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ABSTRACT 
 

Upper limb control depends on accurate internal models of the position of the limbs 

relative to the head and neck. The cerebellum is heavily involved in SMI of neck sensory inputs 

and motor learning; therefore, it is likely that altered neck sensory input will impact cerebellar 

processing. However, it is unclear whether acute models of altered afferent input from 

vibration impacts SMI, somatosensory processing, and proprioception.  

 

Study one used SEPs to investigate the effects of neck muscle vibration on SMI and 

motor learning while study two used an elbow repositioning task to investigate its effects on 

upper limb proprioception. Vibration led to differential changes in SEP peaks associated with 

cerebellar processing and motor skill acquisition, and changes in upper limb accuracy. 

 

This thesis suggests that neck muscle vibration impacts cerebellar processing and motor 

control, likely due to vibration-induced alterations in body schema leading to neuroplastic 

adaptations and reduced accuracy.   
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INTRODUCTION TO THE THESIS 

 tŚĞŶ�ǇŽƵ͛ƌĞ�ŝŶ�Ă�ŚƵƌƌǇ͕�ǇŽƵ�ŵĂǇ�ĨĂŝů�ƚŽ�ŶŽƚŝĐĞ�certain objects in your path, like an 

approaching person, but most of the time you automatically and instinctively avoid them. 

Control of the body, in avoiding or manipulating objects to reach behavioural goals requires an 

accurate and constantly updated perception of the body and the space surrounding it. This 

concept is known as body schema. Body schema is characterized as the cortical representation 

of the position of the body in space. Broadly, it is the integrated perception of the location, 

orientation and functional integrity of the body and appendages created by a complex neural 

network that combines somatosensory and visual information (Holmes and Spence 2004). It 

includes the shape of each body segment and the body surface, proprioceptive information 

regarding limb configuration, and the length of each body segment (Maravita, Spence et al. 

2003, Haggard and Wolpert 2005). Body schema is integral for spatial orientation and updates 

constantly during movement permitting proper motor learning and motor control. During 

movement, proprioceptive and visual feedback are continuously cross-referenced to update 

body schema and predict future positions (Maravita, Spence et al. 2003). This involves a 

complex neural network that processes information using the most appropriate reference 

frame (Medina and Coslett 2010). Body-centered reference frames topographically represent 

the body in reference to the position of the head and neck while eye-centered reference frames 

compute the location of body parts using information encoded in the visual cortices (Maravita, 

Spence et al. 2003, Holmes and Spence 2004). Given that the cortical organization of sensory 

information from peripheral structures is highly dependent on the position of the head and 
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neck, proprioceptive input becomes increasingly more important in the absence of visual 

information.  

 

 WƌŽƉƌŝŽĐĞƉƚŝŽŶ�ŝƐ�ĚĞĨŝŶĞĚ�ĂƐ�ƚŚĞ�ĐŽŶƐĐŝŽƵƐ�ĂŶĚ�ƵŶĐŽŶƐĐŝŽƵƐ�ĂǁĂƌĞŶĞƐƐ�ŽĨ�ƚŚĞ�ďŽĚǇ͛Ɛ�

position, mediated by proprioceptors in muscle tissue, joints and tendons (Proske and Gandevia 

2012, Tuthill and Azim 2018). More specifically, neck muscle proprioception plays a significant 

role in balance, movement organization and forming accurate body schema (Strimpakos, 

Sakellari et al. 2006). Muscle spindles are the major proprioceptors of the neck and given the 

importance of their role it is no surprise that neck muscles have the highest density of 

proprioceptors in humans (COOPER and Daniel 1963, Richmond and Abrahams 1979, Kulkarni, 

Chandy et al. 2001). Muscle spindles are activated when high frequency, low amplitude 

vibration is applied over a muscle belly which is perceived by the central nervous system (CNS) 

as joint movement and rotation if the vibration frequency exceeds 30Hz (Brown, Engberg et al. 

1967, Goodwin, McCloskey et al. 1972, Cordo, Bevan et al. 1995). Consequently, vibration of 

neck muscles would alter afferent input from peripheral structures as it travels through the 

neck and to the brain.  

 

 The cerebellum is the main site for sensorimotor integration of neck muscle and spine 

inputs, as well as being primarily responsible for motor learning and online motor control, 

therefore it is likely that altered afferent input from the neck impacts cerebellar processes that 

permit proper motor learning and motor control. Previous research has demonstrated that 

altered afferent input from the neck as a result of joint dysfunction, pain and fatigue impacts 
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proprioception (Knox and Hodges 2005, Paulus and Brumagne 2008, Guerraz, Caudron et al. 

2011, Zabihhosseinian, Holmes et al. 2015, Stanton, Leake et al. 2016), motor control (Guerraz, 

Blouin et al. 2003, Huysmans, Hoozemans et al. 2010, Zabihhosseinian, Holmes et al. 2017, 

Zabihhosseinian, Yielder et al. 2019), and motor learning (Daligadu, Haavik et al. 2013, Andrew, 

Yielder et al. 2018, Baarbé, Yielder et al. 2018, Zabihhosseinian, Yielder et al. 2020). 

Additionally, research has also demonstrated alterations in cortical processing including 

sensorimotor integration (Andrew, Yielder et al. 2018, Zabihhosseinian, Yielder et al. 2020), 

multisensory integration (Farid, Yielder et al. 2018, Karellas, Yielder et al. 2019) and 

proprioceptive processing (Paulus and Brumagne 2008, Baarbé, Holmes et al. 2015, Wallwork, 

Leake et al. 2020). However, it is important to note that pain and fatigue can later multiple 

types of feedback through the involvement of spindle inputs, pain afferents and changes in 

muscle properties (Falla and Farina 2008, Alcaraz-Clariana, García-Luque et al. 2021).  

 
OBJECTIVE OF THE THESIS 

 The objective of this thesis was to determine the effect of transient alterations in neck 

afferent input from muscle vibration on body schema as well as upper limb proprioception, 

motor control, and motor learning. This was assessed neurophysiologically via differential 

changes in early and middle-latency somatosensory evoked potentials (SEPs) and behaviourally 

via changes in performance accuracy using a novel proprioceptive based motor learning task 

and changes in upper limb proprioception measured using an elbow proprioception task.  
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HYPOTHESIS OF THE THESIS 

 It was hypothesized that neck muscle vibration would lead to neurophysiological and 

behavioural alterations in proprioception, motor control and motor learning. More specifically, 

individuals receiving neck muscle vibration would demonstrate poorer motor performance 

accuracy, increased proprioceptive error, altered motor learning patterns and changes in the 

associated SEP peak amplitudes compared to controls.  

 

 

Figure 1,  Summary of the thesis introduction illustrating the impact of altered afferent input from the neck on cerebellar 
processing, body schema and motor control. 
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Overview 

 Every day we rely on incoming information from our body to navigate the space around 

us and react rapidly to new circumstances. Body schema is integral for spatial orientation and 

accurate motor control and, to that end, is updated constantly during movement involving both 

central and peripheral processes. During movement, proprioceptive and visual feedback are 

continuously matched against body schema to predict future positions. In the absence of visual 

input, proprioceptive input from the muscle spindles become increasingly more important.  

 

 The cerebellum is heavily involved in motor control and sensorimotor integration of 

neck muscle and spine inputs (Manzoni 2005, Felten, O'Banion et al. 2015). Using a feedforward 

model, the cerebellum receives sensory input from bodily movements and integrates this 

information into the body schema (Manto, Bower et al. 2012, Daligadu, Haavik et al. 2013). The 

cerebellum is also actively involved in motor learning. Motor learning tasks induce plasticity of 

the cerebellar cortex and the motor cortex (Doyon, Song et al. 2002, Doyon, Penhune et al. 

2003). Research has demonstrated that loss of cerebellar projections impacts body schema 

(Picazio, Oliveri et al. 2013). Furthermore, altered afferent input from the neck resulting from 

joint dysfunction, postural stress, pain, or fatigue has been shown to impact cerebellar 

processing (Daligadu, Haavik et al. 2013, Andrew, Yielder et al. 2018, Zabihhosseinian, Yielder et 

al. 2020). 

 

 Neck muscle vibration has been shown to activate muscle spindles in the neck thereby 

inducing illusions of movement and joint rotation (Brown, Engberg et al. 1967). Given that the 
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cerebellum is the main site for sensorimotor integration of the sensory input from this region, 

as well as being the area primarily responsible for motor learning, it is likely that altered 

afferent input from the neck will impact how the cerebellum processes this information to 

create accurate internal models that permit proper motor learning and motor control.  

 

 The objective of this thesis was to explore the effects of neck muscle vibration on upper 

limb sensorimotor integration and motor learning in healthy right-handed participants learning 

a novel motor task. Specifically, to explore how altering sensory input from the neck impacts 

body schema, motor acquisition, spatial awareness, and cortical processing. The overall 

hypothesis of this thesis was that neck muscle vibration would alter afferent input from the 

neck and lead to alterations in motor acquisition, decreased motor accuracy and alterations in 

body schema. This thesis will further our understanding of the neurophysiological and 

behavioural effects of altered neck afferent input on upper limb motor accuracy, sensorimotor 

integration, and motor acquisition.  

 

 

Introduction to Literature Review 

This literature review covers the background literature relevant to the topic of this 

thesis. It begins with an introduction to the functional anatomy of the somatosensory system 

followed by an overview of the biological processes underlying body schema, proprioception, 

and motor control.  
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Somatosensory System 

The somatosensory system supports the perception of sensory information including 

touch, pressure, vibration, proprioception, pain, temperature, and movement via specialized 

receptors such as muscle spindles, joint capsules and golgi tendon organs which can be found in 

muscles, fascia, joints, skin, and viscera (Riemann and Lephart 2002). The process by which 

these external stimuli are converted to electrical signals and transferred through the central 

nervous system is referred to as sensory transmission (Hoshiyama and Sheean 1998). The 

somatosensory system is divided into branches that transmit sensory input to the contralateral 

cortex: the spinothalamic pathway which transmits pain and temperature information and the 

dorsal column medial lemniscal (DCML) pathway which transmits touch, pressure, vibration, 

and proprioception (Riemann and Lephart 2002). For the purposes of this thesis, I will focus on 

the DCML pathway as this study focuses on proprioception, vibration, and short latency SEPs, 

all of which are carried and processed in this pathway. The DCML pathway is a three-neuron 

pathway consisting of a first order, second order and third order neuron that transmit sensory 

information from the peripheral nervous system to central nervous system. The fasciculus 

cuneatus portion of this pathway contains long fibres ascending from the upper limbs to the 

cortex and exists in thoracic (T1-T6) and cervical (C1-C8) segments. The first order neuron is 

found in the dorsal root ganglia and connects the receptors from the limbs, trunk, neck, and 

head to the spinal cord. The first order neuron synapses with the second order neuron on 

nuclei of the lower medulla. For sensory information from the upper limbs, the second order 

neuron begins at the nucleus cuneatus, for sensory information from the muscle spindles of the 

head and neck, the second order neuron begins at the lateral cuneate nucleus (COOPER and 
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Daniel 1963, Lundy-Ekman, Peterson et al. 2018). This difference distinguishes the DCML 

pathway from the cuneocerebellar pathway. The second order neuron of the DCML ascends the 

brainstem through the pons and midbrain and terminates on the ventral posterolateral nucleus 

of the thalamus where it synapses with the third order neuron. Axons from the third order 

neuron ascend to the postcentral gyrus into the somatosensory areas. The second order neuron 

of the cuneocerebellar pathway ascends through the inferior cerebellar peduncle and 

terminates on the medial portion of the cerebellar cortex (COOPER and Daniel 1963, Purves, 

Augustine et al. 2001, Najarian and Splinter 2012, Lundy-Ekman, Peterson et al. 2018).  

 

The Neural Construction of Body Schema 

The neural representation of the body and the space surrounding it involves a complex 

network of cortical and subcortical brain areas and is often referred to as the body schema. The 

body schema is constructed using multisensory representations involving the integration of 

somatosensory, visual, auditory, and proprioceptive information. Different brain areas work in 

conjunction to process information in the reference frame appropriate to the body part it 

concerns (Holmes and Spence 2004). Reference frames can be body-centered or eye-centered. 

Body centered reference frames represent the body topographically in reference to the 

position of the head and neck and exist primarily in the primary and secondary somatosensory 

cortices. Eye-centered reference frames compute the location of body parts using information 

encoded in the visual cortices. The brain switches between the two frames and seems to use 
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the most appropriate frame of reference for the information being processed (Childs, Cleland et 

al. 2008).  

 

Afferent signals from muscle and joint tissues, visual, auditory, vestibular and 

somatosensory information are integrated in the ventral premotor cortex, representing the 

space around the arms, hands and face (Graziano, Yap et al. 1994). Somatosensory information 

projects to the thalamus and then onto the primary somatosensŽƌǇ�ĐŽƌƚĞǆ�ŝŶ��ƌŽĚŵĂŶŶ͛Ɛ�ĂƌĞĂƐ�

1, 2 & 3. The primary somatosensory cortex sends feedback to posterior parietal area 5 to 

encode the position of the limbs and body movements through integrating proprioceptive and 

visual information regarding the limbs (Karellas, Yielder et al. 2019). Previous research has 

demonstrated that the use of virtual limbs (Wallwork, Leake et al. 2020) and tools (Paulus and 

Brumagne 2008) ŵĂŶŝƉƵůĂƚĞ�ƚŚĞ�ďƌĂŝŶ͛Ɛ�ƌĞƉƌĞƐĞŶƚĂƚŝŽŶ�ŽĨ�ƉĞƌŝƉĞƌƐŽŶĂů�ƐƉĂĐĞ�ƚŽ�ŝŶĐŽƌƉŽƌĂƚĞ�

their position into body schema indicating that body schema is a multisensory configuration.  

 

Proprioception ʹ The Ascending Pathways 

Proprioception, or the awareness of the position of the body in space, is primarily 

communicated by mechanoreceptors and proprioceptors in the skin, joints, and muscles. 

Previous research suggests that muscle spindles are the major proprioceptive sensors (Eklund 

1972, Proske and Gandevia 2012). In 1973, Grigg and colleagues demonstrated the importance 

of muscle spindles as proprioceptors when they discovered that patients with total hip 

replacements, including removal of all joint and ligamentous components, had intact position 
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and movement sense post-surgery (GRIGG, FINERMAN et al. 1973). Muscle spindles are the 

most abundant sense organs in skeletal muscle and function by sensing the change in length of 

the muscle in which they are located and the velocity of this change (COOPER and Daniel 1963). 

This is achieved through primary (Ia) afferents and secondary (II) afferents which coil around 

the non-contractile central portions of intrafusal fibers and sense changes in length and the 

velocity of this change for a given muscle (COOPER and Daniel 1963, Macefield and Knellwolf 

2018). A single spindle receives one large afferent nerve fiber to the primary ending on nuclear 

bag and chain fibers and one or more smaller afferent nerve fibers to the secondary ending on 

nuclear chain fibers (COOPER and Daniel 1963). Primary endings have greater dynamic 

sensitivity to changes in muscle length and movement velocity due an increased diameter and 

faster conduction velocity (Macefield and Knellwolf 2018). They enter the spinal cord through 

the dorsal root ganglion and ascend the dorsal column medial lemniscus (DCML) tract to the 

primary somatosensory cortex (COOPER and Daniel 1963). In contrast, secondary endings have 

lesser dynamic sensitivity and respond primarily to changes in muscle length. Secondary 

afferents take an indirect route to the primary somatosensory cortex, have fewer branches and 

therefore have a much slower conduction velocity in comparison (COOPER and Daniel 1963). 

 

Once the primary and secondary spindle afferents sense deformation in the surrounding 

tissues, the proprioceptive information is carried up the spinal cord to the brain where it is 

converted into neural signals (Delhaye, Long et al. 2011). Generally, proprioceptive information 

is transmitted to the spinal cord where it ascends the DCML tract to the primary somatosensory 

cortex for processing (O'Sullivan and Schmitz 2007). The cuneocerebellar tract is a high fidelity 
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branch of the spinocerebellar tract derived mainly from muscle spindle afferents and regulates 

the transmission of sensory information from the head, neck and upper limbs to the cerebellum 

(Kandel, Schwartz et al. 2000, Felten, O'Banion et al. 2015). Central axons of the first order 

neuron in the dorsal column synapse on the lateral cuneate nucleus of the lower medulla to the 

second order neuron. From here, the axons of the second order neuron project through the 

ipsilateral inferior cerebellar peduncle and terminate in the medial portion of cerebellar cortex 

(Felten, O'Banion et al. 2015). Often, proprioception is analyzed behaviourally by measuring the 

motor performance accuracy of various aiming or repositioning tasks; however, the impact on 

neural processing can be analyzed neurophysiologically using brain imaging techniques like 

somatosensory evoked potentials (SEPs) to measure activity in these pathways. 

 

Motor Control ʹ The Descending Pathways 

 To perform a motor task, the parietal lobe and anterior frontal lobe communicate 

information about the current limb position and the motor planning strategy to achieve this 

task respectively to the primary motor cortex. The primary motor cortex then generates a 

motor command and sends it through the subcortical basal ganglia loop to ensure fluidity of the 

intended movement. This information is sent back to the primary motor area through the 

ventral anterior and ventral lateral (VA/VL) thalamus before descending to medulla and 

decussating in the medullary pyramids. The efferent information then descends the 

corticospinal tract to the target effector muscles (Lundy-Ekman, Peterson et al. 2018). The 

primary motor cortex also sends a collateral projection to the cerebellum about the intended 
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position, velocity and duration of the movement via the cerebrocerebellar pathway (Knierim 

1997 - Present).  

