitivity [326]; however, it may also be 

due to participants becoming more familiar with the task, along with recovery from the 

fatigue during the course of the trials. This further confirms that our findings are really 

due to the CEM fatigue, since with an absence of fatigue, we would have expected either 

greater improvement or no change.   

In the immediate post fatigue trials, we found that participants did overshoot the 

target in the X- direction during the hidden condition and undershoot the target during the 

vision condition. These results are consistent with a previous study, which reported that 

without visual feedback, hand location tends to drift over time [247]. In the absence of 

visual feedback, a gradual decline occurs in the ability of the proprioception sense to 

signal limb position by decreasing the accuracy of movement distance and direction over 

a series of movements [247]. Vision to some extent can substitute for proprioceptive 

feedback when afferent neural pathways are compromised [248]. Afferent feedback from 
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limb proprioceptors are enough to guide performance of almost straight and smooth 

tracking hand movements [320]. This can happen even in the complete absence of prior 

visual experience as when blindfolded [327] or when visual feedback is removed when 

moving to a target position, as in the case of the current study. Thus, the impaired tracking 

performance following fatigue in the hidden target condition suggests that CEM muscular 

fatigue impacts upper limb tracking performance, by affecting the relationship between 

the neck and upper limb in the overall body schema.   

Motor memory is a component of the process of improving a specific motor task 

through repetition, while motor prediction refers to estimating future states of a system. 

[224]. Motor prediction estimates how the arm will move in response to a motor 

command, relative to the environment, which is termed an internal forward model [224], 

i.e. the ability to perform a task by predicting the dynamics of a body part [226]. The 

CNS, in order to plan motor commands for a movement, relies on both forward and 

reverse models, which are the result of coordination of both visually observed 

consequences of the motor command, and its proprioceptive feedback [265]. During 

constrained target tracking, joint stiffness is increased to improve accuracy of the 

movement [228]. In a 2007 study, participants tracked a sinusoidal moving target by 

performing elbow flexion and extension in the horizontal plane pre and post elbow flexor 

and extensor muscle fatigue by resisting against a time varying motor torque. To control 

for the learning effect, the tracking task performance was retested 5 minutes after muscle 

fatigue. The fatigue caused participants to change their control strategy to a feedforward 

strategy during tracking and they stayed closer to the center of the target than in the 

unfatigued state [229]. In the current study, the fatigue group showed slower performance 

recovery and less improvement in motor learning in the presence of CEM fatigue 

compared to the control group. Because the target location was able to be visualized for 

the first 2 trials of each block, it suggests that the impaired performance in the hidden 

condition relate to changes in an internal body schema, rather than an inability of motor 

memory to remember the target location.  
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Neck muscles have a high density of sensory receptors with neural connections to 

the vestibular and oculomotor systems [34, 328]. Altered neck sensory input, due to neck 

pain or neck fatigue, can alter upper limb motor performance [32, 44, 329]  and alter the 

body schema of the upper limb in relation to the neck [12, 13]. Previous work found that 

neck fatigue impacted elbow proprioception, adding support to the concept that altered 

afferent input from the neck can distort the body schema of the upper limb in relation to 

the neck [32], similar to the Knox and Hodges study [13]. The fact that neck fatigue 

impaired performance accuracy in the hidden condition of the current study demonstrates 

that the altered proprioception seen previously [32], also leads to worse performance on 

an upper limb tracking task that is reliant on accurate upper limb proprioception. 

Conclusion 

This study confirms that CEM fatigue can influence the accuracy of an eye-hand 

tracking path, possibly due to an altered body schema. Immediately after fatigue, there 

was a significant increase in the distance from the release to the end-point for the hidden 

target. This suggests that altered afferent input, in an absence of visual guidance from the 

neck following fatigue, may impair upper limb proprioception and consequently alter eye-

hand tracking path. These findings are important as they indicate that input from the 

cervical spine affects upper limb movement performance. These outcomes indicate that 

attention needs to be given to neck posture and muscle fatigue during upper limb 

rehabilitation and to occupations which require precise upper limb movements with the 

neck in an awkward posture or at risk of fatigue (e.g. mechanics, surgeons, and dentists). 

Future work is needed to confirm findings and explore whether body representation or 

motor efference is responsible for these effects.  
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Preface to manuscript 4: 

Previous studies have shown changes in short- and medium-latency SEP peak 

amplitudes related to SMI, following motor skill acquisition [231, 330]. The first 

manuscript of this thesis demonstrated that CEM fatigue impaired distal hand motor 

learning outcomes and lead to differential short- latency SEP peak changes. The third 

manuscript of this thesis demonstrated that CEM fatigue impacted shoulder function and 

reduced the accuracy of an eye-hand tracking task performed with a hidden target, resulted 

in decreased proximal upper limb performance accuracy. Linking a proximal motor task 

with short- and medium- latency SEPs would advance research of the neurophysiological 

alterations occurring during common occupational postures and movements. However, no 

previous research has explored changes in specific short- and medium- latency cortical and 

subcortical SEP peaks, in response to proximal upper limb task performance in healthy 

humans following CEM fatigue, which manuscript 4 of this thesis seek to address. The 

purpose of manuscript 4 was to determine the influence of CEM fatigue on short- and 

medium- latency SEP peak amplitudes in response to novel proximal upper limb motor 

acquisition. 
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Abstract 

Background and aim: Neck muscles have a high density of sensory receptors and 

cervical extensor muscle (CEM) fatigue has been shown to worsen motor learning and 

performance of distal hand muscles. Other studies have found changes in short- and 

medium-latency somatosensory evoked potential (SEP) peak amplitudes related to 

sensorimotor integration (SMI), following motor skill acquisition. Recently, CEM fatigue 

was found to result in differential SEP peak amplitude changes following distal hand 

muscle motor acquisition. With increased technology use, CEM fatigue, due to the long 

duration of holding the head in a flexed posture, is becoming increasingly common, with 

the likelihood that performance by more proximal shoulder muscles, is also impacted by 

CEM fatigue, making this an important area of research. This study therefore sought to 

determine the impact of CEM fatigue on motor performance accuracy and retention of 

proximal upper limb muscles, as well as possible impact of CEM fatigue on neural 

processing changes in response to novel motor acquisition. 

Methods: Two groups of 13 individuals were participated; a CEM fatigue group (8 

Females-5 Males) and control group (7 Females- 6 Males). The fatigue group completed 

an isometric endurance CEM fatigue protocol by holding 2 kg weight against gravity; 

whereas the control group rested their neck for 5 minutes. Short- latency SEPs were 

recorded  from  peripheral N9, spinal N11 and N13, brainstem N18, and cortical N20, P25, 

N24 and N30, and medium-latency SEPs were recorded from the cortical N60, in response 

to median nerve stimulation at the wrist (1500 sweeps), both pre- and post- motor 

acquisition. Both groups completed a novel motor acquisition tracing task which required 

glenohumeral rotation to move their hand on a touchscreen monitor. Task retention was 

measured 24 hours later. 

Results: Following motor acquisition and retention, the fatigue group had 33% and 

45% improvement, while the control group improved by 29% and 39%, respectively. There 

were significant group interactions for the N24 (p= 0.003), and N30 (p = 0.037), and N60 

(0.016) SEP peaks post- motor acquisition. 
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Discussion: CEM fatigue had minimal impact on proximal upper-limb motor 

performance in response to novel motor skill acquisition, but lead to differential changes 

in both short- and medium- latency SEP peak amplitudes related to SMI.  The longer term 

consequences of these differences in neural processing, are an important for further 

investigation. 
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Introduction 

The influence of the neck muscle afferents to the central nervous system (CNS) have 

extensively gained attention. Neck muscles have a high density of sensory receptors [266], 

and there is high level of muscle spindles in different neck muscles [331]. The neck  

biomechanically and neurophysiologically connects the upper limb to the CNS [13, 36] 

and any dysfunction in the sensory system of the neck to the CNS may result in signs and 

symptoms [266], which are associated with disorders of muscles, ligaments, joints and 

sensory nerves of the neck [266, 332]. Any changes in neck sensory input can impair the  

upper limb SMI as well as the motor performance [13, 36]. In order to effectively learn and 

perform a new task, appropriate sensorimotor integration (SMI) is needed. However, 

undesirable alterations may also happen due to the plastic nature of the brain [35]. The 

cerebellum is an important area for SMI and also for movement coordination, by 

processing sensory inputs generated by the movement to improve the accuracy of the motor 

command [79]. It integrates afferent input from the neck and spine, and is critical for the 

learning of novel motor skills [39, 47]. The cerebellum receives the sensory inputs from 

the neck and integrates them for the control of limb movements, in addition contributes to 

the internal body schema [42, 287].  

Neural plasticity refers to any stable morphological or functional change in neuronal 

or network connections [50], and any changes in this neural network can alter CNS 

function, outlasting the period of the altered afferent input [35]. These alterations in 

neuronal activity (both increased or decreased) to the CNS can lead to both inhibition and 

facilitation of subsequent neural processing [51], as measured by short- latency (<30 ms)  

[30, 231] and medium- latency (<100 ms)  [330, 333] somatosensory evoked potentials 

(SEPs). The study of SMI is important due to its ability to influence motor control and 

learning, and has increased in recent years, demonstrating both normal physiological 

benefits (adaptive neuroplasticity), as well as maladaptive neuroplastic changes in response 

to motor learning. Differences in neural processing can be investigated by linking the 

measurement of SEPs with motor learning paradigms [128]. 
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Both animal and human studies have demonstrated cortical neuroplasticity following 

motor skill acquisition [41, 334]. Neuroplasticity within the primary motor cortex (MI), 

cerebellum, and basal ganglia occur at different stages of motor learning. In the early stage 

of learning, the cerebellum is more activated by error-correction mechanisms [70, 100], 

and with prolonged practice, the neural connection of motor training movements 

progressively develops to be less reliant on the cerebellum and more reliant on MI [335, 

336]. Motor training increases the synaptic connections inside the cerebellum [233-235] 

and MI [236], and changes in the neural network between the cerebellum and MI can be 

examined using short- and medium- latency SEPs [79]. Previous studies investigated 

cortical and sub-cortical neuroplasticity in response to a distal upper- limb muscle, 

abductor pollicis brevis (APB), motor performance and found learning-dependent changes 

in cortical neuroplasticity as measured by short-latency median nerve SEPs [138, 337]. In 

addition, a previous study found that short-latency median nerve SEPs can be used as a 

neural marker of changes in SMI succeeding a novel motor skill acquisition task by using 

the proximal upper-limb (shoulder) muscles [338]. Based upon previously successful SEPs 

studies that utilized the same motor skill acquisition with APB muscle [138, 337], greater 

accuracy also reported in shoulder motor performances [338].  

