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Abstract 

 Subclinical neck pain (SCNP) is defined as recurrent pain and stiffness in 

the neck for which individuals have not yet sought treatment. Prior studies have 

shown that individuals with SCNP have altered cerebellar processing. The 

cerebellum plays a vital role in upper limb reaching movements through the 

formation of internal models and integration of sensorimotor information. Prior 

studies have suggested that SCNP individuals exhibit an altered body schema 

(internal body map). Reaching movements are performed daily, thus presenting a 

need to investigate the impact of SCNP on upper limb goal-directed movements. 

Two paradigms were designed to assess upper limb movement, one study in the 

horizontal plane and the other in the vertical plane. Analysis of kinematic 

variables revealed SCNP participants as being more effective at using feedback 

processing demonstrated through further distance travelled in the primary 

movement, possibly as a means to compensate for altered body schema. 

 Subclinical neck pain; handedness; feedforward processing; feedback 

processing; body schema 
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Chapter 1: Introduction 

 Reaching for objects is a behavioural task that humans perform many 

times a day. On the surface level, the movement of the upper limbs may seem 

like a simple task, but this behaviour requires complex neural processing in order 

for the upper limbs to accurately reach for a target. Woodworth (1899) proposed 

the two-component process of aiming, which posits that upper limb movements 

are composed of a ballistic and homing phase(s). The ballistic phase brings the 

limb to the vicinity of the target through forward models and early online 

corrections whilst the homing phase uses visual feedback to get the limb to the 

target (Woodworth 1899; Elliott et al., 2001). This theory laid the framework for 

subsequent influential models describing upper limb movement behaviour. Since 

then, studies have been conducted on various aspects of upper limb movement, 

including differences in handedness, performing under perturbation, special 

populations, and differences seen in the horizontal and vertical plane (Elliott et 

al., 1999; Duff & Sainburg, 2007; Glazebrook et al., 2006; Lyons et al., 2006). 

Neural processing associated with upper limb movement incorporates the 

conjunction of feedforward and feedback processing. Prior studies have shown 

the involvement of the cerebellum in the aforementioned processes (Vilis & Hore, 

1980; Mosconi et al., 2015). This can be problematic to populations such as 

subclinical neck pain (SCNP) which have shown to exhibit altered cerebellar 

processing (Daligadu et al., 2013). The impact that this may have on goal-

directed upper limb movement is unknown and provides the foundation for the 

work presented in this thesis. 



 

 
2 

Neuroanatomy of Reaching Movements 

 Reaching for an object requires the planned schema of a movement 

behaviour working in conjunction with incoming sensory information in order to 

adjust movements whilst reaching for an object. Feedforward processing refers to 

the use of preplanned strategies based upon prior experience to anticipate an 

action (Kandel et al., 2000). In an upper limb reaching task, feedforward control 

involves comparisons of expected vs actual sensory feedback and motor 

efference allowing for impulse regulation (Elliott et al., 2010). For example, when 

an individual observes a target, visual sensory information is processed and used 

alongside prior experience in order to output an effective motor movement to 

reach for the target. This differs from feedback processing which utilizes sensory 

information to adjust motor output of the limb (Kandel et al., 2000). Again, looking 

at the example of a reaching movement, as an individual is reaching for a target, 

sensory information such as proprioception, vision, and touch are processed in 

order to adjust the movement of the limb to accurately reach the target. 

 Lateralization of the feedforward and feedback processes involved with 

upper limb reaching tasks is well documented in literature (Schaefer et al., 2009; 

Winstein & Pohl, 1995). In right handed individuals, the right hemisphere has a 

propensity to utilize feedback processing whilst the left hemisphere favours 

feedforward processing (Goodale et al., 1990; Haaland et al., 1987). The 

lateralization of neural processing could explain motor behaviour outcomes seen 

in studies investigating handedness differences in goal-directed upper limb 

movements. For example, increases in online corrections when reaching with the 
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non-dominant (i.e., left) arm are indicative of feedback processing (Duff & 

Sainburg, 2007). The lateralization of motor commands illustrates how the brain 

processes information using feedforward and feedback processing to aid upper 

limb movement in the dominant and non-dominant arm. 

 Alterations to feedforward and feedback processing could significantly 

impact the way individuals reach for objects. There are several neural regions 

along the motor pathway that are responsible for sensorimotor integration and 

motor planning. Afferent sensory information from the spinal cord travels to the 

cerebellum, which projects information to motor areas via thalamic nuclei (Kandel 

et al., 2000). The cerebellum also receives information from motor areas 

outputted to skeletal muscles via the corticospinal tract (Kandel et al., 2000). In 

conjunction with the cerebellum, regions in the parietal and frontal cortex have 

been associated with movement planning (Kandel et al., 2000; Mountcastle et al., 

1975; Goldman-Rakic, 2011). First, visual information from the primary visual 

cortex is processed across the dorsomedial extrastriate visual areas responsible 

for spatial organization and visual motion located in the posterior parietal cortex 

(PPC) (Stein & Glickstein, 1992). This information is then projected from the PPC 

to the dorsolateral prefrontal cortex (Kandel et al., 2000). Many of these regions 

then project to the primary motor cortex which is responsible for execution of 

voluntary movement (Kandel et al., 2000). 

 Analyzing kinematic variables in their totality can provide a picture of 

upper limb movement, from the planned processes to the feedforward and 

feedback processes governing online control. Specifically, key variables of 
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interest in upper limb aiming studies include reaction time (RT), time to peak 

velocity (TTPV), time after peak velocity (TAPV) and primary movement endpoint 

(PSM). Analysis of reaction time provides insight on movement planning and the 

formation of internal representations to execute a behaviour based on the 

expected outcome (Elliott et al., 2010). Studies on the manipulation of vision 

illustrate longer reaction times when vision is not present or is uncertain, 

indicating participants are spending greater time planning their movements 

(Elliott et al., 2001; Hansen et al., 2006). Analysis of TTPV and TAPV represent 

the initial ballistic phase and the homing phase respectively (Carson et al., 1993; 

Elliott et al., 2001). Analysis of primary movement endpoint provides insight on 

the initial ballistic movement and the homing phase. Elliott et al., (2004) 

suggested in their Multiple-Process Model of upper limb movement that the 

distribution of primary movement end points will fall short of the target due to 

higher energy costs associated with target overshoots. The degree of 

undershooting determines how much distance the participant has to allow for 

online corrections to reach the target.  

 Many studies have used spatial variability in order to ascertain patterns 

associated with goal-oriented aiming. Glazebrook et al., (2006) used spatial 

variability in order to compare the kinematic differences in upper limb aiming 

between individuals with Autism Spectrum Disorder (ASD) and those without. 

The researchers found that individuals with ASD were more variable in the spatial 

location of peak acceleration and peak velocity. These findings indicate that 

individuals with ASD are not consistent in their initial ballistic movement when 
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aiming at a target. Consistency associated with upper limb aiming when reaching 

for a target is associated with feedforward processing. These findings support the 

hypothesis that individuals with ASD have difficulties with feedforward processing 

(Schmitz et al., 2003). Therefore, through the analysis of spatial variability, 

patterns can be identified and associated with aiming in a population. This 

analysis can be translated into the SCNP population to identify differences in 

feedforward and feedback processing in individuals with SCNP and healthy 

controls. In conjunction with spatial variability, analyzing performance variables 

such as end point accuracy and movement times can provide further information 

about the various processes associated with upper limb aiming. For example, 

Glazebrook et al., (2006) found that individuals with ASD had greater movement 

times than individuals without ASD but the difference in accuracy between the 

two groups was not significant. This indicates that ASD participants exhibited a 

speed-accuracy trade-off, resulting in greater movement times possibly to use 

feedback processing to accurately hit the target (because of their deficiency in 

feedforward processing). Therefore, by analyzing spatial variability along with 

other movement parameters, information about the processes associated with 

upper limb aiming can be ascertained. 

Subclinical Neck Pain 

 Subclinical neck pain (SCNP) is characterized as recurrent neck pain or 

stiffness in the neck for which individuals have not sought treatment (Lee et al., 

2005). Neck pain affects roughly 30-50% of individuals with a greater prevalence 

in women (Hogg-Johnson et al., 2008). There is growing concern of this number 
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rising due to increases in the use of technology and sedentary behaviour (Hogg-

Johnson et al., 2008). Due to pain free days associated with SCNP, examination 

of the impact on neural processing is possible without the intrusion of pain as 

prior studies have shown pain to influence motor behaviour and processing of 

somatosensory information (Rossi et al., 2003).  

Neural Impact of SCNP 

 Prior studies on SCNP populations have shown an impact on cerebellar 

processing, proprioception and body schema (Daligadu et al., 2013, Knox & 

Hodges, 2005; Paulus & Brumagne, 2008). The use of internal models, which will 

be discussed in the subsequent paragraph, aid in the initiation of movement and 

with the processing of incoming afferent sensory information, to allow for quick 

and accurate reaching movements. Any alterations to these processes could 

impact reaching movement and/or the processing systems behind these 

movements. 

 Body schema refers to the incorporation of proprioceptive information by 

the central nervous system (CNS) to create internal maps (Paulus & Brumagne, 

2008; Lackner & DiZio, 2005). Internal representations are used as a reference 

when performing movements such as reaching tasks (Sainburg et al., 1999). For 

example, when performing a reaching task, the performer uses internal models to 

compare the expected output to the actual output of the limb (Elliott et al., 2010). 

Prior studies have suggested SCNP impacts internal maps, thus leading to worse 

performances in tasks where body schema is necessary (Paulus & Brumagne, 



 

 
7 

2008). Formation and use of internal models are important in ascertaining 

expected sensory and motor efferent consequences, both of which are 

components of feedforward processing. Therefore, it is possible that the altered 

body schema can lead to impaired feedforward control. Furthermore, it is 

suggested that those with SCNP have a greater propensity to rely on visual 

feedback due to altered internal maps (Harvie et al., 2015). 

 Proprioception is defined as afferent information from proprioceptors to 

relay information responsible for posture and muscle sensations (Sherrington, 

1952). Prior studies have shown altered proprioception of limb position in those 

with SCNP (Knox & Hodges, 2005; Zabihhosseinian et al., 2015). The integration 

of proprioceptive feedback in visually guided movements is critical in order to 

accurately reach targets. Alterations to perceived limb awareness could impact 

upper limb goal-directed aiming movements. 

 The cerebellum plays a vital role in processing and projecting incoming 

sensory information to various motor regions in the cerebral cortex (Kandel et al., 

2000). In addition, the cerebellum incorporates sensory information to update 

existing body schemas (Popa et al., 2013). Altered cerebellar output has been 

shown in the SCNP population (Daligadu et al., 2013). This could impact neural 

mechanisms such as the feedforward and feedback processing necessary to 

perform upper limb movements. 
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Purpose and Hypothesis 

The purpose of this thesis was to investigate the impact of SCNP on the 

neural mechanisms associated with upper limb movement. In addition, the 

project aimed to elucidate differences when reaching with the dominant and non-

dominant arm to determine if SCNP differentially impacts feedforward and 

feedback processing. This was determined through the implementation of 

kinematic measures that precisely examine how the CNS controls upper limb 

movement in the horizontal and vertical planes (Chua & Elliott, 1993; Burkitt et 

al., 2015). Presented in the section below is a review on the literature pertaining 

to models of upper limb movement, including the differences seen between 

limbs, and the neural structures involved with upper limb movement. The impact 

of SCNP on neural processing will be described in detail, along with a breakdown 

of the methods used to investigate upper limb movements and how movement 

kinematics are used to make implications about underlying CNS control. 

  We hypothesized that due to an altered body schema, feedforward control 

will be impacted in those with SCNP, causing a greater reliance on feedback 

processing irrespective of hand, indicated by greater undershoot biases and time 

spent after peak velocity, to allow for accurate limb target control. In addition, the 

non-dominant arm will also rely more on feedback processing due to lateral 

differences in neural processing associated with upper limb movement.  
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Chapter 2: Review of Literature 

2.1. Introduction 

 This review sets out to elucidate gaps in the research pertaining to upper 

limb movement that will provide the foundation for this thesis with detail on 

current research applied to the study of upper limb movement and subclinical 

neck pain (SCNP). Themes included are: (1) Models of upper limb movement; (2) 

neuroanatomy; (3) laterality differences; (4) cerebellar function pertaining to 

upper limb movement in the horizontal and vertical planes; (5) and the impact of 

SCNP on cerebellar function. 

2.2. Two-Component Process of Aiming 

 Woodworth (1899) authored a seminal paper that resulted in a model of 

limb movement known as the Two-Component Process of Aiming. Woodworth 

investigated speed-accuracy trade-offs in upper limb goal-directed aiming tasks 

by having participants aim at a target with their dominant and non-dominant arm 

in the presence and absence of vision whilst progressively increasing the speed 

of the movement. The results indicated that slower movements in the absence of 

visions exhibited a greater error rate compared to the presence of vision. 

However, as the movement speed increased, the error rate between the two 

conditions displayed no difference. Furthermore, comparisons between limbs 

suggested that the dominant arm exhibited a lower error rate than the non-

dominant arm when vision is present during slower movements. However once 

vision was removed, both the dominant and the non-dominant arms showed error 
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rates similar to high speed conditions. This suggested that visual cues play an 

important role in aiming movements resulting in Woodworth’s postulate known as 

the two-component process of aiming. The theory suggests that aiming 

movements are comprised of two phases: a ballistic phase that brings the limb 

into the vicinity of the target, and a homing phase that brings the limb onto the 

target (Woodworth, 1899). The ballistic phase can be thought of as the end of the 

primary movement that utilizes impulse regulation, whilst the homing phase 

allows for the processing of visual feedback (Elliott et al., 2010). 

 Woodworth also noted that as the distance from the home position to the 

target position increased, the number of errors that were predicted was greater 

than the actual number of errors observed (Woodworth, 1899; Keele, 1968). 

However, one of the issues of this experiment was that due to Woodworth’s 

minimal sample size of three participants, the reported discrepancies in aiming 

could be attributed to individual differences between participants (Keele, 1968). 

Nonetheless, Woodworth’s model created a foundation for subsequent studies 

that influenced models explaining upper limb movement.  

2.2.1 Upper Limb Movement Models in the Horizontal Plane 

 An influential study conducted by Fitts (1954) proposed a mathematical 

model known as Fitts’ Law to build upon Woodworth’s original findings of speed-

accuracy trade-offs. The model posits that the greater the index of difficulty (i.e. 

smaller target widths and increased movement amplitude), the greater the 

movement time. The model does an excellent job of providing an explanation to 

temporally unconstrained tasks, and the relationship between task difficult and 
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speed-accuracy trade-offs. A number of years later, Schmidt and colleagues 

(1975) developed the Impulse Variability Model which suggests that faster 

movements require greater force, resulting in greater force variability, leading to 

greater impulse variability during the ballistic portion of the movement (Schmidt et 

al., 1975). This force variability in turn results in greater spatial variability, leading 

to a greater rate of errors. Therefore, participants must balance between being 

fast yet more spatially variable, and slow yet more accurate. This is the main 

premise behind the Optimized Submovement Model put forth by Meyer et al., 

(1988). The compromise between speed and accuracy is target size dependent, 

where smaller targets will result in primary movements outside the target vicinity 

(Meyer et al., 1988). In order to compensate for this, corrective submovements 

must occur to adjust the limb, allowing for accurate movement completion (Meyer 

et al., 1988). Meyer’s et al., (1988) does a good job of describing speed-accuracy 

relations as they apply to movement speed and endpoint variability; however, 

they suggest the endpoints of upper limb movements form a normal distribution 

centered over the target location, with the tails of the distributions falling beyond 

the target, suggesting that participants will overshoot and undershoot the target 

on a proportion of trials (Meyer et al., 1988; Elliott et al., 2010). Elliott and 

colleagues (2010) address this as a shortcoming of Meyer’s model, disclosed by 

analysis of kinematic data from previous aiming studies, showing that participants 

undershoot the target with primary movements so that the distribution of primary 

movements limits target overshoots. This is evidence of a movement strategy 

that optimizes speed-accuracy and energy expenditure as target overshoots are 
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more time and energy costly (Chua & Elliott, 1993; Elliott et al., 2010). This led to 

the formation of Elliot’s Multiple-Process model of upper limb movement. 

 Elliott’s model asserts that some errors are more costly than others when 

reaching for a target (Elliott et al., 2004). Consequently, errors involving target 

overshoots are more energy costly than errors involving target undershoot. This 

is because target overshoots result in greater distance travelled, since the limb 

must backtrack to the overshot target (Elliott, Hansen, & Grierson 2009). 

Additionally, upon backtracking, the participant must expend more energy such 

that the limb can overcome the inertia associated with reversing the limb back to 

the target. Lastly, target overshoots can have real world safety implications since 

most of our daily targets are located in front of us, thus posing safety 

considerations when reaching too far, such as reaching for a hot pan, or 

overshooting and spilling a beverage. Therefore, planning for an undershoot bias 

is both energy efficient and safer in real world applications. 