 

As the movement begins to occur, joint receptors and muscle spindles sense a change in 

joint position, muscle length and the velocity of this change, respectively, and generate an 

afferent signal to ascend the DCML tract to the primary somatosensory cortex and to the 

cerebellum via the spinocerebellar pathway (Kandel, Schwartz et al. 2000, Felten, O'Banion et 

al. 2015). The primary somatosensory cortex processes this information and sends a projection 

to the cerebellum through the ventral posterolateral nucleus regarding the current position of 

the target muscle so that it can make the appropriate adjustments. The cerebellum sends an 

adjusted efferent signal via the cerebrocerebellar pathway to the primary motor cortex and 

through the spinocerebellar pathways to the reticulospinal and rubrospinal tracts to make 

movement corrections (Kandel, Schwartz et al. 2000).  

 

Sensorimotor Integration 

As we navigate our environment, the central nervous system integrates incoming 

sensory information from different parts of the body to produce the proper motor adjustments. 

Sensorimotor integration (SMI) refers to the cortical processing of afferent information to 

formulate an appropriate motor response (Wolpert, Ghahramani et al. 1995). Afferent 

information from the periphery is projected to the sensorimotor cortex to provide necessary 

information on the current state and position of the body, permitting accurate motor control in 

ever-changing environments. Effective acquisition and performance of any motor skill depends 
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on accurate sensorimotor processing. However, due to the plastic nature of the brain there is 

always a possibility of undesired sensorimotor alterations. Neuroplasticity refers to the ability 

of the central nervous system to reorganize its structure, function and connections in response 

to afferent signals (von Bernhardi, Eugenín-von Bernhardi et al. 2017). These changes can 

outlast the period of afferent input producing long-lasting alterations in neural activity and 

central functioning (Murphy, Taylor et al. 2003). Increased and decreased neural activity can 

lead to inhibition or facilitation of subsequent neural signalling (Byl, Merzenich et al. 1997, 

Baarbé, Yielder et al. 2018). The resulting alterations can be physiologically beneficial or 

disadvantageous and are referred to as adaptive plasticity and maladaptive plasticity, 

respectively. SMI substantially influences neuroplastic alterations and therefore, it is important 

to understand the influence of these changes on motor control and acquisition.  

 

The Cerebellum 

The cerebellum is an area within the hindbrain responsible for many sensorimotor 

functions and motor learning. It makes up 10% of the braiŶ͛Ɛ�ƚŽƚĂů�ǀŽůƵŵĞ�ďƵƚ�ĐŽŶƚĂŝŶƐ�ŽǀĞƌ�

half of the neurons in the brain. The cerebellum is composed of 3 functional divisions which 

work with other cortical areas to achieve specific cerebellar functions. The cerebrocerebellum is 

involved in movement planning, motor learning and regulating the coordination of muscle 

activation (Doyon, Song et al. 2002, Manto, Bower et al. 2012, Sillitoe, Fu et al. 2012). The 

spinocerebellum is responsible for proprioception and adaptive motor coordination. The high-

fidelity cuneocerebellar tract is a branch of the spinocerebellum and regulates the transmission 

of proprioceptive inputs from the head and neck (Felten, O'Banion et al. 2015). The purpose of 
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this pathway is to deliver information from peripheral receptors in muscles, tendons, and joints 

to the cerebellum. This two-neuron pathway is considered high-fidelity as it relays 

somatotopically arranged information to the cerebellar cortex with little distortion as it travels 

from neuron to neuron, therefore the information arriving at the cerebellum is very similar to 

the signal originating at the peripheral receptors (Lundy-Ekman, Peterson et al. 2018). The 

vestibulocerebellum is responsible for controlling balance and the cervico-ocular (COR) and 

vestibulo-occular (VOR) reflexes (Miall, Reckess et al. 2001).  

 

Figure 2. Cuneocerebellar pathway from the upper limb to the cerebellum.  

Adapted from: http://what-when-how.com/neuroscience/the-spinal-cord-organization-of-the-central-nervous-system-part-2/ 
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Figure 3. Cerebellar pathways. Cerebrocerebellar tract (red), spinocerebellar tracts (blue and green), and vestibulocerebellar 
tract (yellow). 

 Adapted from: (Knierim 1997 - Present). 
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The cerebellum can be divided into two regions: the cerebellar cortex and deep nuclei. 

The cerebellar cortex contains many different cell types, all of which provide input to the 

purkinje cells which facilitate output from the cerebellar cortex via inhibitory projections onto 

the deep cerebellar nuclei (Shepherd 2004). In the granular layer, mossy fibers synapse with 

granule cells which send collateral projections called parallel fibers deep into the molecular 

layer which synapse with purkinje cells (Shepherd 2004). Climbing fibers bypass the granular 

layer and synapse directly with purkinje cells in the molecular layer (Shepherd 2004). Purkinje 

cells receive thousands of weak inputs from parallel fibers of granule cells and one extremely 

strong input from a single climbing fiber. Therefore, almost all spikes generated by parallel fiber 

inputs result in tonic inhibition of cerebellar nucleus targets while spikes generated by climbing 

fiber inputs initiate changes in strength of the parallel fiber inputs (Shepherd 2004, Popa, 

Hewitt et al. 2013).  The deep cerebellar nuclei are composed of the fastigial, interposed, 

dentate, and vestibular nuclei. Each play specific roles in accordance with the functional 

division they are associated with and constitute as the sole source of output for the cerebellum. 

The cerebellar deep nuclei receive collateral projections from mossy fibers, climbing fibers and 

purkinje cells of the cerebellar cortex (Shepherd 2004). Mossy fibers and climbing fibers make 

excitatory synapses with the deep cerebellar nuclei through the involvement of glutamate 

while purkinje cells utilize Gamma Aminobutyric Acid (GABA) to make inhibitory connections to 

the inferior olivary nucleus (Shepherd 2004). Therefore, the nucleo-olivary projection provides 

inhibitory feedback to match the excitatory input from climbing fibers and mossy fibers to the 

deep cerebellar nuclei. 
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Figure 4. Cellular organization of the cerebellum.  

Adapted from (Consalez, Goldowitz et al. 2021). 

 

To carry out its functions, the cerebellum integrates sensory input before modulating 

output through purkinje cells (Popa, Hewitt et al. 2013).  This allows for the learning of smooth, 

continuous movements and the formation of an accurate body schema. The cerebellum plays 
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an important role in the construction of body schema. Previous research using Transcranial 

Magnetic Stimulation (TMS) to inhibit the cerebellum demonstrates that a loss of cerebellar 

projections has negative impacts on body schema and the ability to perform a mental rotation 

task (Picazio, Oliveri et al. 2013). In addition, the cerebellum transfers sensory input to aid in 

reorganization and plasticity of cortico-striatal networks when learning new tasks and 

regulating movement through adaptive motor coordination (Doyon, Song et al. 2002, Doyon, 

Penhune et al. 2003). It also plays a role in oculomotor control by regulating reflexive and 

voluntary eye movements including the vestibulo-ocular reflex (VOR) and cervico-ocular reflex 

(COR) which permit target fixation by stabilizing the eyes in response to vestibular stimulation 

and stabilizing the eyes during head and trunk movements respectively (de Vries, Ischebeck et 

al. 2016). It is through these functions that the cerebellum provides a mechanism for adapting 

our movements and position to maintain a consistently updated and accurate body schema in 

reference to changing visual information as we navigate our environment (Miall, Reckess et al. 

2001). It is considered fundamental in the neural integration of the eye and hand during visually 

guided tracking tasks (Miall, Imamizu et al. 2000, Miall, Reckess et al. 2001). Research has 

shown that cerebellar dysfunction results in decreased motor accuracy during visually guided 

tracking tasks and coordinated eye and hand movements (Miall, Imamizu et al. 2000), 

supporting its involvement in hand-eye coordination and sensorimotor integration.  

 

Motor Learning and Acquisition 

 The process of improving novel motor skills through practice, with lasting improvements 

in skill capabilities, is referred to as motor learning or motor acquisition (Doyon, Song et al. 
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2002). Motor acquisition consists of two phases of learning: early learning and late learning. 

&ŝƚƚƐ�Θ�WŽƐŶĞƌ͛Ɛ�ŵŽĚĞů�ŽĨ�ŵŽƚŽƌ�ůĞĂƌŶŝŶŐ�ďƌĞĂks down these two phases into 3 distinct stages 

termed the cognitive, associative, and autonomous stages.  The cognitive stage is considered an 

acquisition stage with a high degree of error and extremely rapid improvements in performance 

(Fitts and Posner 1967). This is followed by the associative stage, also known as the retention 

stage which demonstrates continued improvements in performance, increased consistency and 

fewer errors (Fitts and Posner 1967). Both the cognitive and associative stages are considered 

early learning. Lastly, the autonomous stage, also known as the transfer stage is when 

performance of the motor skill become automatic, adaptable, and free of errors (Fitts and 

Posner 1967). Acquisition of a motor skill is typically measured by reduced reaction times and 

increased accuracy. Retention of this skill is assessed 24-48 hours following acquisition (Doyon 

and Ungerleider 2002). 

 

 During the transition from early to late learning, there is a shift in cortical activation 

from the cerebellum to the cortico-striatal networks (Doyon, Owen et al. 1996, Doyon, Song et 

al. 2002, Doyon, Penhune et al. 2003). Functional MRI studies reveal an experience-dependent 

shift during motor sequence learning of the serial reaction time task. During the early stages of 

motor learning, the cerebellar cortex and cerebellar deep nuclei showed increased activation 

compared to other areas (Doyon, Song et al. 2002). During the late stage of motor learning 

activation of the cerebellar cortex and deep nuclei was significantly reduced while activation in 

cortico-striatal networks was greatly increased (Doyon, Song et al. 2002). Other researchers 

have found that this shift in cortical activation is also dependent on the context of learning 
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(motor sequence learning vs. motor adaptation). It was found that the cortico-striatal networks 

and cortico-cerebellar systems contribute differently to motor sequence learning and motor 

adaptation, respectively, and that this is most apparent during the retention phase (Doyon, 

Penhune et al. 2003).  

 

 Research done using animal models demonstrated that early motor learning induced 

plasticity at inhibitory granule-purkinje synapses within the cerebellar cortex (Mauk 1997). 

Further improvements in performance induced plasticity at excitatory mossy fiber synapses in 

the deep cerebellar nuclei (Mauk 1997). During periods of early learning cerebellar disinhibition 

occurs to permit appropriate error correction and motor adaptation as movements occur. As 

we transition to the later stage of motor learning, cerebellar inhibition occurs as fewer errors 

are occurring and the need for motor adaptation is minimal. This is supported by other animal 

studies which demonstrate an increase in the amplitude of cerebellar activity in the fastigial, 

interposed, and dentate nuclei that decreased with extended practice when the animal began 

producing smooth movements with minimal error (Bloedel, Bracha et al. 1997). 
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Figure 5. Experience dependent changes in cortical activation through the early and late stages of motor acquisition. 

 

 
Force Tracking 

 Acquisition of novel motor tasks has been shown to generate quantifiable changes in 

cortical activity. Following the acquisition of a visuomotor tracking task, researchers found 

hemispheric and lateralized activation in cortical areas responsible for proprioception and 

movement planning (Brown, Caligiuri et al. 2004). Other research demonstrates that acquisition 

of dynamic force matching tasks leads to changes in functional connectivity of cortico-

cerebellar networks (Mehrkanoon, Boonstra et al. 2016, Dal Maso, Desormeau et al. 2018) and 

increased corticomotor excitability (Pearce and Kidgell 2009). Increased excitability in 

descending cortico-motor networks was also shown following the acquisition of dynamic and 

static visuomotor tracking tasks (Pearce and Kidgell 2010). While force matching and 
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visuomotor tracking are widely used to evaluate improvements in motor performance 

associated with motor learning, only one study has examined the associated cortical changes in 

the activity of neural correlates involved in sensorimotor integration. Using a power grip 

visuomotor tracking task, researchers demonstrated that there was substantial attenuation of 

the N30 SEP peak during periods of force generation compared to force relaxation and rest 

(Wasaka, Kida et al. 2012) (see next section for an explanation of SEPs). One interpretation of 

greater N30 peak attenuation during force generation is that increased activity in motor areas 

strongly modulates information processed in the primary somatosensory area. Differences in 

N30 peak amplitudes between force generation and force relaxation could also be attributed to 

the demand for somatosensory feedback to control grip movement. In either case, this study 

suggests that there are implications for neuronal changes in the cortical networks involved in 

motor learning and somatosensory processing during the acquisition of a force matching task. 

Furthermore, the above studies support that novel force tracking tasks can be used to evaluate 

sensorimotor integration. Pilot research comparing differences in early SEP peaks between 

force tracking and motor tracing tasks suggests that force tracking is more heavily reliant on 

proprioception than classic visuomotor tracing tasks used in previous studies. Therefore, for the 

purposes of this study a novel force tracking task will be used to evaluate the impact of 

experimentally altered neck sensory input on motor learning and sensorimotor integration.  

 

Somatosensory Evoked Potentials (SEPs) 

 Evoked potentials refer to cortical activity as a direct result of the external stimulation of 

peripheral nerve pathways, which is commonly achieved using electrical stimulation of 
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peripheral nerves and measuring the resulting cortical response (Passmore, Murphy et al. 

2014). Somatosensory evoked potentials (SEPs) refer to cortical activity occurring as a direct 

result of external somatosensory stimulation via peripheral nerve pathways in the arms via the 

ulnar or median nerves, or the legs via the tibial or peroneal nerves. This is commonly achieved 

using electrical stimulation of somatosensory receptors in skin, muscle or directly over the 

peripheral nerve of interest but can also be achieved through physiological stimulation in the 

same manner (Passmore, Murphy et al. 2014).  The stimulus elicits an action potential in the 

peripheral nerve that is transmitted to the cortex, where the resulting electrical activity is 

measured over the scalp using surface electrodes. This generates a complex waveform which is 

averaged over multiple stimulations and then analyzed in terms of peaks and troughs present at 

different time points relative to the stimulus. Each SEP peak represents the arrival of the action 

potential at various cortical and subcortical areas and is referred to based on the number of 

milliseconds it occurs after stimulation. The peaks and troughs are measured in two ways: 

amplitudes in microvolts (µV) and latencies in milliseconds (ms). The amplitude of a SEP peak 

represents activity of the cortical area it is associated with, and the latency of a SEP peak 

represents the time in milliseconds it takes for the information to be transmitted from the 

peripheral nerve to a given cortical area. Therefore, any fluctuations in amplitude represent 

alterations in cortical activity and any fluctuations in latency represent alterations in neural 

transmission. Clinically, increases or decreases in peak latencies or peak amplitudes can be used 

as indicators of neurological dysfunction (Cruccu, Aminoff et al. 2008). This technique provides 

an objective and direct means of assessing the integrity of the sensory pathways of the nervous 
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system and is frequently used to examine how the peripheral nervous system (PNS) and central 

nervous system (CNS) work together to transmit and process sensory information. 

 

 The International Federation of Clinical Neurophysiologists (IFCN) uses two labelling 

conventions: polarity and latency (Cruccu, Aminoff et al. 2008). Each SEP peak and trough are 

named based on their deviation direction or polarity and their latency. Peaks, or upward 

ĚĞĨůĞĐƚŝŽŶƐ�ƌĞƉƌĞƐĞŶƚ�Ă�ŶĞŐĂƚŝǀĞ�ƉŽůĂƌŝƚǇ�ĂŶĚ�ĂƌĞ�ŐŝǀĞŶ�ƚŚĞ�ƉƌĞĨŝǆ�͞E͟�ǁŚŝůĞ�ƚƌŽƵŐŚƐ͕�Žƌ�

downward deflections represent a positŝǀĞ�ƉŽůĂƌŝƚǇ�ĂŶĚ�ĂƌĞ�ŐŝǀĞŶ�ƚŚĞ�ƉƌĞĨŝǆ�͞W͘͟�dŚĞ�ŶƵŵďĞƌ�

that follows represents the number of milliseconds it takes post-stimulus for the deflection to 

appear in a healthy population. For example, the N18 peak represents an upward deflection 

occurring 18ms after stimulus and the P25 represents a downward deflection occurring 25ms 

after stimulus. Factors including height, age and neurological disorders can affect waveform 

latencies (Nuwer, Aminoff et al. 1994).  
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Figure. Median nerve SEPs pathway with neural generators and the associated SEP peaks.  

Adapted from (Zabihhosseinian, Yielder et al. 2021). 
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Early SEP Peak Neural Generators 

Each SEP peak is generated by a neural generator or the area of the sensory pathway 

that produces the positive or negative potentials (Passmore, Murphy et al. 2014). Ionic currents 

influencing the flow of ions across cell membranes of active cortical areas result in potential 

voltage differences (Valeriani, Restuccia et al. 1998). In accordance with IFCN guidelines, this 

study will compare peak amplitudes of the following SEP components: the peripheral N9, the 

cervical N11 and N13, the far-field N18, the parietal P14, N20 and P25, the frontal N24 and N30 

and the fronto-central N60. 