Proprioception refers to the component of somatosensation [4] that provides 

unconscious perception of movement and spatial orientation including the awareness of 

where our body and limbs are located in relation to three dimensional (3D) space or other 

body parts [5]. It is a complex function where sensory information from different sensory 

receptors and body areas are integrated in relation to the brain’s internal representation of 

the body, referred to as the body schema [12-14]. The internal body schema allows us to 

perform motor tasks with accurate perception of the location of our limbs in space relative 

to the position of the rest of the body, and different postural positions [339]. Accurate body 

schema is important for balance and the regulation of locomotion [22] and if impaired, 

could lead to altered SMI and potential deficits in the ability to acquire new motor skills. 

The body schema has a significant role in spatial organization and control of action and it 

updates during the movement and involves with the aspects of both central (brain 

processes) and peripheral (sensory, proprioceptive) systems. It is therefore includes the 
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shape of each body part in space, proprioceptive information about the configuration of the 

limbs in space, and the length of limbs and their arrangements [195-197]. In many daily 

living and occupational activities, a high level of static spinal postures can lead altered 

function of  neck, shoulder, ultimately leading to pain [340]. Prolonged un balanced spinal 

postures, overload the cervical spine and increase the activity of the neck and shoulder 

muscles [341]. Proprioceptive information from the neck is very important for the 

coordination of body, upper limb, and eye movements [342]. We recently found that 

cervical extensor muscle (CEM) fatigue altered motor performance accuracy in distal hand 

muscles in response to short- latency median nerve SEPs following a novel motor skill 

acquisition task [292]. It is thus important to understand whether shoulder motor 

performance, and associated neural changes, are also impacted following CEM fatigue. 

The conscious and unconscious awareness of body movement and position are 

signaled by muscle receptors (muscle spindles and Golgi tendon organs), joint receptors 

and mechanoreceptors  [2]. Proprioception is reliant on the complex series of deep small 

intervertebral neck muscles, which contains large number of muscle spindles [313]. 

Irregular neck proprioceptive input can impact the postural control [343]. Neck afferent 

inputs are important for maintaining head postures [343], accurate body movements, and 

localization of visual objects [344]. CEM fatigue impairs  postural control mechanisms, 

[345], as well as the accuracy of elbow proprioception [32], it also impacts shoulder 

kinematics [306], and alters  motor control of neck extensor muscles [44]. In addition, 

CEM fatigue has been shown to alter accuracy of eye-hand movements [267], suggesting 

that neck fatigue influenced the internal forward model, likely by changing the body 

schema [267]. We recently found that CEM fatigue can alter cortical and cerebellar 

processing in response to distal hand motor skill acquisition, as measured by SEPs [292], 

Our recent transcranial magnetic stimulation (TMS) study showed that CEM fatigue may 

change sensory inflow of cerebellar-MI interactions [306]. This literature indicates that 

altered input from the neck may impact the internal body schema, which in turn has 

substantial implications for upper limb SMI and motor control, which is reflected by 

changes in neurophysiological measures. 
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Repetitive daily task performance, high force, high levels of distress, and non-neutral 

postures are the most significant risk factors for work-related musculoskeletal disorders of 

the shoulder complex, due to repetitive glenohumeral (GH) movements [346]. Many 

prolonged modern occupational settings are involved with high range of GH rotation, 

resulting to shoulder musculoskeletal fatigue that can alter the stability of the GH joint and 

accuracy of the shoulder proprioception [326, 347]. Often neck fatigue occurs 

concomitantly with occupational tasks involving shoulder flexion, as well internal and 

external rotation, however the impact of CEM fatigue on shoulder performance and SMI 

is not well studied.  Measuring SEPs before and after the acquisition of a motor task 

requiring shoulder movements, would advance our understanding of the impact of CEM 

fatigue on shoulder motor performance as well as any neurophysiological changes related 

to SMI. To our knowledge, no previous work has explored neural plastic changes in 

specific short- and medium- latency cortical and subcortical SEP peaks in whole-arm motor 

performance in healthy humans following CEM fatigue, which this experiment seeks to 

address. It was hypothesized that a novel motor skill acquisition tracing task using proximal 

upper-limb muscles (shoulder muscles) when performed after CEM fatigue would result in 

differential changes in short- and medium- latency SEP peak amplitudes, along with worse 

motor performance accuracy, both post- motor acquisition and following task retention, 

relative to a control group.  

Methods 

Inclusion and exclusion criteria: 

The main exclusion criteria was the existence of an identified neurological deficits, 

left-handed dominance, and age over 40 years old. The primary inclusion criteria was that 

our participants were required to be neurologically normal. Because, the method used for 

this study measure median nerve SEPs in response to novel motor acquisition, depends on 

the normal functionality of the CNS and any neurological conditions (demyelination, 

cerebellar lesions, epilepsy, and etc.) would affect the SEP measurements. Participants 

should be right-hand dominant to decrease any potential impact of difference motor 
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learning strategies between the two arms [348]. As cortical neuroplasticity has been linked 

with age, we aimed to test young, healthy participants (between 18 – 40 years of age). In 

addition, participants were required to be free from chronic or recurrent acute neck, 

shoulder, or elbow pain and also have full “pain-free” neck and shoulder range of motion 

for as a minimum of 3 months before data collection. Thus, each participant completed a 

safety check list, Edinburgh Handedness Inventory (EHI) [297], and Neck Disability Index 

(NDI) (score of 0–4/50) self-report questionnaire [298]. 

Participants 

GPOWER statistical software indicates that for a medium effect size (0.4) with an 

alpha of 0.05 and a power of 0.95, 12 participants are needed for each pre-post 

experimental design.   

Two groups of 13 right-handed individuals with no known neurological conditions 

participated; the CEM fatigue group (8 females, 5 males) and control group (7 females, 6 

males), aged 19-23 (mean age: 20.57 ± 1.93 years). All participants age, height, weight, 

NDI and EHI data are found in Table 1. Written informed consent was obtained prior to 

participation in this study. This research received ethical approval by the University of 

Ontario Institute of Technology Research Ethics Board.  

Stimulation parameters 

Stimuli consisted of electrical square pulses, 200µs in duration delivered at constant 

intensity at frequencies of both 2.47Hz and 4.98Hz through Ag/AgCl EMG conductive 

adhesive surface electrodes (MEDITRACETM 130, Ludlow Technical Products, Canada 

Ltd.) (Impedance <5 kΩ ) connected to the cathode and anode of the stimulator (Digitimer 

DS7A constant current, 0-100MA, 100-400V, 50-2000µs, Welwyn Garden city, England). 

These electrodes were placed on the skin overlying the median nerve at the wrist of the 

right hand between the tendons of flexor pollicis longus and palmaris longus. The cathode, 

was placed 2 cm proximal to the wrist crease and the anode on the wrist crease in order to 

prevent anodal block [93, 131]. This position allows for movement of the abductor pollicis 
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brevis (APB), through stimulation of the motor branches of the median nerve that mainly 

innervates this muscle. SEP peak amplitudes were measured from the averaged 1500 

electrical square pulses of 1ms in duration. 

The intensity of the electrical stimuli were delivered until motor threshold was 

reached for each participant, which is defined as the lowest possible stimulation intensity 

that elicited a visible and constant  thumb twitch (approximately 10 mm) of the APB 

muscle. At this stimulus intensity, all SEP components peaking before 50 ms post stimulus 

can reach their maximal amplitude [93]. The goal of stimulating above motor threshold is 

to ensure that the fastest conducting group 1a afferents, responsible for much of the short 

latency SEPs are stimulated [272]. The activity in group 1a muscle afferents project to the 

cerebral cortex following the median nerve stimulation [272].  

SEP recording parameters 

SEP recording electrodes were placed according to the International Federation of 

Clinical Neurophysiologists (IFCN) guidelines [87]. The electroencephalography (EEG) 

electrodes were placed according to the recommendations with Grass Technologies EEG 

adhesive conducting paste (type TEN20) international EEG system, with cortical locations 

placed contralateral to the site of stimulation and an ipsilateral earlobe reference [55, 87]. 

Recording surface electromyography (EMG) electrodes (Ag-AgCl) were placed on the 

ipsilateral brachial plexus (Erb’s point) for upper extremity SEPs [84, 93], over C5 spinous 

process (Cv5), and the anterior neck or trachea (Supraglottic region on the midline) [93]. 

The cephalic site recoding EEG electrodes were placed on parietal site (CC’) (20% of the 

subject’s tragus to tragus measurement and 2 cm posterior to contralateral to vertex or Cz), 

and frontal site (Fc’) (6 cm anterior and 2cm contralateral to Cz) [97] (Figure 31). Prior to 

each electrode placement, the sites were prepared and cleaned with abrasive pads and 

alcohol swabs. 

To minimize the electrical artifact produced by the stimulation, the ground 

electrode was placed between the stimulation site and the recording electrodes, in the 

mouth. The two cephalic site electrodes and the ground electrode were 1.828-m-long 
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traditional lead (10mm disc, 2-mm hole gold cup EEG electrodes, Grass Technologies; 

Astro-Med; Subsidiary, Rockland, MA; impedance <5kΩ). The C5 spinous process was 

referenced to the trachea, while all other electrodes were referenced to the ipsilateral 

earlobe, as this minimizes the stimulus artifact. For the quality control, the SEP peaks must 

be replicated (at least once) to show the reproducibility of the components measured [93]. 

 

Figure 31: Schematic of scalp electrode placement  

The amplitudes of the SEP peaks were measured from the peak of interest to the 

earlier or later peak of opposite deflection [81, 87]. SEP peak latencies were recorded from 

the onset time of the stimulation to the maximal peak deviation or between each of the SEP 

peak components. The amplitudes and latencies of the following short-latency SEP 

components were identified and analyzed: the peripheral N9, the spinal N13, and the far-

field N18 (P14–N18 complex), the parietal N20 (P14–N20 complex), and P25 (N20–P25 
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complex), the frontal N24 (P22–N24 complex), the frontal N30 (P22–N30 complex), and 

the frontal N60 (P40-N60). SEPs were recorded at the two different rates to enable optimal 

conditions to record both the N24 and N30 SEP peak complexes. The slow stimulation 

rate, 2.47Hz (5- min), does not lead to SEP peak attenuation [83], while the fast stimulation 

rate, 4.98Hz (15- min), attenuates the N30 SEP peak, allowing for proper and applicable 

identification of the underlying N24 SEP peak [83, 138]. The N24 SEP peak is often 

detected as a notch that remains in upward slope of the N30 SEP peak [270]. During the 

SEPs data collection, participants were in a quiet room and seated in a comfortable, but 

rigid office chair with their eye remained opened.  

Motor acquisition tracing task parameters 

The motor acquisition tracing task was run and analyzed through a custom-written 

(C++) Leap Motion software tool (Leap Motion, Inc., San Francisco, CA, USA). Each 

traces were formed by 500 dot series of continuous sinusoidal-pattern wave composed of 

colored dots, which moved vertically down a monitor, while the participant attempted to 

copy each dot as it passed the horizontal axis. This software limits virtual movement to a 

horizontal line limiting the vertical movement. This horizontal axis had a single dot width 

with the same radius as the dots composing the sinusoidal-pattern waves. The preselected 

sinusoidal wave included of four patterns of difference and randomize amplitude and 

frequency of the sinusoid, to provide high levels of contextual interference and ensure 

continuous learning occur during the period of the trace [130]. Contextual interference is 

the impact of interference throughout the task repetition that leads to greater performance 

accuracy, which higher levels of contextual interference results to worse practice 

performance than lower levels [349]. Color coding of the dots show trace accuracy with 

green as a perfect accuracy (0% error) and yellow as not an exact trace (>0% error). The 

sinusoidal-pattern waves are close together at the beginning and they get wider at the end 

of each trial (Fig. 2).  