 Energy optimization is considered to be important when performing tasks 

with heavier tools. This is due to the greater force, and thus greater movement 

variability and greater inertia to overcome target overshoots associated with 

heavier tools. Consequently, there are previous studies that investigated the 

impact of tool weight on upper limb movement (Fitts, 1954; Schmidt et al., 1979; 

Burkitt et al., 2015). More recently, a study conducted by Burkitt and colleagues 

(2015) reported a tendency for greater undershoot bias with a heavier mass. In 

addition, and also consistent with prior studies, endpoint accuracy was reported 

to be more variable during task performance with the heavy stylus when 
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compared to a light stylus (Schmidt et al., 1979, Burkitt et al., 2015). The Burkitt 

et al., study (2015) also revealed greater spatial variability of kinematic measures 

of peak velocity (PV) and peak deceleration (PD) with the heavier stylus, which is 

likely to be attributed to the greater force required to move the heavier stylus 

(Schmidt et al., 1979; Burkitt et al., 2015). The study also reported no 

significance with regard to prior knowledge of the type of styli (heavy or light) on 

upper limb movement. Studies manipulating visual feedback during upper limb 

movement have shown that advanced knowledge on vision availability influences 

neural processing (Hansen et al., 2006; Khan et al., 2002; Burkitt et al., 2015). 

More specifically, feedforward and feedback processing are influenced if 

participants are unsure whether vision will be provided, resulting in movements 

planned for the absence of vision whether it is provided or not (Elliott et al., 2010; 

Hansen et al., 2006). However, the Burkitt et al., (2015) study found that recent 

trial experience (same stylus preceding upcoming trial) influenced upcoming trials 

more than prior knowledge of the stylus type. This suggests that participants 

were more effective in force specification in trials following the same weighted 

stylus, using feedforward processing which will be discussed later in the review.   

 Reaching tasks are not restricted solely to the horizontal plane, and 

therefore also require investigation in the vertical plane. Lyons et al., (2006) 

applied the concept of energy optimization in the horizontal and vertical plane by 

having participants reach and aim at a target either away or towards the body in 

the horizontal plane; or up and down in the vertical plane. They hypothesized that 

participants will generally undershoot the target; in accordance with Elliott’s 
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multiple-process of upper limb movement model with movements in the 

downward direction demonstrating greater undershoot bias than upward 

movements. In accordance with Elliott’s model, the cost of correcting primary 

movement overshoot errors in the downward direction is greater because the 

limb must oppose gravity in order to correct the error and land on the target 

(Lyons et al., 2006). Consistent with their hypothesis, Lyons and colleagues 

found a greater undershoot bias in the downward movement compared to the 

upward movement, indicated by shorter distance travelled to reach the primary 

movement endpoint. That is, the initial ballistic movement had a greater 

undershoot, on average, in order to avoid higher energy costs associated with 

overshooting the target (Lyons et al., 2006; Elliott et al., 2010). 

 Subsequent studies have adopted this model to investigate the role visual 

feedback plays in upper limb movement in the vertical plane. In a study 

investigating the impact of visual feedback on upper limb movement, Elliott et al., 

(2014) hypothesized that participants would undershoot less in the absence or 

uncertainty of visual feedback. This is because participants would plan to end the 

movement closer to the target since they cannot rely on visual feedback. 

However, the researchers also considered the possibility that participants will 

plan for a more conservative primary movement, especially in the downward 

direction (Elliott et al., 2014). The results indicated that when vision was removed 

at the start of the movement, there was a greater undershoot bias in the primary 

movement endpoint and in endpoint accuracy; however, no difference in direction 

was observed, contrary to Lyons and colleagues (2006). Furthermore, 



 

 
15 

participants were less variable at the primary movement endpoint in the 

downward direction compared to the upward direction, and limited the amount of 

corrective submovements in the downward direction. This strategy limits the 

amount of corrections made against gravity, thus supporting the hypothesis that 

during a downward motion, movement strategies are to avoid energy costly 

overshoots (Elliott et al., 2014; Lyons et al., 2006). 

In addition to vison, many other manipulations have been studied 

including joint angles and aging populations. Studies on older adults revealed 

strategic differences when aiming in the vertical plane. More specifically, studies 

have shown that older individuals display longer submovement amplitudes that 

are longer in duration in conjunction with shorter primary movement amplitudes 

(Bennett et al., 2011). A recent study conducted by Burkitt et al., (2017) 

investigated the impact of joint angles on vertical aiming movements through the 

utilization of rod extensions. The expectation was that participants would utilize 

different energy based strategies in the up and down motions by invoking distal 

joints to contribute to end effector movement (Burkitt et al., 2017). The 

researchers found that joint angles were not impacted by the forces of gravity, 

but rather by the energy constraints of moving the proximal joints (Burkitt et al., 

2017). These studies provide insight on the various strategic elements 

associated with movements in the vertical plane to maintain speed-accuracy and 

energy expenditure relations.  
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2.2.3 Feedforward and Feedback Processing Models of Upper Limb Movement 

 Feedback processing refers to the transformation of incoming sensory 

information in order to adjust an ongoing movement (Kandel et al., 2000). The 

concept that feedback processing alone can explain the motor output necessary 

to complete an aiming task is insufficient to say the least. The most cited 

argument opposing a feedback-centric processing model is the delay in 

sensorimotor processing associated with a purely feedback-centric model (Keele, 

1968; Desmurget & Grafton, 2000). Studies have shown that the minimum delay 

for visual cues to affect an ongoing movement is roughly 80-100ms (Paillard, 

1996). This is problematic since visually guided movements typically last 

between 300-700ms (Desmurget & Grafton, 2000). Therefore, adopting a 

feedback-centric model for aiming is somewhat impractical given the time 

constraints associated with processing visual information and the corresponding 

effect on a resulting ongoing movement. 

 Feedforward processing refers to the internal representations based on 

prior experience to anticipate an action (Kandel et al., 2000). Furthermore, it 

includes comparisons of expected and actual sensory consequences and motor 

efference (Elliott et al., 2010). In the context of rapid goal-directed movements, 

feedforward processing is sensitive to direction and velocity. Keele (1968) 

created a model of aiming known as the iterative model which characterized 

aiming as purely ballistic movements. This model suggests that motor 

movements are planned prior to beginning the movement and are carried out 

independent of feedback (Keele, 1968). In addition, this model also explains 
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secondary corrective movements also being ballistic and not driven by visual 

feedback. 

 For example, Keele and Posner (1968) observed in their study that visual 

feedback has no effect on movement accuracy when the movement is 190 

milliseconds in length. Therefore, they concluded that due to time constraints, 

feedback processing is obsolete in rapid movements. However, a study 

conducted by Zelaznik et al., (1983) found that visual feedback is affective on the 

accuracy of movements shorter than 190 milliseconds. The reason for the 

discrepancy found between the two studies may be attributed to the study design 

used by Keele and Posner (1968). In this study, a hit or miss score was used in 

order to determine visual feedback where the target was 6.35 mm in diameter, 

resulting in a possible overestimation of feedback processing time (Keele and 

Posner, 1968; Zelaznik et al., 1983). Therefore, the results of Keele & Posner 

(1968) may not be a true indication of the relationship between feedback 

processing and movement time. 

 With growing evidence exposing the shortcomings of feedback processing 

in rapid goal-directed movement, feedforward processing is considered to 

circumvent these shortcomings in order to produce effective movements as 

sensorimotor delays associated with feedback processing can be avoided 

(Desmurget & Grafton, 2000). Therefore, the coalition of both feedforward and 

feedback processing allows for effective goal-oriented aiming.  
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(Desmurget & Grafton, 2000) 

Figure 1 Dual model of movement control. 

 Figure 1 represents a schematic of aiming involving both feedforward and 

feedback processing. The initial conditions of the hand and target location allow 

for a planned movement to the target. As the motor output is executed, early 

forward processing of sensory information compares the actual output to the 

expected output, using internal models formed by the CNS. During the ongoing 

movement, an error signal is generated based upon the target location and the 

current state of the limb which allows for an online correction (feedback 

processing) in order to accurately hit the target (Desmurget & Grafton, 2000). 

Khan et al., (1998) investigated the relationship between feedforward and 

feedback processing by examining the effect of removing visual feedback at 

different levels of practice. The results indicated that those with high level of 

practice in the moving with vision group undershot during the initial movement, 

possibly to allow for more online corrections (Khan et al., 1998). However, 

individuals without vision showed a greater propensity to execute a planned 

movement in order to hit the target, but were less accurate. This suggests that 
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there is a dependency on both feedforward and feedback processing in aiming 

movements. 

2.3. Neuroanatomy of Upper Limb Movement 

 Upper limb movements require complex neural processing systems that 

incorporate sensorimotor information and associated movement planning to 

accurately reach a target. Visual information from the primary visual cortex is 

processed across the dorsomedial extrastriate visual areas responsible for 

spatial organization and visual motion located in the posterior parietal cortex 

(PPC) (Stein & Glickstein, 1992). The function of the PPC is well documented 

involving sensorimotor integration and early planning of saccadic, reaching, and 

grasping movements (Anderson & Buneo, 2002). Studies on monkeys have 

illustrated that the PPC is involved with cognitive levels of planning movement 

(Mountcastle et al., 1975). Activation of the PPC is evidenced in early intent for 

motor movements, specifically in area 5 in regard to reaching movements 

(Kalaska & Crammond, 1995). Prior studies conducted on rhesus monkeys 

showed activation in area 5 when tasked to reach on the cue of GO or NO-GO 

stimuli, demonstrating that even in trials that do not involve movement, such as 

the NO-GO trials, activation of the PPC is reported predisposing involvement in 

early movement planning (Kalaska & Crammond, 1995). 

 Efferent signals from the PPC to areas such as the dorsolateral prefrontal 

cortex (DLPFC), premotor cortex and supplementary motor cortex aid in 

movement initiation (Kandel et al., 2000). The DLPFC is involved in cognitive 
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processing and planning through the integration of short-term memory and in the 

neuronal response involving object characteristics such as shape and location in 

the planning of goal-directed behaviour (Goldman-Rakic, 2011; Owen, 1997). 

The supplementary motor area (SMA), located anterior to the primary motor 

cortex, receives information from both the DLPFC and the PPC contributing to 

the control of movement and motor learning (Kandel et al., 2000). Information 

processed in the SMA may undergo transmission directly to the spinal cord or the 

primary motor cortex to facilitate voluntary movement (Kandel et al., 2000). 

2.3.1 Voluntary Movement 

 The main progenitor of voluntary movement occurs in the primary motor 

cortex (M1) located in the precentral gyrus of the frontal lobe (Kandel et al., 

2000). In 1937, Dr. Wilder Penfield created a localized map of M1 known as the 

motor homunculus, with designate areas of M1 dedicated to the movement of 

muscles throughout the body. M1 receives input from premotor areas and area 5 

of the PPC (Kandel et al., 2000). M1 neurons located in layer V project motor 

output information via upper motor neurons to the midbrain on the ipsilateral side 

via cerebral peduncles (Kandel et al., 2000). This is known as the corticospinal 

tract or as the pyramidal tract. The tract continues down the midbrain into the 

medulla, forming the bundles of the pyramidal tract. The majority of fibres will 

decussate to the contralateral side, while 10% of fibres will continue ipsilaterally 

until termination at the spinal cord (Kandel et al., 2000). Information from the 

fibres enters the spinal cord via the lateral corticospinal tract and terminate in the 
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ventral horn, where lower motor neurons signal skeletal muscles to contract 

(Kandel et al., 2000). 

2.3.2 Feedback Processing of Sensory Information 

 Movement of upper extremities requires constant feedback from sensory 

receptors such as mechanoreceptors and proprioceptors, along with visual and 

auditory feedback. Sensory information from the limbs enters the spinal cord via 

the dorsal horn to be relayed to the cerebral cortex through the ascending motor 

pathway (Kandel et al., 2000). The spinal cord is divided into segments 

consisting of cervical, thoracic, lumbar and sacral regions; all of which contain 

spinal nerves (Kandel et al., 2000). Cervical spinal nerves are responsible for 

sensory input and motor output to the areas pertaining to the back of the head, 

neck, and upper limbs (Kandel et al., 2000). More specifically, cervical nerves 

belonging to the brachial plexus (C5-C8) play a role in the relay of sensory 

information and motor movement of the upper limbs (Waxenbaum & Bordoni, 

2019; Orebaugh & Williams, 2009; Sakellariou et al., 2014). Sensory neurons 

cluster to form dorsal root ganglion, where the dorsal root forms branches that 

either terminate at the gray matter of the spinal cord, or continue along the 

ascending pathway to the medulla (Kandel et al., 2000). This allows for either a 

reflex system, or for sensory information to be transmitted to the cerebral cortex 

(Kandel et al., 2000). In addition, axons of the dorsal root ganglia create a topical 

neural map from various sensory receptors, known as somatotopy (Kandel et al., 

2000). This organization remains up the ascending motor pathway. 
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 Afferent sensory fibres terminate in the cuneate nucleus where 

decussation occurs to the contralateral side of the brain (Kandel et al., 2000). 

From here, the fibres pass through the thalamus via the medial lemniscus 

(Kandel et al., 2000). Fibres from the upper body terminate in the ventral 

posterior nucleus of the thalamus medially, as opposed to fibres from the lower 

body which terminate laterally (Kandel et al., 2000). Sensory information from the 

thalamus is relayed to various areas of the brain. Thalamic nuclei can be 

classified as anterior, medial, ventrolateral, and posterior (Kandel et al., 2000). 

Axons of nuclei in the ventral posterior nucleus project to the primary 

somatosensory cortex (Kandel et al., 2000). In addition, the thalamus receives 

information from the cerebellum and basal ganglia, which is projected to motor 

areas via ventral lateral and ventral anterior nuclei (Kandel et al., 2000). The 

primary sensory cortex receives information from the thalamus and projects to 

unimodal association areas responsible for integrating information related to a 

single type of sensory modality (Kandel et al., 2000). Unimodal association areas 

then project to areas responsible for the integration of multiple sensory 

modalities, known as multimodal sensory association areas (Kandel et al., 2000). 

These areas then project to motor association areas located rostrally to M1, 

which allow for planned movement (Kandel et al., 2000).   . 

2.3.3 Cerebellar Processing 

 The cerebellum contains over half of the brain’s entire neurons and has 

extensive connections with motor areas (Kandel et al., 2000). Functions of the 

cerebellum include coordination of movement, maintenance of balance, motor 
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learning, and integration of sensory information to adjust ongoing movement 

(Kandel et al., 2000). The primary fissure separates the posterior and anterior 

lobes, known as the cerebrocerebellum and spinocerebellum respectively, while 

the posterior lateral fissure separates the posterior lobe from the flocculonodular 

lobe, known as the vestibulocerebellum (Kandel et al., 2000). The 

vestibulocerebellum is the most primitive of the lobes and is responsible for 

balance and eye movements (Kandel et al., 2000). The vermis and intermediate 

hemispheres receive somatosensory information from the spinal cord (Kandel et 

al., 2000). Projections to and from the cerebellum are mediated through the 

superior, middle and inferior cerebellar peduncles (Kandel et al., 2000). 

 The cerebellar cortex contains three layers consisting of the molecular, 

Purkinje cell, and granular layers arranged from outer most to inner most 

respectively (Kandel et al., 2000). The molecular layer contains the inhibitory 

interneurons, stellate and basket cells, along with the axons belonging to 

excitatory granule cells and dendrites belonging to inhibitory Purkinje cells 

(Kandel et al., 2000). The Purkinje cell layer contains the Purkinje cell bodies 

whose axons project to the deep cerebellar nuclei consisting of the dentate, 

emboliform, globose, and fastigial nuclei (Kandel et al., 2000). Output of Purkinje 

cells are inhibitory in nature and mediated through the neurotransmitter GABA. 

The granular layer contains Golgi interneurons and the granule cells whose 

axons project to the molecular layer and terminate at Purkinje dendrites or 

stellate and basket cells (Kandel et al., 2000). Afferent information from mossy 

fibres that originate in the spinal cord carry sensory information and terminate at 
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the dendrites of granule cells, causing an excitatory response mediated through 

glutamate (Kandel et al., 2000). This excitatory signal travels up to the molecular 

layer where excitation of Purkinje dendrites creates an action potential of Purkinje 

cells (Kandel et al., 2000). In addition to mossy fibres, afferent sensory 

information from inferior olivary neurons excite Purkinje cells directly via climbing 

fibres (Kandel et al., 2000). Purkinje neuronal activity can also be inhibited via 

stellate and basket cells in the molecular layer (Kandel et al., 2000). 

 As previously mentioned, the spinocerebellum is extensively involved in 

the processing of sensory information received from the spinal cord via mossy 

fibres. Fastigial nuclei axons stimulate the primary motor cortex on the 

contralateral side and have connections to ventrolateral nuclei in the thalamus 

(Kandel et al., 2000). Interposed nuclei, consisting of emboliform and globose 

nuclei, project to the red nucleus on the contralateral side whose axons can 

either decussate and project to the spinal cord, or terminate at the ventrolateral 

nuclei in the thalamus (Kandel et al., 2000). Information from ventrolateral nuclei 

project to the primary motor cortex areas responsible for limb control via the 

rubrospinal and corticospinal systems (Kandel et al., 2000). The 

cerebrocerebellum receives information from the cerebral cortex via the pontine 

nucleus, where information is transferred to the contralateral dentate nucleus via 

the middle peduncle (Kandel et al., 2000). Axons projecting from dentate nuclei 

mostly exit through the superior peduncle and terminate in the contralateral 

ventrolateral thalamus and red nucleus (Kandel et al., 2000). Thalamic nuclei 

project to the motor areas of the brain whilst the red nucleus projects to inferior 
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olivary nuclei, which use climbing fibres to project to the contralateral cerebellum, 

creating a loop (Kandel et al., 2000). It has been hypothesized that this loop 

plays a role in motor learning.  