 

N9 SEP Peak 

The N9 peak is located in the peripheral nerve pathway in the brachial plexus. It is 

ƌĞĐŽƌĚĞĚ�Ăƚ��ƌď͛Ɛ�ƉŽŝŶƚ͕�ŽǀĞƌ�ƚŚĞ�ďƌĂĐŚŝĂů�ƉůĞǆƵƐ�ŶĞĂƌ�ƚŚĞ�ĐůĂǀŝĐůĞ�ĂŶĚ�ƚŚĞ�ƉŽƐƚĞƌŝŽƌ�ďŽƌĚĞƌ�ŽĨ�

the clavicular head of the sternocleidomastoid muscle (Cruccu, Aminoff et al. 2008). The 

reference electrode for this peak is typically placed on the ipsilateral earlobe but can also be 

placed over the contralateral clavicle or the scalp. The N9 amplitude is a control measure 

ensuring that afferent nerve volley is stable between trials so that any changes in subsequent 

SEP peaks can be attributed to changes in neural activity or cortical processing and not changes 

in posture which could impact which peripheral nerve fascicles are stimulated. The IFCN 

guidelines require the N9 amplitude to be within r20% when comparing pre and post changes 

in subsequent SEP peak amplitudes (Cruccu, Aminoff et al. 2008). 

 



 29 

N11 SEP Peak 

 The N11 peak is recorded over the 5th cervical spinous process and represents the 

afferent volley arriving at the cervical cord (Nuwer, Aminoff et al. 1994). The reference 

electrode for the N11 peak is placed over the trachea on the anterior neck (Nuwer, Aminoff et 

al. 1994, Cruccu, Aminoff et al. 2008). It is believed that the N11 peak reflects the ascending 

volley in the dorsal column fibers within the dorsal root at the cervical level as they travel to the 

cuneate nucleus (Mauguiere, Allison et al. 1999). This is supported by a study in patients with 

nerve root avulsions who demonstrate absent N11 & N13 peaks (Synek and Cowan 1982).  

 

N13 SEP Peak 

The N13 peak is recorded over the same site as the N11, at the spinous process of the 

5th cervical vertebrae (Nuwer, Aminoff et al. 1994, Passmore, Murphy et al. 2014) and is 

generated at the first synaptic relay of the spinothalamic tract (Cruccu, Aminoff et al. 2008). 

This peak originates from the postsynaptic potential of interneurons within the dorsal horn and 

mid-cervical cord and reflects activity in the neurons of the dorsal horn (Cruccu, Aminoff et al. 

2008). Previous research shows that patients with dorsal column lesions do not demonstrate a 

peak at N13 (Sonoo 2000). A peak at N13 with no peaks of further latency would indicate that 

the afferent volley is reaching the spinal cord just before the medulla with no cerebral activity 

(Nuwer, Daube et al. 1993, Cruccu, Aminoff et al. 2008, Passmore, Murphy et al. 2014). 

Typically, the N13 peak is preceded by a positive P9 deflection or a compound N9/P9 deflection 

reflecting generation of the dorsal root volley (Mauguiere, Allison et al. 1999). 
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N18 SEP Peak 

 The N18 peak originates in the inferior olive and dorsal column medial lemniscus nuclei 

of the lower medulla and the midbrain ʹ pontine region (Sonoo 2000). This peak is recorded 

over the contralateral frontal cephalic site and reflects activity in the neural correlates that 

have inputs to the cerebellum and has been used to measured alterations in cerebellar activity 

(Sonoo, Genba et al. 1992, Cruccu, Aminoff et al. 2008, Passmore, Murphy et al. 2014). It was 

originally thought that the N18 peak originated in the thalamus but was later disproven when 

researchers found the N18 peak was preserved in patients with thalamic lesions (Desmedt and 

Cheron 1981, Desmedt and Ozaki 1991, Urasaki, Tokimura et al. 1992, Noël, Ozaki et al. 1996). 

The N18 peak is a long-lasting scalp negative deflection which is preceded by the positive P14 

(Noël, Ozaki et al. 1996).  The IFCN guidelines recommend the use of a non-cephalic reference 

for this peak as a cephalic reference may have a nullifying effect on the N18 peak (Nuwer, 

Aminoff et al. 1994). Typically, this peak is referenced using an ipsilateral earlobe electrode 

(Nuwer, Aminoff et al. 1994, Valeriani, Restuccia et al. 1998).  

 

P14 SEP Peak 

 The positive P14 peak originates in the lower brainstem around the cervico-medullary 

junction and is recorded from the contralateral frontal cephalic site (Noël, Ozaki et al. 1996). It 

is generated by the afferent volley in the medial lemniscus above the foramen magnum but 

below the cortex (Cruccu, Aminoff et al. 2008). This is supported by a study which 

demonstrated absent P14 peaks in brain dead patients and in those with cervico-medullary 

lesions (Mauguière, Courjon et al. 1983, Wagner 1991). The IFCN recommends using the 
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ipsilateral earlobe non-cephalic reference site for this peak (Nuwer, Aminoff et al. 1994, 

Valeriani, Restuccia et al. 1998). 

 

N20 SEP Peak 

 The N20 peak is recorded 2cm posterior to the contralateral central scalp site and 

ŽƌŝŐŝŶĂƚĞƐ�ŝŶ��ƌŽĚŵĂŶŶ͛Ɛ�ĂƌĞĂ�ϯď�ŽĨ�ƚŚĞ�ƉƌŝŵĂƌǇ�ƐŽŵĂƚŽƐĞŶƐŽƌǇ�ĐŽƌƚĞǆ͕�ƐƉĞĐŝĨŝĐĂůůǇ�ŝŶ�ƚŚĞ�

posterior bank of the Rolandic fissure (Desmedt and Ozaki 1991, Passmore, Murphy et al. 

2014). This peak reflects the earliest cortical processing in the primary somatosensory cortex 

ĂŶĚ�ŝŶĚŝĐĂƚĞƐ�ĂĐƚŝǀŝƚǇ�ŽĨ�ƚŚĞ�ďŝƉŽůĂƌ�ŶĞƵƌŽŶƐ�ŝŶ��ƌŽĚŵĂŶŶ͛Ɛ�ĂƌĞĂ�ϯď�(Nuwer, Aminoff et al. 

1994). A non-cephalic reference site is recommended by the IFCN for this peak (Nuwer, Aminoff 

et al. 1994, Valeriani, Restuccia et al. 1998, Mauguiere, Allison et al. 1999) 

 

P22 SEP Peak 

 The positive P22 peak is recorded over the contralateral frontal cephalic site using a 

non-cephalic reference (Nuwer, Aminoff et al. 1994, Valeriani, Restuccia et al. 1998). Though 

occurring close in latency, this peak is independent of the N20 peak and is generated in the 

primary motor cortex (Noël, Ozaki et al. 1996). Studies in patients with precentral lesions found 

an absence of the P22 peak indicating a precentral neural generator for this peak (Mauguière, 

Desmedt et al. 1983). The independence of the P22 peak is supported by studies in patients 

with parietal lesions who demonstrated absent N20 peaks with preserved P22 and N30 peaks 

(Mauguière, Desmedt et al. 1983).  
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N24 SEP Peak 

 The N24 peak is recorded from the contralateral frontal cephalic site, along with the 

negative N18 and N30 as well as the positive P22 peaks (Nuwer, Aminoff et al. 1994). This peak 

can be difficult to isolate as it appears on the ascending slope of the N30 peak, also known as 

the P22-N30 complex (Nuwer, Aminoff et al. 1994). Previous research has shown that 

increasing the stimulation rate of the peripheral nerve leads to attenuation of the N30 peak, 

producing a clear and easily identifiable N24 peak without reducing its amplitude (Haavik and 

Murphy 2011, Passmore, Murphy et al. 2014). The N24 peak is generated close to the N20 

peak, near the wall of the central sulcus in the pathway linking the cerebellum and primary 

somatosensory cortex and reflects cerebellar processing (Waberski, Buchner et al. 1999, 

Passmore, Murphy et al. 2014). This is supported by testing patients with cerebellar lesions who 

demonstrate a significant reduction or complete absence of the N24 peak (Restuccia, Valeriani 

et al. 2001). 

 

P25 SEP Peak 

 The positive P25 peak is recorded 2cm posterior to the contralateral central scalp site 

with a non-cephalic earlobe reference (Nuwer, Aminoff et al. 1994, Valeriani, Restuccia et al. 

1998)͘�dŚŝƐ�ƉĞĂŬ�ŽƌŝŐŝŶĂƚĞƐ�ĨƌŽŵ�Ă�ŐƌŽƵƉ�ŽĨ�ŶĞƵƌŽŶƐ�ǁŝƚŚŝŶ��ƌŽĚŵĂŶŶ͛Ɛ�ĂƌĞĂ�ϭ�ŽĨ�ƚŚĞ�ƉƌŝŵĂƌǇ�

somatosensory cortex (Taylor and Murphy 2007) and represents neural processing of 

somatosensory information from cutaneous inputs (Allison, McCarthy et al. 1992). 
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N30 SEP Peak 

 The N30 peak originates at the frontal lobe and posterior wall of the central sulcus and 

is related to activity within complex connections linking the thalamus, basal ganglia, premotor, 

motor and prefrontal cortices (Passmore, Murphy et al. 2014, Macerollo, Brown et al. 2018). 

This peak has multiple neural generators. Previous research has linked activity in the basal 

ganglia as well as the supplementary motor area to the N30 component (Pierantozzi, Mazzone 

et al. 1999, Pierantozzi, Sabato et al. 2000). This is supported by studies in patients with 

supplementary motor area lesions who demonstrated an absent N30 peak and in those with 

WĂƌŬŝŶƐŽŶ͛Ɛ�ĚŝƐĞĂƐĞ�ǁŚŽ�ŚĂǀĞ�Ă�ƐŝŐŶŝĨŝĐĂŶƚůǇ�ƌĞĚƵĐĞĚ�EϯϬ�ƉĞĂŬ�(Rossini, Babiloni et al. 1989, 

Pierantozzi, Sabato et al. 2000) 

 

N60 SEP Peak 

 It is known that both short and middle latency SEPs originate from processing in the 

somatosensory area (Allison, McCarthy et al. 1992). However, while short latency peaks have 

been extensively studied, few have investigated the middle latency peaks recorded between 

40-100ms. The middle latency N60 peak has a fronto-central origin. Previous intracortical 

readings in drug resistant epileptic patients suggest that middle latency SEPs originate in the 

premotor cortex and supplementary motor area (Barba, Valeriani et al. 2005). However, studies 

using cortical surface recordings have found that the secondary somatosensory area, the lower 

parietal lobe and the upper bank of the sylvian fissure are have the highest activity following 

electrical stimulation of the median nerve (Mima, Ikeda et al. 1997). This is supported by other 

intracortical studies demonstrating the presence of a biphasic peak between 60-90ms recorded 
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from intracortical electrodes in the secondary somatosensory area and concurrent activation of 

dipolar neurons in this region between 60-120ms following median nerve stimulation 

(Mauguiere, Merlet et al. 1997, Frot and Mauguière 1999).  

 
Effects of Altered Afferent Input from the Neck  

 The cortical organization of sensory information from the upper limb is highly 

dependent on head and neck position (Paulus and Brumagne 2008). Neck muscle 

proprioception plays a significant role in balance, movement organization and forming accurate 

body schema (Strimpakos, Sakellari et al. 2006). To compute the position of the upper limbs, 

the CNS references incoming sensory information against the position of the head and neck. 

Given this, alterations in sensory inputs due to pain, prolonged postures, muscle vibration or 

changing the orientation of the head alter the body schema and may impact motor accuracy. 

Previous research has demonstrated that chronic neck pain and subclinical neck pain (SCNP) 

alter afferent input from the neck and impact many cortical processes including proprioception 

(Paulus and Brumagne 2008, Baarbé, Holmes et al. 2015, Stanton, Leake et al. 2016, Wallwork, 

Leake et al. 2020), sensorimotor integration (Elsig, Luomajoki et al. 2014, Andrew, Yielder et al. 

2018), cerebellar processing (Daligadu, Haavik et al. 2013, Baarbé, Yielder et al. 2018), motor 

learning (Baarbé, Yielder et al. 2018) and multisensory integration (Farid, Yielder et al. 2018, 

Karellas, Yielder et al. 2019). Cervical extensor fatigue has also been shown to alter afferent 

input from the neck leading to impaired proprioception (Zabihhosseinian, Holmes et al. 2015), 

altered sensorimotor integration and reduced motor accuracy of the upper limb and that these 

effects were greater in the absence of visual information of the target (Zabihhosseinian, Yielder 
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et al. 2019). The cerebellum plays a major role in sensorimotor integration and altered afferent 

input has been shown to impact cerebellar processing. Previous research has demonstrated 

that individuals with subclinical neck pain experience alterations in selective early sensorimotor 

integration processes demonstrated by a marked increase in the N24 SEP peak in this group 

(Andrew, Yielder et al. 2018).  

 

Changing the orientation of the head has also been used to altered afferent input from 

the neck. Research shows that head rotation and lateral flexion impair upper limb accuracy 

during simple drawing (Guerraz, Blouin et al. 2003), aiming (Popov, Smetanin et al. 1989, 

Fookson, Smetanin et al. 1994) and elbow repositioning tasks (Guerraz, Caudron et al. 2011). 

Additionally, neck muscle vibration can be used to alter afferent input from the neck and other 

parts of the body. Muscle vibration has been shown to alter whole-body orientation (Paulus 

and Brumagne 2008, Wannaprom, Treleaven et al. 2018), limb position sense (Goodwin, 

McCloskey et al. 1972, Knox, Cordo et al. 2006) and upper limb accuracy (Pettorossi, Panichi et 

al. 2015). 

 

Muscle Spindles & Vibration 

 Previous research demonstrates that the spindles of cervical spine muscles are the 

major proprioceptors of the neck (Richmond and Abrahams 1979, Treleaven 2017). 

Furthermore, cervical muscles have the highest density of proprioceptors in the human body 

(Kulkarni, Chandy et al. 2001, Peng, Yang et al. 2021). The most influential finding in support of 
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muscle spindle involvement in proprioception is the illusion of limb movement and position 

elicited by cervical muscle vibration (Eklund 1972, Goodwin, McCloskey et al. 1972).  

 

High frequency, low amplitude vibration over a muscle belly excites the muscle spindles 

and associated afferent nerves of that muscle which is perceived by the central nervous system 

as joint rotation and movement (Brown, Engberg et al. 1967, Goodwin, McCloskey et al. 1972). 

Muscle spindles are the most susceptible proprioceptors to experimental manipulation via 

vibration. It was found that primary (Ia) afferents were highly sensitive to high frequency, low 

amplitude vibration while secondary afferents and golgi tendon organs remained insensitive to 

vibration regardless of frequency. (Brown, Engberg et al. 1967). However, golgi tendon organs 

were sensitive to changes in amplitude, where high amplitude vibration increased activation 

and low amplitude vibration had no effect (Brown, Engberg et al. 1967). Seminal literature 

demonstrates that limb position sense (Goodwin, McCloskey et al. 1972), perceived length of 

body parts (Lackner 1988), and whole body orientation (Paulus and Brumagne 2008) can be 

distorted by altering muscle spindle input using vibration. However, the vibration rate must 

exceed 30Hz to trigger an illusion (Cordo, Bevan et al. 1995). Previous research demonstrates 

that vibration of the left or right sternocleidomastoid (SCM) and contralateral splenius muscles, 

at a frequency of 59-64Hz, was sufficient to induce illusions of head rotation and alter elbow 

position sense (Knox, Cordo et al. 2006). This is supported by subsequent research showing that 

60Hz vibration of the SCM for 10 minutes was sufficient to increase tracking position error 

above controls. A dose response relationship exists between vibration frequency and effect 

duration where higher frequencies yield longer lasting effects. Previous work has demonstrated 
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that at a frequency of 60Hz, positional error remained elevated for up to 22 hours, at 80Hz 

effects persisted for up to 3 days and up to 5 days when frequencies were increased to 100Hz 

(Pettorossi, Panichi et al. 2015).  

 

Workers in several occupational settings encounter vibration and can be exposed to 

occupational vibration on a daily basis. Vibration exposure can be presented by handheld 

power tools referred to as hand-transmitted vibration (HTV) or from operating vehicles or 

operating tools that vibrate at low-frequencies and high amplitudes such as jack hammers, 

referred to as whole body vibration (WBV) (Krajnak 2018). Occupational vibration exposure has 

been associated with an increased risk of musculoskeletal pain in the back, neck, hips and 

upper extremities (Krajnak 2018). Therefore, understanding the neurophysiological effects of 

vibration could help provide valuable insights to occupational practices with regard to work-rest 

ratios and limiting exposure.  

 

Conclusion to Literature Review 

It is clear from the existing literature that upper limb control depends on accurate 

internal models of the position of the limbs in reference to the head and neck. It is also clear 

that upper limb proprioception is dependent on accurate sensory inputs and accurate cortical 

processing. However, the bulk of body schema research is directed at understanding the 

psychological effects of altered body schema. Understanding the underlying neurological 

changes that occur is important not only for research, but also to inform the psychological side 

of the discussion and generate both real world and clinical applications. Currently, most of the 
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neurological body schema research investigates peripheral mechanisms without 

neurophysiological measures. Some have evaluated proprioception (Paulus and Brumagne 

2008, Guerraz, Caudron et al. 2011, Wallwork, Leake et al. 2020), upper limb aiming accuracy 

(Guerraz, Blouin et al. 2003, Huysmans, Hoozemans et al. 2010), and joint position sense (Knox 

and Hodges 2005, Knox, Cordo et al. 2006). However, there is very little research investigating 

the central adaptations associated with these behavioural measures. In other words, what is 

happening in the brain when these errors are occurring?  