The participants were seated upright in front of an adjustable table, which had a 

first monitor that was presenting the sinusoidal-pattern waves. The tracing tool software 



151 

 

measured the ability to trace sequences of sinusoidal-pattern waves on a second 

touchscreen monitor screen, while measuring spatial and temporal patterns of thumb and 

shoulder movement. Participants traced a path and we quantified the percentage of error. 

The touchscreen monitor was placed in the sagittal plane on a table at the level of the elbow 

and another higher table covered that, which participants could not see the movement of 

their right thumb and hand during the tracing trials. The sinusoidal waves demonstrated on 

the first monitor and participants were attempted to trace the dots on the touchscreen 

monitor. To control the sweep, each trial required the participant to constantly adjust 

velocity and degree of combined horizontal abduction/adduction movements of the right 

thumb with the palm involving a sweep from left to right, utilizing the APB muscle, and 

also perform internal-external rotation of the right shoulder movements across the 

touchscreen monitor, utilizing the proximal shoulder muscle (Figure 32). 

 No obvious delay time occurred between the participant’s movements on the 

touchscreen monitor and the movement of the traces observed on the first monitor [130]. 

At each training session the participant completed three blocks of training of the pre-

acquisition, post-acquisition, and retention trials, with each of the four versions performed 

once in an approximately 3-minutes time duration, while for the acquisition phase each 

version was performed three times for a total of 12 traces, taking approximately 10-

minutes. Prior to start of each block for each participant, the order of the task version was 

pseudo-randomized to control for possible order effects in completing the different task 

versions [271]. The simplest trace was easy to trace for all participants and the hardest was 

challenging [131, 269, 350].  Improvement in performance refers to a decrease in 

percentage of the error throughout the task. Motor error was analyzed by determining the 

average distance of the attempted trace from the original perfect trace. A 100% error would 

indicate that, on average, the accuracy of the trace was the width of one dot away from the 

computer generated trace. 
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Figure 32: Motor acquisition tracing task (Custom Leap Motion Software Tool). 
Continuous sinusoidal pattern waves move vertically down a monitor and participant 
attempted to copy each dot as it passed the black horizontal axis using a touchscreen 
monitor. Colour coding of the dots show trace accuracy with green to represent good 
accuracy and yellow less accurate performance. To control the sweep, participant 
constantly adjust velocity and degree of combined horizontal abduction/adduction 
movements of the right thumb with internal/external rotation of the right shoulder 
movements across the touchscreen monitor. 

CEM Fatigue/Rest  

Muscle activity was measured bilaterally from the CEM at the level of the C4/C5 

spinous process using surface EMG (Meditrace™ 130, Kendall, and Mansfield, MA, 

USA). The CEM mainly include the most superficial muscles (trapezius, splenius capitus 

and splenius cervicis) as well as the middle layers of CEM (longissimus capitus and 

cervicis) and upper, middle, and lower trapezius.  Following shaving and cleansing the skin 

with an isopropyl alcohol swab, surface EMG electrodes were placed bilaterally over the 

muscle belly of CEM, in line with fiber orientation, and 2 cm lateral to the space between 

the spinous processes of C4 and C5 and a ground electrode was over the right clavicle. 

EMG activity and force were measured through Lab Chart 7™ (AD Instruments, Sydney, 

Australia). 
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CEM Fatigue Protocol 

Participants performed a neck muscle warm up session prior the CEM fatigue with 

10 repetitions in each direction, consisting of neck flexion, extension, and lateral flexion 

and rotation to both sides. Then two maximal voluntary contractions (MVC) of the CEM 

were performed on both pre- and post- fatigue interventions. For MVC trials, participants 

were instructed to exert a maximum force by pulling their head backwards against a wall-

mounted adjustable force transducer (Model: BG 500, Mark-10 Corporation, New York, 

USA) that was attached via a cable to a Nexgen™ ergonomic strap that was fixed to the 

participant’s head. The angles between the cable attached to the force transducer and the 

participant’s head were maintained at 90 degrees. Participants were seated on a chair with 

no upper thoracic or cervical support, with the hips and knees were at 90°, feet crossed on 

the floor and arms crossed on their lap to prevent bracing and minimal any additional 

leverage enhancement could be obtained, and ensure that created force were mostly from 

the head and cervical extensors [44]. The MVC contractions were performed by performing 

a cervical extension against the strap without hyperextension of the neck (Figure 33). To 

determine the maximal force, the pulley system was held tight twice for three seconds each, 

separated by one minute rest. The peak force of each MVC obtained and after 2 min rest, 

each participant performed the CEM fatigue protocol.  
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Figure 33: Maximum voluntary force production: pulls using the neck muscle against a 
force transducer.  

The CEM fatigue protocol was the same as described to our previous studies [267] 

and  has been shown to have a good test-retest reliability [107]. Participants lay prone with 

their head over the edge of a table, initially supported over the end by a head support and 

arms alongside to the trunk. To counter-support the upper thoracic spine, during the test, a 

strap was fixed around the thorax at the level of T6 to isolate CEM activity. A Velcro strap 

was fixed around the head and an inclinometer (Carpi digital angle gauge TM, accuracy ±0.1 

degree, resolution 0.1 degree, CP20005, Carpi tools, Pomona, California) placed superior 

to the right ear to measure sagittal head position. Before starting the fatigue, the head and 

neck were placed on the headrest in a comfortable neutral position and the test began by 

removing the head support. A 2 kg weight hung from the head and participants required to 

hold the head in a horizontal position with the chin retracted until they can no longer 

maintain a neural head posture (Figure 34, panel A). The body position was monitored 

during the test to detect any extra upper limb movements and CEM fatigue was terminated 

when participants could not maintain the head posture due to the neck fatigue, or if the 
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horizontal position of the head changed by more than 5 degrees towards the floor for more 

than 5 seconds.  

CEM Rest Protocol 

 The control participants lay prone for 5 minutes on a padded table with their head 

supported on a head rest over the end of the table and arms alongside with their trunk 

(Figure 34, panel B).  

 
 

A) CEM fatigue B) CEM rest 

 

Figure 34: Submaximal CEM fatigue/rest protocol 
A) Participant performing fatigue protocol. B) Control participant lay prone on a padded 
table for 5 minutes. 

Experimental protocol 

This study was a between group experimental design, comparing the effects of the 

muscle fatigue and motor acquisition on a group with CEM fatigue to a control group. All 

participants were required to attend two experimental sessions, 24 hours apart. Upon arrival 

for data collection, participants read and signed the consent form, completed the NDI, EHI, 

and safety checklist questionnaires. After applying all instrumentation, the first session 

started by obtaining the pre-SEP (baseline) measurements through the stimulation of the 

median nerve. Participants then completed either CEM fatigue or rest condition. Fatigue 

group performed a set of two MVCs of the CEM, followed by the CEM fatigue protocol, 

while the control group rest their head over the end of the table. Immediately, each 

participants completed the motor skill acquisition task consisted of pre-acquisition (four 
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tracing trials), acquisition phase (twelve tracing trials), and four tracing trials post-

acquisition. Then post-SEP measurements were obtained.  The second session was 

consisted of a follow-up session to measure retention using the same pre- and post- motor 

acquisition task performed on session one. During the second session, SEPs were not 

collected to determine the instant and direct ability of the CNS in response to the 

acquisition of a novel motor acquisition task. A schematic of the protocol design can be 

seen in (Figure 35). During each SEPs collection, participants seated on a comfortable, 

upright rigid chair with lower thoracic support and were rested their arm on arm rests, and 

were instructed to keep their eyes open and remain quiet and focused. The SEP recordings 

were performed in a quiet, semi darkened room to reduce any contamination of electrical 

noise on SEP peak parameters. 

 

Figure 35: Experimental protocol 

Data processing 

The outcome measures of this study were analyzed separately, which included the 

CEM fatigue, the motor acquisition tracing task, and the amplitude of the early SEP peaks.  

To evaluate the myoelectric measures of fatigue, mean power frequency (MNF) 

and root mean square (RMS) of the CEM sEMG during the first and last 10 seconds of the 

fatigue protocol  and also maximum force peak were calculated through Lab Chart 8™ 

(AD Instruments, Sydney, Australia) [44]. Because all participants were right hand 
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dominant, it was possible there might be differences in fatigability between the right and 

left CEM, therefore fatigue indices were calculated for both sides 

The sinusoidal tracing task data was exported to Excel™. Accuracy of the motor 

acquisition task data represented as percent error determines as the average distance of the 

attempted trace from the original accurate trace, where 100% error equivalents one dot 

width in distance away from the accurate trace. Each participant, percent errors were 

averaged for each trial in all test conditions consisted of the pre-acquisition, post-

acquisition and retention tests.  

SEP peak amplitudes were measured in both pre- and post- motor acquisition task 

and latencies were determined for any variations in processing time or speed subsequent to 

the post- motor acquisition performance. The SEP signals were amplified (gain of 10,000), 

filtered (0.2–1000 Hz), and saved on a laboratory computer for further retrieval using a 

configuration written in Signal software (Cambridge Electronic Design, Cambridge, UK). 

Stable afferent input is essential in order to be able to attribute any subsequent changes in 

SEP peak amplitudes to learning induced plasticity. N9 peak, measured over the brachial 

plexus, provides an indicator of a stable and consistent peripheral nerve volley (N9 SEP 

peak). Therefore, the N9 SEP peak had to be within ±10% between pre- and post-

intervention trials in order to include a participant’s SEPs data in the study. This percent 

variation would indicate any observed potential changes in the SEP peaks have central 

generators and were certainly due to motor acquisition or CEM fatigue interventions and 

not due to alteration in the incoming afferent volley. As two separate groups (control- 

fatigue) were being compared to each other, data from SEP peak to peak amplitudes from 

pre- and post- motor acquisition task were normalized to the baseline values, being 

expressed as a proportion of the baseline, to account for inter-participant baseline 

variability and to allow for between- group comparisons. 
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Statistical Analysis 

Baseline differences between groups: Independent samples t-tests were used to 

determine if there were any baseline differences between the fatigue and control groups in 

age, NDI, and EHI scores. 

Fatigue effect: separate independent sample t-tests were run to determine the MVC 

force level (pre vs. post fatigue), and the duration of time to fatigue between male and 

female participants. induction of myoelectric fatigue were assessed by separate 2 × 2 

repeated measures analyses of variance (ANOVAs) were examined on MNF and RMS with 

fatigue (pre vs post) as the repeated measure, and CEM (right and left) as the  between 

subject factor. Comparison between right and left CEM tested to confirm that there were 

physiological effects of fatigue on the CEM. 