 It is well documented that the cerebellum is involved with both feedback 

and feedforward processing. Prior studies have likened the cerebellum to a Smith 

Predictor, a computational model that experiences feedback delay based upon 

the internal model of the object being controlled (Miall et al., 1993). The main 

proponents for this comparison is the predicative nature of the cerebellum, which 

uses forward models to prepare actions before a movement; and the 

incorporation of feedback to correct movements (Miall et al., 1993). Behavioural 

studies on monkeys resisting perturbations to upper limb movements when the 

dentate and interposed nuclei were deactivated illustrate inability to utilize 

feedforward mechanisms to return the limb back to the starting position when 

reaching for a target (Vilis & Hore, 1980; Kandel et al., 2000). In order to 

compensate, feedback processing is used as a correction to the overshot limb. 

Mosconi et al., (2015) investigated force contractions in individuals with Autism 

Spectrum Disorder (ASD) as studies have shown that individuals with ASD have 

impaired cerebellar processing (Amaral et al., 2008). The study used visual cues 

in order to test the response of squeezing a load cell when given varying force 

output. Results indicated that individuals with ASD were not as accurate in the 

initial force contraction as healthy controls and were more varied in force output 

as healthy controls, suggesting impaired feedforward and feedback processing, 

respectively. However, the findings of Mosconi et al., (2015) are consistent with 
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other findings in the literature that show altered feedforward and feedback 

processing in individuals with cerebellar lesions (Babin-Ratté et al., 1999; 

Brandauer et al., 2008; Fellows et al., 2001; Rost et al., 2005).  

2.4. Lateral Differences in Aiming 

 The anatomy of the neocortex and forebrain is localised into two 

hemispheres, connected by the corpus callosum. Lateralization of function 

between the two hemispheres results in hemispheric asymmetry when 

processing or performing certain tasks. Cortical signalling directing upper limb 

movements project to the contralateral side of the body. The anatomical 

pathways that direct and distribute these signals are via the decussation of 

descending motor fibres in the corticospinal tract, mentioned previously. 

Consequently, an individual is likely to be more adept at using one arm compared 

to the other. Upper limb preference is therefore based on differential processing 

mechanisms when reaching with the preferred dominant arm as opposed to the 

non-dominant arm. 

2.4.1. Feedforward and Feedback Processing in the Dominant and Non- 

Dominant Arm 

 Duff and Sainburg (2007) conducted a study comparing adaptability of 

aiming in the dominant and non-dominant arms of right-handed individuals when 

faced with a novel 1.5 kg mass perturbation. The researchers found that while 

both arms adapted to the perturbations, the method of adaptation differed 

between the two arms. The dominant arm showed increased final accuracy 
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position in the face of perturbation as the arm began to adopt a straighter path of 

aiming. The non-dominant arm showed an increase in final accuracy position; 

however, the arm path remained curved for most of the trajectory. The non-

dominant arm adapted to the perturbation by increasing the distance travelled 

during deceleration. Both hands increased in final accuracy position but used 

different methods to achieve these results. That is, the dominant right arm 

prioritized feedforward processing by making early trajectory modifications while 

the non-dominant left arm prioritized feedback processing by making late 

trajectory modifications. Further evidence from Duff & Sainburg (2007) illustrated 

this tendency by introducing trials with no perturbation (i.e., after effect trials) 

after the perturbed aiming trials. Only the dominant arm showed an increase in 

error during these trials (see also Sainburg 2005), indicating that participants 

utilized a feedforward strategy. This is because the prior experience (i.e., sensory 

and efference expectations) from perturbed trials influenced the movement in 

non-perturbed after effect trials. Furthermore, this study also found that non-

dominant aiming trials contained more online corrections compared to the 

dominant trials, suggesting that the non-dominant arm is utilizing feedback 

processing in order to accurately hit the targets.  

 Elliott et al. (1999) demonstrated similar results in a study that compared 

aiming in the dominant and non-dominant arms when faced with perturbation. 

The researchers used magnetic force resistances of 0 N, 25 N, and 40 N to 

simulate no resistance, intermediate resistance and high resistance, respectively 

when aiming at a target using a metal stylus. Results demonstrated that although 
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the dominant arm was faster and more accurate when faced with a perturbation, 

the non-dominant arm showed a significant decrease in the number of online 

corrections needed compared to the dominant arm. Furthermore, the greater time 

spent after peak velocity in the non-dominant arm suggests more time to 

incorporate feedback adjustments based on limb trajectory (Elliott et al., 1999). 

 Studies on stroke populations demonstrated deficits in neural processing 

specific to hemispheric lesions (Schaefer et al., 2009; Winstein & Pohl, 1995). 

More specifically, right handed individuals with left hemispheric damage exhibit 

impairments in feedforward processing whilst right hemispheric strokes resulted 

in impairments to feedback processing (Schaefer et al., 2009; Winstein & Pohl, 

1995). Prior studies have shown a tendency for the right hemisphere to favour 

feedback processing (Goodale et al., 1990; Fisk & Goodale, 1988). Moreover, 

literature has indicated that the left hemisphere favours feedforward processing 

(Wyke, 1967; Haaland et al., 1987). The propensity for one hemisphere to favour 

one method of neural processing over another could indicate discrepancies when 

reaching for objects in the dominant and non-dominant arm. 

2.5. Subclinical Neck Pain (SCNP) 

 Spinal nerves located in the cervical region, known as cervical nerves, 

contain sensory feedback from muscles, ligaments and skin which relay sensory 

information to the brain, along with output from motor pathways to specific target 

muscles (Waxenbaum et al., 2019). Cervical nerves comprise of C1-C8 and are 

functionally responsible for motor outputs to various areas including the neck,  
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trunk, upper limbs, and diaphragm (Mancall & Brock, 2011). In the context of 

upper limb nerve innervations, the brachial plexus, which contains nerves C5-T1, 

is responsible for communicating sensory information from the upper limbs, and 

transmitting motor outputs from the cerebral cortex to the upper limb muscles 

(Lee et al., 2017). Any impact in sensory input relayed by the brachial plexus 

could potentially alter sensorimotor integration and motor output. 

Sensory information from the upper limb is transmitted through peripheral 

sensory pathways that originate from mechanoreceptors located in muscles, 

tendons, ligaments, capsules, deep skin and fascial layers (Ghez, 1991; Grigg, 

1994; Jami, 1992; Hogervorst & Brand, 1998; Johansson et al., 1991). These 

receptors include muscle spindles and Golgi tendon organs (GTO) (Riemann & 

Lephart, 2002). Muscle spindles contain afferent nerve endings wrapped around 

intrafusal fibres that project information pertaining to muscle length (Gordon & 

Ghez, 1991; Mihailoff & Haines, 1997; Reimann & Lephart, 2002). Muscle fibres 

attached to GTOs allows transmission of sensory information regarding muscle 

tension to the CNS (Jami, 1992). Proprioceptive information travels to the CNS 

via ascending spinal tracts (Reimann & Lephart, 2002). More specifically, 

transmission of proprioceptive information can be projected to the CNS via 

dorsolateral or spinocerebellar tracts (Reimann & Lephart, 2002). The 

dorsolateral tract projects conscious perception of proprioception to the 

somatosensory cortex, while the spinocerebellum has been shown to be involved 

with non-conscious proprioception (Guyton & Hall, 2006; Warren et al., 1997; 

Reimann & Lephart, 2002).  
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 Prior studies have shown connective pathways from sensory feedback 

from the neck to the cerebellum. As previously mentioned, afferent information 

from somatosensory receptors project to the spinocerebellum. Furthermore, 

vestibular information from the neck is transmitted to the flocculonodular lobe in 

the cerebellum (Kandel et al., 2000). Animal studies have shown connections 

from cervical spine afferent nerves to areas responsible for the vestibular reflex 

(Bankoul et al., 1995; Fitz-Ritson, 1985; Berthoz & Llinás, 1974; Gdowski & 

McCrea, 2000). This demonstrates the extensive connections between input from 

the cervical spine and the cerebellum. 

 Neck pain is a growing problem that affects roughly 30-50% of individuals, 

and with the increase in sedentary behaviour and technology use, this number 

can potentially increase (Hogg-Johnson et al., 2008). Of growing interest are 

individuals with Subclinical Neck Pain (SCNP), who experience intermittent pain 

and/or stiffness in their neck but do not seek medical treatment (Lee et al., 2005). 

By testing on pain-free days, this subset of the neck pain population allows for 

the investigation of the neural impacts associated with neck pain without any 

potential confounds created by pain. This is vital as prior studies have shown that 

pain can influence somatosensory processing and motor behaviour (Rossi et al., 

2003). Prolonged alterations can lead to plastic changes in motor behaviour and 

muscle recruitment as indicated by prior studies (Van Vliet & Heneghan, 2006; 

Hodges & Richardson, 1999).  
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2.5.1. SCNP Alters Cerebellar Processing 

 Studies have shown that those with SCNP have altered cerebellar motor 

processing. Daligadu et al., 2013 investigated cerebellar output in individuals with 

SCNP compared to healthy controls. This was tested using Transcranial 

Magnetic Stimulation (TMS) prior to and after spinal manipulation treatment on 

those with SCNP. The results showed that prior to spinal manipulation, cerebellar 

output was significantly impaired compared to healthy controls; however, spinal 

manipulation therapy allowed for rescue of cerebellar output similar to non-neck 

pain controls. Prior studies have also shown the impact of SCNP on the output of 

cerebellar information to the motor cortex (Baarbé et al., 2018). In addition to 

motor processing, studies on mental rotation have showed that SCNP impacts 

the brain’s ability to mentally (i.e., spatially) rotate objects during tasks due to 

altered cerebellar processing (Baarbé et al., 2016). As mentioned earlier in the 

paper, the cerebellum is vital in the integration of sensory information and output 

of motor control. Alterations to cerebellar processing as seen in those with SCNP 

could impact upper limb movement in goal-directed aiming tasks. 

2.5.2. Altered Body Schema and Proprioception in SCNP 

 The central nervous system (CNS) incorporates visual, vestibular, and 

proprioceptive information to create internal representations that represent the 

perception of our body in space (Karnath et al., 1994). This internal reference is 

egocentric in nature, and leads to the generation of body schema (Karnath et al., 

1994). As previously mentioned, cerebellar processing is altered in those with 
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SCNP, which can disrupt the incorporation of sensory information in order to 

update body schema.  

An altered body schema can lead to an impact on the awareness of limbs 

in space. In congruence with this theory, prior studies on neck and upper limb 

perception have suggested altered body schema in those with SCNP (Paulus & 

Brumagne, 2008; Knox et al., 2006). A study by Paulus & Brumagne (2008) 

investigated the impact of SCNP on neck proprioceptive signals through active 

and passive elevation and depression of the right shoulder, and found that the 

neck pain group over-appraised shoulder elevation. These results suggest that 

those with SCNP have altered proprioceptive feedback, possibly due to an 

altered internal reference model. According to Sherrington (1952), proprioception 

is defined as afferent information from proprioceptors to relay information 

responsible for posture and muscle sensations, which encompasses aspects 

such as joint position sense (JPS), kinesthesia, and movement resistance 

(Riemann & Lephart, 2002; Matthews, 1982). JPS is a common method in 

studying proprioception and is defined as the awareness of postural segments of 

the body (Riemann & Lephart, 2002). Studies have shown that head position, 

relative to the body, can impact afferent sensory information in awareness to JPS 

(Knox & Hodges, 2005). In this study, Knox and Hodges investigated the impact 

of head position on the accuracy of JPS. Results showed greater absolute and 

variable error in JPS when the neck and head were not in neutral position. 

Complications of SCNP include impact on neck muscle recruitment, decreased 

head spatial awareness, and altered proprioceptive feedback (Falla et al., 2004; 
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Lee et al., 2008; Paulus & Brumagne, 2008). A more recent study conducted by 

Zabihhosseinian and colleagues (2019) found that altered sensory information in 

the form of neck fatigue impacted upper limb performance accuracy in a tracking 

task where the target was hidden after initial presentation. These results suggest 

that altered sensory information from neck fatigue, and by extension neck pain, 

perhaps impacts internal body schema, decreasing upper limb performance. 

Furthermore, these results suggest that neck pain could potentially impact upper 

limb performance in other avenues such as reaching tasks. 

2.6. Measurement of Fatigue 

 Repeated upper limb movement tasks can be physically fatiguing, 

specifically when performing reaching tasks in the vertical plane. Fatigue has 

been shown to impact feedback information from muscles, demonstrated by 

decreased firing of mechanoreceptors (Bilodeau et al., 2001; Macefield et al., 

1991, Taylor et al., 2000). There are a number of reliable methods to measure 

fatigue, one of which is the Borg’s category ratio (CR) 10 scale. According to 

Borg (1990), this scale was developed in order to satisfy demands of level 

estimations and ratio scaling. Many studies have investigated the validity of 

subjective ratings of perceived fatigue compared to objective measures (Chan et 

al., 2000; Hummel et al., 2005). Dedering and colleagues (1999), investigated 

the correlation between objective measures of fatigue and subjective measures 

of fatigue by comparing electromyography (EMG) data to the Borg’s CR-10 scale 

in those with lower back pain. The study found a significant correlation between 

participants’ objective measure and subjective rating of perceived fatigue. In the 
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context of upper limb movement tasks, Yang and colleagues (2018) investigated 

the effect of fatigue on upper limb repetitive pointing tasks using the Borg’s CR-

10 scale in conjunction with EMG data. The results showed that fatigue impacted 

movement variability at the shoulder and elbow, but did not impact movement 

timing or endpoint variability of the end effector. Subjective fatigue 

measurements such as the Borg’s CR-10 scale have been shown to be reliable 

methods used to obtain fatigue data. 

2.7. Summary 

 Studies on upper limb movement investigating differences in the dominant 

and non-dominant arm are generally well established in the literature. However, 

studies have not been conducted on the impact of SCNP on goal-directed aiming 

movements. The literature indicates that those with SCNP have altered 

cerebellar processing, and that the cerebellum does play a role in both 

feedforward and feedback processing, and in the formation of internal 

representations. However, it is unclear how cerebellar processing is impacted in 

the context of upper limb movement in those with neck pain. By using kinematic 

measurements, this thesis will investigate how upper limb movement in goal-

directed aiming tasks are impacted in the dominant and non-dominant limbs by 

SCNP in both the horizontal and vertical planes. 
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Chapter 3.1. Introduction 

 With the increase use of technology, neck pain has become a growing 

problem, affecting roughly 30-50 % of individuals (Hogg-Johnson et al., 2008). Of 

particular interest is a subset of the population known as subclinical neck pain 

(SCNP). Those with SCNP experience recurrent neck pain and stiffness but do 

not seek medical treatment (Lee et al., 2005). In addition, pain free days 

associated with SCNP allow for testing to determine neural impacts associated 

with the condition, avoiding any influence of pain on motor behaviour and 

processing of somatosensory information (Rossi et al., 2003).  

 Prior research from our lab has shown that those with SCNP have altered 

cerebellar processing through projection of information to motor areas (Daligadu 

et al., 2013). The cerebellum is critical in the relay of incoming sensory 

information to motor areas to adjust ongoing motor movements, also known as 

feedback processing (Kandel et al., 2000). Alterations to cerebellar processing 

could impact integration of sensorimotor information, thus affecting outputted 

motor information to the upper limbs. In addition, the cerebellum is involved with 

motor learning and utilizes internal models to initiate and anticipate movement, 

also known as feedforward processing (Kandel et al., 2000). The integration of 

sensory information to update internal models by the CNS creates a body map 

(Karnath et al., 1994). Prior studies on neck and upper limb proprioception have 

shown altered kinesthetic awareness of neck and limbs in space, suggesting an 

altered body schema in those with SCNP (Paulus & Brumagne, 2008; Knox et al., 

2006). To compensate, SCNP individuals have been shown to have a greater 
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propensity to rely on feedback processing (Harvie et al., 2015). This could impact 

the means in which those with SCNP reach for objects. 

 Movement of upper limbs rely heavily on forward models and the 

incorporation of feedback information to adjust ongoing movements. 

Furthermore, these movements are lateralized in the left and right hemispheres. 

More specifically, movements in the non-dominant system are controlled by the 

contralateral hemisphere and vice versa. Therefore, in right handed individuals, 

the dominant system would include extremities on the right side of the body 

controlled by the left hemisphere. Prior studies have suggested lateral 

differences in neural processing associated with upper limb movement (Schaefer 

et al., 2009; Winstein & Pohl, 1995). Studies involving left hemispheric lesions in 

right handed individuals illustrate impairments in feedforward processing while 

right hemispheric lesions impair feedback processing (Schaefer et al., 2009; 

Winstein & Pohl, 1995). In addition, behavioural studies have shown the non-

dominant arm to rely more on feedback processing when reaching for a target 

compared to the dominant arm (Duff & Sainburg, 2007).  