 

Some researchers have looked to fill this gap by investigating this through the lens of 

neck pain and fatigue. Previous research demonstrates that both SCNP & cervical fatigue 

generate behavioural alterations in motor learning and motor control associated with 

neurophysiological changes measured using somatosensory evoked potentials (SEPs) and 

transcranial magnetic stimulation (TMS) (Daligadu, Haavik et al. 2013, Zabihhosseinian, Holmes 

et al. 2015, Andrew, Yielder et al. 2018, Baarbé, Yielder et al. 2018, Zabihhosseinian, Yielder et 

al. 2019). Both neck pain and fatigue lead to altered afferent input from the neck and 

researchers have speculated that alterations seen in these groups are the result of an altered 

body schema. However, it is important to note that both neck pain and fatigue have the 

potential to alter multiple types of afferent feedback through the involvement of muscle 

spindles, pain afferents and other receptor types. Individuals with SCNP may also have varying 

pain levels, range of motion and altered biomechanics. Fatigue can also induce pain or 

discomfort and the effects are extremely short lived with individuals recovering within 5 

minutes of fatigue protocol (Zabihhosseinian, Holmes et al. 2015). Muscle vibration allows the 
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specific targeting of the Ia afferents that carry the proprioceptive information used to construct 

body schema and provide the opportunity to induce longer-lasting effects on afferent feedback 

without causing pain or discomfort. This enables us to experimentally alter a specific type of 

afferent input (muscle spindle feedback) without the additional unwanted effects of pain, and 

enables us to determine whether altered afferent input from neck muscle spindles has a true 

impact on cortical processing and motor control, as has been suggested by past studies 

(Andrew, Yielder et al. 2018, Baarbé, Yielder et al. 2018, Zabihhosseinian, Yielder et al. 2020).  
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Abstract 

Background: Neck joint dysfunction impacts motor learning, proprioception, and cortical 

processing, due to altered afferent input from the neck. It is unclear whether transient 

alterations in neck sensory input from muscle vibration impacts body schema as well as the 

neural mechanisms associated with sensorimotor integration (SMI) and somatosensory 

processing following the acquisition of a proprioceptive-based task. The purpose of this 

research is to determine the effects of neck muscle vibration on SMI and motor learning using 

Somatosensory Evoked Potentials (SEPs) and a novel force tracking motor learning task.   

 

Methods: 25 right-handed, healthy participants (12 Female) aged 22.08 r 2.73 had electrical 

stimulation at 2.47Hz and 4.98Hz over the right-median nerve to elicit short and middle latency 

SEPs. 1000 sweeps were recorded and averaged using a 64-lead EEG cap pre- and post-

acquisition of a force matching tracking task (FMTT). Following the pre-acquisition phase, 

controls (CONT) (n=13, 6F) received 10 minutes of rest and the vibration group (VIB) (n=12, 6F) 

received 10 minutes of 60Hz vibration on the right sternocleidomastoid (SCM) and left cervical 

extensors (CEM). During this time, all participants wore occluding googles to eliminate visual 

feedback. Task performance was measured 24 hours later to assess retention. Repeated 

measures ANOVAs compared SEP amplitudes and performance accuracy normalized to 

baseline.  

 

Results: SEPs: Significant time by group interactions occurred for the N18 SEP Peak (F (1, 23) = 

6.475, p = 0.018, np2 = 0.220): where the amplitude increased by 58.74% in CONT and 
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decreased by 21.77% in VIB and the N24 SEP Peak (F (1, 23) = 5.787, p = 0.025, np2 = 0.201): 

decreased by 14.05% in CONT and increased by 16.31% in VIB.  

Motor Performance: Relative to baseline performance, there was a significant effect of 

time post-acquisition (F (1, 23) = 52.812, p <0.001, np2 = 0.697) with a 12.3% improved for CONT 

and 14.22% for VIB. At retention, both groups showed improvement relative to baseline (F (1, 23) 

= 35.546, p <0.001, np2 = 0.607) with CONT retaining their post-acquisition improvement 

(12.72%), while VIB showed a slight decrease in performance relative to post-acquisition 

(13.72%), however the time by group interaction was not significant. 

 

Discussion: Group-dependant changes in SEP peaks associated with cerebellar processing (N18 

and N24) occurred post motor acquisition. Improvements in motor performance that persisted 

at retention combined with a decreased N24 peak suggests that motor learning resulted in 

significant changes in cerebellar-somatosensory (S1) pathways in CONT. Initial improvements 

followed by a small reduction at retention combined with an increase in the N24 peak in VIB 

suggests differences in cerebellar-S1 processing. This suggest that neck muscle vibration altered 

proprioceptive inputs used to construct body schema, generating alterations in cerebellar 

processing, motor learning and motor control.  
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Introduction 

While rushing, individuals may fail to notice certain objects in their path, but most of the 

time they automatically and instinctively avoid them. This is the body schema at work. In order 

to constantly guide and monitor movements of the body, the brain constructs an internal map 

ŽĨ�ƚŚĞ�ďŽĚǇ͛Ɛ�ƉŽƐŝƚŝŽŶ�ŝŶ�ƌĞĨĞƌĞŶĐĞ�ƚŽ�ŽƚŚĞƌ�ďŽĚǇ�ƉĂƌƚƐ�and the objects surrounding it. Control 

of the body in avoiding or manipulating objects to reach behavioural goals requires an accurate 

and constantly updated perception of the body in space and time (Holmes and Spence 2004). 

This concept is known as body schema. Body schema is integral for spatial orientation and 

updates constantly during movement involving both central and peripheral processes. It 

includes the shape of each body segment and the body surface, proprioceptive information 

regarding limb configuration, and the length of each body segment (Maravita, Spence et al. 

2003, Holmes and Spence 2004, Haggard and Wolpert 2005).  

 

The central nervous system (CNS) monitors and modifies the body schema based on 

proprioceptive feedback and previous body movements, relying on both feedforward and 

feedback models resulting from the coordination of visual information, proprioceptive 

feedback, and the predicted consequences of a given movement (Head, Rivers et al. 1920, 

Blakemore, Frith et al. 2001, Nixon and Passingham 2001, Haggard and Wolpert 2005). An 

accurate body schema is crucial for executing accurate movements and plays an important role 

in motor acquisition (Doyon, Penhune et al. 2003). Motor acquisition refers to the process of 

improving novel motor skills through practice with lasting improvements in skill capabilities 

(Doyon, Song et al. 2002). During the early stages of motor learning the cerebellar cortex and 
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deep nuclei are highly active followed by a significant reduction in cerebellar activity in the late 

stage of motor learning (Doyon, Song et al. 2002, Doyon, Penhune et al. 2003). The cerebellum 

plays an important role in sensorimotor integration by modulating sensory inputs that generate 

and adjust motor responses based on the expected sensory output (Manzoni 2005). This 

directly influences the activity in neural pathways between the cerebellum and sensorimotor 

cortex which can be quantified using somatosensory evoked potentials (Waberski, Buchner et 

al. 1999, Passmore, Murphy et al. 2014, Britton, Frey et al. 2016).  

 

Sensorimotor integration refers to the ability of the CNS to integrate sensory 

information from the environment with motor output to generate the appropriate motor 

response (Abbruzzese and Berardelli 2003). Many experimental paradigms have used short 

latency somatosensory evoked potentials (SEPs) to examine alterations in sensorimotor 

integration using motor acquisition tasks. Previous research has demonstrated differential SEP 

changes following the acquisition of a complex motor pursuit task in neck pain participants 

compared to controls (Andrew, Yielder et al. 2018). Another study done using a neck pain 

population found differential changes in the N24 peak following the acquisition of a simple 

typing task, indicating that individuals with neck pain have altered cerebellar processing 

(Daligadu, Haavik et al. 2013). Changes in head orientation via passive head or neck movement 

and cervical muscle fatigue have also been shown to alter upper limb proprioception and motor 

accuracy (Guerraz, Blouin et al. 2003, Knox and Hodges 2005, Guerraz, Caudron et al. 2011, 

Zabihhosseinian, Holmes et al. 2015, Zabihhosseinian, Yielder et al. 2019). Additionally, 

previous research demonstrates that cervical muscle vibration influences proprioception and 
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motor accuracy of the elbow and forearm (Knox, Cordo et al. 2006, Pettorossi, Panichi et al. 

2015). 

 

Neck muscles have the highest density of proprioceptors in the human body (COOPER 

and Daniel 1963, Kulkarni, Chandy et al. 2001, Peng, Yang et al. 2021) with the muscle spindles 

being the major proprioceptors (Richmond and Abrahams 1979). Therefore, alterations in 

sensory feedback caused by neck pain (Paulus and Brumagne 2008), fatigue (Zabihhosseinian, 

Holmes et al. 2015) or vibration (Goodwin, McCloskey et al. 1972) can influence the information 

sent to the CNS leading to impaired upper limb accuracy (Huysmans, Hoozemans et al. 2010, 

Guerraz, Caudron et al. 2011), proprioception (Eklund 1972, Lackner 1988, Knox, Cordo et al. 

2006, Paulus and Brumagne 2008, Zabihhosseinian, Holmes et al. 2015, Stanton, Leake et al. 

2016), and motor learning (Daligadu, Haavik et al. 2013, Andrew, Yielder et al. 2018). Altered 

afferent input from the neck, as a result of neck joint dysfunction, postural stress, pain or 

fatigue, is a complex phenomenon often involving multiple receptor types. Many researchers 

have examined the effects of this phenomenon through the lens of recurrent or chronic neck 

pain and cervical muscle fatigue. However, both neck pain and fatigue have the potential to 

alter multiple types of sensory feedback through the involvement of muscle spindles, pain 

afferents and changes in muscle properties (Falla and Farina 2008, Alcaraz-Clariana, García-

Luque et al. 2021). Additionally, the effects of fatigue can be short lived with recovery occurring 

within 5 minutes of the fatigue protocol (Schieppati, Nardone et al. 2003). It is important to 

take a step back and examine the effects of altered afferent input from neck muscles in the 

absence of these confounding factors in order to understand the role played by neck muscle 
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spindles in upper limb SMI. High frequency, low amplitude vibration over a muscle belly excites 

the primary (Ia) afferents of muscle spindles and provides long-lasting effects without causing 

pain or discomfort (Brown, Engberg et al. 1967, Cordo, Bevan et al. 1995, Pettorossi, Panichi et 

al. 2015). This is perceived by the CNS as joint rotation and movement, thereby inducing 

illusions of movement when vibration frequencies exceeded 30Hz (Goodwin, McCloskey et al. 

1972, Cordo, Bevan et al. 1995). Therefore, muscle vibration can be used to specifically target Ia 

afferents to experimentally alter afferent input and examine the direct impacts on cortical 

processing and motor control.  

 

While the effects of altered afferent input have been examined in neck pain and muscle 

fatigue populations, there is a gap in the research involving the effects of neck muscle vibration 

on motor learning and sensorimotor integration. The purpose of this study was to determine 

the effects of neck muscle vibration on the motor acquisition of a novel proprioceptive-based 

force matching tracking task (FMTT) and early and middle-latency SEP peaks associated with 

somatosensory processing, sensorimotor integration, and motor learning. It was hypothesized 

that neck muscle vibration would lead to alterations in motor acquisition and motor accuracy of 

the upper limb determined by differential changes in force tracking performance and the 

associated SEP peak amplitudes. Furthermore, it was hypothesized that participants in the 

vibration group would demonstrate poorer force tracking accuracy and altered motor learning 

patterns when compared to controls.  
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Methods 

Participants 

25 right-handed participants, 13 males and 12 females were recruited for this study and 

randomly allocated to the vibration (n=12, 6 Females) or control (n=13, 6 Females) group. 

Inclusion criteria for the study required all participants to be between the ages of 18 and 35 years 

old and to be right hand dominant, determined by a score of above 40 on the Edinburgh 

handedness inventory. Participants must be healthy individuals, meaning they cannot have neck 

pain indicated by a score of less than 5 on the Neck Disability Index (Vernon 2008). Exclusion 

criteria included left hand dominance, due to possible differences in neural processing (reference 

Luc Holland et al. and others) and those with any conditions that may alter 

electroencephalography (EEG) suitability such as multiple sclerosis, epilepsy, seizure disorders, 

recurrent neck pain, autism spectrum disorder (ASD) and attention deficit hyperactivity disorder 

(ADHD). This research was reviewed by the University of Ontario Institute of Technology (Ontario 

Tech University) Research Ethics Board and received ethical approval [REB #16520].  

 

SEP Stimulation Protocol 

The right median nerve was stimulated at the wrist using conductive adhesive hydrogel 

EMG electrodes. The anode was placed proximally and electrodes were fixed on the skin over 

the median nerve 2-3cm proximal to the distal crease of the wrist to ensure there was no 

movement during the recording (Nuwer, Aminoff et al. 1994). Constant wave pulses of 0.2ms 

were provided and intensity was adjusted to produce a visible twitch in the abductor pollicis 

brevis (APB) muscle. To ensure familiarity with the stimulus, motor thresholding was performed 
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for each participant. The motor threshold was defined as the lowest intensity which elicited 

contraction of the APB muscle. SEP stimulation was done at 2 frequencies to allow for the clear 

identification of SEP peaks. The median nerve was stimulated at a frequency of 2.47Hz to 

enable optimal recordings of the N30 peak, followed by a stimulation frequency of 4.98Hz to 

produce a clear N24 peak through attenuation of the N30 peak (Haavik and Murphy 2011). 

Peripheral SEP peaks were recording using electromyography (EMG) ĞůĞĐƚƌŽĚĞƐ�ŽŶ��ƌď͛Ɛ�ƉŽŝŶƚ�

over the brachial plexus and over the spinous process of the 5th cervical vertebrae with 

reference electrodes placed on the anterior tracheal cartilage, the contralateral clavicle and an 

earlobe reference clip (Nuwer, Aminoff et al. 1994). Cortical SEP peaks were recording using a 

64 lead ANT Neuro Waveguard Electroencephalography (EEG) cap. The cap was fitted for each 

participant using the internationally standardized 10-20 system in accordance with IFCN 

guidelines (Nuwer, Aminoff et al. 1994). Each cortical electrode was filled with conductive gel to 

reduce impedence and improve signal acquisition.  

 

Cervical Muscle Vibration 

Cervical muscle vibration was applied using two small custom DC-motor vibrators 

measuring 4cm in diameter. High frequency, low amplitude vibration was applied to the right 

sternocleidomastoid (SCM) and left cervical extensor muscles (CEM) at a frequency of 60Hz for 

10 minutes. The vibrator heads were placed antero-laterally, 2cm from the midline and 5cm 

below the mastoid for the SCM and 2-3cm lateral to the C5 spinous process for the CEM 

(Pettorossi, Panichi et al. 2015). The vibrators were firmly affixed to the neck using hypafix tape 

to ensure sufficient contact was maintained. Participants were fitted with blackout goggles for 
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the duration of the vibration protocol to eliminate visual feedback. Participants in both groups 

were asked ͞/Ŷ�ƚĞƌŵƐ�ŽĨ�ƚŚĞ�ƉŽƐŝƚŝŽŶ or direction ŽĨ�ǇŽƵƌ�ŚĞĂĚ�ĂŶĚ�ŶĞĐŬ͕�ŚŽǁ�ĚŽ�ǇŽƵ�ĨĞĞů͍͟ to 

determine if participants experienced movement illusions. This question was introduced at the 

start of the vibration protocol and was asked again at the end. 

 

Figure 3. Depiction of vibration set up affixed using hypafix tape. A: shows position of the left CEM vibrator. B: shows the 
position of the right SCM vibrator. 

 
Figure 6. Custom built vibrators in 3d printed scaffolding. 
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Force Matching Tracking Task 

 Participants were seated in a chair with their right arm fixed to an adjustable table 

housing a small 50 kg force transducer that fit comfortably against their right thumb. A 

computer monitor was placed 2 meters in front of them displaying visual information regarding 

the task. Prior to beginning the task, the transducer was calibrated to eliminate any inherent 

noise. An average of 3-5 maximal voluntary contractions (MVCs) of the APB muscle were taken 

to calibrate the target line to the strength of each individual participant. The force matching 

tracking task (FMTT) required participants to push against the force transducer using their right 

thumb to match a series of white-dotted square sinusoidal waves calibrated to their thumb 

strength. A set of red error bars were situated 5% above and below the white-dotted target 

line, as a guide for participants. Pressing harder would direct the trace line upwards, while 

pressing lightly would direct the trace line downwards. Targets were presented on the monitor 

as one trial with two 10-second-long force traces. Target lines and tracking performance were 

displayed in real-time using a custom made LABVIEW software program (National Instruments, 

Austin, TX, USA). Prior to beginning the task, participants were given one familiarization trial. 

The FMTT consisted of 5 phases, each containing 4 blocks with 12 trials. The phases included a 

pre-acquisition phase, 3 acquisition phases, a post-acquisition phase and a retention phase. 