Behavioral data: The accuracy of the motor acquisition tracing task, which was 

the average percent error for pre-acquisition, post-acquisition and retention were compared 

between the fatigue and the control group. Independent samples t-tests compared baseline 

motor performance accuracy differences between the groups (fatigue and control) in order 

to ensure that pre-intervention differences did not influence the outcomes. If the two groups 

were different in baseline accuracy, then the accuracy data was normalized to each 

individual’s baseline value, and a 2 × 3 repeated measures ANOVA with TIME (pre- 

acquisition, post- acquisition, and retention) as the repeated measure and GROUP (control 

versus fatigue) as the between factor was performed on the normalized data, in order to 

enable comparison of the relative improvements in performance between groups 

Neurophysiological Data: The main effect of interest was the interactive effect of 

fatigue and the motor acquisition tracing task on each SEP peak amplitude, which was 

tested with a 2 × 2 mixed-design repeated measures ANOVA with time (pre-acquisition 

vs. post-acquisition) as the repeated measure and group (control vs. fatigue) as the between 

subject factors for each SEP peak. Post-hoc ANOVA (Bonferroni correction) were used to 

compare the pre- and post-intervention of the SEP differences between the groups.  
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Statistical significance was set at P ≤ 0.05 for all analyses (SPSS v.24, IBM 

Corporation, Armonk, NY 

Results: 

Participants 

 Demographics of the control and fatigue groups are summarized in Table 4. No 

significant differences were observed in demographics between groups. The NDI and EHI 

scores confirmed that all participants were free of neck pain and right-hand dominant. None 

of our participants complained from neck or upper back pain following the fatiguing 

protocol. The fatiguing test always terminated when participants could no longer able to 

meet the test requirement. Thus, we did not measure NDI scores after the fatigue protocol. 

Values are reported as mean ± standard deviation (SD). 

Table 4: Participant demographics and self-report measures 

 

Fatigue data 

 There were significant differences between pre- and post- MVCs (p=0.0001), with 

a fall in force from the pre- MVC 127.58 ± 31.48 N, to the post- MVC 98.77 ± 18.18. The 

mean pre MVC for males and females was 146.17 ± 5.27 and 115.96 ±35.80 N, and post 

MVC was 112 ± 11.44 and 90.50 ± 18.33, respectively. The mean contraction time to 

 

Control Group Fatigue Group  

T-test alpha results 

(7 Females- 6 Males) (8 Females-5 Males) 

Mean (SD) Mean (SD) 

Age (years) 20.84 (2.37) 20.30 (1.49) t(13)= 0.704, p=0.495 

NDI score 3.69 (2.52) 3.76 (2.80) t(8)= -0.061, p=0.952 

EHI score 83.07 (18.87) 84.61 (23.66) t(8)=-0.174 , p=0.865 

Handedness  13 right handed 13 right handed  

Fatigue time (min) 5 min CEM rest  6.76 (2. 06) 
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fatigue was 6.76 ± 2.6 min, with 6.82 ± 1.94 min for the males and 6.87 ± 2.96 for the 

females. (Table 4). 

 Post-fatigue MNF was significantly lower than baseline for both right and left 

CEM [F1,24= 35.826, p= 0.0001, partial eta squared (η 2)= 0.599] (Figure 36), with no 

significant interaction between right and left CEM (p= 0.804). Post-fatigue RMS amplitude 

was significantly greater than baseline for both right and left CEM [F1,24= 32.328, p= 

0.0001, η 2= 0.111] (Figure 36), with no significant interaction between right and left CEM 

(p=0.096). The control group did not consider for any myoelectric fatigue results. 
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Figure 36: Average (A) mean power frequency (MNF), and (B) root mean square (RMS) 
for both right and left CEM during the pre- and post- fatigue protocol for the CEM fatigue 
group.  
Significant differences existed from pre- to post- CEM fatigue protocol for both MNF and 
RMS. (*P<0.0001).Error bars represent the standard deviation of the mean (SD).  
 

Behavioral Data 

The repeated measures ANOVA for the novel motor acquisition tracing task for 

normalized error data found a significant main effect of TIME [F1,48= 103.312, p < 

0.0001, η 2= 0.811] with no interactive effects of TIME by GROUP (p= 0.601). The pre-
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planned contrast demonstrated no changes in accuracy for both groups following motor 

acquisition (p= 0.597) and at retention (p= 0.304). After both motor acquisition and 

retention, the fatigue group had more improvement (33% and 45%) than the control group 

(29% and 39%), respectively (Figure 37).   

 

Figure 37: Mean percent trace error changes over time.  
Both groups improved in accuracy after both motor acquisition and during the retention 
(*P<0.05). The fatigue group outperformed the control group after both motor acquisition 
and at retention. Error bars represent SD.  
 

Neurophysiological Data 

The inclusion criteria for SEP data analysis was that the N9 SEP peak recorded 

over the brachial plexus, should differ less than ±10% between pre- and post-intervention 

trials in order for that participant’s data to be included. Although great care was taken when 

repositioning the participant for SEP recording after the fatigue and/or control intervention, 

the N9 was not stable for 2 participants from the fatigue group and could not be further 

analyzed as they failed to meet the inclusion criteria. In total 24 participants were included 

in the analysis of SEP peaks (13 control and 11 CEM fatigue). SEPs results are reported as 

(mean percent ± SD). 
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N24 SEP peak: Following motor acquisition, there was a significant interactive 

effect of TIME by GROUP [F1,22= 10.696, p= 0.003, η2= 0.327] with significant effect of 

TIME [F1,22= 5.301, p= 0.031, η 2= 0.194]. Pre- planned contrasts demonstrated that for the 

control group N24 SEP peak did not changed (p= 0.429), while the fatigue group 

significantly increased by 24.5 ± 24% [F1,10= 6.250, p= 0.031, η 2= 0.385], (Figure 38 and 

Figure 39).    

N30 SEP peak: Following motor acquisition, there was a significant TIME effect 

[F1,22= 17.179, p= 0.0001, η 2= 0.438)], and significant interaction effect of TIME by 

GROUP [F1,22= 4.957, p= 0.037, η 2= 0.184)]. Pre- planned contrast tests found that for the 

control group, the N30 SEP peak did not change (p= 0.172), while the fatigue group N30 

increased significantly by 35.5 ± 27% [F1,10= 11.163, p= 0.007, (η 2 = 0.572)] (Figure 38 

and Figure 39).    

 

N60 SEP peak: Following motor acquisition, there was a significant interactive 

effect of TIME by GROUP [F1,22= 6.847, p= 0.016, η2= 0.238] with no significant effect 

of TIME (p=0.952). Pre- planned contrast tests found that for the control group, the N60 

SEP peak did not change (p=0.148), while the fatigue group N60 increased significantly 

by 12.32 ± 34% [F1,10= 8.247, p= 0.017, η 2 = 0.452)] (Figure 38 and Figure 39).    

P25 SEP peak: Following motor acquisition, there was a significant TIME effect 

[F1,22 = 10.982, p= 0.003, η2= 0.333)], but no significant interactive effect of TIME by 

GROUP (p=0.910), with  the control group P25 SEP peak increasing by 23.6 ± 23%, and 

the fatigue group increasing by 25 ± 45% (Figure 38 and Figure 39).    

 

N20 SEP peak: Following motor acquisition, there was a significant TIME effect 

[F1,22 = 4.888, p= 0.038, η2= 0.182)], but no interaction effect of TIME by GROUP 

(p=0.234), with the control group N20 SEP peak increasing by 7.7 ± 35% and the fatigue 

group increasing by 27 ± 42% (Figure 38 and Figure 39).    

 

The N11 SEP peak increased for both control by 10±60 %and fatigue by 5±63%, 

N13 increased for control by 17 ± 34 %and decreased by 6 ± 25% for the fatigue, and N18 
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decreased by 5 ± 40% for the control and increased by 15±20% for the fatigue groups. 

There were no significant effects of time and no interactive effects of group [N11 

(p=0.842), N13 (p= 0.068), and N18 (p= 0.138)] (Figure 38 and Figure 39).    

 

 

Figure 38: Raw data from a representational control and fatigue participant indicating 
cortical SEP peak amplitudes. 
A) Slow rate (4.98 Hz), B) Fast rate (2.47 Hz). 
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Figure 39: Averaged normalized SEP Peak amplitude ratios relative to baseline (dotted 
line) showing control vs. fatigue groups following novel motor acquisition tracing task. 
Note: the significant interactive effects between groups were seen for N24, N30, and N60 
SEP peaks (*p<0.05) (**p<0.0001). Error bars represent SD. 

 

Discussion 

This current study examined the effect of CEM fatigue on proximal upper-limb motor 

performance accuracy, as well as the potential impact of CEM fatigue on sensorimotor 

processing in response to novel motor acquisition, as measured by short- and medium- 

latency SEP peak amplitudes, between the control and CEM fatigue groups. Following a 

motor acquisition tracing task, there were selective differential changes in SEP peak 

amplitudes related to SMI between the CEM fatigue and control group. The N24 SEP peak 

amplitude significantly increased for the CEM fatigue group and did not change for the 

control group. The N30 SEP peak amplitude significantly increased for the fatigue group 
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and did not change for the control group. In addition, the N60 SEP peak amplitude 

significantly increased for the fatigue group and did not change for the control group. Both 

groups improved similarly in performance accuracy post- motor acquisition and retention. 

The cerebellum is known to contribute in sensorimotor integration, error correction, 

and also development of internal models [73]. Internal models are relations between motor 

commands input and their predicted sensory consequence outputs of that movement [73], 

which allow comparison between predicted and actual consequences of an action. This 

would enable evaluating the error signal that leads to motor learning. Internal models can 

be modified with cooperation between motor plans from motor cortex and the error signals 

conducted from the inferior olive. This internal models update the link between the motor 

commands and the expected sensory consequences. Therefore, any changes in this 

cerebellar processing may deliver altered information to motor cortex, leading to abnormal 

movement orders [73]. 

The cerebellum acquires internal models of body in relation to the external world 

[222], which it modifies following novel motor skill acquisition by modifying cerebellar 

outputs, allowing a gradual adaptation and decreased error in motor performance [46].  This 

is reflected in the novel findings of this current study with regard to the differential SEP 

peak changes found in the CEM fatigue group in response to proximal upper-limb motor 

skill acquisition, that are believed to be related to cerebellar pathways [46]. Given that the 

cerebellum is very important for motor learning, [25, 29, 41, 45], and it is known to 

incorporate the sensory input from the joints of the neck and spine, during novel motor 

learning [46, 47], it is likely that any altered neck sensory input would impact the accuracy 

of the internal body schema. This refers to the novel findings of this current study that is 

the first to report the impact of altered neck sensory input, induced by fatigue, on 

differential short- and medium- latency SEP peak amplitude changes, (N24, N30, and 

N60), and as well describe the influence of CEM fatigue on proximal upper limb motor 

performance accuracy.  
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N24 SEP peak 

The N24 SEP peak amplitude is recorded from the contralateral frontal cephalic site 

close to the location of the N20 SEP peak. Dipolar source localized modelling of SEPs had 

shown that the N24 peak originates from the posterior bank of the central sulcus in 

Brodmann’s area (BA) 3b in the parietal lobe [351], between primary somatosensory cortex 

(SI) and the cerebellum [106]. The N24 SEP peak is likely to reflect cerebellar output 

changes [81]. In those with cerebellar lesions, the amplitude of the frontal N24 peak is 

decreased due to decreases in cerebral blood flow detected in the parietal cortex, resulting 

in alterations in SI processing [106]. Therefore, the cerebellum can impact the functionality 

of the SI and the cortical circuitry [106]. 