 Behavioural paradigms have been used to investigate upper limb 

movement from the early days of Woodworth. Woodworth’s (1899) two-

component process of aiming laid the foundation for many theories on goal-

directed rapid movement. Woodworth’s theory posits that upper limb reaching 

movements are divided into a ballistic phase, in which feedforward processing 

guides the limb to the vicinity of the target, and a homing phase that allows for 

feedback to guide the limb to the target (Woodworth, 1899; Elliott et al., 2001). 
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Since then, many theories have been proposed, building upon Woodworth’s 

work. One of which is Elliott’s Multiple-Process model of upper limb movement 

which suggests that target overshoots are more energy costly to the individual 

(Elliott et al., 2004). Therefore, to avoid this, participants, on average, will 

undershoot the target to optimize energy (Elliott et al., 2004). This model is 

especially true when utilizing heavier tools. This is due to the greater force, and 

thus greater movement variability and greater inertia to overcome target 

overshoots associated with heavier tools. This model helps predict behavioural 

patterns associated with upper limb movement. Many studies investigating upper 

limb reaching tasks utilize kinematic variables, which can provide insight into the 

neural processing along with the behavioural outcomes of upper limb movement.  

 This study examines the impact of SCNP on upper limb aiming 

movements in the dominant and non-dominant arms with differently weighted 

tools. The findings will further build on lateral differences in upper limb movement 

and elucidate gaps in the literature pertaining to upper limb movement. More 

specifically, this study sets out to examine how altered cerebellar processing in 

those with SCNP differentially impacts feedforward and feedback processing as a 

function of laterality. We hypothesized that the non-dominant arm would rely 

more on feedback processing when reaching for targets, illustrated by greater 

time spent after peak velocity. In addition, we expect SCNP individuals to rely 

more on feedback processing, irrespective of limb, due to their altered body 

schema. Furthermore, we expect these differences to be magnified with the 
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heavier tool because of the increased movement variability and greater 

constraints posed on feedforward processing in those with neck pain.   

3.3. Methodology 

3.3.1. Participants 

 Twenty participants from the Ontario Tech University population were 

recruited in this study (10 Sub-Clinical Neck Pain, 10 Controls) with mean ages of 

22.2 ± 2.66 in the SCNP group and 21.4 ± 2.01 in the control group. The male-

female representation for the SCNP group contained four males and six females 

whilst the control group contained five males and five females. All participants 

recruited in the study were self reported right hand dominant and had normal to 

corrected vision. Participants were asked to complete the Neck Disability Index 

(NDI), Neck Pain Questionnaire, Chiropractic Safety Checklist, Edinburgh 

Handedness Questionnaire, and Chronic Pain Grade Scale prior to the 

experiment in order to determine group placement and to ensure testing on pain 

free days. Participants were not informed of the purpose of the study and signed 

a written informed consent prior to the experiment that is in agreement with the 

guidelines illustrated by Ontario Tech University Research Ethics Board (REB) 

and the principles illustrated by the Declaration of Helsinki (1964). 

 The Edinburgh Handed Questionnaire was used in order to determine 

right handed dominance in participants (Oldfield, 1971). Results indicate whether 

a participant is right or left hand dominant, or ambidextrous. Scores of above 40 

indicate right hand dominance. This was done since the study is investigating 
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only those who are right hand dominant. Results from participants that were 

deemed left hand dominant were excluded from the study.  

 SCNP and degree of pain was determined with NDI in conjunction with the 

Chronic Pain Grade Scale. NDI scores are reported with a category, where 

scores between 0 and 4 represent no neck pain, 5 – 14 represent mild neck pain, 

and 15 -24 represent moderate neck pain (Hains et al., 1998; Von Korff et al., 

1992). Chronic Pain Grade Scale was scored such that participants were placed 

in categories ranging from Grade 0 (pain free) to Grade IV (high 

disability/severely limiting). In cases where participants were experiencing pain 

greater than they were typically used to, participants were rescheduled to test on 

a pain free day; however, there were no such cases. 

3.3.2. Apparatus 

 Aiming movements were performed on a 48 cm x 30 cm computer monitor 

(Samsung SyncMaster 2220wm) that was fitted with a clear piece of Plexiglas 

and laid flat on a table (i.e., with the screen pointed to the ceiling). The monitor 

displayed the target display, programmed via Experiment Builder (SR Research, 

Ottawa, ON, Canada). Participants performed the aiming task seated in which 

the aiming arm would be along the centre of the monitor. A small white square (1 

cm x 1 cm) was attached to the base of the monitor indicating the home position. 

A single circular target was located 35 cm from the home position and was 0.5 

cm in diameter. 
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 Participants performed the aiming task using two styli with similar 

parameters (length = 17 cm, circumference at top = 7 cm, circumference at tip = 

3 cm) except mass. One stylus designated as the light stylus was made from 

white plastic and weighed 36 g while the other stylus was designated as the 

heavy which was made from steel weighing 243 g (Burkitt et al., 2015). 

Participants knew in advance of every trial the type of stylus to be used. 

Adhesive tape was used to wrap the tip of each stylus in order to prevent 

damage to Plexiglas. An Infrared Light Emitting Diode (IRED) was attached 

halfway up the shaft on each stylus at the level of where the participants grasped 

the stylus. The position of IREDs were tracked using two Optotrak 3-D 

Investigators (Northern Digital, Waterloo, ON, Canada) positioned facing the 

participant. The cameras recorded for 2s at 500Hz frequency in each trial. 

3.3.3. Procedure 

 The protocol involved 200 trials split evenly between four blocks consisting 

of 50 trials. Participants performed aiming trials with only their dominant arm in 

the first and third blocks of 50; and with their non-dominant arm in the second 

and fourth blocks of 50. This order was counterbalanced between participants. 

Trial order of light and heavy stylus were evenly distributed amongst each block 

(25 light and 25 heavy) and randomized such that no more than three 

consecutive trials would contain the same stylus. This resulted in a total of 100 

light stylus trials and 100 heavy stylus trials. Participants were given prior 

knowledge of the type of stylus which was indicated on the monitor prior to the 
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start of the trial. Short breaks were given after completing a block in order to 

minimize fatigue. 

 Participants were informed of the stylus with yellow text on a black 

background containing the word “ready” and the type of stylus, either “heavy” or 

“light”. The indicated stylus was handed to the participant by the research 

assistant. Participants were instructed to hold the stylus such that the index and 

the middle finger, along with the thumb were in a pinching grip around the IRED, 

but not blocking the IRED. Initiation of the trials began once the participants 

placed the stylus on the white square indicating the home position at the base of 

the monitor. Once the participant was in the ready position, the experimenter 

initiated the experiment by hitting enter on the keyboard to begin the trial. Upon 

hitting enter, the prompt displaying “ready” and the type of stylus disappeared, 

displaying the target in which the participants must aim towards. An auditory tone 

was presented subsequently after target onset to cue the participants to begin 

the aiming movement. This auditory stimulus was presented randomly between 

500 ms-1500 ms to prevent participant anticipation. The target appeared on 

screen for 2 s in which the participant was instructed to make a quick and 

accurate movement in order to reach the target. The participants were instructed 

to end the movement at the last point of contact between the stylus and the 

screen and to hold the stylus at that position until the target disappeared and the 

prompt for the next stylus appeared on the screen. The trials repeated until a 

block of 50 was completed, at which time the participants were allowed a short 
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break. At the onset of the next block, participants were instructed to use the 

opposite hand in which they completed the previous block with. 

3.4. Data Analysis 

3.4.1. Performance Analysis  

 The data were analyzed using custom code created from MATLAB 

software (Mathworks, Natick, MA). For each trial, a cumulative displacement 

profile was created using the x-, y-, and z-axes of movement (Hansen et al., 

2007; see also Burkitt et al., 2015). This profile was then filtered using a 10 Hz 

low-pass Butterworth filter allowing for differentiation and double differentiation to 

obtain velocity and acceleration profiles, respectively.  

 Movement start and end criteria were obtained using similar methods 

employed by Burkitt et al., (2015) in which the start and end of the movements 

were defined as the instances were velocity surpassed and fell below, 

respectively, 20 mm/s and were maintained for at least 20 ms. Peak velocity 

(PV), peak acceleration (PA), and peak deceleration (PD) were identified on the 

velocity and acceleration profiles.  

Primary movement endpoints were determined using similar techniques as 

those employed by Chua and Elliott (1993). Corrections were determined as the 

first zero-crossing, significant deviation, or movement reversal to occur during the 

movement (Khan et al., 2006). A zero crossing is defined as a transition in the 

acceleration profile from a negative to a positive acceleration such that it crosses 

the zero mark. This was defined as an inflection in the resulting velocity profile 
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that achieved 10 mm/s for 34 ms from the start of inflection to the point in which 

the velocity dropped below 10 mm/s. Significant deviations were represented as 

a change in trajectory on an acceleration profile that did not cross the zero in 

which the inflection had an amplitude that was 10% of the peak acceleration and 

was maintained for duration of 34 ms. Reversals were defined as a transition in 

the velocity profile from positive to negative for a temporal duration of 20 ms, 

indicative of corrections of target overshoots.  

 Prior to data output, trials in which IRED visibility was disturbed and 

participant anticipations (movement before the audio cue) were removed 

(approximately 7% of total trials). Kinematic variables were outputted by Matlab 

for statistical analysis. Dependent variables were movement time (MT; 

determined by the time from movement start to movement end), time to peak 

velocity (TTPV; determined by the onset of movement start to peak velocity), time 

after peak velocity (TAPV; determined by the time from peak velocity to 

movement end), primary movement endpoint in the direction of movement 

(PSM), constant error (CE; determined by the distance from the end position of 

the effector in the y-direction to the target), variable error (VE; standard deviation 

of CE), and reaction time (RT; determined by the time from the presentation of 

auditory stimulus to the initiation of movement). In addition, trajectory variability 

was examined using standard deviations of participant movement positions at 

each of the kinematic landmarks of PA, PV, PD, and END (Khan et al., 2002). 

Prior to statistical analysis, trials that contained reaction times under 100ms and 

movement times greater than 1000ms were removed (approximately 2% of total 
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trials) as these are indicative of anticipation and atypical movement, respectively. 

In addition, outliers were removed according to Grubb’s test performed on 

movement time and constant error (approximately 1% of total trials).  

3.4.2. Statistical Analysis 

 Statistical analysis was performed using SPSS software (IBM, Armonk, 

NY, USA). Tests of normality were conducted using Shapiro-Wilk to meet 

assumptions of parametric tests. Two group (SCNP and control) by two hand 

(dominant and non-dominant) by two styli (light and heavy) mixed factors ANOVA 

with repeated measures on the last two factors was conducted. Furthermore, 

Levene’s test of homogeneity was performed to determine equality of error 

variance. Trajectory variability using PA, PV, PD, END were subjected to a two 

group (SCNP and controls) by two hand (dominant and non-dominant), by two 

stylus (light and heavy), by four kinematic marker (PA, PV, PD and END) mixed 

factors ANOVA with repeated measures on the last three factors. Alpha values 

were set at p = 0.05 and partial eta values (ŋp
2) were reported to determine effect 

size (small effect sizes = 0.01, medium effect sizes = 0.06, and large effect sizes 

= 0.14) (Richardson, 2011). In cases where Mauchly’s test of sphericity was 

violated, Greenhouse-Geisser values were used. Tukey’s HSD was performed on 

significant effects containing more than two means. 
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3.5. Results 

 
Control SCNP 

NDI 2.50 ± 2.27 8.9 ± 4.38 

CPGS 0 1.5 ± 1.18 

EHI 65.67 ± 27.46 76.88 ± 23.90 

Table 1 Neck Disability Index (NDI), Chronic Pain Grade Scale (CPGS) and 

Edinburgh Handedness Inventory (EHI) scores 

Assumptions of normality were met for all data. Analysis of movement time 

revealed a main effect of stylus, (F(1,18) = 6.200, p < 0.05, ŋp
2 = 0.256), indicated 

by longer movement times in the light stylus (611 ms) compared to the heavy 

stylus (598 ms) (see figure 2). Furthermore, analysis of peak velocity also 

revealed a main effect of stylus, (F(1,18) = 161.578, p < 0.001, ŋp
2 = 0.900), where 

movements with the light stylus achieved higher peak velocity (1251 mm/s) 

compared to the heavy stylus (1168 mm/s). Analysis of time to peak velocity 

illustrated a main effect of stylus, (F(1,18) = 23.922, p < 0.001, ŋp
2 = 0.571), 

demonstrated by longer time spent to reach peak velocity in the heavy stylus 

(247 ms) compared to the light stylus (238 ms) (see figure 3). A main effect of 

stylus in time after peak velocity (F(1,18) = 26.393, p < 0.001, ŋp
2 = 0.595), 

demonstrated a longer time spent after peak velocity in the light stylus (373 ms) 

compared to the heavy stylus (351 ms) (see figure 4). No significant differences 

were found between groups and hands in movement time, time to peak velocity 

and time after peak velocity. Analysis of reaction times yielded a significant 

interaction between group and hand (F(1,18) = 4.817, p<0.05, ŋp
2 = 0.211), 
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indicated by longer reaction times by the neck pain population in both the 

dominant and non-dominant arm (see figure 5). 

 

 

Figure 2 Average movement time (ms) between light and heavy stylus across 

participants. Asterisks indicated significant difference. 
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Figure 3 Average time to peak velocity (ms) between light and heavy stylus 

across participants. Asterisks indicates significant difference. 

 

Figure 4 Average time spent after peak velocity (ms) between light and heavy 

stylus across participants. Asterisks indicates significant difference. 
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Figure 5 Average reaction time (ms) of controls and neck pain in the dominant 

and non-dominant arm. Asterisks indicates significant difference. LH=left hand; 

RH=right hand 

Analysis of primary movement endpoint revealed a main effect hand 

(F(1,18) = 7.507, p<0.05, ŋp
2 = 0.294), indicated by short distance travelled (i.e., 

greater target undershoot) in the non-dominant arm compared (312 mm) 

compared to the dominant arm (321 mm) (see figure 6). In addition, analysis of 

constant error revealed a hand by stylus interaction (F(1,18) = 18.886, p<0.001, ŋp
2 

= 0.512), indicated by a shorter distance travelled in the dominant arm (-4.4 mm) 

with the light stylus compared to the non-dominant arm (-2.7 mm) (see figure 7). 

Lastly, analysis of spatial variability at kinematic markers indicated an interaction 

between kinematic marker and hand (F(1,18) = 4.369, p<0.05, ŋp
2 = 0.195). This 

demonstrated significant differences between arms only at peak deceleration 

(see figure 8) 
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Figure 6 Average primary movement endpoint (mm) between the dominant and 

non-dominant arm. Asterisks indicates significant difference. LH=left hand; 

RH=right hand 

 

Figure 7 Average constant error (mm) of the dominant and non-dominant arm in 

the light and heavy stylus. Asterisks indicates significant difference. LH=left hand; 

RH=right hand 
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Figure 8 Spatial variability of kinematic markers peak acceleration (PA), peak 

velocity (PV), peak deceleration (PD), and endpoint (END) in the dominant and 

non-dominant arm. Asterisks indicates significant difference. LH=left hand; 

RH=right hand 

3.6. Discussion 

 The goal of this study was to examine the impact of SCNP on the laterality 

effects of goal-directed movements performed with light and heavy handheld 

styli. Differences in styli were observed in movement time, time to peak velocity, 

and time after peak velocity. Movements with the light stylus were longer in 

duration but performed with greater peak velocities. This difference in movement 

time can be attributed to longer time spent after peak velocity with the light stylus 

compared to the heavy. Greater time spent after peak velocity with the light stylus 
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can be attributed to more time spent for feedback processing. More specifically, 

participants moved the light stylus quickly to reach the target vicinity, and then 

allowed for more time for feedback processing. Conversely, movements with the 

heavy stylus on average had a greater time to reach peak velocity. A possible 

explanation could be due to the greater time required to overcome the inertia 

associated with the heavy stylus. 

 This finding is in contrast with a previous study by Burkitt and colleagues 

(2015) that investigated the impact of styli on upper limb reaching movements. 

The study found no differences in movement time between styli, and found less 

time spent to reach peak velocity in the heavy stylus compared to the light stylus. 

This finding is in direct contrast to the present study which found greater time to 

peak velocity in the heavy stylus compared to the light stylus. The differences 

could perhaps be attributed to the pooling of data across groups in both studies. 

More specifically, Burkitt et al. pooled data across groups that received different 

types of advance knowledge (i.e., prior knowledge or no prior knowledge about 

stylus type for the upcoming movement) whilst the current study pooled across 

hand and group. Pooling means across different conditions may not lead to an 

accurate representation of the condition being investigated and could thus lead to 

discrepancies seen between studies. 