Phases of the task were delivered in sequence while the blocks within each phase were 

randomized for each participant. Each trial lasted 22 seconds in duration with a total of 72 trials 

across all phases. Preliminary EMG findings suggest that this task does not induce fatigue, 

however, participants were given breaks as requested.  
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Figure 7. Depiction of FMTT program. Yellow line indicates participant's force output while the white-dotted line reflects the 
target line. Red lines reflect boundary guidelines. Right image shows the position of participant's right thumb on the force 
transducer. 

 

Experimental Procedure 

The pre-post experimental procedure is outlined in FIGURE 6. Participants completed 

baseline dual SEP recordings as outlined above. If needed, participants were allowed 2-minute 

rest following the SEP protocol. Participants then completed the pre-acquisition phases of the 

force tacking task consisting of 12 trials. Participants in the vibration group received 10 minutes 

of cervical muscle vibration while controls received 10 minutes of rest. To mitigate possible 

bias, all participants were fitted with the vibration set-up however, vibrators were only turned 

on for those in the vibration group. Following vibration or rest, the participants then completed 

the 3 acquisition and post phases of the FMTT followed by the post-intervention dual SEP 

recordings. 24-48 hours later, participants returned to complete the retention phase of the 

FMTT. 
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Figure 8. Flow of experimental procedures from baseline to retention for both groups. 

 

Data Processing 

SEP peaks were recorded at a sampling frequency of 2048Hz using Cambridge Electronic 

Design (CED) software. The peripheral N9, N11 and N13 SEP peaks were analyzed using Signal 

Software while the cortical N18, N20, N24, P25, N30 and N60 SEP peaks were analyzed using 

Advanced Source Analysis (ASA lab) Software. Cortical SEP data was band-pass filtered with a 

low cut-off 0.2Hz and a high cut-off of 1000Hz and all eye blinks were filtered out using artefact 

events. Artefact detection parameters were set at a minimum of -100Pv and a maximum of 

+100Pv to filter out any artefacts missed by the band-pass filter. Amplitudes were measured at 

the peak of interest in accordance with IFCN guidelines (Nuwer, Aminoff et al. 1994). Latencies 

were recorded from the onset of stimulation to the maximal peak or depression for each SEP 

component. Changes in SEP amplitudes from pre-intervention to post-intervention were 

reported as a percentage increase or decrease from baseline for each group.  

 

FMTT data were recorded and analyzed using a customized LabVIEW data analysis 

program. A 0.5 second moving average was conducted to smooth the force trace data prior to 

analysis. Tracking accuracy was measured as absolute percent error calculated as the difference 
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ďĞƚǁĞĞŶ�ƚŚĞ�ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ�ƚƌĂĐĞ�ůŝŶĞ�ĂŶĚ�ƚŚĞ�ƉƌĞƐĞŶƚĞĚ�ƚĂƌŐĞƚ�ůŝŶĞ͘�dŚĞ�ĨŽƌŵƵůĂ�ĨŽƌ�ĂďƐŽůƵƚĞ�

error is as follows: 

ݎ݋ݎݎܧ��Ψ݁ݐݑ݈݋ݏܾܣ ൌ ሺ൬
݈݁݊݅݁ܿܽݎݐ�݁ܿݎ݋ܨ
݈݁݊݅�ݐ݁݃ݎܽݐ ൰ כ ͳͲͲሻ െ ͳͲͲ� 

 

Absolute percent error was calculated for each block of the baseline, post-acquisition, 

and retention phases separately. Data were normalized to baseline by dividing the phase 

average by the baseline average for each phase and then averaged for each group.  

 

Statistical Analysis 

 All statistical analyses were performed using SPSS version 26 (Armonk, New York, USA). 

Normalized SEP peak data were analyzed using a two-way repeated measures multivariate 

analysis of variance (ANOVA) with group (control vs vibration) as a factor, and time (pre/post) 

as the repeated measure. 2 x 3 mixed methods repeated measures ANOVA was used to 

compare the mean difference in performance accuracy with between subject and within 

subject factors as group (control vs. vibration) and time (pre-acquisition, post-acquisition, and 

retention) as the repeated measure. Pre-planned simple contrasts to baseline were included in 

both repeated measures ANOVAs. WĞĂƌƐŽŶ͛Ɛ�ĐŽƌƌĞůĂƚŝŽŶƐ�ǁĞƌĞ�ƵƐĞĚ�ƚŽ�ŝŶǀĞƐƚŝŐĂƚĞ�ƚŚĞ�

relationship between SEP peak amplitudes and performance accuracy post-acquisition to 

examine differences in sensorimotor integration between groups. All correlations were 

computed at the significance level (D = 0.05) using a two-tailed test. Statistical significance was 

set as p d 0.05 for all statistical tests. The Shapiro-tŝůŬ͛Ɛ�ƚĞƐƚ�ǁĂƐ�ƵƐĞĚ�ƚŽ�ƚĞƐƚ�ĨŽƌ�Ă�ŶŽƌŵĂů�

distribution for all datasets. If violated, log transformations were applied to ensure data were 
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normally distributed. DĂƵĐŚůǇ͛Ɛ test of sphericity was used to test sphericity for the 

performance accuracy data. Greenhouse-Geisser corrections were reported for performance 

ĂĐĐƵƌĂĐǇ�ĚĂƚĂ�ƚŚĂƚ�ǀŝŽůĂƚĞĚ�DĂƵĐŚůǇ͛Ɛ�ƚĞƐƚ�ŽĨ�ƐƉŚĞƌŝĐŝƚǇ͘�Partial eta squared values are reported 

with 0.2 equal to small, 0.5 equal to medium and 0.8 equal to large effect sizes for ANOVAs 

(Cohen 1995). The Benjamini-Hochberg test was used to correct for multiple comparisons that 

are independent of each other as each SEP peak has its own set of neural generators. This 

correction controls for the likelihood of type I error or false discovery rate by ranking the 

individual p-value from smallest to largest and is then compared to the Benjamini-Hochberg 

critical value (McDonald 2009). With this correction, datasets are considered statistically 

significant if the adjusted p-value is smaller than the chosen family-wise error rate. The false 

discovery rate was set at 0.2 in an excel spreadsheet created to test for Benjamini-Hochberg 

(McDonald 2009). P-values provided in the results section are the unadjusted p-values as 

recommended (McDonald 2009), however statistical significance for SEP peak data was 

determined by the Benjamini-Hochberg test. 

 

Results 

 Movement illusions were reported as perceived movement of the head or neck in the 

absence of an actual movement occurring. Of the 12 participants in the vibration group, 11 

reported movement illusions. Of the 11 who experienced illusions, 5 reported feeling neck 

extension, 1 reported feeling neck flexion, 2 reported feeling right rotation, 2 reported feeling 

left rotation and 1 reported feeling left lateral flexion. No illusions were reported in controls.  
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Table 1. Frequency of reported movement illusions in vibration group. 

Reported Illusion Frequency Percentage 
Neck Extension 5 0.42 
Neck Flexion 1 0.08 
Right Rotation 2 0.17 
Left Rotation 2 0.17 
Left Lateral Flexion 1 0.08 
No Illusion 1 0.08 
Values represent frequency of movement illusions reported by participants in the vibration group 
(n=12) and the percentage of the group that experienced each illusion. 
 

 
 
 

SEP Peak Amplitudes 

All participants met the N9 criteria of a change within r20%, therefore all SEP data was 

included in analysis. There was no effect of time (F (1, 23) = 0.012, p = 0.915, np2 = 0.001) or time 

by group interaction (F (1, 23) = 2.585, p = 0.121, np2 = 0.101). Consistency of the N9 SEP peak pre 

to post is critical to ensure subsequent changes in spinal and cortical SEP peaks are the result of 

changes in neural activity following motor learning and experimental manipulation. 

 

 

 

 

 

 



 58 

 

 

Table 2. Proportional change in SEP peak amplitudes following motor acquisition and experimental manipulation for both 
groups. 

    Group 
    Control  Vibration 

 Proportional Change in SEP Peak Amplitudes  

 N9 Peak Amplitude  0.97 r 0.10   1.03 r 0.10 

 N11 Peak Amplitude  1.18 r 0.79   0.96 r 0.33 

 N13 Peak Amplitude  1.03 r 0.31  1.06 r 0.45 

 N18 Peak Amplitude *p d 0.05 1.59 r 1.07  0.78 r 0.22 

 N20 Peak Amplitude  1.02 r 0.29  1.21 r 0.41 

 N24 Peak Amplitude *p d 0.05 0.86 r 0.28  1.16 r 0.35 

 P25 Peak Amplitude  1.09 r 0.24 *  1.19 r 0.39 
* 

 N30 Peak Amplitude  1.07 r 0.14 *  1.11 r 0.28 
* 

 N60 Peak Amplitude  0.90 r 0.35  1.00 r 0.23 
    Values are group means r SD for participants in control (n=13) and vibration (n=12) groups. *p d 
0.05 denotes significant differences in the respective SEP peak amplitude between groups (reported as 
proportional change from baseline to post). SEP data that had a significant effect of time is marked 
with an asterisk (*) where p d 0.05. 

 
 

N18 SEP Peak: There was a significant time by group interaction (F (1, 23) = 6.475, p = 0.018, np2 = 

0.220) where the amplitude increased by 58.74% in controls and decreased by 21.77% in 

vibration. 

 

N24 SEP Peak: There was a significant time by group interaction (F (1, 23) = 5.787, p = 0.025, np2 = 

0.201) where the SEP peak amplitude decreased by 14.05% in controls and increased by 16.31% 

in vibration.  
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P25 SEP Peak: There was a significant effect of time (F (1, 23) = 4.556, p = 0.044, np2 = 0.165) with 

the SEP peak amplitude increasing for both groups, by 9% in controls and 18.55% in vibration 

and no time by group interaction. 

 

N30 SEP Peak: There was a significant effect of time (F (1, 23) = 4.403, p = 0.047, np2 = 0.161) 

which increased for both groups, by 7.38% in controls and 10.96% in vibration, with no time by 

group interactions. 
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Figure 9. Representative datasets from control (left) and vibration (right) groups showing raw SEP peaks at baseline and post-
acquisition. Pre-acquisition SEP peaks are in grey while post-acquisition SEPs are in dark blue. A: N18 and N30 SEP peak 
amplitudes recorded at a stimulation frequency of 2.47 Hz. B: N24 SEP peak amplitude recorded at a frequency of 4.98 Hz.  
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Figure 10. Proportional change in average SEP peak amplitudes following motor acquisition of FMTT for controls (blue) and 
vibration (orange). Error bars represent SD. The black dotted line represents the normalized baseline amplitude. (* Pd  0.05) 

 

Motor Performance Accuracy 

 There was a significant effect of time when comparing performance accuracy where 

both groups improved relative to baseline performance (F (1, 23) = 38.878, p < 0.001, np2 = 0.628). 

When comparing pre-acquisition to post acquisition both groups demonstrated significant 

improvements in performance (F (1, 23) = 52.812, p <0.001, np2 = 0.697) where controls improved 

by 12.3% and vibration improved by 14.22%. At retention, both groups improved relative to 

baseline (F (1, 23) = 35.546, p <0.001, np2 = 0.607) where controls improved by 12.72% and 

vibration improved by 13.72%. 
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Figure 11. Normalized absolute error during the pre-acquisition, post-acquisition, and retention phases of FMTT. Error bars 
represent SD. (*** Pd 0.001). 

 
 
 
Table 3. Normalized and absolute motor performance accuracy data for both groups. 

   Time 

   Pre-acquisition Post-acquisition Retention 

Normalized Motor Performance Accuracy  
Absolute error control (%)  1 r 0.150 0.877 r 0.115 * 0.872 r 0.099 * 

Absolute error vibration (%)  1 r 0.170 0.858 r 0.097 * 0.863 r 0.095 * 
Absolute Motor Performance Accuracy  

Absolute error control (%)  0.679 r 0.150 0.595 r 0.115 0.592 r 0.099 

Absolute error vibration (%)  0.673 r 0.170 0.577 r 0.097 0.581 r 0.095 

Values are group means r SD for participants in control (n=13) and vibration (n=12) groups. For 
normalized data a significant effect of time is marked with an asterisk (*) where p d 0.05. Absolute 
performance data shows group averages not normalized to baseline. 
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WĞĂƌƐŽŶ͛Ɛ�Correlations 

N11 SEP Peak & FMTT: There was a positive correlation between the N11 SEP peak amplitude 

and performance accuracy in the vibration group (Figure 12.B) following motor acquisition (r = 

0.610, p = 0.035). There was no correlation in controls (r = -0.367, p = 0.217). 

 

P25 SEP Peak & FMTT: There was a negative correlation between the P25 SEP peak amplitude 

and performance accuracy in the control group (Figure 13.A) following motor acquisition (r = -

0.556, p = 0.048). No correlation was observed in the vibration group (r = 0.348, p = 0.267). 

 

 
Figure 12. Correlation plot comparing normalized absolute error (x-axis) to proportional change in N11 SEP peak amplitude (y-
axis) in the A: control group and B: vibration group. P-value, correlation coefficient (R2), and equation shown in right corner. 

 

 

Figure 13. Correlation plot comparing normalized absolute error (x-axis) to proportional change in P25 SEP peak amplitude (y-
axis) in the A: control group and B: vibration group. P-value, correlation coefficient (R2), and equation shown in top right corner. 
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Discussion 

 This study is the first work to assess the impact of vibration on a proprioceptive based 

motor learning paradigm in conjunction with neurophysiological adaptations in the form of SEP 

peaks. The results indicate that neck muscle vibration led to differential changes in SEP peaks 

associated with cerebellar processing (N18 and N24), somatosensory processing (P25) and 

sensorimotor integration (N30). Both groups demonstrated significant improvements in motor 

performance following acquisition of the novel motor learning task dependent on force 

modulation. The differential correlations between performance accuracy and SEP peak 

amplitudes between groups for certain SEP peaks suggests underlying differences in 

somatosensory processing post-acquisition that may be the result of vibration induced 

alterations in body schema. The neurophysiological differences between groups indicate that 

neck muscle vibration was sufficient generate alterations in cerebellar processing of 

proprioceptive inputs used to construct body schema.  

 

Neurophysiological Findings 

N18 SEP Peak 

 The N18 Peak originates in the inferior olive, dorsal column medial lemniscus (DCML) 

nuclei of the lower medulla and the midbrain-pontine region and reflects inhibitory activity at 

the level of the dorsal column nuclei, possibly due to the collaterals from the cuneate nucleus 

(Sonoo, Genba et al. 1992, Sonoo 2000). A novel finding from this study indicated that those in 

the vibration group had a reduction in N18 amplitude following motor acquisition, reflecting 

reduced inhibition of olivary-cerebellar inputs or selective filtering of cerebellar inputs at the 
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level of the inferior olive. This was likely necessary to continuously refine motor output to the 

right thumb, potentially due to alterations in proprioceptive inputs from vibration. Changes in 

inferior olive activity are associated with the performance of well learned movements and 

inferior olive activity is known to increase during motor acts contributing to online motor 

control and motor learning (Gilbert and Thach 1977). This suggests that those in the vibration 

group had a greater reliance on proprioceptive input when learning the motor acquisition task 

compared to controls. Previous work demonstrates that vibration activates primary afferents of 

muscle spindles (Brown, Engberg et al. 1967, Knox, Cordo et al. 2006, Pettorossi, Panichi et al. 

2015). The transmission of sensory information from the neck, head and upper limb is 

regulated by the cuneocerebellar tract, specifically the lateral cuneate nucleus located in the 

dorsolateral medulla at the level of the inferior olive (Felten, O'Banion et al. 2015). The cuneate 

nuclei topographically relay precise proprioceptive information through complex feedback-

regulated sensorimotor cerebellar connections to other areas of the cerebral cortex (Noël, 

Ozaki et al. 1996, Sonoo 2000). Therefore, changes in N18 amplitude could reflect alterations in 

cerebellar SMI and unconscious proprioception. The observed reduction in N18 amplitude is 

likely the result of vibration induced alterations in proprioceptive inputs. 

 

Previous work utilizing similar methodology saw an increased N18 amplitude in controls 

following the acquisition of a novel force matching task (Ambalavanar 2021). This coincides 

with the results from the current study which show that controls had an increase in N18 

amplitude post-acquisition. This is likely due to increased inhibitory input from the inferior olive 

to the cerebellum to minimize errors (Miall and Wolpert 1996). An increased N18 amplitude 
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may suggest greater inhibitory inputs along the olivary-cerebellar network to accurately 

produce and modulate forces during motor acquisition. This aligns with past work which 

illustrates an increased N18 amplitude following the acquisition of an upper limb motor tracing 

task ;K͛ďƌŝĞŶ͕��ŶĚƌĞǁ�Ğƚ�Ăů͘�ϮϬϮϬͿ. 