The characteristics of N24 SEP peak amplitude are linked directly to the cerebellar 

cortex and deep cerebellar nuclei [106]. In the current study, the proximal upper-limb 

motor acquisition task resulted in differential changes between the control and CEM 

fatigue groups. The significant increases in the N24 SEP peaks for the CEM fatigue group 

indicates that neck fatigue impacted cerebellar outputs [106]. Our finding is consistent with 

previous studies that found increased N24 SEP peak amplitudes following distal hand 

muscle motor acquisition in both and SCNP group [30] and a CEM fatigue group [292], 

reflecting enhanced cerebellar-SI sensory processing in response to novel motor learning  

[30]. Even though none of our participants terminated the fatiguing test due to pain, it is 

possible that the acute CEM fatigue may have impacted the SMI similar to an acute pain 

population [292]. Pain fibers through thalamo-cortical or cortico-cortical inhibitory inputs 

projects to the SI [82]. A previous study found that SCNP group had differential 

neuromuscular activation in their CEM following fatigue, likely due to extreme activation 

on their neuromuscular system to reduce the risk of further injury and pain [44]. These 

aforementioned findings indicate possible alteration in SMI processing due to SCNP [29, 

76] or CEM fatigue [292],  which appear to have altered the ability for plasticity of the 

cerebro-cerebellar and/or cerebellum-SI circuits in response to novel motor skill 

acquisition similar to the findings of the current study. 
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The  N24 SEP peak did not change in the control group, in which contrasts with 

previous transcranial magnetic stimulation (TMS) [274, 352], functional magnetic 

resonance imaging (fMRI) [29, 76], and SEP [292] studies that found decreases in 

cerebellar inhibition following motor skill acquisition, indicating  less  reliance on 

cerebellar activity when a task is well learned. This difference might be due to the fact that 

this was a motor task relying on proximal shoulder muscle as opposed to distal hand 

muscles (motor control of proximal vs distal muscles). Alternately it is well known that 

there is much larger somatotopic area devoted to the hand in both sensory and motor 

cortices, as compare to the shoulder area. Given that the N24 originates from primary SI 

and the cerebellum [106], it may explain the greater N24 changes in previous works, which 

perform motor acquisition with distal hand muscles.  

The cerebro-cerebellar interconnections include the role of the cerebellum in 

receiving sensory inputs from extensive neocortical region, and sending back sensory 

outputs from the cerebellar nuclei to multiple subdivisions of the thalamus, which itself 

projects to the SI and cortical regions [47, 67]. The cerebellum receives afferent sensory 

inputs from the middle cerebellar peduncle via climbing fibers [309], and efferent outputs 

travel from the cerebellum to the motor cortex via a disynaptic dentate-thalamo-cortical 

pathway [180]. These neuroanatomical cerebro-cerebellar connections not only provide a 

framework to receive inputs from vast area of the cerebral cortex to generate and control 

the movement at the level of MI, but it also has outputs that impact many of these 

neocortical areas  [353]. The cerebellar outputs are an important component of upper limb 

motor control, and any abnormality in this pathway could lead to motor deficits [353]. The 

cortico-cerebellar and cortico-striatal neuroplastic changes are essential for each level of 

learning [29, 354], various styles of learning [29], or for learning different features of the 

similar motor learning task [135, 240]. Learning a motor task results into two main 

cerebellar and MI neurophysiological changes: long lasting depression of Purkinje cell 

synapses in the cerebellar cortex, and induction of MI long-term neuroplasticity [355]. The 

cerebellum is involved  in the early phases of learning, while the later stages of learning 

results in long-term plasticity of the MI [356]. During both early- and later- stages of 

learning, the activity of the cerebellar cortex results in cerebellar nuclei changes [76] , 
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which ascend upstream to Purkinje cells [185] known to encode sensory neuron inputs 

following a motor acquisition task, and this may in turn alter cerebellar nuclei outputs 

[352].  

The CNS compares the internal body schema with the external word to create a motor 

predication [225]. The thalamus enables the cerebellum to be involved in voluntary 

movement [47] when performing  a smooth and continuous limb motion for the 

development of accurate body schema [67]. This phenomenon gradually reduces the motor 

acquisition errors and improves the  performance accuracy [47]. An accurate body schema 

is critical for motor error correction [39, 47]. The error signal is sent to the cerebellum 

climbing fiber inputs, thus weakening the power of Purkinje neuron outputs that synapse 

onto the cerebellar cortex, supporting the control of the limb movement through trial-and-

error training [42]. 

The cerebellum integrates sensory input from the neck into the body schema, to 

coordinate the limbs movement relative to position of the neck in 3D space [39, 47]. 

Altered afferent inputs from the neck to the CNS, induced by neck muscle fatigue [292] or 

SCNP [30], result in differential SEP peak changes in response to motor skill acquisition, 

reflecting possible cerebellar cortex alterations in response to altered sensory neck inputs 

[30, 292]. This altered sensory processing would affect the accurate body schema required 

for movement, reaction time and coordination [39, 47].  

Afferent inputs from muscles and joints [75, 205], as well as the visual, auditory, 

vestibular, and somatosensory information are integrated in the ventral premotor cortex, 

which is representative of the space around the arms, hands, and face [206]. Somatosensory 

information projects from the thalamus to the SI in Brodmann’s areas 1, 2, & 3.  The 

Brodmann’s area 5 of the posterior parietal cortex receives feedback from SI and encodes 

position of the limbs and body movements by integrating proprioceptive signals [207], and 

also responds to visual information regarding arm position. As the limbs grow in size 

during childhood, the schema of visual and tactile peripersonal space adapts with these 

dynamic changes of the body [196]. A virtual body study (rubber arm illusion) [208], and 
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a study investigating the use of tools to extend the reaching arm space [209] suggest that 

the brain’s representation of visuo-tactile peripersonal space can be modulated to 

incorporate the position of surrounding objects in space in relation to the body. Therefore, 

combination of multisensory inputs are responsible for the body representation, body 

schema, and peripersonal space. 

The CNS uses changes between predicted and actual movements to update 

feedforward internal models [275]. The cerebellum has an important role in sensorimotor 

prediction by acting as a component of the feedforward model system [139]. The 

cerebellum is a basic sensorimotor integrator to develop an internal model when learning 

a novel complex motor task [223]. The incoming sensory input is processed by the 

cerebellum prior to the output to the motor areas [47, 60, 61].  An accurate body schema is 

very important for accurate motor performance [275]. The error signals send to the 

cerebellum by ascending fibers so that compared the expected and executed motor outcome 

of the action [357] to improve the forward model by predicting and controlling the 

performance accuracy of new internal models [358].  

N30 SEP peak 

The N30 is recorded from contralateral frontal cephalic site (Fc’) at the same 

recording electrode site as the N18, P22 and N24 peaks and it is referenced to the ipsilateral 

earlobe [97, 106]. The N30 peak originates in in the post-central cortical regions [107], and 

it is a complex subcortical and cortical loop connecting the basal ganglia, thalamus, pre-

motor areas, and primary motor cortex [108, 109], thus reflecting SMI processes [97]. 

There is some evidence that has linked the basal ganglia with the N30 SEP component 

[110, 111] and it was assumed to reflect the activity in supplementary motor area (SMA) 

[112]. Direct near-field recordings within the cortex of frontal lobe revealed that the N30 

SEP peak originated dorso-laterally (dorsal premotor cortex) and medially in Brodmann’s 

area 6 (BA6) (representative of the SMA) following a transcutaneous median nerve 

stimulation [108]. Barba et al., (2005) with intracortical recordings from pre-surgical 

epileptic patients found that after contralateral median nerve stimulation, the far-field N30 
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SEP peak potentials were recorded from the contralateral SMA-proper. They also found 

that pre-SMA did not activate before 50 ms after contralateral or ipsilateral median nerve 

stimulation [119]. In another study the N30 peak amplitude was absent in a patient who 

suffered from a lesion of the SMA [114] and it was decreased in Parkinson’s Disease 

patients [110, 111]. Deep brain stimulation of basal ganglia nuclei increased the N30 peak 

amplitude due to improved SMA functional activity [110]. These earlier studies suggested 

that the frontal N30 is generated within non-primary motor areas such as the dorsal 

premotor cortex and SMA [359]. 

While many studies suggest that the N30 SEP peak is generated in premotor cortex 

areas, Waberski et al., (1999) reported that the N30 peak is generated in primary motor 

cortex (MI). They utilized source localization and demonstrated that the N30 peak localized 

to the MI [104]. Dipole source localization has also found that sources in the cingulate 

cortex, bilateral secondary somatosensory cortex (SII), contralateral primary 

somatosensory cortex (SI),  and prefrontal cortex all contributed to N30 SEP peak 

amplitudes [278]. Cebolla et al. (2011), utilized an advanced EEG dipole source 

localization swLORETA method,  and demonstrated that the power spectrum of the frontal 

N30 SEP peak was localized in the time domain in overlapping areas in MI specifically the 

motor cortex (BA4), extending to the premotor cortex (BA6), and prefrontal cortex (BA9) 

[113]. Research has demonstrated that muscle movement decreases the N30 SEP peak 

[103], and also it has been shown to change after repetitive motor activity [94] and 

following high velocity, low-amplitude cervical manipulation [115]. 

In the current study, the proximal upper- limb motor acquisition tracing task lead to 

an increased N30 SEP peak for both groups. The CEM fatigue group had greater increases 

compared to the control group, which is in line with previous studies [30, 80, 131, 292]. 

The significantly greater N30 SEP peak in the fatigue group post- motor acquisition may 

reflect attempts by the SMI integration network [30, 292] to integrate the altered neck 

muscle sensory feedback following fatigue [44] resulting in altered excitability in pathways 

relevant to motor learning. These current findings are consistent with our recent result with 

an increase in N30 SEP peak within a CEM fatigue group, following a distal upper-limb 
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motor tracing task [292]. These N30 increases may be due to increased activity of the 

cortical loop at the level of the MI and premotor area, and/or the subcortical loop linking 

basal ganglia and thalamus, in response to contralateral median nerve stimulation. 