 Movements in the non-dominant arm resulted in shorter distance travelled 

of the primary movement endpoint compared to the dominant arm. This suggests 

that participants are undershooting more in the non-dominant arm perhaps to 

limit the amount of target overshoots. Analysis of trajectory variability of kinematic 
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landmarks indicated a hand by kinematic marker effect where significance was 

shown at peak deceleration. As shown in previous literature, variability increases 

along the trajectory from peak acceleration to peak velocity, and then rapidly 

decreases from peak velocity to the movement end (Khan et al., 2002; Burkitt et 

al., 2015). Results indicated the non-dominant arm was more variable at peak 

deceleration compared to the dominant arm, but no differences were shown at 

movement end. This could be due to participants using feedback information for 

limb target control. These results are similar to findings by Khan et al. (2002) that 

showed greater spatial variability at peak deceleration in a group that received 

blocked vision compared to a group that received no vision in a similar goal-

directed reaching task. The researchers suggested that when participants knew 

vision would be present, they spent less time planning the movement, and relied 

more on visual processing towards the end of the movement, resulting in greater 

variability at peak deceleration in the vision group (Khan et al., 2002). Thus, the 

greater spatial variability at peak deceleration in the non-dominant arm suggests 

a greater propensity to utilize feedback information towards the end of the 

movement to reduce variability. These findings are similar to past literature 

suggesting the non-dominant system tends to favour a feedback approach in 

upper limb movement (Duff & Sainburg, 2007; Schaefer et al., 2009; Winstein & 

Pohl, 1995). Hemispheric differences in neural processing associated with upper 

limb movement have been shown in studies investigating unilateral brain 

damage. In right handed individuals, the right hemisphere corresponds to the 
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non-dominant hemisphere. Studies have shown this hemispheric system to 

favour feedback processing (Goodale et al., 1990; Fisk & Goodale, 1988). 

Furthermore, the trajectory of movement up until peak deceleration is 

indicative of the ballistic movement which utilizes feedforward control. Perhaps 

the increased variability at peak deceleration can be attributed to improper force 

specification in the non-dominant arm, as this is indicative of forward control, 

supporting the notion that the dominant arm has a greater propensity to utilize 

feedforward processing whilst the non-dominant arm tends to utilize feedback 

processing (Goodale et al., 1990; Fisk & Goodale, 1988; Wyke, 1967; Haaland et 

al., 1987). 

 Reaction time illustrated a group by hand effect, where those with SCNP 

had longer reaction times in both the dominant and non-dominant arm. Prior 

studies have shown a relationship between reaction time and movement 

planning (Hansen et al., 2006; Khan et al., 2002). In the context of visually 

guided movements, when vision is certain to be present, participants react 

quicker and rely on feedback (i.e., time after peak velocity) to guide the limb onto 

the target compared to when vision is certain to not be present (Hansen et al., 

2006). This suggests that without vision, participants are spending more time 

planning their movement since they know they are unable to rely on visual 

feedback (Hansen et al., 2006). In this case, perhaps those with SCNP spend 

more time planning their movement to develop appropriate internal models to 

accurately reach the target. This finding is exacerbated in the non-dominant arm, 

suggesting a greater time required to form internal models. This could be due to 
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the non-dominant system being less proficient at forward processing, thus 

requiring longer times to plan movements. 

 Prior studies have shown that SCNP impacts cerebellar processing 

(Daligadu et al., 2013). More specifically, output to the motor cortex has been 

shown to be impacted in those with SCNP (Baarbé et al.,2018). Furthermore, a 

study conducted by Andrew and colleagues (2018) investigated the impact of 

SCNP on motor learning through SEPs recording of the median nerve. The study 

found a difference in SEP peaks associated with cerebellar pathways in the 

SCNP group, suggesting an impact of SCNP on these pathways. The cerebellum 

has many functions, one of which is the formation of internal models based on 

incoming sensory information (Karnath et al., 1994; Popa et al., 2013). A study by 

Paulus and Brumagne (2008) found that neck pain participants had altered 

perception of shoulder elevation. The impact of SCNP on internal models can 

influence cortical perception of limbs in space. This is supported in a recent study 

by Zabihhosseinian et al., (2019), that found that alterations to afferent cervical 

sensory information in the form of neck fatigue resulted in impaired upper limb 

movement performance in the absence of vision, possibly due to an altered body 

schema. In the context of the current study, SCNP participants likely spent longer 

times planning their movement to develop and fine tune internal models to 

accurately reach for targets. 

 This was the first study to investigate the impact of SCNP on goal-directed 

upper limb movement. Although this study may provide some insight onto how 

SCNP differentially affects feedforward and feedback processing, the study only 
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focuses on movement performed in the horizontal plane. Reaching movements 

are also performed daily in the vertical plane. Furthermore, the force of gravity 

may pose some constraints in speed, accuracy and energy optimization which 

may differentially impact how control and neck pain groups use feedforward and 

feedback processes to move weighted objects in the dominant and non-dominant 

arm. Therefore, Study 2 examines the impact of SCNP on vertical reaching tasks 

for a more comprehensive illustration. 
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Study Two Manuscript 
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4.1. Introduction 

 With the increase use of technology, neck pain has become a growing 

problem, affecting roughly 30-50 % of individuals (Hogg-Johnson et al., 2008). Of 

particular interest is a subset of the population known as subclinical neck pain 

(SCNP). Those with SCNP experience recurrent neck pain and stiffness but do 

not seek medical treatment (Lee et al., 2005). As such these individuals are 

tested on pain free days where testing can be done to investigate neural impacts 

of the condition, circumventing the influence of pain on motor behaviour (Rossi et 

al., 2003). 

 Prior research from our lab has shown altered cerebellar processing in 

those with SCNP (Daligadu et al., 2013). The cerebellum is heavily involved in 

reaching movements through the use of internal models to initiate a movement, 

and monitor early trajectory motion for direction and velocity, known as 

feedforward processing (Kandel et al., 2000; Desmurget & Grafton, 2000). 

Furthermore, integration of afferent sensory information to adjust ongoing 

movements helps guide the limb to reach for targets (Kandel et al., 2000). Altered 

cerebellar processing could impact these processing systems, thus affecting 

reaching movements. The cerebellum has also been shown to update internal 

models using feedback information (Popa et al., 2013). The CNS incorporates 

this information to form the body’s schema, allowing for perception of limbs in 

space (Karnath et al., 1994). Studies on neck and upper limb proprioception have 

suggested that those with neck pain have an altered body schema (Paulus & 

Brumagne, 2008; Knox et al., 2006). Furthermore, a study by Baarbé et al., 
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(2016) found that SCNP participants performed worse at mental rotation tasks 

compared to healthy controls, suggesting an altered body schema. Prior studies 

have indicated that those with SCNP have a greater propensity to rely on visual 

feedback, perhaps to compensate for their altered body schema (Harvie et al., 

2015). Therefore, in the context of reaching movements, those with SCNP may 

rely more on visual feedback and less on movement planning and feedforward 

control. 

 Motor behaviour in the upper limbs are lateralized in the brain. Movements 

performed with each arm are controlled by the contralateral hemisphere. In 

addition, prior studies have also suggested lateralization of cortical processing of 

upper limb movement (Schaefer et al., 2009; Winstein & Pohl, 1995). More 

specifically, in right handed individuals, left hemispheric lesions result in 

impairments in feedforward processing while right hemispheric lesions have been 

shown to result in impairments to feedback processing (Schaefer et al., 2009; 

Winstein & Pohl, 1995).  

 Many theories have been proposed to provide insight into goal-directed 

movements since the early work of Woodworth (1899). Woodworth’s two 

component process of aiming theory has laid the foundation for subsequent 

theories. The theory posits that reaching movements are comprised of an initial 

ballistic phase that brings the limb to the target vicinity, and a subsequent homing 

phase that guides the limb onto the target (Woodworth 1899). Much later, Meyer 

et al., (1988) developed the optimized submovement model which posits that 

primary movement endpoint will form a normal distribution around the centre of 
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the target. More recently, Elliott and colleagues (2010) proposed a theory known 

as the Multiple-Process of upper limb movement that expands upon the previous 

models. This theory postulates that rapid and accurate goal-directed upper-limb 

movements optimize speed-accuracy, and energy expenditure. That is, 

conserving energy is a fundamental aspect of speed-accuracy relations. More 

specifically, individuals will tend to end the primary movement short of the target 

to avoid overshoots, as target overshoots are more energy costly. Furthermore, 

the degree of primary movement endpoint undershoot and movement variability 

are related. Specifically, the greater the variability, the more likely an undershoot 

will occur, to limit target overshoots associated with the upper bounds of 

variability. This is especially true with movements in the downward movement, as 

overshoot corrections must be made against gravity (Lyons et al., 2006).  

 Study one of this thesis examined the impact of SCNP on goal-directed 

upper limb movements in the dominant and non-dominant arm in the horizontal 

plane. The results supported previous studies illustrating the non-dominant 

system’s propensity to utilize feedback processing (Goodale et al., 1990; Fisk & 

Goodale, 1988). Novel findings of study one support the theory of an altered 

body schema in those with SCNP, illustrated by longer reaction times. However, 

implementing a more complex reaching task could perhaps provide further insight 

into the impact of SCNP on goal-directed aiming movements. In particular, how 

the directional dependent effects of the force of gravity on speed, accuracy, and 

energy optimization integrate with SCNP and limb dominancy. Based upon prior 

literature and the results of study one, we hypothesized that those with SCNP will 
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rely on visual feedback to compensate for their altered body schema, resulting in 

a greater undershoot of the primary movement endpoint, which may be 

exacerbated in the downward direction. In addition, we also hypothesized that 

movements with the non-dominant arm will show a greater undershoot in the 

primary movement endpoint, specifically in the downward direction. 

4.2. Methodology 

4.2.1. Participants 

 Twenty-three participants were recruited in this study (16 Sub-Clinical 

Neck Pain, 7 Controls) with a mean age of 22.06 ± 3.29 in the SCNP group and 

21.43 ± 3.10 in the control group. The male-female representation for the SCNP 

group contained six males and ten females whilst the control group contained 

four males and three females. All participants recruited in the study were self 

reported right hand dominant and had normal to corrected vision. Prior to the 

experiment, participants were asked to complete the Neck Disability Index (NDI), 

Neck Pain Questionnaire, Chiropractic Safety Checklist, Edinburgh Handedness 

Questionnaire, Chronic Pain Grade Scale, and a visual analog scale used to 

ensure testing on pain free days. Participants were not informed of the purpose 

of the study and signed a written informed consent prior to the experiment that is 

in agreement with the guidelines illustrated by Ontario Tech University Research 

Ethics Board (REB) and the principles illustrated by the Declaration of Helsinki 

(1964). 
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 The Edinburgh Handed Questionnaire was used in order to determine 

right handed dominance in participants (Oldfield, 1971). Results indicate whether 

a participant is right or left hand dominant, or ambidextrous. Scores of above 40 

indicate right hand dominance. This was done since the study is focusing only on 

those who are right hand dominant. Results from participants that were deemed 

left hand dominant were excluded from the study. Participants that were deemed 

ambidextrous, but had a strong inclination for right hand dominance were 

included in the study, of which were only two cases. 

 SCNP and degree of pain was determined with NDI in conjunction with the 

Chronic Pain Grade Scale. NDI scores are reported with a category, where 

scores between 0 and 4 represent no neck pain, 5 – 14 represent mild neck pain, 

and 15 – 24 represent moderate neck pain (Hains et al., 1998; Von Korff et al., 

1992). Chronic Pain Grade Scale was scored such that participants were placed 

in categories ranging from Grade 0 (pain free) to Grade IV (high 

disability/severely limiting). In addition, the visual analog scale indicated their 

current level of neck pain on a 10 cm line, where the far left represented minimal 

pain and the far right represented severe pain. In cases where participants were 

experiencing pain greater than what they would deem as “typical” on a daily 

basis, participants were rescheduled to test on a pain free day; however, there 

were no such cases. 

 Participants were asked to rate their perceived level of fatigue in their neck 

in addition to their shoulder and arm of the limb being used prior to the start of 

the experiment using the Borg CR-10 scale (Borg, 1990). Participants were also 
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asked to rate their perceived level of fatigue in the same locations of the neck 

and performing limb halfway through, and at the end of each experimental block 

(see below). The Borg CR-10 scale was assessed on 17 of the 23 participants.  

4.2.2. Apparatus 

 The apparatus involved a 48 cm x 30 cm computer monitor (Samsung 

SyncMaster 2220wm) that was fitted with flat piece of clear Plexiglas to cover the 

screen and act as an aiming surface. The monitor displayed the type of stylus 

and the target display programmed and executed via Experiment Builder 

software (SR Research, Ottawa, ON, Canada). The monitor was fixed onto a 

vertical metal pole attached to the wall such that it could be adjusted depending 

on the participant’s height. Furthermore, the screen was oriented such that it was 

facing the standing participant. A home target position located at the centre of the 

screen would appear along with the ready prompt indicating type of stylus. The 

diameter of both the up and the down targets were 0.5cm and were both located 

19cm above and below the centre home position, respectively (Roberts et al., 

2016). The height of the monitor was adjusted such that the home position was 

situated at eye level of the participant. 

 Participants performed aiming tasks using the same styli outlined in 

Chapter 3. One stylus was designated as the light stylus and was made from 

white plastic and weighed 36 g; while the other stylus was designated as the 

heavy and was made from steel weighing 243 g (Burkitt et al., 2015). Participants 

were given prior knowledge of the stylus they would be using prior to the start of 
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each trial by text written on the screen. Adhesive tape was used to wrap the tip of 

each stylus in order to prevent damage to Plexiglas. A rigid body was attached to 

the top of each stylus and was digitized to the tip of the styli. This allowed for the 

rigid body to triangulate the position of the tip in space. The position of the rigid 

body was tracked using one Optotrak 3-D Investigator (Northern Digital, 

Waterloo, ON, Canada). Displacement information of the digitized tip was used 

for analysis. The camera recorded for 2s at 300Hz frequency in each trial. 

4.2.3. Procedure 

 The protocol was similar in design to Study 1 outlined in Chapter 3. In 

particular, participants performed 200 total aiming trials that were split between 

four blocks consisting of 50 trials. Participants performed aiming trials with only 

their dominant arm in the first and third blocks of 50; and with their non dominant 

arm in the second and fourth blocks of 50. This order was counterbalanced 

between participants. Prior to staring the experiment, the experimenter asked the 

participant to rate their perceived level of fatigue in the neck; and the shoulder 

and arm of the starting limb using the Borg CR-10 scale. The trials repeated until 

the halfway point of each block, in which the experimenter would ask the 

participants to rate their perceived level of fatigue in the categories previously 

mentioned. Participants were asked to rate their perceived level fatigue at the 

end of each block in each of the aforementioned categories. Short breaks were 

given after completing each block until the participant felt ready to continue, in 

order to minimize fatigue. Trial orders of each condition (Light/Up, Light/Down, 
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Heavy/Up, and Heavy/Down) were randomly distributed such that no more than 

three consecutive trials would contain the same stylus or direction.  

 Participants were informed of the stylus to be used on the upcoming trial 

with yellow text on a black background containing the word “ready” and the type 

of stylus, either “heavy” or “light”. In addition to stylus information, a target 

appeared in the centre of the screen, indicating the home position. The styli were 

rested on a platform in front of the participant who were instructed to pick up the 

prompted stylus. Participants were instructed to hold the stylus in a pinch grip 

around the middle of the stylus using their index, middle finger, and thumb such 

that the top of the stylus pointed towards the participant and the rigid body faced 

the camera. Initiation of the trials begun once the participants placed the stylus 

on the home position. Once the participant was in the ready position, the 

experimenter initiated the experiment by hitting enter on the keyboard to begin 

the trial. Upon hitting enter, the “ready” screen and the home position 

disappeared, displaying the target in which the participants must aim either up or 

down. An auditory tone was presented subsequently after target onset to cue the 

participants to begin the aiming movement. This auditory stimulus was presented 

randomly between 500 ms-1500 ms to prevent participant anticipation. The target 

appeared on screen for 2 s in which the participant was instructed to make a fast 

and accurate movement in order to reach the target. The participants were 

instructed to end the movement at the last point of contact between the stylus 

and the screen and to hold the stylus at that position until the target disappeared 
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at which point Optotrak would stop collecting. The participants were allowed to 

rest briefly between trials to prevent fatigue. 

4.3. Data Analysis 

4.3.1. Performance Analysis 

 The data were analyzed using custom code created from MATLAB 

software (Mathworks, Natick, MA). For each trial, a cumulative displacement 

profile was created using the x-, y-, and z-axes of movement (Hansen et al., 

2007; see also Burkitt et al., 2015). This profile was then filtered using a 10 Hz 

low-pass Butterworth filter allowing for differentiation and double differentiation to 

obtain velocity and acceleration profiles, respectively.  

 Movement start and end criteria were obtained using similar methods 

employed by Burkitt et al., (2015) in which the start and end of the movement 

were defined as movements that surpassed and fell below respectively, 40 mm/s 

and were maintained for 33 ms (10 frames). Peak Velocity (PV), Peak 

Acceleration (PA), and Peak Deceleration (PD) were identified on velocity and 

acceleration profiles in addition to primary movement endpoint, which was 

determined similar to techniques employed by Chua and Elliott (1993) that 

signifies a deviation in the trajectory of a movement. Deviations of trajectory were 

marked on the profiles to indicate end of primary movement. Similar to Chapter 3 

corrective submovements, which occur after the end of the primary movement, 

are determined using zero crossings and deviations in acceleration. Zero 
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crossings and significant deviations were calculated using the same methods 

outlined in Chapter 3. 

 Prior to data output, trials in which IRED visibility was disturbed and 

participants anticipating movements were removed (approximately 9 % of total 

trials). Kinematic variables were outputted via Matlab for subsequent analysis. 