 

P25 SEP Peak 

 dŚĞ�WϮϱ�ƉĞĂŬ�ƌĞĨůĞĐƚƐ�ĂĐƚŝǀŝƚǇ�ŝŶ��ƌŽĚŵĂŶŶ͛Ɛ�ĂƌĞĂ�ϭ�ŽĨ�ƚŚĞ�ƉƌŝŵĂƌǇ�ƐŽŵĂƚŽƐĞŶƐŽƌǇ�

cortex and is associated with somatosensory processing of cutaneous inputs (Allison, McCarthy 

et al. 1992, Mauguiere, Allison et al. 1999). The increase in P25 amplitude seen in both groups 

suggests greater activity in S1 following acquisition of the FMTT. This coincides with past work 

which illustrated an increased P25 following the acquisition of a motor pursuit task which was 

more heavily reliant on visuomotor integration compared to the current FMTT (Andrew, Yielder 

et al. 2018). 

 

N24 SEP Peak 

  The N24 peak is generated near the wall of the central sulcus in the pathway linking the 

cerebellum and primary somatosensory cortex (S1) (Cruccu, Aminoff et al. 2008, Passmore, 

Murphy et al. 2014). Therefore, changes in this peak reflect alterations in cerebellar processing 

(Haavik and Murphy 2011). The large decrease in N24 peak amplitude seen in controls is likely 

related to decreased cerebellar nuclei activity and decreased cerebellar processing subsequent 

to learning. During the early stages of motor acquisition, the cerebellar deep nuclei and cortico-

cerebellar networks are highly active in order to contribute to motor adaptation and error 
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correction as a skill is learned (Doyon, Owen et al. 1996, Doyon, Song et al. 2002, Doyon and 

Ungerleider 2002). Although the deep nuclei contribute to the motor sequences used to 

execute a motor task, long term representations of this sequence are stored elsewhere in the 

brain resulting in an experience dependent shift in cortical activation from cerebellar cortex and 

deep nuclei when a skill is first established to cortico-striatal networks with extended practice 

(Doyon, Song et al. 2002, Doyon, Penhune et al. 2003). A decreased N24 amplitude following 

motor learning is indicative of reaching the later stages of consolidated learning and forming a 

greater reliance on a well-formed internal schema.  

 

The novel finding in the current study was that the vibration group appeared to have 

altered cerebellar processing as demonstrated by an increased N24 peak amplitude following 

motor learning. An increase in N24 amplitude reflects increased cerebellar deep nuclei activity 

as well as increased cerebellar to S1 processing and is indicative of a lack of disinhibition, or 

greater cerebellar inhibition in response to motor training. While this is the first study to report 

quantifiable changes in cerebellar activity following vibration, others have utilized similar 

methodology to investigate N24 peak changes as a result of neck fatigue, pain and joint 

dysfunction. Previous work has shown a similar increase in N24 amplitude in response to motor 

learning in groups that experience altered afferent input from the neck including SCNP and 

fatigue (Andrew, Yielder et al. 2018, Zabihhosseinian, Yielder et al. 2021). The results from the 

current study suggest those in the vibration group were unable to reach the later stage of 

consolidated learning in a similar manner to controls.  
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N30 SEP Peak 

 The N30 peak is related to activity within the complex connections linking the thalamus, 

premotor, motor, and prefrontal cortex and basal ganglia, which are all involved in SMI 

(Mauguiere, Allison et al. 1999, Passmore, Murphy et al. 2014, Macerollo, Brown et al. 2018). 

Both groups demonstrated similar increases in N30 peak amplitude post-acquisition, suggesting 

increased activity in the neural correlates involved with SMI necessary for precise motor control 

and force modulation required during the FMTT. 

 

Motor Performance Accuracy 

Motor learning can be assessed behaviourally by measuring improvements in 

performance accuracy after acquisition of a novel motor skill (Fitts and Posner 1967, Schmidt 

and Lee 1988). Consolidation of this skill is measured as continued improvement or 

maintenance of the skill 24 to 48 hours following acquisition (Doyon and Ungerleider 2002). The 

increase in motor accuracy from baseline to post-acquisition in addition to a continued increase 

in accuracy at retention is indicative that motor learning has occurred in controls. The initial 

increase in motor accuracy post-acquisition seen in the vibration group suggests those in this 

group were able to learn the task, however, the reduction in accuracy when comparing post-

acquisition to retention suggests those in the vibration group did not retain the task like 

controls. While this is the first study to report changes in motor learning patterns following 

vibration, previous work has shown increased tracking position error of the upper limb 

following cervical vibration (Knox, Cordo et al. 2006, Pettorossi, Panichi et al. 2015). Similar 

alterations in motor learning were observed in SCNP populations following acquisition of a 
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simple typing task (Baarbé, Yielder et al. 2018) and acquisition of a motor pursuit task (Andrew, 

Yielder et al. 2018). The lack of group differences in the current study may be due to challenge 

point framework where vibration group had to work harder to learn the task, overriding the 

impact of vibration-induced alterations in body schema (Guadagnoli and Lee 2004). Previous 

research has shown an inverted-U relationship between task difficulty and motor learning 

where the second highest difficulty was most effective for skill acquisition while learning was 

delayed at the least and most difficult levels (Akizuki and Ohashi 2015).  

 

 

Correlations Between SEP Peaks and Performance Accuracy 

 The positive correlation between N11 amplitude and performance accuracy indicates 

greater absolute error coincides with greater N11 amplitude in the vibration group. This 

relationship was not observed in controls. The N11 peak represents the ascending peripheral 

volley arriving at the spinal cord (Nuwer, Aminoff et al. 1994). Greater N11 amplitudes in those 

with greater absolute error may suggest an increased reliance on proprioceptive inputs and 

somatosensory processing at the level of the spinal cord to permit accurate force modulation of 

the APB muscle.  

 

 The negative correlation between P25 amplitude and performance accuracy seen in 

controls indicates higher absolute error was associated with lower P25 amplitudes. Lower P25 

amplitudes in participants with higher absolute error could suggest a lower reliance on 
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�ƌŽĚŵĂŶŶ͛Ɛ�ĂƌĞĂ�ϭ�Žƌ�ƐĞŶƐŽƌǇ�ŐĂƚŝŶŐ�ŽĨ�ĐŽƌƚŝĐĂů�ŶĞƚǁŽƌŬƐ�ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�ƐŽŵĂƚŽƐĞŶƐŽƌǇ�

processing (Seki and Fetz 2012). This relationship was not observed in the vibration group.  

 

Limitations 

 A limitation of this study is that this sample consisted of university students ranging in 

age from 18-30 therefore these results may not be generalizable to older adults or young 

children. Additionally, there was a period of delay during the FMTT protocols to allow for set-up 

and removal of the vibrators. Due to the discontinuous nature of the experiment, the time 

delay may have impacted task difficulty. However, because both groups were fitted with the 

vibration set up any delays between trials throughout the duration of the FMTT were similar 

across groups.  

 

Conclusion 

 This work is the first to assess the effects of vibration on the neurophysiological 

mechanisms involved in the motor acquisition of a proprioceptive based force matching 

tracking task. Alterations in cerebellar processing and motor learning were observed in the 

vibration group. Those in the vibration group exhibited significantly reduced N18 peak 

amplitudes and significantly increased N24 peak amplitudes post-acquisition suggesting 

reduced inhibition at the level of the cuneate nucleus or possibly the inferior olive following 

motor training resulting in altered cerebellar SMI and increased processing at S1. This may 

reflect a greater reliance on proprioceptive feedback and is likely due to vibration induced 

alterations in proprioceptive inputs used to construct body schema. Although both groups 
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demonstrated significant improvements in performance, trends at retention suggest controls 

retained their post-acquisition improvements while the vibration group showed a slight 

decrease in performance relative to post-acquisition, however the time by group interaction 

was not significant. Future work should assess retention at longer intervals to determine if the 

neurophysiological adaptations observed in the vibration group translate to more profound 

changes in motor performance and motor skill consolidation. In conclusion, this work 

demonstrates that neck muscle vibration induces alterations in cortical processing in the neural 

correlates associated with learning a proprioceptive-based motor paradigm.  
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Preface to Manuscript 2 
 
 

The differences in SEP peaks associated with cerebellar processing (N18) as a result of neck 

muscle vibration indicate changes in the processing of unconscious proprioceptive inputs 

compared to controls. Altered proprioceptive processing may lead to changes in upper limb 

proprioception and motor control. Manuscript 2 will investigate if neck muscle vibration also 

impacts upper limb proprioception. 
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Abstract 

Background: Upper limb control depends on accurate internal models of the position of the 

limbs in reference to the head and neck, as well as accurate sensory inputs and accurate 

cortical processing. It is known that neck joint dysfunction, pain, and fatigue impact 

proprioception due to altered afferent input from the neck. However, it is unclear whether 

transient alterations in neck sensory input from muscle vibration impacts body schema as well 

as upper limb proprioception in the absence of visual feedback. The purpose of this research is 

to determine the effects of neck muscle vibration on upper limb proprioception using a novel 

elbow proprioception task (EPT). 

 

Methods: 26 right-handed, healthy participants (12 Female) aged 22.21 r 2.64 performed an 

elbow repositioning task consisting of 3 target angles between 80-90 degrees, 90-100 degrees 

and 100-110 degrees. Participants were instructed to replicate each target as accurately as 

possible. Controls (n=13, 6F) received 10 minutes of rest and the vibration group (n=13, 6F) 

received 10 minutes of 60Hz vibration on the right sternocleidomastoid (SCM) and left cervical 

extensors (CEM). Participants wore occluding googles for the duration of the experiment to 

eliminate visual feedback. Task performance was reassessed immediately following the 

experimental manipulation. Repeated measures ANOVAs compared proprioceptive error 

normalized to baseline.  

 

Results: Significant time by group interactions occurred for target 1: 80-90 degrees (F1,24 = 

25.330, p < 0.001, Kp2 = 0.513) where accuracy increased by 26.08% for controls and decreased 
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by 134.27% for vibration, target 2: 90-100 degrees (F1,24 = 16.157, p < 0.001, Kp2 = 0.402) where 

controls improved by 20.39% and vibration group worsened by 109.54%, and target 3: 100-110 

degrees (F1,24 = 21.923, p < 0.001, Kp2 = 0.447) where controls improved by 37.11% and 

vibration worsened by 54.39%. There was a significant effect of time for all targets where 

controls improved from baseline while error increased in the vibration group (F1,24 = 9.711, p < 

0.001, Kp2 = 0.570) 

 

Discussion: Group-dependant changes in performance accuracy were observed following 

vibration protocols. Improvements in elbow repositioning accuracy across all targets indicate 

accurate proprioceptive processing occurred in controls. By contrast, decreased accuracy across 

all target angles following vibration indicates altered proprioceptive processing occurred in the 

vibration group. This suggests that vibration altered proprioceptive inputs used to construct 

body schema leading to inaccurate joint position sense and the observed behavioural changes 

in elbow repositioning accuracy. 
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Introduction 

The cortical organization of sensory information from the upper limb is highly 

dependent on head and neck position (Paulus and Brumagne 2008). Neck muscle 

proprioception plays a significant role in balance, movement organization and forming accurate 

body schema (Strimpakos, Sakellari et al. 2006). To compute the position of the upper limbs, 

the central nervous system (CNS) references incoming sensory information against the position 

of the head and neck. Proprioception is defined as the conscious and unconscious awareness of 

ƚŚĞ�ďŽĚǇ͛Ɛ�ƉŽƐŝƚŝŽŶ͕�ŵĞĚŝĂƚĞĚ�ďǇ�ƉƌŽƉƌŝŽĐĞƉƚŽƌƐ�ŝŶ�ŵƵƐĐůĞ�ƚŝƐƐƵĞ͕�ũŽŝŶƚƐ�ĂŶĚ�ƚĞŶĚŽŶƐ�(Proske 

and Gandevia 2012, Tuthill and Azim 2018). Previous research demonstrates that muscle 

spindles are the major proprioceptors of the neck (Richmond and Abrahams 1979) and that 

neck muscles have the highest density of proprioceptors in humans (COOPER and Daniel 1963, 

Kulkarni, Chandy et al. 2001). Body schema is the cortical perception of the location, orientation 

ĂŶĚ�ĨƵŶĐƚŝŽŶĂů�ŝŶƚĞŐƌŝƚǇ�ŽĨ�ƚŚĞ�ďŽĚǇ�ĂŶĚ�ŝƚ͛Ɛ�ĂƉƉĞŶĚĂŐĞƐ�ŝŶ�ƐƉĂĐĞ�(Holmes and Spence 2004). It 

is cortically constructed through the integration of somatosensory and visual information 

involving a complex network of cortical areas that process this information using the most 

appropriate reference frame (Holmes and Spence 2004, Medina and Coslett 2010). Body-

centered reference frames provide a topographical representation of the body in reference to 

the position of the head and neck, and exist primarily in the primary and secondary 

somatosensory cortices (Maravita, Spence et al. 2003, Medina and Coslett 2010). Eye-centered 

reference frames compute the location of body parts using information encoded in the visual 

cortices (Holmes and Spence 2004). In the absence of visual information, proprioceptive 

information from muscle spindles becomes increasingly more important. Given this, alterations 
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in sensory inputs due to pain, prolonged postures, joint dysfunction, and head orientation can 

alter body schema and may impact motor accuracy.  

 

Previous research has demonstrated that chronic neck pain and subclinical neck pain 

(SCNP) alter afferent input from the neck and impact many cortical processes including 

proprioception (Paulus and Brumagne 2008, Baarbé, Holmes et al. 2015, Stanton, Leake et al. 

2016, Wallwork, Leake et al. 2020), sensorimotor integration (Elsig, Luomajoki et al. 2014, 

Andrew, Yielder et al. 2018) and multisensory integration (Farid, Yielder et al. 2018, Karellas, 

Yielder et al. 2019). When comparing the effects of SCNP on head, shoulder, trunk and whole 

body positions during active and passive movement of the right shoulder, researchers found 

significant differences in head movements between groups suggesting inconsistencies in 

reference frame selection (Paulus and Brumagne 2008). This indicates altered cervical 

proprioception and suggests that individuals with SCNP demonstrate altered proprioceptive 

processing, possibly due to re-weighting of sensory information. Cervical extensor muscle 

fatigue leads to impaired upper limb proprioception (Zabihhosseinian, Holmes et al. 2015), 

altered sensorimotor integration and reduced motor accuracy of the upper limb 

(Zabihhosseinian, Yielder et al. 2019). These effects were greater in the absence of visual 

information of the target (Zabihhosseinian, Yielder et al. 2019). Head orientation also influences 

upper limb proprioception, demonstrated by deviations in reproduced hand drawings while the 

head was tilted in either direction (Guerraz, Blouin et al. 2003). Head rotation in either direction 

has also been shown to generate increased joint position error of the upper limb indicating an 

impact on upper limb proprioception (Knox and Hodges 2005). Once again, proprioceptive 
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dysfunction was exacerbated in the absence of visual feedback (Knox and Hodges 2005, 

Guerraz, Caudron et al. 2011).  

 

High frequency, low amplitude vibration over a muscle belly excites muscle spindles and 

the associated primary (Ia) afferents (Brown, Engberg et al. 1967). This is perceived by the CNS 

as joint rotation and movement thereby generating illusions of movement if the vibration 

frequency exceeds 30Hz (Goodwin, McCloskey et al. 1972, Cordo, Bevan et al. 1995). This is 

supported by research done by Knox and Hodges, who found that vibration of the left or right 

sternocleidomastoid (SCM) and contralateral splenius at a rate between 59-64Hz was sufficient 

to induce illusions of head rotation (Knox, Cordo et al. 2006). Other research demonstrates that 

10 minutes of SCM vibration at rates between 5Hz-100Hz was sufficient to increase upper limb 

position tracking error above controls, with rates above 60Hz generating prolonged error up to 

22 hours following vibration (Pettorossi, Panichi et al. 2015).  

 

It is clear from the literature that upper limb control depends on accurate internal 

models of the position of the limbs in reference to the head and neck, and upper limb 

proprioception depends on accurate sensory inputs and accurate cortical processing. While it is 

known that altered afferent input from the neck as a result of joint dysfunction, postural stress, 

pain and fatigue impacts proprioception, it is unclear whether transient alterations in neck 

sensory input from muscle vibration impacts body schema as well as proprioception and motor 

control. The purpose of this research is to determine the effects of cervical vibration on upper 

limb proprioception using a novel elbow proprioception task (EPT).  
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Methods 

 Participants 

26 right-handed participants, 14 males and 12 females were recruited for this study and 

randomly allocated to the vibration (n=13, 6 Females) or control (n=13, 6 Females) group. 

Inclusion criteria for the study required all participants to be between the ages of 18 and 35 years 

old and to be right hand dominant, determined by a score of above 40 on the Edinburgh 

handedness inventory. Participants must be healthy individuals, meaning they cannot have neck 

pain indicated by a score of less than 5 on the Neck Disability Index (Vernon 2008). Exclusion 

criteria included left hand dominance and those with any neurological or neuromuscular 

disorders including multiple sclerosis, epilepsy, seizure disorders, recurrent neck pain, autism 

spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD). This research was 

reviewed by the University of Ontario Institute of Technology (Ontario Tech University) Research 

Ethics Board and received ethical approval [REB #16520].   