Previous studies found that the pain lead to an increased frontal N30 SEP peak 

amplitudes [281] after motor learning both in acute experimental elbow pain [80, 231] and 

chronic SCNP participants [30]. Pain may result in cortical somatosensory reorganizations 

and neural plastic changes in MI[360]. Therefore, both acute experimental elbow pain [30] 

and chronic neck pain [132, 282] appeared to induce neuroplasticity in the sensorimotor 

system, that differentially changed the areas of the motor cortex contributing the frontal 

N30 SEP peak in response to the received afferent inputs. These findings suggest that CEM 

fatigue may induce similar neuroplastic modulation as occurred in the chronic SCNP and 

acute pain groups. 

Our SEP acquisition system does not allow us to  perform source localization, in 

order to confirm which specific areas of the frontal N30 neuro-generators changed their 

activation after the CEM fatigue or control intervention and proximal upper-limb motor 

acquisition tasks. Future investigations should utilize source localization methods to 

determine this. 

N60 SEP peak 

It has been well known that the short- and medium- latency SEPs (>100 ms) are 

originating from the SI area [117]. A dipole source localization indicated that the N60 SEP 

peak originates from the area 1 of the SI area at posterior bank of the central sulcus 

contralateral to the stimulated hand  Conversely, N60 SEP peak recordings from the 

cortical surface [120] or inside the cerebral cortex [121] have found that the secondary 

somatosensory area (SII) area, (BA40 and BA43 in the lower parietal lobe) [122], upper 

bank of the sylvian fissure contralateral to stimulation [121], are more activated following 

median nerve stimulation. In functional neuroimaging studies, activations of SII have been 

reported in response to light touch [125], pain perception [126], and tactile stimuli [127]. 



173 

 

In the current study, the proximal upper-limb motor acquisition tracing task lead to a 

decrease N60 SEP peak for both groups. The CEM fatigue group had greater decrease N60 

SEP peak post- motor acquisition that it may reflect challenges by the SMI neural network 

to integrate the altered neck muscle sensory input subsequent fatigue causing in altered 

excitability in pathways related to motor learning.  

Both pre- motor cortex (PMC) and pre- frontal cortex (PFC) are known to process 

the somatosensory input for upper limb motor control [361]. A previous study 

demonstrated a decrease in N60 SEP amplitude following continuous left wrist median 

nerve combined with theta burst stimulation (cTBS) of the left PMC and right PFC. 

Decreases in the N60 peak amplitude indicated that the left PMC cTBS altered the 

somatosensory processing in the contralateral pre-SMA,  and highlighted the role of the 

right PFC in generating the N60 SEP peak cortical neuro-generators in the pre-SMA [119]. 

The PFC has more neural connections with pre-SMA than SMA-proper [362]. Therefore, 

a decrease in the N60 SEP peak would support that ipsilateral PMC and contralateral PFC 

may be implicated in excitation of pre-SMA [361]. To develop a motor plan for the future 

movement, the pre-SMA are more activated [362]. The N60 SEP peak thus represents an 

indicator of somatosensory input to develop a new motor plan, and  both PMC and PFC 

might be involved in its modulation [361].  

A previous study found that the amplitude of the medium- to long- latency SEPs 

depend on endogenous components such as consciousness level, attention, and cognition 

[333]. The decrease in the N60 SEP peak amplitude is consistent with decrease in N60 

during sleep, suggesting its involvement in cognitive function [363]. A previous study 

examined the effects of motor fatigue on cognitive task performance. They  utilized a sub-

maximal force production to fatigue the first dorsal interosseous muscle of the right hand, 

and found mutual interaction between cognitive tasks and central mechanisms driving 

motor behavior during fatigue [364].  

In summary, the decreased N60 SEP peak amplitude in the control group in the 

current study could reflect a decrease of activity of the SMA and/or SI in response to novel 
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motor acquisition, or a decrease in awareness or attention levels, whereas the increases 

following CEM fatigue, could reflect increased activity due to the combination of CEM 

fatigue and proximal motor skill acquisition. Future work using source localization 

techniques is needed to identify the specific areas of the complex loop of the N60 neuro-

generators that altered their activation following CEM fatigue or control interventions and 

proximal upper-limb motor acquisition tasks.  

Behavioral Data 

Both groups demonstrated an improvement in proximal upper-limb performance 

accuracy, with negligible differences between groups following both motor acquisition and 

retention, with the fatigue group minimally outperformed the control group. Proprioceptive 

information from the neck is very important for coordination of body, upper limb, and eye 

movements [342]. Previous studies have shown that neck muscle fatigue can affect the 

postural control mechanism due to abnormal cervical sensory input to the CNS [345]. CEM 

fatigue also impacted the upper limb motor control by worsening the accuracy of elbow 

joint position sense [32], and shoulder kinematics [306] possibly due to altered afferent 

input from the neck affecting the body schema. 

Three possibilities may contribute to these detected behavioral results. The first 

possible reason is that shoulder muscles are less impacted by neck muscle fatigue. Sensory 

inputs that are transferred to the CNS from shoulder mechanoreceptors are originating from 

the joint capsules, ligaments, tendons, rotator cuff muscles and free nerve endings [7, 326]. 

Proprioceptive and free nerve endings, located on the glenohumeral (GH) joint capsular 

and the glenoid labrum ligaments, signal shoulder proprioception and muscle tension [7, 

326]. Upper-limb muscle fatigue is known to alter shoulder proprioception by a decrease 

in sensitivity of capsular receptors, and also increased the shoulder instability [7]. Our 

tracing task from the current study involved the shoulder internal and external rotation to 

trace the sinusoidal waves, with lengthening the external rotators in shoulder internal 

rotation, and the internal rotators in shoulder external rotation [6]. It has been shown by 

fatiguing the upper limb muscles (elbow flexors), the control strategy has swapped to a 
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feedforward strategy to decline the accuracy error and stay close to the center of the target 

for tracking a sinusoidal moving target [229]. Therefore, our finding of similar behavioral 

results between groups, may be due to an altered body schema subsequent to altered neck 

sensory input and also impact of shoulder internal- external rotation, which forced the 

rotator cuff and GH joint to increase reliance on feedforward processes. 

Our previous SEP study demonstrated that CEM fatigue group had worsen distal 

upper-limb motor control performance following both motor acquisition and retention, 

indicating that differential N24 and N30 SEP changes overlap with worse motor 

performance [292]. However, in that study the shoulder and arm were stable (unmovable) 

and remain in a neutral position, and task performance was isolated to only utilize the 

movement of the thumb musculature. Therefore, the second possibility that may contribute 

to our current detected behavioral results is although task required movement of shoulder 

muscles, the thumb was still involved. The multiple sensory inputs from the upper limb 

during motor acquisition would allow the CNS to overcome any negative impacts of the 

neck on the overall body schema. Neurons in SII area receive mainly phasic inputs from 

cutaneous rather than deep receptors [365]. Further sensory processing of the SII and 

posterior parietal association does not lead to a divergence of distinct limb position and 

exerted force signals associated with a single joint, but to a more complex convergence of 

multiple joints inputs [366]. However,  neurons in SI are exclusively sensitive to 

independent limb position or to exerted force that receives sensory inputs from muscle 

receptors that are important in this respect [367]. A previous animal study showed that 

pyramidal tract neurons in the SI output stimuli that occur during movement. These 

neurons get discharged prior to the onset of voluntary movement ,indicating that 

somatosensory cortex has a direct role in the control of movement [368]. A third possibility 

is that because the shoulder muscle task still involved the thumb and elbow, somewhat, 

there was more sensory input from all 3 upper limb joints, which enabled the CNS to 

recalibrate the body schema. 

Motor learning depends on attentional resources [369] and the accompanying 

neuroplasticity can be  altered by modulating attention [370] and cognitive regulation 
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[371]. Acute experimental pain improves motor acquisition outcomes due to attention to 

the region of the body undergoing learning [231]. A previous fMRI study found that  under 

high- load condition  the cognitive load decreased the activity of the emotional brain 

(amygdalae and the right insula) [372]. Given that the current study found similar accuracy 

improvement in both groups (CEM fatigue and control) it is possible that the increase 

cognitive load created by neck fatigue led to increased attention during motor skill 

acquisition, contracting the impact of CEM fatigue on proximal upper- limb motor control. 

Conclusion 

This study demonstrates that the secondary somatosensory cortex (SII) and the 

cerebellum are mainly affected by the neck muscle fatigue, as well as SMI pathways as 

shown by the differential short and medium- latency SEP peak amplitude changes of the 

N24, N30, and N60 SEP s following motor learning. Similar performance accuracy in both 

CEM fatigue and control groups indicates that shoulder muscles are less impacted by neck 

muscle fatigue than distal hand muscles. The basic science knowledge gained from this 

work is relevant to our understanding how neck fatigue impact motor acquisition and 

subsequent performance at work, sport and leisure. In our age of technology, this work has 

the potential to inform strategies for workplace and technology design to decrease injury 

risk and improve performance. 
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Thesis summary 

The results of this thesis contribute important new knowledge on  the impact of neck 

muscle fatigue on motor learning and how it contributes to adaptive or maladaptive neural 

plasticity learning when learning novel motor skills. The four experiments in this thesis 

investigated the impact of a submaximal neck extensor fatigue protocol on different aspects 

of upper limb sensorimotor integration.  

In manuscript one, an experimental submaximal cervical extensor muscle (CEM) 

fatigue protocol prior to motor skill acquisition led to impaired upper limb motor learning 

outcomes in conjunction with differential changes in SEP peak amplitudes related to SMI. 

The N24 SEP peak decreased for the control group and increased for the fatigue group, 

whereas N30 peak increased for both groups following the motor acquisition tracing task. 

Motor learning occurred in both groups with less performance accuracy both post- motor 

acquisition and at subsequent task retention following CEM fatigue, as compared to the 

control group. The SEP peak differences indicate that SMI brain areas including the 

cerebellum may be particularly affected by CEM fatigue, and provide evidence that even 

acute changes in neck sensory input influence the ability of the CNS to acquire a novel 

motor skill.  

Manuscript two built on the manuscript 1 findings, investigating the impact of CEM 

fatigue on cerebellar-M1 pathway excitability to a distal hand muscle. CEM fatigue 

lessened the magnitude of the cerebellar disinhibition in response to a novel motor skill 

task. Cerebellar disinhibition is critical during the fast phase of motor learning in order to 

enable the learning of new skills. Following motor skill acquisition, the control group 

demonstrated greater cerebellar disinhibition than the CEM fatigue group. In addition, 

there was greater improvement in performance for the control group as compared to the 

fatigue group. This work suggests that CEM fatigue negatively impacts the capacity of the 

cerebellar-MI pathway to disinhibit, in order to enable the learning of new motor skills. 

The altered capacity for cerebellar disinhibition seen in the CEM fatigue group, was also 
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reflected in worsened motor performance in the fatigue group, both following acquisition 

and at retention. 