Key dependent variables were movement time (MT), time to peak velocity 

(TTPV), time after peak velocity (TAPV), primary movement endpoint in the 

direction of movement (PSM), constant error (CE), variable error (VE; standard 

deviation of CE), and reaction time (RT). In addition, trajectory variability was 

examined using variables PA, PV, PD, and END (Khan et al., 2002). Prior to 

statistical analysis, trials that contained reaction times under 100 ms and 

movement times greater than 1000 ms were removed (approximately 2 % of total 

trials) as these are indicative of anticipation and atypical movement, respectively. 

In addition, outliers were removed (approximately 1 % of total trials) according to 

Grubb’s test performed on movement time and constant error.  

4.3.2. Statistical Analysis 

 Statistical analyses were performed on dependent variables a two group 

(SCNP and control) by two hand (dominant and non-dominant) by two stylus 

(light and heavy) by two direction (up and down) mixed factors ANOVAs, with 

repeated measures on the last three factors. One exception was the analysis of 

trajectory variability at kinematic landmarks which used two group (SCNP and 

control) by two hand (dominant and non-dominant), by two stylus (light and 
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heavy), by two direction (up and down) by four kinematic marker (PA, PV, PD 

and END) repeated measures ANOVA. Tests of normality were conducted using 

Shapiro-Wilk to meet assumptions of parametric tests. All analyses were 

performed using SPSS software (IBM, Armonk, NY, USA). Alpha values were set 

at p = 0.05 and partial eta values (ŋp
2) were reported to determine effect size 

(small effect sizes = 0.01, medium effect sizes = 0.06, and large effect sizes = 

0.14) (Richardson, 2011). Tukey’s HSD was performed on significant effects 

containing more than two means. 

4.4. Results 

 
Control SCNP 

NDI 0.67 ± 0.82 9.36 ± 4.29 

CPGS 0  1.07 ± 1.00 

EHI 67.5 ± 30.62 74.1 ± 20.52 

VAS (mm) 0.83 ± 1.33 16.36 ± 14.60 

Table 2 Neck Disability Index (NDI), Chronic Pain Grade Scale (CPGS), 

Edinburgh Handedness Inventory (EHI), and Visual Analog Scale (VAS) scores 

The average Borg score in the neck was 1.89 ± 1.60 which indicates a 

perception of really easy to easy on the Borg’s CR-10 scale. The average Borg 

scores for the left shoulder (3.51± 1.62), right shoulder (3.07± 1.16), left arm 

(3.04± 1.39), and right arm (2.60± 1.16) indicates a perception of moderate to 

sort of hard in the left shoulder, right shoulder, left arm, and a perception of easy 

to moderate in the right arm.  
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Analysis of movement time demonstrated a main effect of hand (F(1,21) = 

12.886, p < 0.01, ŋp
2 = 0.380), where movements with the non-dominant arm 

(533 ms) took longer than movements with the dominant arm (497 ms). In 

addition, a main effect of stylus (F(1,21) = 68.691, p < 0.001, ŋp
2 = 0.766) was 

observed where movements with the heavy stylus (531 ms) took longer than 

movements with the light stylus (499 ms). A main effect of direction (F(1,21) = 

30.496, p < 0.001, ŋp
2 = 0.592) was also observed, where downward movements 

(529 ms) took longer than upward movements (500 ms).These main effects were 

superseded by a three-way interaction between group, stylus and direction (F(1,21) 

= 5.582, p < 0.05, ŋp
2 = 0.210), which indicated longer movement times in the 

heavy downward condition in controls (560 ms) compared to SCNP (528 ms) 

(Figure 9). Furthermore, analysis of peak velocity yielded a main effect of hand 

(F(1,21) = 6.271, p < 0.05, ŋp
2 = 0.230) and stylus (F(1,21) = 123.598, p < 0.001, ŋp

2 

= 0.855), where movements with the dominant arm achieved a higher peak 

velocity (850 mm/s) than movements with the non-dominant arm (816 mm/s) and 

movements with the light stylus achieved a higher peak velocity (876 mm/s) than 

the heavy stylus (790 mm/s). These effects were superseded by a three-way 

interaction between stylus, direction and hand (F(1,21) = 6.833, p < 0.05, ŋp
2 = 

0.245) where movements with the light stylus using the non-dominant arm in the 

upward direction achieved higher peak velocity (889 mm/s) compared to the 

downward direction (832 mm/s). 

 Analysis of time to peak velocity revealed a main effect of hand (F(1,21) = 

4.965, p < 0.05, ŋp
2 = 0.191), which indicated longer times to reach peak velocity 
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in the non-dominant arm (166 ms) compared to the dominant arm (156 ms). 

Analysis also revealed a stylus main effect (F(1,21) = 24.591, p < 0.001, ŋp
2 = 

0.539), where the heavy stylus (167 ms) took more time to reach peak velocity 

than the light stylus (155 ms). In addition, a directional effect was also observed 

(F(1,21) = 49.585, p < 0.001, ŋp
2 = 0.702) and demonstrated longer times to reach 

peak velocity in downward movements (173 ms) compared to upward 

movements (149 ms). Additionally, a stylus by direction interaction (F(1,21) = 

43.637, p < 0.001, ŋp
2 = 0.675) showed that movements in the upward direction 

took longer to reach peak velocity with the heavy stylus (161 ms) compared to 

the light stylus (137 ms) (Figure 10).  

Analysis of time spent after peak velocity revealed a main effect of hand 

(F(1,21) = 11.821, p < 0.01, ŋp
2 = 0.360), where movements in the non-dominant 

arm (367 ms) spent more time after peak velocity compared to the dominant arm 

(340 ms). A stylus main effect was also observed (F(1,21) = 32.680, p < 0.001, ŋp
2 

= 0.609) and showed that movements with the heavy stylus (365 ms) spent more 

time after peak velocity compared to the light stylus (343 ms). In addition, a stylus 

by direction interaction was observed (F(1,21) = 12.886, p < 0.01, ŋp
2 = 0.380) and 

indicated greater time spent after peak velocity in the heavy stylus when moving 

down (372 ms) compared to moving up (357 ms) (Figure 11). 

Analysis of reaction time revealed a main effect of direction (F(1,21) = 9.811, 

p < 0.01, ŋp
2 = 0.318) illustrated by greater reaction times in the downward 

motion (263 ms) compared to the upward motion (254 ms). In addition, a two-way 

interaction between group and stylus (F(1,21) = 4.537, p < 0.05, ŋp
2 = 0.178) 
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showed that reaction times with the light stylus had a greater discrepancy 

between the control and SCNP (control = 278 ms, SCNP = 240 ms) groups 

compared to the heavy stylus (control = 273ms, SCNP = 243mm) (Figure 12). 

These effects were superseded by a three-way interaction between hand, stylus 

and direction (F(1,21) = 7.778, p < 0.05, ŋp
2 = 0.270) (Figure 13). Accordingly, 

reaction times performed by the non-dominant arm with the light stylus were 

greater in the downward motion (271ms) compared to the upward motion 

(255ms) whilst reaction times performed by the dominant arm with the heavy 

stylus were longer in the downward motion (265ms) compared to the upward 

motion (251ms). 

 

 

Figure 9 Average movement time (ms) comparing the up and down directions of 

the light and heavy stylus in control and neck pain groups. Asterisks indicated 

significant difference. 
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Figure 10 Average time to peak velocity (ms) in the up and down directions of 

the light and heavy stylus. Asterisks indicated significant difference. 

 

Figure 11 Average time after peak velocity (ms) in the up and down directions of 

the light and heavy stylus. Asterisks indicated significant difference. 
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Figure 12 Average reaction times (ms) in the light and heavy stylus between 

groups. Asterisks indicated significant difference. 

 

Figure 13 Three-way interaction of reaction times (ms) between hand, stylus, 

and direction. Asterisks indicated significant difference. 
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Analysis of distance travelled by primary movement endpoint revealed a 

main effect of hand (F(1,21) = 11.995, p < 0.01, ŋp
2 = 0.364), which illustrated 

shorter distances travelled by the primary movements in the non-dominant arm 

(170 mm) compared to the dominant arm (177 mm). In addition, a stylus main 

effect (F(1,21) = 21.332, p < 0.001, ŋp
2 = 0.504) was observed where shorter 

distances travelled by the primary movements with the heavy stylus (169 mm) 

compared to the light stylus (177 mm). Lastly, a main effect of group (F(1,21) = 

12.503, p < 0.01, ŋp
2 = 0.373) demonstrated by shorter distances travelled by the 

primary movements in controls (166 mm) compared to SCNP (180 mm) (Figure 

14). No main effect by direction was observed. 

Analysis of constant error illustrated a hand main effect (F(1,21) = 7.540, p < 

0.05, ŋp
2 = 0.264) whereby there was a greater target undershoot in the dominant 

arm (-1.48 mm) compared to the non-dominant arm (-0.88 mm). This main effect 

was superseded by a three-way interaction between group, hand and stylus 

(F(1,21) = 7.179, p < 0.05, ŋp
2 = 0.255). Accordingly, controls in the non-dominant 

arm had greater target undershooting with the light stylus (-1.49 mm) compared 

to the heavy stylus (-0.32 mm) whilst the dominant arm in the SCNP participants 

had greater target undershooting with the light stylus (-1.94 mm) compared to the 

heavy stylus (-0.74 mm) (Figure 15).  

Variable error illustrated a main effect of hand (F(1,21) = 14.876, p < 0.01, 

ŋp
2 = 0.435) where the non-dominant arm was more variable at the endpoint 

(5.32 mm) compared to the dominant arm (4.71 mm). In addition, a direction 

main effect (F(1,21) = 16.055, p < 0.01, ŋp
2 = 0.433) demonstrated greater 
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endpoint variability in downward movements (5.57 mm) compared to upward 

movements (4.46 mm). This was superseded by a group by hand by stylus 

interaction (F(1,21) = 6.180, p < 0.05, ŋp
2 = 0.227) where movements by those with 

SCNP in the dominant arm were more variable with the light stylus (5.13 mm) 

compared to the heavy stylus (4.64 mm) (Figure 16). 

  

 

 

Figure 14 Average primary movement endpoint (mm) between control and neck 

pain groups. Asterisks indicated significant difference. 
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Figure 15 Three-way interaction of constant error (mm) between group, hand, 

and stylus. Asterisks indicated significant difference. 

 

Figure 16 Three-way interaction of variable error (mm) between group, hand, 

and stylus. Asterisks indicated significant difference. 
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 Analysis of trajectory variability at kinematic markers illustrated main 

effects of hand (F(1,63) = 17.883, p < 0.001, ŋp
2 = 0.460), stylus (F(1,63) = 16.722, p 

< 0.01, ŋp
2 = 0.443), direction (F(1,63) = 10.564, p < 0.01, ŋp

2 = 0.335) and 

kinematic marker (F(1,63) = 127.733, p < 0.001, ŋp
2 = 0.859). Movements 

performed with the non-dominant arm were more variable (11.44 mm) compared 

to the dominant arm (10.00 mm); movements with the heavy stylus were more 

variable (11.26 mm) than those with the light stylus (10.17 mm); and downward 

movements were more variable (11.25 mm) than upward movements (10.18 

mm). Consistent with prior studies, variability increases along the trajectory from 

peak acceleration to peak velocity, and then rapidly decreases from peak 

deceleration to the movement end (Khan et al., 2002; Burkitt et al., 2015). In 

addition, a marker by direction interaction (F(2.36,49.50) = 3.490, p < 0.05, ŋp
2 = 

0.143) demonstrated that movements in the downward direction were more 

variable at peaks acceleration (4.63 mm) and velocity (15.82 mm) compared to 

the up direction (PA = 2.08 mm, PV = 14.44 mm) but no significant difference at 

peak deceleration and movement end. Additionally, a marker by stylus (F(2.10,44.09) 

= 24.053, p < 0.001, ŋp
2 = 0.534) interaction was observed where movements 

performed by the heavy stylus were more variable at peak velocity (17.69 mm) 

than movements with the light stylus (12.57 mm), but no significant differences 

were seen between styli at other kinematic landmarks. These effects were 

superseded by a Three-way interaction between kinematic marker, hand and 

stylus (F(1.70,35.75) = 3.761, p < 0.05, ŋp
2 = 0.152) (Figure 17). Movements with the 

light stylus were more variable at peak velocity in the non-dominant arm (13.75 
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mm) compared to the dominant arm (11.39 mm), whilst movements with the 

heavy stylus were more variable at peak deceleration (20.91 mm)in the non-

dominant arm compared to the dominant arm (16.77 mm).  

 

Figure 17 Three-way interaction of spatial variability (mm) between marker, 

hand, and stylus for peak acceleration (PA), peak velocity (PV), peak 

deceleration (PD), and endpoint (END). Asterisks indicated significant difference. 

Analysis of peak velocity revealed a main effect of hand (F(1,21) = 6.271, p 

< 0.05, ŋp
2 = 0.230), where movements with the dominant arm (850 mm/s) 

achieved a higher peak velocity than the non-dominant arm (816 mm/s). 

Furthermore, a main effect of stylus (F(1,21) = 123.598, p < 0.001, ŋp
2 = 0.855) 

demonstrated that movements with the light stylus (876 mm/s) achieved a higher 

peak velocity compared to movements with the heavy stylus (790 mm/s). In 

addition, a stylus by direction interaction was observed (F(1,21) = 38.894, p < 

0.001, ŋp
2 = 0.649) and illustrated that movements with the light stylus achieved a 
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greater peak velocity in the upward direction (895 mm/s) compared to the 

downward direction (858 mm/s). These effects were superseded by a three-way 

interaction between hand, stylus and direction (F(1,21) = 6.833, p < 0.05, ŋp
2 = 

0.245). This showed higher peak velocities with the light stylus in the downward 

direction in the dominant arm (883 mm/s) compared to the non-dominant arm 

(832 mm/s). This interaction was also observed with the heavy stylus in the up 

direction (dominant = 802mm/s, non-dominant = 770mm/s) and the down 

direction (dominant = 813mm/s, non-dominant = 774mm/s). 

4.5. Discussion 

 Movements with the heavy stylus demonstrated longer movement times 

compared to the light stylus, shorter distances travelled by primary movement, 

and greater trajectory variability at peak velocity. Participants must overcome a 

greater inertial force to move the heavy stylus against gravity, thus resulting in 

longer time to peak velocities in the upward direction compared to the downward 

direction. In general, longer times with the greater mass can be attributed to 

avoiding greater costs of overshoots associated with the heavy stylus compared 

to the light stylus. This is especially true with greater masses as the cost of 

correcting overshoots with a heavier mass is much greater. More specifically, 

corrections with the heavy stylus cost disproportionately more time and energy, 

which is exacerbated in the downward direction because stopping and reversing 

the limb requires greater inertia as it opposes gravity. Movements with the heavy 

stylus in the downward direction displayed greater time spent after peak velocity. 

Participants likely spent greater time after peak velocity to allow more time for 
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feedback processing, avoiding costly overshoot errors (Elliott et al., 1991; Elliott 

et al., 2004). Participants illustrated shorter distance travelled in the primary 

movement with the heavy stylus compared to the, similar to results by Burkitt and 

colleagues (2015). Again, this supports the notion of participants avoiding 

overshoots with the heavy stylus due to greater energy costs associated with 

target overshoots. Participants showed greater trajectory variability in the heavy 

stylus compared to the light stylus. This suggests that participants likely centred 

the primary movement endpoint short of the target, such that the upper bounds 

do not extend beyond the target, resulting in a target overshoot.  

 Movements with the non-dominant arm seem to support prior studies 

suggesting a lateralization of motor processing. This study demonstrated longer 

movement time, time to reach peak velocity and time after peak velocity in the 

non-dominant arm compared to the dominant arm. In addition, the non-dominant 

arm illustrated shorter distance travelled in the primary movement endpoint. The 

constant error (i.e., average end point location) of non-dominant arm movements 

were more towards the centre of the target compared to the dominant arm, 

although more variable in nature. This is in support of a speed accuracy trade-off 

between limbs (Woodworth, 1899). More specifically, longer movement times and 

slower movements allow for more time to use visual feedback to get the limb to 

the target centre. Conversely, faster movement times with the dominant arm 

resulted in endpoint accuracy short of the target centre. Furthermore, movements 

with the non-dominant arm achieved a lower peak velocity, suggesting slower 

and longer movement times to utilize feedback information. These results are in 
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accordance with prior studies that suggest the non-dominant system has a 

greater propensity to utilize feedback information when reaching for targets 

(Schaefer et al., 2009; Winstein & Pohl, 1995; Goodale et al., 1990; Fisk & 

Goodale, 1988). However, it is important to note that although the dominant arm 

was not as close to the centre of the target as the non-dominant arm, movements 

still landed on the target. These finding also suggest an energy optimization 

strategy based upon the balance of variability, target size and endpoint accuracy 

(Slifkin & Eder, 2017). Because participants were more variable with the non-

dominant arm, they aimed for the endpoint to fall on the centre of the target, 

possibly to allow for more hits of the target. Conversely, when using the dominant 

arm, participants were less variable, and thus ended their movement towards the 

lower bounds of the target. This strategy allows for less energy expended, whilst 

also potentially maintaining target hits. 