 

 Elbow Proprioception Task (EPT) 

 The elbow proprioception device was composed of a mechanical goniometer containing 

a handle housing a small button. This device was fixed to an adjustable table so that the handle 

fit comfortably in the palm of each participant͛s right hand while standing in anatomical 

position with the elbow in extension. Prior to beginning the protocol, participants were fitted 

with occluding goggles to eliminate visual feedback for the duration of the study. Participants 

were given 3-5 familiarization trials to ensure participants are comfortable with the device and 
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the movement. Participants were instructed to reproduce a given target angle by flexing the 

elbow. To set the target angle, the researcher passively flexed the participant͛Ɛ�ĞůďŽǁ�to the 

appropriate target angle and maintained this position for 5 seconds before returning them to a 

neutral position (0°). Participants were then given 3 trials to reproduce the target angle as 

accurately as possible. The task consisted of 3 blocks, block 1 had a target angle between 80-90 

degrees, block 2 was between 90-100 degrees and block 3 was between 100-110 degrees. 

Between blocks, participants performed 2 full ranges of motion, moving from elbow extension 

to elbow flexion to reduce thixotropic contributions transferring between targets. Participants 

rated ƚŚĞŝƌ�ƉĞƌĐĞŝǀĞĚ�ĞǆĞƌƚŝŽŶ�ƵƐŝŶŐ�ƚŚĞ��ŽƌŐ͛Ɛ�Rated Perceived Exertion (RPE) scale at baseline 

and at the end of each block. Preliminary testing has shown that participants did not experience 

fatigue from this task. Additionally, pilot testing revealed that there are very minimal learning 

effects as the average error remained similar across blocks.  
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Figure 14. Elbow repositioning task device mounted to height adjustable table. Height adjustable handle (red) houses small button 
that activates angle reader. 
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Figure 15. Depiction of elbow repositioning task. A: participant shown in starting position at elbow extension. B: participĂŶƚ͛Ɛ�
final position of elbow flexion. 

 

 Cervical Muscle Vibration 

Cervical muscle vibration was applied using small custom DC-motor vibrators measuring 

4cm in diameter. High frequency, low amplitude vibration was applied to the right 

sternocleidomastoid (SCM) and left cervical extensor muscles (CEM) at a frequency of 60Hz for 

10 minutes. The vibrator heads were placed 6 cm inferior and 2 cm anterior to the mastoid 

process for the SCM and 2 - 3 cm lateral to the spinous process of the 5th cervical vertebrae for 

the CEM (Pettorossi, Panichi et al. 2015). The vibrators were firmly affixed to the neck using 

hypafix tape to ensure sufficient contact was maintained. Participants were fitted with blackout 

goggles for the duration of the vibration to eliminate visual feedback during the protocol.  
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Participants in both groups were asked ͞/Ŷ�ƚĞƌŵƐ�ŽĨ�ƚŚĞ�ƉŽƐŝƚŝŽŶ or direction of your head and 

ŶĞĐŬ͕�ŚŽǁ�ĚŽ�ǇŽƵ�ĨĞĞů͍͟ to determine if participants experienced movement illusions. This 

question was introduced at the start of the vibration protocol and was asked again at the end. 

 

Figure 16. vibration protocol set up affixed with hypafix tape. A: shows the position of the left CEM vibrator. B: shows position of 
the right SCM vibrator. 

 
 

 Experimental Procedure 

The experimental flow is outlined in figure 16 below. Participants completed baseline 

EPT as outlined above.  Following proprioceptive measures, participants in the vibration group 

received 10 minutes of cervical muscle vibration while controls received 10 minutes of rest. To 

mitigate possible bias, all participants were fitted with the vibration setup as described above 

however, vibrators were only turned on for those in the vibration group. Following vibration or 

rest, the participants completed post-intervention EPT.  
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Figure 17. Experimental flow from baseline to post measures for both groups. 

 

 

Data Processing 

Performance accuracy was measured as absolute percent error calculated as the 

average ĚŝĨĨĞƌĞŶĐĞ�ďĞƚǁĞĞŶ�ƚŚĞ�ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ�ƌĞƉƌŽĚƵĐĞĚ�ĂŶŐůĞƐ�ĂŶĚ�ƚŚĞ�ƚĂƌŐĞƚ�ĂŶŐůĞ. Precision 

was measured as variable error calculated as the difference between the each of the 

ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ�ƌĞƉƌŽĚƵĐĞĚ�ĂŶŐůĞƐ. The calculation for absolute error and variable error are as 

follows: 

ݎ݋ݎݎܧ��Ψ݁ݐݑ݈݋ݏܾܣ ൌ ൬�
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ȭሺ݁ݎ݋ݎݎ� െ ሻଶݎ݋ݎݎ݁�ݐ݊ܽݐݏ݊݋ܿ�

ݏ݈ܽ݅ݎݐ�݂݋�͓
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Absolute percent error and variable percent error were calculated at baseline and post-

intervention for each target angle (T1 = 80q-90q, T2 = 90q-100q, and T3 = 100q-110q) and 

normalized to baseline by dividing the post value by the baseline value before being averaged 

for each group.  

 

 

Statistical Analysis 

All statistical analyses were performed using SPSS version 26 (Armonk, New York, USA). 

Normalized absolute error was analyzed using a 2 x 2 two-way repeated measures multivariate 

analysis of variance (ANOVA) with group as a factor and time (pre/post) as the repeated 

measure. Pre-planned simple contrasts to baseline were included in the repeated measures 

ANOVA. Statistical significance was set as p d 0.05 for the statistical tests. The Shapiro-tŝůŬ͛Ɛ�

test was used to test for a normal distribution for all datasets. If violated, log transformations 

were applied to ensure data were normally distributed. Partial eta squared values are reported 

with 0.2 equal to small, 0.5 equal to medium and 0.8 equal to large effect sizes for ANOVAs 

(Cohen 1995).  
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Results 

Movement illusions were reported as perceived movement of the head or neck in the 

absence of an actual movement occurring. Of the 13 participants in the vibration group, 12 

reported movement illusions. Of the 12 who experienced illusions, 5 reported feeling neck 

extension, 1 reported feeling neck flexion, 2 reported feeling right rotation, 3 reported feeling 

left rotation and 1 reported feeling left lateral flexion. No illusions were reported in the control 

group.  

 

Table 4. Frequency of reported movement illusions in vibration group. 

Reported Illusion Frequency Percentage 
Neck Extension 5 0.38 
Neck Flexion 1 0.08 
Right Rotation 2 0.15 
Left Rotation 3 0.23 
Left Lateral Flexion 1 0.08 
No Illusion 1 0.08 

Values represent frequency of movement illusions reported by participants in the vibration group 
(n=13) and the percentage of the group that experienced each illusion. 

 

  

Overall, there was a time by group interaction (F1,24 = 15.747, p < 0.001, Kp2 = 0.682) as well as a 

significant effect of time (F1,24 = 9.711, p < 0.001, Kp2 = 0.570) where absolute error decreased in 

controls and increased in vibration. This remained consistent across all target angles. There was 

also a significant time by group interaction (F1,24 = 13.134, p < 0.001, Kp2 = 0.642) as well as a 

significant effect of time (F1,24 = 9.629, p < 0.001, Kp2 = 0.568) where variable error decreased in 

controls and increased in the vibration group. The results of this study are summed up in table 

5. 
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Table 5, Normalized and absolute elbow proprioception accuracy data for both groups. 

      Time 
      Pre Post 

Normalized Elbow Repositioning Accuracy 
Target 1: 80q - 90q       
 Absolute error controls (%) 

*** p d 0.001 1 r 0 0.74 r 0.49 *** 
 Absolute error vibration (%) 1 r 0 2.34 r 1.23 *** 
 Variable error controls (%) ** p d 0.01 1 r 0 0.79 r 0.49 ** 
 Variable error vibration (%) 1 r 0 2.09 r 1.80 ** 
Target 2: 90q - 100q       
 Absolute error controls (%) 

*** p d 0.001 1 r 0 0.79 r 0.62 *** 
 Absolute error vibration (%) 1 r 0 2.09 r 1.49 *** 
 Variable error controls (%) 

** p d 0.01 
1 r 0 0.86 r 1.06 ** 

 Variable error vibration (%) 1 r 0 2.19 r 3.14 ** 
Target 3: 100q - 110q       
 Absolute error controls (%) 

*** p d 0.001 1 r 0 0.63 r 0.44 * 
 Absolute error vibration (%) 1 r 0 1.54 r 0.75 * 
 Variable error controls (%) 

** p d 0.01 
1 r 0 0.64 r 0.51 

 Variable error vibration (%) 1 r 0 1.36 r 0.86 
 

Absolute Elbow Repositioning Accuracy 
Target 1: 80q - 90q       
 Absolute error controls (%)   4.13 r 1.71 3.05 r 1.35 
 Absolute error vibration (%)   2.89 r 1.59 6.79 r 3.04 
 Variable error controls (%)   6.42 r 3.21 5.11 r 2.53 
 Variable error vibration (%)   4.96 r 3.18 10.40 r 5.66 
Target 2: 90q - 100q       
 Absolute error controls (%)    3.37 r 1.82 2.68 r 1.32 
 Absolute error vibration (%)   2.52 r 1.53 5.27 r 1.24 
 Variable error controls (%)   5.18 r 2.86 4.44 r 2.59 
 Variable error vibration (%)   3.72 r 2.85 8.15 r 3.55 
Target 3: 100q - 110q       
 Absolute error controls (%)   3.45 r 1.38 2.17 r 1.02 
 Absolute error vibration (%)   2.78 r 1.63 4.28 r 1.43 
 Variable error controls (%)   5.42 r 2.37 3.45 r 1.76 

 Variable error vibration (%) 
   4.85 r 3.31 

 
6.61 r 3.01 

 
Values are group means r SD for participants in control (n=13) and vibration (n=13) groups. For 
normalized data significant time by group interactions are marked with respective p-values (***p d 
0.001) and (**p d 0.01). An asterisk (*) denotes a significant effect of time where (*** p d 0.001),  
(** p d 0.01) and (* p d 0.05). Absolute repositioning accuracy data shows group averages not 
normalized to baseline. 
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Target 1: 80-90 Degrees 

There was a significant time by group interaction (F1,24 = 25.330, p < 0.001, Kp2 = 0.513) 

as well as a significant effect of time (F1,24 = 16.414, p < 0.001, Kp2 = 0.406), where accuracy 

increased by 26.08% r 0.488 for controls and decreased by 134.27% r 1.23 for vibration (Figure 

18). There was also a significant time by group interaction (F1,24 = 10.510, p = 0.003, Kp2 = 0.305) 

as well as a significant effect of time (F1,24 = 7.917, p = 0.01, Kp2 = 0.248) in variable error, were 

precision increased by 20.43% r 0.49 in controls and decreased by 109.55% r 1.80 in the 

vibration group (Figure 19).  

 

 

 

Figure 18, Normalized mean absolute error for target angle 1: 80-90 degrees. Post measures have been normalized to baseline 
scores. Control scores are represented with the solid line while vibration scores are in the dashed line. Error bars represent SD.  
(*** Pd 0.001). 
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Figure 19, Normalized mean variable error for target angle 1: 80-90 degrees. Post measures have been normalized to baseline 
scores. Control scores are represented with the solid line while vibration scores are in the dashed line. Error bars represent SD. 
(** P d 0.01). 

 
 
Target 2: 90-100 Degrees 

There was a significant time by group interaction (F1,24 = 16.157, p < 0.001, Kp2 = 0.402) 

as well as a significant effect of time (F1,24 = 13.444, p = 0.001, Kp2 = 0.359), where accuracy 

increased by 20.39% r 0.619 for controls and decreased by 109.54% r 1.495 for vibration 

(Figure 20). For variable error there was a significant time by group interaction (F1,24 = 9.280, p = 

0.006, Kp2 = 0.279) as well as a significant effect of time (F1,24 = 10.443, p = 0.004, Kp2 = 0.303), 

where precision increased by 14.22% r 1.06 in controls and decreased by 119% r 3.14 in the 

vibration group (Figure 21). 
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Figure 20, Normalized mean absolute error for target angle 2: 90-100 degrees. Post measures have been normalized to baseline 
scores. Control scores are represented with the solid line while vibration scores are in the dashed line. Error bars represent SD. 
(*** Pd 0.001). 

 
Figure 21, Normalized mean variable error for target angle 2: 90-100 degrees. Post measures have been normalized to baseline 
scores. Control scores are represented with the solid line while vibration scores are in the dashed line. Error bars represent SD. 
(** Pd 0.01). 
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Target 3: 100-110 Degrees 

There was a significant time by group interaction (F1,24 = 21.923, p < 0.001, Kp2 = 0.447) 

as well as a significant effect of time (F1,24 = 5.753, p = 0.025, Kp2 = 0.193), where accuracy 

increased by 37.11% r 0.444 for controls and decreased by 54.39% r 0.755 for vibration (Figure 

22). For variable error, there was a significant time by group interaction (F1,24 = 12.226, p = 

0.002, Kp2 = 0.337), where precision increased by 36.26% r 0.502 in controls and decreased by 

36.31% r 0.86 in the vibration group (Figure 23). 

 

 

Figure 22, Normalized mean absolute error for target angle 3: 100-110 degrees. Post measures have been normalized to 
baseline scores. Control scores are represented with the solid line while vibration scores are in the dashed line. Error bars 
represent SD. (* Pd 0.05). 
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Figure 23, Normalized mean variable error for target angle 3: 100-110 degrees. Post measures have been normalized to baseline 
scores. Control scores are represented with the solid line while vibration scores are in the dashed line. Error bars represent SD. 
(** Pd 0.01). 

 

Discussion 

Behavioural assessments of upper limb proprioception revealed differential changes in 

repositioning accuracy of the right elbow following vibration of the right SCM and contralateral 

CEM. In general, the control group showed significant improvements in performance while the 

vibration group demonstrated reductions in performance at post-measures. Improvements in 

accuracy from baseline to post were observed in controls consistently across all presented 

target angles. In the vibration group, there was a significant reduction in performance accuracy 

after neck muscle vibration. The behavioural differences between groups indicate that neck 

muscle vibration generated alterations in upper limb proprioception and motor control.  
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Repositioning Accuracy  

 These results of this experiment illustrate vibration-induced alterations in upper limb 

proprioception. At target angles between 80-90 degrees and 90-100 degrees, repositioning 

error increased two-fold in the vibration group. By contrast, controls demonstrated 26.08% and 

20.39% reductions in error respectively. Previous research supports this finding showing 

reduced error when the head was in a neutral position (control condition) while those who had 

their head rotated in either direction or flexed forward exhibited significantly increased joint 

position sense error (Knox and Hodges 2005). This is further supported by previous research in 

SCNP populations which saw altered proprioceptive processing and joint position sense in an 

SCNP group compared to controls (Huysmans, Hoozemans et al. 2010, Baarbé, Holmes et al. 

2015). At target angles between 100-110 degrees, repositioning error continued to increase in 

the vibration group while error decreased in controls. This coincides with previous work 

showing increased tracking error of the upper limb following SCM vibration (Knox, Cordo et al. 

2006, Pettorossi, Panichi et al. 2015) as well as decreased motor accuracy of an upper limb 

motor sequence task following vibration of the biceps tendon (Cordo, Bevan et al. 1995). 

Additionally, similar results were found in fatigue studies, reporting impaired upper limb 

proprioception following CEM fatigue protocols compared to controls (Lee, Liau et al. 2003, 

Zabihhosseinian, Holmes et al. 2015). 

 

 These results also demonstrate significant reductions in precision as a result of 

vibration. While accuracy refers to the distance between a measurement and the correct value 

of the quantity being measured, precision measures the variability of the measurements in 
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reference to one another (Stallings and Gillmore 1971, Freund and Williams 1991). At targets 

between 80-90 degrees and 90-100 degrees, there was a two-fold increase in variable error in 

the vibration group. By contrast, the control group exhibited 20.43% and 14.22% reductions in 

variable error respectively. At target angles between 100-110 degrees, variable error increased 

by 36.31% in the vibration group and decreased by 36.26% in controls. This suggests that 

vibration not only impacts accuracy of the upper limb, as measured by changes in absolute 

error, but also precision as measured by changes in variable error. Similar results have been 

shown in previous work, which reported significant increases in variable error those with non-

specific neck pain when examining position sense acuity and tracking position error of the 

upper limb (Huysmans, Hoozemans et al. 2010). These results provide strong evidence that 

neck muscle vibration negatively impacts precision and accuracy of the upper limb as the 

vibration group was consistently further from the target and exhibited higher variability in the 

reproduced angles when compared to controls.  

 

While repositioning error was higher in the vibration group relative controls, both 

groups had the lowest degree of error when the target was between 100-110 degrees. This is 

likely the result of greater soft tissue approximation between the structures of the anterior 

upper arm and forearm as elbow flexion approaches its end range of motion. This is supported 

by previous studies that reported improvements in joint position sense as the target angle 

approached end range (Lönn, Crenshaw et al. 2000, Janwantanakul, Magarey et al. 2001), which 

can be attributed to increased stimulation of capsuloligamentous mechanoreceptors in the end 

ranges of motion due to deformation of their parent tissues (Grigg 1976, Salo and Tatton 1993).  
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Vibratory Effects on the Central Nervous System 

 The CNS is dependent on accurate perceptions of the position of the head and neck to 

permit proper sensory processing and motor control via spindle inputs from cervical 

musculature. Transmission of sensory information from the head, neck and upper limbs is 

regulated by the cuneocerebellar tract, which transmits this information to cerebellar networks 

responsible for unconscious proprioceptive processing (Felten, O'Banion et al. 2015). The 

cuneate nuclei are responsible for the proprioceptive component of the cuneocerebellar tract 

by topographically relaying precise proprioceptive information to the cerebral cortex through 

complex feedback-regulated cerebellar connections (Noël, Ozaki et al. 1996). The first study in 

this thesis showed that individuals in the vibration group exhibited altered cerebellar 

processing and cerebellar inhibition (CBI) patterns determined by changes in SEP peaks 

associated with cerebellar processing (N18 and N24). Therefore, differences in proprioceptive 

accuracy are likely related to altered cerebellar processing in the vibration group. 