Manuscript three extended the findings of manuscripts one and two investigating the 

impact of neck fatigue on performance accuracy of an eye-hand tracking task with 

conditions where the target was hidden and the participant had to rely on accurate 

proprioception vs conditions where the target was visible and vision could compensate for 

any proprioceptive inaccuracies. As expected, both in distance from the target and the angle 

of trajectory, both control and CEM fatigue groups demonstrated baseline accuracy 

differences between visual and hidden targets, as the hidden condition accuracy relied 

solely on proprioception. Neck fatigue decreased the accuracy of the distance from release 

to the end-point of the upper limb tracking task to the hidden target immediately post 

fatigue. This work suggests that altered afferent input from the neck due to CEM fatigue 

likely influenced the body schema and hence the accuracy of positional awareness of the 

upper limb, resulted in a decrease in upper limb performance accuracy.  

The eye-hand tracking task utilized in manuscript three relied on accurate shoulder 

proprioception. Therefore manuscript four extended the findings of study one to investigate 

the impact of CEM fatigue on short- and medium- latency SEP peak amplitudes related to 

SMI, when the tracing task was performed mainly with the proximal shoulder muscles, as 

compared to the distal hand muscles used in study one. The short- latency SEP peaks 

demonstrated an increased N24 and N30 SEP peaks for the CEM fatigue group, while the 

control group had a non-significant decreases in the N24 peak amplitude and a non-

significant increase in the N30 peak amplitude. The medium- latency SEP peak (N60) 

demonstrated an increased N60 for the fatigue group as compared to a non-significant 

decrease for the control group. These differential SEP peak changes suggest that primary 

somatosensory cortex (SI), SMI pathways, and the cerebellum are impacted by the CEM 

fatigue. Both groups improved similarly in proximal upper-limb motor performance 

accuracy in response to novel motor skill acquisition and retention indicating that shoulder 

muscle performance is less impacted by neck muscle fatigue than distal muscles. This may 

be because the shoulder task could rely on proprioceptive feedback from the elbow and 
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wrist, which provided the CNS with information to accurately recalibrate shoulder joint 

position in the face of distorted afferent input from the neck muscles due to fatigue. 

General conclusion  

Our findings suggest that CEM fatigue negatively impacts how the CNS learns an 

distal upper limb motor skill acquisition task. Decreased motor learning accuracy is likely 

due to the influence of CEM fatigue on processing in cerebellar as well as SMI pathway as 

indicated by the differential short and medium- latency SEP peak amplitude changes, and 

decreased capacity for cerebellar disinhibition in response to novel motor skill acquisition.  

The worse motor performance accuracy in the CEM fatigue group in studies one and two 

indicates that altered neck sensory input due to fatigue affects more distal hand muscle 

motor control possibly due to an altered body schema. Although the shoulder tracking task 

performance was less impacted by neck muscle fatigue, the altered SEP peaks coupled with 

worse accuracy to a hidden target following CEM fatigue, indicates that neck fatigue 

impacts SMI of the entire upper limb.  

Practical Significance and possible future directions 

In variety of occupational and recreational settings, upper limb motor skill acquisition 

occurs in situations where the neck is either held in an awkward posture for a prolonged 

time period, with a risk of neck extensor muscle fatigue. The results of this thesis are 

important as they demonstrate that altered input from the neck muscles due to muscle 

fatigue can impact upper limb performance accuracy, coupled with altered proprioception 

and neurophysiological differences following upper limb motor acquisition. This work has 

increased insight into the neurophysiological impact of muscle fatigue on motor acquisition 

and contributes to our understanding of how neck muscle fatigue may potentially lead to 

disordered SMI and maladaptive neuroplasticity. An important direction for future studies 

is to directly measure changes in cerebellar and other SMI areas in conjunction to CEM 

fatigue to determine whether the altered neuroplasticity associated with motor learning 

outcomes in the fatigue group are indeed maladaptive.  For instance, cerebellar plasticity 
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can be measured by the capacity to change the gain of the vestibular-ocular reflex (VOR), 

the cervico-ocular reflex (COR) and saccades, and future work could combine this 

approach with CEM fatigue. 

 Taken as a whole, this thesis demonstrated that sensory input from the neck has 

profound consequences for SMI, particular at the level of the cerebellum. This leads to real 

world questions, such as; how do changes in neck posture and/or fatigue impact body 

schema and cerebellar integration, and how does this alter motor control of upper limb 

movements and increase potential for motor performance error? 

This novel work combined measures of somatosensory processing with measures of 

motor output and provided a comprehensive picture of the effects of altered input from the 

neck on SMI at multiple levels of CNS processing. There are a number of common tasks 

in the workplace that require precise upper limb movements while the neck is in an 

awkward posture or is susceptible to fatigue, such as overhead work by mechanics or 

assembly line workers; or precision work by surgeons, dentists and dental hygienists. On a 

daily basis we utilize the body schema to accurately reach for controls while driving, 

playing skilled sport or interacting with technology. Neck muscle fatigue and/or altered 

neck postures are often present during these tasks. If altered neck afferent input impacts 

the speed and accuracy of upper limb performance, it has the potential to lead to errors 

which impact the health and productivity of workers. The basic science knowledge gained 

from this thesis improves our understanding how neck muscle fatigue might impact motor 

skill training during upper limb rehabilitation and subsequent performance at work, sport 

and leisure which involve precise upper limb movements with the neck in an awkward 

posture or at risk of fatigue. In our age of technology, these findings have important 

practical implications to improve strategies for workplace and technology design to 

decrease injury risk and improve performance. 

Limitations 

For experiment two and four, the N9 SEP peak was stabilized (within ±10% 

between pre- and post-intervention) to indicate stable and consistent peripheral afferent 
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nerve volley and ensure that observed SEP peak changes were due to motor acquisition or 

CEM fatigue/rest interventions and not due to alteration in the incoming afferent volley. In 

experiment two although great care was taken when repositioning the participant for SEP 

recording after the fatigue and/or control intervention, the N9 was not stable for 7 

participants and total of 17 participants were included in the analysis of SEP peaks. 

However, given that the posthoc calculation for achieved power was high (greater than 

0.8), the smaller sample size was unlikely to have resulted in a type II error. 
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Appendix 1:  Electromyography (EMG) Trigno™ Wireless EMG System and Load Cell 

Surface ElectroMyoGraphy (sEMG) is a non-invasive technique for measuring 

muscle electrical activity that occurs during muscle contraction and relaxation cycles [373]. 

The sEMG signal generated as layered depolarization of several motor units, each with a 

specific frequency and amplitude, which power of the signal (e.g. amplitude) decreased as 

the signal transfer to the upper layer of  skin’s surface [374, 375]. A Trigno™ Wireless 

EMG system with two parallel-bar surface electrodes and a 10 mm inter-electrode distance 

uses to collect activity from the muscles (20–450 Hz, CMRR 92 dB @ 60Hz, input 

impedance1015 Ω, Delsys Inc., Boston, USA). EMG data were collected using EMG 

works 4.0 (Delsys Inc., Boston, USA), All sEMG data were sampled at 2000Hz. To get a 

good signal and avoid artifacts before applying electrodes, the areas is prepared by 

abrading and cleaning the skin with alcohol. Electrodes should be placed in line with the 

muscle fibers. Hypafix tape™ is applied over each electrode to make sure the electrodes 

are placed firmly on the skin and that there is good contact between the skin and electrodes. 

This EMG System with specific electrode placements for each experiment will be used to 

record neck muscle activities on all four experiments.  

A uniaxial load cell (SML 100, Interface, Scottsdale, Arozona, USA), connected 

wirelessly with a Trigno adapter (Delsys Inc., Boston, MA, USA) is fixed to a wall, and 

used to monitor maximum voluntary forces production during the CEM contraction before 

and after fatiguing the CEM. Analog data from the load cell synchronizes with the sEMG 

data, and sampled at 2000 Hz. This load cell will be used to record maximum voluntary 

force production on all four experiments to explore the effect of CEM fatigue on cervical 

maximal isometric voluntary contractions (MIVC).  

 Participants seat on a chair with no upper thoracic or cervical support. The hips 

and knees are at 90°, feet on the floor and positioned shoulder width apart, arms relaxed 

by side, and head neutral. This position is chosen to prevent bracing and to eliminate any 

additional force enhancement from other muscles. The participants' head, at the level of 

the inion, is positioned against an adjustable wall mounted and padded head piece, attached 
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to a load cell [44]. Participants produced two MVICs of the CEM for three seconds each, 

separated by one minute rest before and after fatiguing protocol, respectively.  
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Appendix 2: Configuration and Test Condition Settings of Eye-Hand Tracing Task 

Circle size is 50 pixels (1.32 cm) and square size is 100 pixels (2.64 cm). Minimum 

distance between starting and ending is 600 pixels (15.87 cm) (uses the distance randomly) 

and sampling rate is 60 Hz. Each block is consisted of total 5 trials with two number of 

learning trials that display the drop area and five number of memory trials that do not 

display the drop area. It draws and shows the trajectory during dragging the circle to the 

square. It does not snap back to the start position on release if user releases drag outside of 

zone circle. The end position is where the user releases. It does not automatically go to the 

next trial and examiner clicks any keys to continue and when all trail of one set finishes it 

displays the “trials complete.” Data is saved on excel sheets with a specific name for each 

set of the trails. 
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Appendix 3: Configuration and Test Condition Settings of Sinusoidal-Pattern Waves 

 Set 1 Set 2 Set 3 Set4 

Time per trial (in 37.04 41.8 49.31 83.22 

Number of  samples 500 500 500 500 

Starting amp (mm) 31.27 26.235 24.38 26.23 

Ending amp (mm) 29.94 24.64 23.05 25.97 

Starting wave length 28.09 24.91 25.97 49.02 

Ending wave length 53.79 48.49 51.67 97.25 

Dot diameter (mm) 6.62 6.625 6.625 6.625 

Arc length (mm) 687.14 786.78 914.78 1543.89 

Speed (mm per second) 18.55 18.55 18.55 18.55 

Middle amp (mm) 52.73 46.37 37.895 41.87 

Middle wave length 40.54 36.57 38.69 65.45 

Mid line width (mm) 1.06 1.06 1.06 1.06 
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Appendix 4: Somatosensory Evoked Potential (SEP) 

SEP Peak Terminology: Electrical stimulation of peripheral nerves at stimulation 

intensities just above motor threshold, depolarizes the large diameter myelinated (IA) 

afferents, but not the smaller myelinated Aδ or unmyelinated C afferents, which send pain 

and temperature perception through the spinothalamic tracts [376]. SEPs are electrical 

potentials induced by physiological or electrical stimulation of somatosensory receptors or 

their axons over the peripheral nerve of interest [86].It stimulates a peripheral receptor and 

measures the cortical response.  SEPs are recorded at different sites from the peripheral 

nerve up to the cortex [84]. Responses recorded are classified according to specific 

latencies. After stimulation of the upper extremity nerves, short-latency SEPs waveform 

occurs in 8-30 ms , medium-latency SEPs in  40/60 ms to 100 ms, and Long- latency SEPs 

in more than 100 ms [84]. Although the amplitude of short-latency SEPs is smaller than 

that of medium and long-latency SEPs, the stable nature of short-latency SEPs makes them 

more suitable for neurologic diagnostic tests [377]. The short- latency SEPs, are most 

suitable method whereas longer cortical SEPs waves (>45 ms) are more disposed to 

alterations due to cognitive issues [55]. The usual sites for SEP stimulation in the upper 

limb are the median, ulnar, and radial nerves at the wrist and in the lower limb are the 

common peroneal and posterior tibial nerves at the knee [84]. It has been shown that muscle 

afferent signals probably control the potential of the motor cortex made by stimulation of 

the mixed median at the wrist [272, 378]. 