 One of the novel findings of this work was the group difference associated 

with distances travelled by the primary movements, whereby those with SCNP 

had less of an undershoot bias (i.e., travelled further toward the target) compared 

to controls. This could be due to the fact that those with SCNP are more efficient 

at utilizing visual feedback to guide movements. Recent findings from Harvie and 

colleagues (2015) illustrated that altering visual feedback can influence the 

amount of head rotation in those with SCNP. This suggests that SCNP 

participants are increasingly reliant on visual feedback to determine appropriate 

motor output for a behavioural response, perhaps due to an altered internal 

model (Paulus & Brumagne, 2008; Knox et al., 2006). Therefore, through the 
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increase reliance on feedback processing, SCNP participants perhaps developed 

a more efficient feedback processing system to compensate for their altered body 

schema. Considering that eye movements begin prior to hand movements and 

reach the target early in the hand trajectory, perhaps SCNP participants ended 

the primary movement closer to the target to allow for greater use of visual 

information, since the eye is already on the target by the time the hand reaches 

the target vicinity (Starkes et al., 2002).  

Furthermore, those with SCNP had quicker reaction times in both heavy 

and light stylus movements compared to healthy controls. These findings further 

support the hypothesis that SCNP participants have a greater propensity to rely 

on visual feedback information. Reaction times are indicative of the formation of 

internal representations based on existing models (Elliott et al., 2010). If those 

with SCNP have an altered body schema, then the use of internal models to 

formulate movements and expected consequences would not be as beneficial, 

thus resulting in quicker reaction times and less time spent planning the 

movement. In other words, because neck pain participants rely more on visual 

feedback, there is less of an incentive to plan prior to movements. Additionally, 

perhaps control participants needed more time to form internal models necessary 

to complete the movement. The efficient use of visual feedback is perhaps a 

compensatory affect to allow those with SCNP to perform as well as controls, 

illustrated by no group effects in movement time and endpoint accuracy. Further 

studies should perhaps investigate how those with SCNP utilize visual feedback 

through the incorporation of eyetracking paradigms. 
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 Some possible limitations associated with the study include sample 

distribution between populations. The SCNP group contained 16 participants 

whilst the control group contained only 7. This occurred in part due to the COVID-

19 pandemic, resulting in a stoppage of collections. The difference in sample 

numbers could potentially inflate any group differences seen; however, this may 

not be the case as large effect sizes were observed and Levene’s test of 

homogeneity of variance was not violated. Another possible limitation is the 

potential fatiguing element of the study. Participants were tasked to aim above 

and below, switching stylus, for 200 trials. Therefore, a Borg’s rating of perceived 

fatigue analysis was introduced early in the study for 17 of the 23 participants 

(Borg, 1990). Analysis of the results indicated no significant differences between 

blocks in any of the areas asked by the researcher, suggesting that participants 

were not increasing in fatigue through the task. 

 In conclusion, this study was the first to investigate differences in neural 

processing associated with upper limb movement in the vertical plane in the neck 

pain population. Differences in reaching movements suggest that those with 

SCNP have a propensity to utilize visual feedback to compensate for alterations 

to internal models. In addition, this study provides further support for lateral 

differences in reaching movements along with differences in force specification 

and direction. This research depicts the impact SCNP has on the neural 

processing associated with everyday reaching movements.    
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Chapter 5. General Discussion 

 The purpose of this thesis was to determine whether there are differences 

in neural processing of upper limb movement between dominant and non-

dominant limbs in those with SCNP and healthy controls when changing tool 

weight. Prior studies have shown altered cerebellar output in those with SCNP 

(Daligadu et al., 2013). The cerebellum plays a vital role in reaching movements 

through the incorporation of feedback processing and using internal models to 

initiate motor commands (Kandel et al., 2000). In addition, it has been suggested 

based on prior studies that those with SCNP have an altered body schema, 

resulting in alterations of incoming sensory information (Paulus & Brumagne, 

2008; Knox et al., 2006; Baarbé et al. 2016). Furthermore, studies on 

handedness have demonstrated lateral differences in neural processing 

associated with upper limb movement. More specifically, the dominant 

hemisphere has been shown to utilize forward models when reaching for targets 

whilst the non-dominant hemisphere has a greater propensity to utilize feedback 

processing (Goodale et al., 1990; Fisk & Goodale, 1988; Wyke, 1967; Haaland et 

al., 1987). Therefore, we hypothesized that individuals with SCNP would rely 

more on visual feedback due to altered body schema and cerebellar output. In 

addition, movements with the non-dominant arm would utilize feedback 

processing to reach for targets. Furthermore, differences seen would be 

exacerbated using the heavy stylus, due to the greater force specification, thus 

greater movement variability with the heavy stylus. 
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 Study 1 involved reaching to a target in the horizontal plane with the 

dominant and non-dominant limbs using two differently weighted styli. The 

second study involved the same features as the first study, but was performed in 

the vertical plane where participants had to reach for a target in either the upward 

or downward direction as well. Analyzing performance in the vertical plane 

provides a more comprehensive picture on the impact of SCNP on upper limb 

movement. This is because of constraints that the force of gravity poses on 

speed, accuracy and energy optimization. In addition, the introduction of a more 

complex task allows parsing any discrepancies in neural processing associated 

with reaching movements more easily. Results of the two studies revealed new 

information on how SCNP impacts upper limb movements. In addition, the two 

studies build upon previous literature investigating differences in hands, styli and 

direction. However, contradicting results were revealed between the two studies 

and will be discussed further. 

 In the first study we showed differences in handedness consistent with 

prior literature suggesting that the non-dominant system has a propensity to 

utilize feedback processing when reaching for targets (Goodale et al., 1990; Fisk 

& Goodale, 1988). In addition, analysis of variability at kinematic landmarks 

illustrated that the dominant arm was less variable at peak deceleration 

compared to the non-dominant arm. This suggests that the dominant arm is 

better at specifying the force required for the initial impulse during the early 

portion of the trajectory, demonstrating a more refined feedforward approach 

compared to the non-dominant arm (Wyke, 1967; Haaland et al., 1987). 
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Furthermore, no differences in variability were observed at movement endpoint, 

suggesting that between peak deceleration and movement end, the non-

dominant arm incorporated feedback processing to reduce variability at 

movement end. 

Reaction times were also greater with the non-dominant and dominant 

arms in those with SCNP compared to controls. This could be due to the greater 

time that SCNP participants needed to develop and fine tune the internal models 

necessary to initiate the ballistic portion of the movement. Prior studies have 

suggested that those with SCNP have altered body schema due to altered 

sensory information (Paulus & Brumagne, 2008; Knox et al., 2006). Therefore, 

they spend more time formulating an appropriate movement to compensate for 

altered body schema. Findings from study one led to the development of study 

two to determine effects of SCNP and handedness on a more complex and 

unfamiliar reaching task. 

 Study two incorporated an aiming task in the vertical plane where 

participants had to reach for a target either above or below the centre home 

position. Handedness differences in study two were consistent with study one but 

more pronounced. Movements with the non-dominant arm were longer, illustrated 

by longer times to reach peak velocity and time spent after peak velocity. Longer 

and slower movements with the non-dominant allow more time for efficient 

feedback processing. This resulted in greater endpoint accuracy with the non-

dominant arm, illustrating a speed-accuracy trade-off where movement with the 

non-dominant arm sacrificed speed for accuracy. Perhaps the reason for more 
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pronounced handedness effects was due to the introduction of more complex 

movements in the up and down direction. Directional effects were also consistent 

with prior literature, illustrated by greater time spent after peak velocity with the 

heavy stylus in the downward direction. Although findings in the primary 

movement endpoint does not support Lyons et al., (2006), it does show similarity 

in findings to Elliott et al., (2014) where the researchers also found no difference 

in direction at primary movement endpoint. However, in contrast to the mentioned 

study, the present study illustrated greater variability at primary movement 

endpoint in the downward direction as opposed to the upward direction. Further 

analysis investigating the amount of corrective submovements could perhaps 

provide a clearer picture of how participants reach for targets in the downward 

direction. Specifically, Elliott et al., (2014) identified less corrective 

submovements in the downward direction, possibly because participants wanted 

to avoid overshoot corrections, which would result in greater energy expended. 

Group differences in primary movement end point locations were also 

observed in Study 2, where those with SCNP ended their primary movement 

closer to the target. A possible explanation for this finding is that those with 

SCNP need to utilize feedback processing in order to reach the target. Since the 

eye is considered to be at the target location when the hand reaches the vicinity 

of the target, landing the hand closer to the target enhances the opportunity to 

use visual feedback to accurately hit the target (Starkes et al., 2002). If this is the 

case, perhaps future studies utilizing eyetracking paradigms in conjunction with 
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goal-directed aiming paradigms could provide a more comprehensive picture on 

how those with SNCP utilize visual feedback to reach for targets. 

 Analysis of reaction times in Study 2 yielded results contradictory to those 

in study 1. One potential reason for this could be due to the familiarity of the task 

in the first study. Reaching movements in the horizontal plane are perhaps more 

common daily tasks; therefore, controls have an efficient internal model to 

accurately reach for targets, thus resulting in shorter reaction times. Movements 

performed in the vertical plane are more complex requiring the formation and use 

of new internal models to accurately reach the target. The unfamiliarity of the task 

could result in controls needing more planning time to execute movements and 

form internal models, thus resulting in the discrepancy between studies. Another 

possible explanation could be that those with SCNP develop a more feedforward 

centric strategy to limit any delay in sensorimotor processing. For example, in 

study 1 those with SCNP spent a longer time fine-tuning internal models, leading 

to similar movement trajectories with the control group. Furthermore, in study 2, 

those with SCNP displayed longer primary movement amplitudes than controls, 

which could suggest a strategy to reach further along the trajectory, limiting the 

need for feedback processing. Indeed, this could explain the similarities in 

movement performance between SCNP and control groups. This presents the 

need to further investigate the role of visual feedback in upper limb reaching 

movements in those with SCNP. As previously mentioned, introducing an 

eyetracking paradigm alongside an aiming movement could provide insight to the 
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strategies implored by those with SCNP to complete goal-directed aiming 

movements. 

 In conclusion, this thesis investigating the impact of SCNP on upper limb 

movements with the dominant and non-dominant arm found results pertaining to 

styli, hand and direction consistent with prior literature. Movements with the 

heavier mass require greater force specification, thus more time is spent to reach 

peak velocity in order to overcome the initial inertia of the heavier mass. 

Handedness effects indicate a greater propensity for the non-dominant arm to 

spend more time using feedback processing in order to accurately reach the 

target indicated by longer times spent after peak velocity and greater undershoot 

in the primary movement endpoint. Directional by styli effect illustrated greater 

time spent after peak velocity in the downward direction, perhaps to avoid energy 

costly overshoots. Lastly, novel group effects were demonstrated in both studies, 

suggesting that those with SCNP have a greater propensity to rely on feedback 

processing due to their altered body schema. This is supported by less of an 

undershoot at the endpoint of the primary movement and a quicker reaction time 

with the light and heavy styli.  
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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 



 

 
104 

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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Chronic Pain Grade Scale  

Pain intensity items 
1. How would you rate your neck pain on a 0-10 scale at the present time, that is right now, 
where 0 is ‘no pain’ and 10 is ‘pain as bad as could be’?  

                                                                     Pain as bad  
No pain                                                              as could be 
0       1       2       3       4       5       6       7       8       9       10                                                                           
 

2. In the past 6 months, how intense was your worse pain rated on a 0-10 scale where 0 is ‘no 
pain’ and 10 is ‘pain as bad as could be’? 

                                                                    Pain as bad  
No pain                                                              as could be 
0       1       2       3       4       5       6       7       8       9       10                                                                           
 

3. In the past 6 months, on the average, how intense was your pain rated on a 0-10 scale where 
0 is ‘no pain’ and 10 is ‘pain a bad as could be’? (That is, your usual pain at times you were 
experiencing pain.) 

                                                                     Pain as bad  
No pain                                                              as could be 
0       1       2       3       4       5       6       7       8       9       10                                                                           
 

Disability items 
4. About how many days in the last 6 months have you been kept from your usual activities 
(work, school or housework) because of neck pain?  

5. In the past 6 months, how much has neck pain interfered with your daily activities rated on a 
0-10 scale where 0 is ‘no interference’ and 10 is ‘unable to carry on any activities’? 

                     Unable to carry on 
No interference                                                      on any activities 
0       1       2       3       4       5       6       7       8       9       10                                                                           

                                                                       
6. In the past 6 months, how much has neck pain changed your ability to take part in 
recreational, social and family activities where 0 is ‘no change’ and 10 is ‘extreme change’?  

                                                                      
No change                                                           Extreme change 
0       1       2       3       4       5       6       7       8       9       10                                                                           

 

7. In the past 6 months, how much has neck pain changed your ability to work (including 
housework) where 0 is ‘no change’ and 10 is ‘extreme change’?  

No change                                                         Extreme change 
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0       1       2       3       4       5       6       7       8       9      10  

Scoring guide 

characteristic pain intensity = (((response question 1) + (response question 2) + (response question 3)) / 3) * 

10  

disability score = (((response question 5) + (response question 6) + (response question 7)) / 3) * 10  

disability points = (points for disability days) + (points for disability score) 

 

Disability points    

Disability days (0-180) Disability score (0-100) 

0-6 Days  0 Points 0-29 0 Points 
7-14 Days 1 Point 30-49 1 Point 
15-30 Days 2 Points 50-69 2 Points 
31 + Days 3 Points 70 + 3 Points 

 

Classification 
 

Grade 0 

  Pain free       No pain problem (prior 6 months) 

 

Grade I 

  Low disability-low intensity    Characteristic Pain Intensity Less than 50, 

       and less than 3 disability points 

Grade II 

  Low disability-high intensity   Characteristic Pain Intensity of 50 or greater 

       and less than 3 disability points 

Grade III 

High disability-moderately limiting 3-4 disability points, regardless of 

Characteristic Pain Intensity 

Grade IV 

  High disability-severely limiting   5-6 disability points, regardless of  

       Characteristic Pain Intensity 
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Neck Pain Mini-Questionnaire  

Indicate which statement best describes your neck pain.  

    I have neck pain all the time. 

    I have neck pain most of the time.  

    My neck pain comes and goes. Sometimes I have neck pain and sometimes I don’t. 

    I have neck pain on the rare occasion.  

    I never have neck pain.  

In your own words, please describe the location, onset, and type of pain you experience: 

 

 

 

Approximately how long have you had this problem? 

_________________________________________  

Have you had previous care for this condition?            Yes            No 

If yes, please check one:          chiropractic      physiotherapist        Other: _______________ 

Approximately when did you have these 

treatments:__________________________________________ 

Have these treatments helped? Please 

explain._______________________________________________  

Can you think of an accident or other event that caused your pain or stiffness? Check one: 

                    Yes            No            Unsure   

If yes, please explain: 

___________________________________________________________________ 

Have you had previous trauma?         Yes          No              Explain:__________________ 

Have you had previous surgery?         Yes          No         If applicable, explain:____________ 

______________________________________________________________________________

_______ 

On a scale of 1 to 10 how severe is your neck pain or stiffness? 1 indicates little or no pain. 5 

indicates uncomfortable, but manageable. 10 indicates unbearable – seek help now!  
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How often does your neck pain or stiffness occur (ex. Every two weeks) 

______________________ 

 

What is your birth month and year? _________________ 

    mm     yyyy 
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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 ________________________________ 
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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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Medications contraindicated with magnetic stimulation: 

1) Tricyclic antidepressants 

Name  Brand  

amitriptyline (& butriptyline)  Elavil, Endep, Tryptanol, Trepiline  

desipramine  Norpramin, Pertofrane  

dothiepin hydrochloride  Prothiaden, Thaden  

imipramine (& dibenzepin)  Tofranil  

iprindole  - 

nortriptyline  Pamelor  

opipramol  Opipramol-neuraxpharm, Insidon  

protriptyline  Vivactil  

trimipramine  Surmontil  

amoxapine  Asendin, Asendis, Defanyl, Demolox, Moxadil  

doxepin  Adapin, Sinequan  

clomipramine  Anafranil  

 

2) Neuroleptic or Antipsychotic drugs 

A) Typical antipsychotics 

Phenothiazines: Thioxanthenes: 

o Chlorpromazine (Thorazine) o Chlorprothixene 

o Fluphenazine (Prolixin) o Flupenthixol (Depixol and Fluanxol) 

o Perphenazine (Trilafon) o Thiothixene (Navane) 

o Prochlorperazine (Compazine) o Zuclopenthixol (Clopixol and Acuphase) 

o Thioridazine (Mellaril) • Butyrophenones: 

o Trifluoperazine (Stelazine) o Haloperidol (Haldol) 

o Mesoridazine o Droperidol 

o Promazine o Pimozide (Orap) 

o Triflupromazine (Vesprin) o Melperone 
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Levomepromazine (Nozinan)  

 

 

B) Atypical antipsychotics 

Clozapine (Clozaril) Quetiapine (Seroquel) 

• Olanzapine (Zyprexa) • Ziprasidone (Geodon) 

Paliperidone (Invega) • Amisulpride (Solian) 

• Risperidone (Risperdal)  

 

C) Dopamine partial agonists:  Aripiprazole (Abilify) 

 

D) Others 

Symbyax - A combination of olanzapine and fluoxetine used in the treatment of bipolar depression. 