 

 The cerebellum also provides a mechanism for adapting our movements and position to 

maintain a consistently updated and accurate body schema in reference to changing visual 

information as we navigate our environment (Miall, Reckess et al. 2001). It is considered 

fundamental in the neural integration of the eye and hand during visually guided tracking tasks 

(Miall, Imamizu et al. 2000, Miall, Reckess et al. 2001). To maintain an updated body schema, 

several brain areas work in conjunction with the cerebellum to integrate visual and 

somatosensory information (Maravita, Spence et al. 2003, Holmes and Spence 2004). Without 

visual feedback, the cerebellum is unable to cross-reference incoming muscle spindle inputs 
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from the neck and upper limb. To accurately correct movement errors, an efference copy is 

sent from the primary motor cortex to the cerebellum consisting of information on the 

intended position, velocity and acceleration of the movement (Kandel, Schwartz et al. 2000, 

Lundy-Ekman, Peterson et al. 2018). The efference copy includes the expected consequences of 

the intended movement, including the expected sensory feedback. However, if there is a 

mismatch between the expected sensory feedback and the incoming inputs from muscle 

spindles, the cerebellum is unable to accurately modify descending motor commands. It is 

possible that a lack of visual information in conjunction with inaccurate proprioceptive inputs 

influenced the ability of the cerebellum to properly integrate ascending sensory information 

with descending motor output leading to impaired feedforward and feedback control. It is also 

feasible that alterations in body schema occurred as a result of the CNS processing inaccurate 

somatosensory input from muscle spindles as if it was accurate. Therefore, the observed 

changes in upper limb proprioception are likely due the result of the CNS receiving 

misinformation while updating body schema, leading to inaccurate motor output and increased 

repositioning error.  

  

Limitations 

 Due to the nature of this device, there was likely some degree of shoulder proprioceptor 

contribution as participants moved from elbow extension to elbow flexion. However, this 

contribution was very minimal as the table height, handle height and lateral position of the 

device were adjusted to each participant to mitigate involvement of the shoulder joint. 
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Additionally, due to the nature of this sample, these results may not be generalizable to young 

children and older adults.  

 

Conclusion 

This work is the first to investigate changes in upper limb proprioception across varying 

target angles following SCM and contralateral CEM vibration. Group-dependant changes in 

performance accuracy were observed following vibration protocols. Increased repositioning 

error was observed in the vibration group at targets of 80-90 degrees, 90-100 degrees and 100-

110 degrees while controls exhibited improvements at all target angles, suggesting that those in 

the vibration group experienced alterations in proprioceptive processing and motor control. 

This could be reflective of altered body schema in this group due to vibration induced changes 

in proprioceptive input. Future work should investigate whether this relationship persists 

during upper limb precision tasks. Postural instability may have contributed to the results in 

upper limb accuracy as participants where blindfolded while standing for the duration of the 

study. Future work could examine the effects of neck muscle vibration on postural sway and 

determine the impact of postural sway on upper limb control. Additionally, future directions 

could examine the effects of vibration on upper limb kinematics with and without visual input 

to determine if transient alterations in afferent input can be corrected through visual feedback.  
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THESIS SUMMARY 

 This thesis contributes important knowledge on the effects of transient alterations in 

neck afferent input on motor learning, proprioception and motor control and the role it plays in 

adaptive or maladaptive plasticity in response to learning novel motor skills. The experiments in 

this thesis investigated the effects of neck muscle vibration on motor learning, sensorimotor 

integration, upper limb proprioception and motor control.  

 

 In manuscript one, experimental alterations in afferent input via sternocleidomastoid 

(SCM) and contralateral cervical extensor muscle (CEM) vibration completed prior to acquisition 

of a novel force matching tracking task (FMTT) led to differential changes in SEP peaks 

associated with cerebellar processing and altered motor learning outcomes. The N18 SEP peak 

amplitude increased for controls and decreased for vibration post motor learning suggesting 

alterations in cortico-cerebellar inhibition and proprioceptive processing in the vibration group. 

The N24 SEP peak amplitude decreased in controls and increased for vibration following motor 

acquisition suggesting a lack of cerebellar disinhibition and altered motor learning at a neural 

level in the vibration group. These differences indicate that the cerebellum and associated 

cerebellar networks are selectively affected by SCM and CEM vibration. While motor learning 

occurred in both groups, as demonstrated by decreased absolute error post-acquisition, trends 

at retention suggest that controls were continuing to improve while accuracy was beginning to 

diminish in the vibration group.  This provides strong evidence that transient alterations in 

afferent input at the level of the neck directly influence the ability of the central nervous 
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system (CNS) to accurately process proprioceptive inputs used to construct body schema 

required to learn a novel motor skill.  

 

 Manuscript two built on the results on manuscript one by examining the impact of SCM 

and contralateral CEM vibration on upper limb proprioception by comparing performance 

accuracy of an elbow repositioning task prior to and immediately following vibration protocol. 

Differential differences in group performance were observed across three presented target 

angles between 80-90 degrees, 90-100 degrees and 100-110 degrees where the vibration group 

consistently exhibited greater error at post-measures while controls showed improvements in 

motor accuracy. Motor performance was best for both groups when the presented target angle 

was between 100-110 degrees, likely the result of increased stimulation of capsuloligamentous 

mechanoreceptors in the end ranges of motion. These results are evidence that transient 

alterations in neck sensory input impair upper limb proprioception and motor control. This is 

likely due to the CNS receiving misinformation when updating body schema and is related to 

altered cerebellar processing of unconscious proprioception via the cuneocerebellar tract 

observed in this group.  

 

 Additionally, there are implications of employing a seated posture during the motor 

learning paradigm in manuscript one and a standing posture during the proprioception task in 

manuscript to that may be relevant to the results of this thesis. It is possible that there are 

differences in the re-weighing of sensory information in a seated posture compared to 

standing. The weight given to each sensory input during multisensory integration depends on 
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many factors, but evidence suggests that sensory information is integrated in the most 

statistically optimal fashion (Ernst and Banks 2002, Ernst and Bülthoff 2004). Work using an 

adaptation of the maximum-likelihood estimation investigated the relationship between visual 

and haptic feedback in the weighing of sensory inputs and reported that visual feedback 

dominates when variance associated with visual estimation is lower than the variance 

associated with haptic estimation (Ernst and Banks 2002). Therefore, it is possible that the 

weight assigned to neck proprioceptive inputs is greater during standing postures when 

compared to seated postures. This is supported by the results from this thesis which 

demonstrated significantly greater changes in upper limb control while participants were in 

standing postures compared to the changes observed in seated postures employed in 

manuscript 1.  

 

GENERAL CONCLUSION 

 The findings of this thesis suggest that SCM and contralateral CEM vibration negatively 

impacts the ability of the CNS to accurately process somatosensory information to learn a novel 

motor skill. Changes in cerebellar processing are likely due to transient alterations in afferent 

input as it travels from the upper limb through the neck and to the CNS as determined by 

differential changes in short latency SEP peak amplitudes demonstrating alterations in 

unconscious proprioceptive processing and a lack of cerebellar disinhibition in response to 

motor learning. Coupled with changes in proprioception and motor accuracy, these results 

indicate the neck muscle vibration significantly impairs the ability of the CNS to compute the 

position of the upper limb. In conclusion, transient alterations in neck sensory input directly 
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impact the ability of the CNS to construct an updated and accurate body schema required for 

proper motor control and motor learning.  

 

PRACTICAL SIGNIFICANCE AND FUTURE DIRECTIONS 

 Understanding in which types of sensory receptors lead to altered afferent input 

impacting body schema is important for many fields, especially in occupations that require 

extensive motor precision and motor control. Many occupational and recreational settings 

require upper limb motor precision and motor skill acquisition in the presence of vibration or 

other mechanisms of altered afferent input. This includes awkward work postures or orienting 

the head away from the task at hand increasing the risk of fatigue, pain and joint dysfunction 

which research has demonstrated contribute to alterations in afferent input at the level of the 

neck. Professions under the construction, maintenance and medical umbrellas often require 

employees to work with power tools and equipment that vibrate at high frequencies while 

performing novel skills or precision-based tasks. This is very common in dentistry where 

medical professionals use vibrating tools to perform tasks requiring extreme precision and 

extensive motor control. If altered afferent input from the neck impacts upper limb 

proprioception and motor control, it has the potential to lead to errors that could impact the 

health, well-being and productivity of professionals and in some cases medical patients. The 

results from this thesis are important as they support the notion that even acute alterations in 

afferent input, in the absence of confounding factors presented in pain and fatigue models, can 

impact upper limb accuracy, and generate marked changes in the neurophysiological processes 

required to learn a novel motor skill or accurately control the upper limb. The basic science 
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knowledge gained from this thesis contributes to the current body of literature on body schema 

and mechanisms of altered afferent input and is the first study to demonstrate 

neurophysiological adaptations coupled with behavioural changes in response to vibration. 

 

Future directions should investigate the effects of neck muscle vibration on precision vs 

gross motor tasks to determine the impact of transient alterations in muscle spindle input on 

different classes of motor control and motor learning paradigms. Future work should also 

assess retention at longer intervals to determine if the neurophysiological adaptations 

observed in the vibration group translate to more profound changes in motor performance and 

motor skill consolidation. Additionally, future work could examine the effects of vibration on 

upper limb kinematics with and without visual input to determine if transient alterations in 

afferent input can be corrected through visual feedback. 
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Appendix A ʹ Edinburgh Handedness Inventory (EHI) 
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Appendix B ʹ Safety Checklist for Neurophysiological Techniques 
 

 
 
 
 
 

Safety checklist: 
The following questions are to ensure it is safe for you to complete this study. If you 
answer yes to any of the questions below, we may need to exclude you from 
participating. 
 
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 ________________________________  
 
*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 be 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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Appendix C ʹ Neck Disability Index (NDI) 
 

 

             

The 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 that 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. 
Neck Pain Intensity Concentration 
o I have no pain at the moment. 

o The pain is very mild at the moment. 

o The pain is moderate at the moment. 

o The pain is fairly severe at the moment. 

o The pain is very severe at the moment. 

o The pain is the worst imaginable at the moment. 

o I can concentrate fully when I want to with no difficulty. 

o I can concentrate fully when I want with slight difficulty. 

o I have a fair degree of difficulty in concentrating when I want to. 

o I have a lot of difficulty in concentrating when I want to.  

o I have a great, great deal of difficulty in concentrating when I 
want to. 

o I cannot concentrate at all.  
Personal Care (eg washing, dressing) Work 
o I can look after myself normally without causing extra pain. 

o I can look after myself normally but it causes extra pain. 

o It is painful to look after myself, and I am slow and careful 

o I need some help, but manage most of my personal care. 

o I need help every day in most aspects of self-care. 

o I do not get dressed, I wash with difficulty, and stay in bed 

o I can do as much work as I want too. 

o I can only do my usual work, but no more. 

o I can do most of my usual work, but no more. 

o I cannot do my usual work. 

o I can hardly do any work at all. 

o I cannot do any work at all. 

Lifting Driving 
o I can lift heavy weights without extra neck pain 

o I can lift heavy weights, but it gives extra neck pain 

o Neck pain prevents me from lifting heavy weights off the floor, 
but I can manage if they are conveniently positioned, for example 
on a table 

o Neck pain prevents me from lifting heavy weights, but I can 
manage light to medium weights if they are conveniently 
positioned 

o I can lift only very light weights 

o I cannot lift or carry anything 
 

o I can drive my car without any neck pain at all. 

o I can drive my car as long as I want, with slight pain in my neck. 

o I can drive my car as long as I want, with moderate pain in my 
neck. 

o I cannot drive my car as long as I want, because of moderate pain 
in my neck. 

o I can hardly drive at all because of severe pain in my neck. 

o I cannot drive my car at all because of the pain in my neck. 

Reading Sleeping 
o I can read as much as I want, with no pain in my neck. 

o I can read as much as I want, with slight pain in my neck. 

o I can read as much as I want, with moderate pain in my neck. 

o I cannot read as much as I want, because of moderate pain in my 
neck. 

o I can hardly read at all because of severe pain in my neck. 

o I cannot read at all because of pain in my neck. 
 

o I have no trouble sleeping. 

o My sleep is barely disturbed (sleepless less than 1 hr). 

o My sleep is mildly disturbed (sleepless 1-2 hrs). 

o My sleep is moderately disturbed (sleepless 2-3 hrs). 

o My sleep is greatly disturbed (sleepless 3-5 hrs). 

o My sleep is completely disturbed (sleepless 5-7 hrss). 

Headaches Recreation     
o I have no headaches at all. 

o I have slight headaches that come infrequently. 

o I have moderate headaches that come infrequently. 

o I have moderate headaches that come frequently. 

o I have severe headaches that come frequently. 

o I have headaches almost all the time.  

o I am able to engage in all my recreational activities, with no neck 
pain at all. 

o I am able to engage in all my recreational activities, with some 
pain in my neck.  

o I am able to engage in most, but not all of my usual recreational 
activities, because of pain in my neck. 

o I am able to engage in few of my usual recreational activities, 
because of pain in my neck. 

o I can hardly engage in any recreational activities because of pain 
in my neck. 

o I cannot engage in any recreational activities at all because of 
pain in my neck.  

Vernon, H. and S. Mior, The Neck Disability Index: A Study of Reliability and Validity. Journal of Manipulative and 
Physiological Therapeutics, 1991. 14(7): p. 409-415. 
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Appendix D ʹ Somatosensory Evoked Potentials (SEPs) 
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SEPs Naming Conventions: 

The International Federation of Clinical Neurophysiologists (IFCN) uses two labelling 

conventions: polarity and latency (Cruccu, Aminoff et al. 2008). Each SEP peak and trough are 

named based on their deviation direction or polarity and their latency. Peaks, or upward 

ĚĞĨůĞĐƚŝŽŶƐ�ƌĞƉƌĞƐĞŶƚ�Ă�ŶĞŐĂƚŝǀĞ�ƉŽůĂƌŝƚǇ�ĂŶĚ�ĂƌĞ�ŐŝǀĞŶ�ƚŚĞ�ƉƌĞĨŝǆ�͞E͟�ǁŚŝůĞ�ƚƌŽƵŐŚƐ͕�Žƌ�

ĚŽǁŶǁĂƌĚ�ĚĞĨůĞĐƚŝŽŶƐ�ƌĞƉƌĞƐĞŶƚ�Ă�ƉŽƐŝƚŝǀĞ�ƉŽůĂƌŝƚǇ�ĂŶĚ�ĂƌĞ�ŐŝǀĞŶ�ƚŚĞ�ƉƌĞĨŝǆ�͞W͘͟�dŚĞ�ŶƵŵďĞƌ�

that follows represents the number of milliseconds it takes post-stimulus for the deflection to 

appear in a healthy population. Therefore, the N20 peak is an upward deflection occurring 

20ms post stimulus while the P25 is a downward deflection occurring 25ms post stimulus. An 

average of 1000 stimulations leads to the extraction of predictable and reproducible waveforms 

based on the recording site.  

 

SEPs Stimulation Parameters & Median Nerve Pathway: 

 For the purposes of this thesis, bipolar transcutaneous electrical stimulation was done 

at two frequencies via surface electromyography (EMG) electrodes over the right median nerve 

using a continuous current stimulator (Cruccu, Aminoff et al. 2008). Because the median nerve 

is a mixed nerve, stimulus intensity must exceed the motor threshold without eliciting pain by 

depolarizing large diameter myelinated afferents (Ia) and not small diameter myelinated ($į) 

or unmyelinated (C) afferents, resulting in a visible 1-2cm thumb twitch. 100-300 Ps square 

waveform electrical pulses were sent at frequencies of 2.47 Hz and 4.98 Hz to enable optimal 

recordings of the N30 and N24 peaks respectively. Once the median nerve is stimulated, the 

DIIHUHQW�YROOH\�DVFHQGV�WR�(UE¶V�SRLQW�RYHU�WKH�EUDFKLDO�SOH[XV�SURGXFLQJ�WKH�1��SHDN��,W�WKHQ�
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enters the cervical cord and collateral branches synapse with the mid-cervical cord giving rise to 

the N11 and N13 peaks recorded over the spinous process of the fifth cervical vertebrae. From 

here, the afferent volley passes through the cervicoomedullary junction and enters the medial 

lemniscus producing the P14 (Nuwer, Aminoff et al. 1994, Mauguiere, Allison et al. 1999). The 

signal ascends through the inferior olive and lower medulla giving rise to the N18 peak before 

travelling through the thalamus to other regions of the cerebral cortex including the primary 

VRPDWRVHQVRU\�FRUWH[��1���SHDN���%URGPDQQ¶V�DUHD����3���SHDN���FHUHEHOODU-S1 pathways (N24), 

complex basal-motor networks (N30) and secondary somatosensory cortex (N60) giving rise to 

the respective SEP peaks at each area (Cruccu, Aminoff et al. 2008, Macerollo, Brown et al. 

2018). 
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