Median nerve stimulation: According to the IFCN, SEPs should be provoked 

through bipolar transcutaneous electrical stimulation on the skin over the peripheral nerve 

of interest through a continuous current stimulator [55]. As a purpose of this thesis all, the 

SEPs peaks are recording when the median nerve is stimulated and signal reaching the 

somatosensory cortex. This pathway starts with the sending of an electrical stimulus at a 

rate of 2.47 Hz or 4.98 Hz to the median nerve at the wrist. When target nerves are mixed 

(sensory and motor fibres), the stimulus intensity should exceed the motor threshold [55]. 

Therefore, a 100–300 µs square waveform electrical pulse is sent at intensities strong 

enough , resulting in a visible 1-2 cm thumb twitch [379]. Upon delivery of the stimulus to 
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the median nerve, it transfer to the Erb’s point over the brachial plexus and produce the N9 

peak.  In the course of transfer, the afferent volley then enter to the cervical spine and 

sending off collateral branches to synapse in the mid-cervical cord and rise to a peaks 

known as N11 and N13 over the fifth cervical spine. Further route in the posterior columns 

passes through the synapse at the cervicomedullary junction and enters the medial 

lemniscus to create the P14 peak [379]. Then conduction pathway arise to upper midbrain 

and into the thalamus and N18 is detected at this point. After synapsing the afferent volley 

into the thalamus, the earliest cortical processing from primary somatosensory cortex 

contralateral to the stimulated wrist is detected and N20 peak is recorded from this point 

[379]. 
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Appendix 5: Neck Disability Index (NDI) questionnaire 

Neck Disability Index 

This questionnaire has been designed to give your therapist information as to how your 

neck pain has affected your ability to manage in everyday life.  Please answer every 

question by placing a mark in the ONE box which applies to you.  We realize that 2 of the 

statements may describe your condition, but please mark only the ONE box that most 

closely describes your current condition. 

 

SECTION 1 - PAIN INTENSITY 

j I have no neck pain at the moment. 
j The pain is very mild at the moment. 
j The pain is moderate at the moment. 
j The pain is fairly severe at the moment. 
j The pain is very severe at the moment. 
j The pain is the worst imaginable at the moment. 
 

 

SECTION 6 – CONCENTRATION 

j I can concentrate fully without difficulty. 
j I can concentrate fully with slight difficulty. 
j I have a fair degree of difficulty concentrating. 
j I have a lot of difficulty concentrating. 
j I have a great deal of difficulty concentrating. 
j I can't concentrate at all. 

 

SECTION 2 - PERSONAL CARE 

j I can look after myself normally without causing extra neck pain. 
j I can look after myself normally, but it causes extra neck pain. 
j It is painful to look after myself, and I am slow and careful 
j I need some help but manage most of my personal care. 
j I need help every day in most aspects of self -care. 
j I do not get dressed. I wash with difficulty and stay in bed. 
 

 

SECTION 7 –WORK 

j I can do as much work as I want. 
j I can only do my usual work, but no more. 
j I can do most of my usual work, but no more. 
j I can't do my usual work. 
j I can hardly do any work at all. 
j I can't do any work at all. 

 

SECTION 3 – LIFTING 

j I can lift heavy weights without causing extra neck pain. 
j I can lift heavy weights, but it gives me extra neck pain. 
j Neck pain prevents me from lifting heavy weights off the floor but I 
can       manage if items are conveniently positioned, ie. on a table. 
j Neck pain prevents me from lifting heavy weights, but I can manage 
light weights if they are conveniently positioned 
j I can lift only very light weights. 
j I cannot lift or carry anything at all.  
 

 

SECTION 8 – DRIVING 

j I can drive my car without neck pain. 
j I can drive my car with only slight neck pain. 
j I can drive as long as I want with moderate neck pain. 
j I can't drive as long as I want because of moderate neck pain. 
j I can hardly drive at all because of severe neck pain. 
j I can't drive my car at all because of neck pain. 
 

 

SECTION 4 – READING 

j I can read as much as I want with no neck pain. 
j I can read as much as I want with slight neck pain. 
j I can read as much as I want with moderate neck pain. 
j I can't read as much as I want because of moderate neck pain. 
j I can't read as much as I want because of severe neck pain. 
j I can't read at all. 
 

 

SECTION 9 – SLEEPING 

j I have no trouble sleeping. 
j My sleep is slightly disturbed for less than 1 hour. 
j My sleep is mildly disturbed for up to 1-2 hours. 
j My sleep is moderately disturbed for up to 2-3 hours. 
j My sleep is greatly disturbed for up to 3-5 hours. 
j My sleep is completely disturbed for up to 5-7 hours. 

 

SECTION 5 – HEADACHES 

j I have no headaches at all. 
j I have slight headaches that come infrequently. 
j I have moderate headaches that come infrequently. 
j I have moderate headaches that come frequently. 
j I have severe headaches that come frequently. 
j I have headaches almost all the time 

 

SECTION 10 – RECREATION 

j I am able to engage in all my recreational activities with no neck pain 
at all. 
j I am able to engage in all my recreational activities with some neck 
pain. 
j I am able to engage in most, but not all of my recreational activities 
because of pain in my neck. 
j I am able to engage in a few of my recreational activities because of 
neck pain. 
j I can hardly do recreational activities due to neck pain. 
j I can't do any recreational activities due to neck pain. 
 

PATIENT NAME ______________________ DATE _________SCORE __________ [50]                                                                             

COPYRIGHT: VERNON H & HAGINO C, 1991 



191 

 

Appendix 6: Edinburgh Handedness Inventory (EHI) questionnaire 

Edinburgh Handedness Inventory 

Your Initials:  

Please indicate with a check (✔) your preference in using your left or right hand in the 

followina tasks. 

Where the preference is so strong you would never use the other hand, unless absolutely 

forced to, put two checks (✔✔). 

If you are indifferent, put one check in each column (✔ /✔). 

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 parentheses. 

Task / Object Left Hand Right Hand 

l. Writing   

2. Drawina   

3. Throwing   

4. Scissors   

5. Toothbrush   

6. Knife (without fork)   

7. Spoon   

8. Broom (upper hand)   

9. Striking a Match (match)   

10. Opening a Box (lid)   

Total checks: LH= RH= 

Cumulative Total CT = LH + RH = 

Difference D = RH-LH= 

Result R=(D/CT)×100= 

Interpretation:  
(Left Handed: R < -40) 
(Ambidextrous: -40 R +40) 
(Rioht Handed: R > +40) 

 

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh 

inventory. Neuropsychololoia, 9, 97-113. 
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Appendix 7: TMS safety checklist questionnaire 

TMS safety checklist: 

The following questions are to ensure it is safe for you to have TMS applied.  If you 

answer yes to any of the questions below, we may need to exclude you from TMS 

experiments. 

 

QUESTION ANSWER 

1.  Do you suffer from epilepsy, or have you ever had an epileptic 
seizure? 

Yes No 

2.  Does anyone in your family suffer from epilepsy? Yes No 

3.  Do you have any metal implant(s) in any part of your body or 
head? (Excluding tooth fillings) 

Yes No 

4.  Do you have an implanted medication pump?   Yes No 

5.  Do you wear a pacemaker? Yes No 

6.  Do you suffer any form of heart disease?   Yes No 

7.  Do you suffer from reoccurring headaches**? Yes No 

8.  Have you ever had a skull fracture or serious head injury? Yes No 

9. Have you ever had any head surgery? Yes No 

10. Are you pregnant?   Yes No 

11. Do you take any medication or use recreational drugs 
(including marijuana)*? 

Yes No 

12. Do you suffer from any known neurological or medical 
conditions? 

Yes No 

 

Comments ___________________________________________________________ 

Name ________________________________ 

Signature ________________________________ 

Date ________________________________ 
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*Note if taking medication or using recreational drugs please read through the medication 

list on the next page to see if you use contraindicated drugs or medications.  You do not 

need to tell the researcher which medications or drugs you use, unless you wish to.  

However, all researchers have signed confidentiality agreements and this information will 

not recorded in writing, if you do wish to discuss this issue. 

**Dr. Murphy will meet with participants who answer yes to this question to seek further 

information. 
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Medications contraindicated with magnetic stimulation: 

1) Tricyclic antidepressants 

Name  Brand  

amitriptyline (& butriptyline)  Elavil, Endep, Tryptanol, Trepiline  

desipramine  Norpramin, Pertofrane  

dothiepin hydrochloride  Prothiaden, Thaden  

imipramine (& dibenzepin)  Tofranil  

iprindole  - 

nortriptyline  Pamelor  

opipramol  Opipramol-neuraxpharm, Insidon  

protriptyline  Vivactil  

trimipramine  Surmontil  

amoxapine  Asendin, Asendis, Defanyl, Demolox, Moxadil  

doxepin  Adapin, Sinequan  

clomipramine  Anafranil  

 

2) Neuroleptic or Antipsychotic drugs 

A) Typical antipsychotics 

Phenothiazines: Thioxanthenes: 

o Chlorpromazine (Thorazine) o Chlorprothixene 

o Fluphenazine (Prolixin) o Flupenthixol (Depixol and Fluanxol) 

o Perphenazine (Trilafon) o Thiothixene (Navane) 

o Prochlorperazine (Compazine) o Zuclopenthixol (Clopixol and Acuphase) 

o Thioridazine (Mellaril) o Butyrophenones: 

o Trifluoperazine (Stelazine) o Haloperidol (Haldol) 

o Mesoridazine o Droperidol 

o Promazine o Pimozide (Orap) 

o Triflupromazine (Vesprin) o Melperone 

Levomepromazine (Nozinan)  
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B) Atypical antipsychotics 

Clozapine (Clozaril) Quetiapine (Seroquel) 

Olanzapine (Zyprexa) Ziprasidone (Geodon) 

Paliperidone (Invega) Amisulpride (Solian) 

Risperidone (Risperdal)  

 

C) Dopamine partial agonists:   Aripiprazole (Abilify) 

D) Others 

Symbyax - A combination of olanzapine and fluoxetine used in the treatment of bipolar 

depression. 

Tetrabenazine (Nitoman in Canada and Xenazine in New Zealand and some parts of Europe 

Cannabidiol One of the main psychoactive components of cannabis. 

Regular Cannabis use more often than once per week and/or cannabis use in the past 4 days. 

Regular use of other recreational drugs, or single episode within the past three weeks. 
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Appendix 8: Copyright permission Letters 
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