Tetrabenazine (Nitoman in Canada and Xenazine in New Zealand and some parts of Europe 

Cannabidiol One of the main psychoactive components of cannabis. 

Regular Cannabis use more often than once per week and/or cannabis use in the past 4 days. 

Regular use of other recreational drugs, or single episode within the past three weeks. 
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Chiropractic Adjustment Safety Checklist 

The following questions are to ensure it is safe for you to have a chiropractic adjustment. If you 

answer yes to any of the questions below, we will ask you more questions to see whether it is 

safe for you to receive chiropractic adjustments. We will do our best to provide an alternate 

study for you to take part in if unable to take part in the chiropractic component.  

 

QUESTION ANSWER 

1. Do you have rheumatoid arthritis or other inflammatory conditions? Yes  No 

2. Do you have a history of spine trauma or injury from the last three 

months, or trauma with persistent symptoms beyond three months? 

Yes  No 

3. Have you had cervical spine surgery? Yes  No 

4. Have you had any infection or systemic disease related to your neck pain 

in the past twelve months?  

Yes No 

4. Have you had a known fracture or dislocation to the shoulder or spine? Yes No 

5. Do you experience pain that spreads along your arm from your spine 

(radicular arm pain)? 

Yes  No 

6. Do you have any known bleeding disorders? Yes  No 

7. Are you on anticoagulant medications? Yes  No 

8. Do you have a history of stroke or transient ischemic attacks?  Yes  No 

9. Do you have a history of cancer, or have you had a tumor, in the past five 

years? 

Yes  No 

10. Do you experience vertigo or dizziness?   Yes  No 

11. Do you suffer from any other known neurological or medical conditions 

that might keep you from having chiropractic care?*  

Yes  No 

 

 

Comments ___________________________________________________________ 

___________________________________________________________ 
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___________________________________________________________ 

Name ________________________________ 

Signature ________________________________ 

Date ________________________________ 

 

*Dr. Murphy will meet with participants who answer yes to this question.  
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Participant number: 

Session number: 

Date: 

 

Please indicate using a dash on the line below the level of neck pain that you are experiencing 

right now. The leftmost side of the line represents no pain and the rightmost side of the line 

represents extreme pain (i.e., pain as bad as you have ever experienced).   

________________________________________________ 

No pain                                       Extreme pain 
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Professor Bernadette Murphy 

University of Ontario Institute of Technology 

Faculty of Health Sciences 

2000 Simcoe St. North 

Oshawa, Ontario, Canada 

L0B 1J0 

Email: Bernadette.Murphy@uoit.ca 

Title of Research Study: Impact of subclinical neck pain on visuomotor plasticity and motor 

control  

 

You are invited to participate in a research study entitled “Impact of subclinical neck pain on 

visuomotor plasticity and motor control”. This study has been reviewed by the University of 

Ontario Institute of Technology Research Ethics Board [REB # 14991] and originally approved on 

October 28, 2018.  

Please read this consent form carefully, and feel free to ask the Researcher any questions that you 

might have about the study. If you have any questions about your rights as a participant in this 

study, please contact the Research Ethics Coordinator at 905 721 8668 ext. 3693 or 

researchethics@uoit.ca.  

 

Researcher(s): Dr. Bernadette Murphy, Dr. Paul Yielder, Dr. Mahboobeh Zabihhosseinian, and 

Dr. Jim Burkitt. All researchers involved have signed confidentiality agreements and have 

completed the TCSPII tutorial on research ethical concerns. 

Departmental and institutional affiliation(s): Faculty of Health Sciences at the University of 

Ontario Institute of Technology (UOIT)  

Phone number: 905-721-8668 x 2778 – Dr. Bernadette Murphy (office)  

Contact emails: Bernadette.Murphy@uoit.ca, Paul.Yielder@uoit.ca, 

mahboobeh.zabihhosseinian@ontariotechu.net, James.Burkitt@uoit.ca 

External Funders: Australian Spinal Research Foundation, and Natural Sciences and Engineering 

Research Council of Canada  
 

Purpose of the Study: Research shows that neck pain is a significant burden that affects 30-50% 

of the population every year. Research is also showing that neck pain affects the way people 

perform movements and perceive their body positions in space. In past studies, our lab group has 

shown that these effects can be attributed to differences in how individuals with neck pain process 

sensory information. The current study will examine whether there are differences in how 

individuals with and without neck pain perform rapid eye and upper limb movements. These 

movements are of interest because their control relies on sensory processing in distinct brain 

regions, and any differences in control may highlight impacted brain regions in those experiencing 

neck pain. We also want to examine whether chiropractic treatment restores eye and upper limb 

movement performance and thus, restores brain activity to more typical levels in these individuals.  

mailto:Bernadette.Murphy@uoit.ca
mailto:researchethics@uoit.ca
mailto:Bernadette.Murphy@uoit.ca
mailto:mahboobeh.zabihhosseinian@ontariotechu.net
mailto:mahboobeh.zabihhosseinian@ontariotechu.net
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Participants: For this study, we are seeking right-handed people aged 18-35 years who either 

experience no neck problems or have had a history of moderate neck pain in the past six months 

and have not received treatment in the past 4 weeks. To participate in this study you will complete 

an eligibility checklist with one of the researchers. You will also be examined by a registered 

chiropractor to identify the presence and extent of neck pain. You will be given a chance to review 

the study details and ask any questions in advance of your participation. 

 

Procedure: The research examines how the brain responds to neck pain. If you volunteer to 

participate in the study, you will experience two data collection sessions at the start and two 

identical sessions at the end of the study, eight weeks later. At both baseline and 8 weeks, you will 

be asked to complete questionnaires that provide information about your current functional 

capacity, level of neck pain (if any), and general well being. You will also perform a series of eye, 

upper limb, neck, and passive body rotation movements. In some tasks, you will direct these 

movements to targets presented on a computer screen while wearing an eye tracking devise and/or 

a fingertip infrared light emitting diode. In other tasks, your hand will be placed on the handle of a 

device with a push button on the end. After becoming comfortable using the device, you will be 

blindfolded and the experimenter will ask you to press the button when you move your elbow to a 

certain target angle. During another part of the experiment, you will sit in a special gaming chair, 

which will rotate very slowly (e.g. 5 degrees per second), while the eye tracking device measures 

your eye movements in relation to the chair movements. Rest will be regularly scheduled during 

the experiment and offered anytime at your request. You will be given a chance to ask questions 

and will be verbally debriefed at the completion of the eight-week sessions about some of the more 

specific experimental purposes and hypotheses. Each data collection session will take 

approximately 2 hours to complete, and there will be two sessions at baseline and two follow-up 

data collection sessions after 8 weeks (up to 8 hours total for the study). The baseline and follow-

up sessions are separated into two sections to prevent you from getting bored or fatigued. 

 

If you have neck pain, and you are randomized to the experimental group, you will receive 

chiropractic treatment 2 times per week for 8 weeks between the experimental sessions. This 

chiropractic treatment will involve high velocity-low amplitude spinal joint manipulations to the 

affected area of the neck and soft tissue therapy for muscles, if needed. If you are in this group, 

one of the researchers will complete an eligibility questionnaire with you to ensure that you are a 

suitable candidate to receive spinal manipulation. If for any reason you are not an appropriate 

candidate for this study, we will withdraw you from the study. This will not impact your eligibility 

for compensation. If you are receiving chiropractic care as a component of this study, you will 

need to attend chiropractic sessions with Dr. Bernadette Murphy or Dr. Nicholas Antony in 

addition to the two experimental sessions. There is no cost for this treatment. If you are not 

receiving chiropractic care as a component of this study, you will only need to attend the two 

experimental sessions. If you are not randomized to the treatment intervention, you will be offered 

a complementary assessment (to determine if you would benefit from chiropractic care) and free 

treatment at the end of the study. NOTE: Dr. Bernadette Murphy is both a registered chiropractor 

and the principal investigator on this research project. While she will be performing most of the 

chiropractic treatments and many of the research activities involved with this project, the 

information presented in the treatment sessions will remain independent of the research process 

and will remain confidential. The only treatment information that may be released with the study 

findings will involve the spinal joint areas receiving high-velocity low-amplitude manipulations 
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and soft tissue therapy. This serves the purpose of allowing future researchers to replicate our 

findings. You will not be identified in the release of these data (see Confidentiality section below). 

 

Chiropractic care: Dr. Bernadette Murphy and Dr. Nicholas Antony are registered chiropractors. 

They will take a detailed case history and make assessments to ensure that you are a suitable 

candidate to receive care. The treatment frequency will be individualized but will likely involve 

two sessions per week initially, tapering off to one session per week as the study progresses. The 

initial session will take 30 to 60 minutes and subsequent sessions will take 15-30 minutes. Only 

safe conventional high velocity-low amplitude spinal manipulation techniques will be employed in 

this study. These treatments have been used in previous studies employed by the lab group, and 

most participants have shown improvements in their outcome measures. You may experience 

soreness the day after the first treatment. This soreness should only be temporary, as this is the 

first stage of the treatment and healing process. If you experience prolonged soreness or 

unexpected worsening of your neck pain, you are encouraged to speak to Dr. Murphy for further 

advice. Consent with respect to any chiropractic sessions is separate from this consent and will be 

covered/explained within the scope of the chiropractic sessions themselves. 

 

Payment or Reimbursement: If you are a student enrolled in approved Kinesiology courses you 

have the opportunity to earn up to 4% extra credit toward your final grade (2% for completing the 

experiments at each of the baseline and 8-week time periods). If you are interested in this option, 

the investigator will provide you with additional information. If you opt for extra course credit as 

compensation, Dr. Jim Burkitt will handle this information confidentially and your instructor will 

not be informed of your extra credit until your course is already complete. If you are not interested 

in this option or are not enrolled in any of the eligible courses, you will be compensated with two 

$10 Tim Hortons gift cards.  

 

Potential Benefits: If you are in the neck pain group, you may be randomized to receive 

chiropractic care, and you may benefit from the free treatment sessions and may also experience 

improvement in your pain levels. If you have neck pain and you are randomized to the non-

treatment group, you will be provided with a free assessment and treatment at the conclusion of 

the study. For healthy participants who do not have neck pain, while you will not benefit directly 

from this research, this experiment is a part of a series of studies that will help determine how neck 

pain contributes to sensory processing and movement control, so you will enhance your 

knowledge of these areas. 

Potential Risks or Discomforts: Potential risks associated with participation in this study are 

mental fatigue, physical fatigue, and boredom. To mitigate these risks, rest periods will be 

frequently provided and offered anytime upon your request. Wearing the eye tracker for extended 

periods of time may also become uncomfortable. To mitigate this discomfort, we attempted to 

limit the length of time it will be worn during the data collection sessions to approximately 1 hour 

(or less). If at any time you need the eye tracker removed, please let us know and we will remove 

it. If you receive chiropractic treatment, you may experience soreness the day after the first 

treatment. Since this is the first stage of the treatment and healing process, the soreness should be 

temporary. If you experience soreness beyond 24 hours post-treatment or unexpected worsening of 

your neck pain, please speak to Dr. Murphy for further advice (see below for contact information). 
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You do not have to provide answers to any of the questions or questionnaires involved in this 

study if they make you feel uncomfortable.  

 

Participation and Withdrawal: Your participation in this study is entirely voluntary and you are 

free to decline in taking part. You may also withdraw from the study at any time following the 

start. This will in no way affect your compensation for the study, your academic progress, or your 

relationship with your TAs or instructors. If you decide to withdraw, your data will be destroyed 

unless you indicate otherwise. If you decide to withdraw following the completion of the study, it 

may not be possible to destroy your data because it may have already been recoded to remain 

anonymized. Any questions regarding your rights as a participant, complaints, or adverse events 

may be addressed to Research Ethics Board through the Research Ethics Coordinator –

researchethics@uoit.ca or 905.721.8668 x. 3693. 

 

Confidentiality: The cameras used to measure your eye movements will only capture images of 

the immediate areas surrounding your eyes (and possibly eye brows) and will only be displayed to 

the researcher during the experimental sessions. These images will not be saved. The optoelectric 

cameras used to measure your upper limb movements do not capture visual images, and the data 

they store is in the form of number sequences from which you cannot be identified. All of your 

data files will be coded so that they can be kept in confidence and not directly linked to you. Your 

personal information will not be disseminated. All questionnaire data will be locked and stored in 

the Human Neurophysiology and Rehabilitation laboratory that only the research team will have 

access to. All electronic files will be encrypted and stored on a computer that is locked in the 

Human Neurophysiology and Rehabilitation laboratory. While other lab group members will have 

access to this computer, your data: a) will only consist of number series’ from which you cannot 

be identified, and b) will be recoded and removed of personal identifiers. Only frequency counts, 

means, and standard deviations calculated over many participants will be published. In the odd 

event that a graphical representation of one of your eye or upper limb movements is presented in 

publication, it will only be formatted as a sequence of numbers from which you cannot be 

identified. The only information from the chiropractic treatment sessions that may potentially be 

released with the study findings are your body regions treated with high-velocity low-amplitude 

spinal manipulation and soft tissue therapy. This information will be void of identifiers and thus, 

will not be specifically linked to you. Releasing this information serves the purpose of allowing 

future researchers to fully replicate our methods. 

 

Results Dissemination: The data from this research will be submitted to scientific conferences 

and peer reviewed journals. All published data will be coded so that you are not identifiable.  

 

Secondary Use of Data: There is potential for your data from this study to be used as secondary 

data in a future research project. As such, we are providing you the option (see below) to tick a 

box indicating that you give consent to use these data in future research. You are free to select 

“no” to this option without any negative consequences. Data for secondary use will be stored in a 

locked area at UOIT for ten years from the completion of this study after which it will be 

destroyed.  

 

RIGHTS OF RESEARCH PARTICIPANTS: You may withdraw your consent at any time and 

discontinue participation without penalty. If you have any questions concerning the research study 

or experience any discomfort related to the study, please contact the researcher Dr. Jim Burkitt at 

mailto:researchethics@uoit.ca
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James.Burkitt@uoit.ca, Dr. Mahboobeh Zabihhosseinian at 

mahboobeh.zabihhosseinian@ontariotechu.net, Dr. Bernadette Murphy at 

Bernadette.Murphy@uoit.ca, or Dr. Paul Yielder at Paul.Yielder@uoit.ca. Any questions 

regarding your rights as a participant, complaints or adverse events may be addressed to Research 

Ethics Board through the Research Ethics Coordinator – researchethics@uoit.ca or 905.721.8668 

x. 3693. By consenting, you do not waive any rights to legal recourse in the event of research-

related harm. 

 

Thank you very much for your time. If you have any questions please contact: 

 

Dr. Jim Burkitt 

Postdoctoral Fellow, Faculty of Health Sciences 

University of Ontario Institute of Technology 

2000 Simcoe St North, Oshawa, Ontario, L1H 7K4 

Email: James.Burkitt@uoit.ca 

 

Dr. Mahboobeh Zabihhosseinian 

Postdoctoral Fellow, Faculty of Health Sciences 

University of Ontario Institute of Technology 

2000 Simcoe St North, Oshawa, Ontario, L1H 7K4 

Email: mahboobeh.zabihhosseinian@ontariotechu.net 

 

Dr. Bernadette Murphy 

Professor, Faculty of Health Sciences 

University of Ontario Institute of Technology 

2000 Simcoe St North, Oshawa, Ontario, L1H 7K4  

Email: Bernadette.Murphy@uoit.ca  

 

Dr. Paul Yielder 

Associate Professor, Faculty of Health Sciences 

University of Ontario Institute of Technology 

2000 Simcoe St North, Oshawa, Ontario, L1H 7K4  

Email: Paul.Yielder@uoit.ca  

 

Please read the following before signing the consent form and remember to keep a copy for 

your own records.  

 

• I understand that taking part in this study is voluntary and that I am free to withdraw from 

the study at any time. My withdrawal will in no way affect my academic progress.  

• This consent form will be kept in a locked area in the Neurophysiology and Rehabilitation 

Research Laboratory at UOIT, Oshawa, Ontario for a maximum period of seven years 

before being destroyed.  

• The data collected in this study will be coded so that it is confidential and remains 

independent from the letter of informed consent. All data will be stored in a locked area at 

UOIT, Oshawa, Ontario for a maximum period of seven years before being destroyed.  

mailto:James.Burkitt@uoit.ca
mailto:mahboobeh.zabihhosseinian@ontariotechu.net
mailto:Bernadette.Murphy@uoit.ca
mailto:Paul.Yielder@uoit.ca
mailto:researchethics@uoit.ca
mailto:James.Burkitt@uoit.ca
mailto:mahboobeh.zabihhosseinian@ontariotechu.net
mailto:Bernadette.Murphy@uoit.ca
mailto:Paul.Yielder@uoit.ca
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• I have read and understand the information provided to me about this study. I have had the 

opportunity to discuss this study with the experimenters and am satisfied with the answers 

I have been given.  

• I have completed an eligibility checklist to ensure that I am eligible to participate in this 

research.  

• I understand that I can withdraw my data from this experiment. I also understand that it 

may not be possible to withdrawal my data following completion of the experiment if my 

data has already been recoded.  

• I understand that my participation in this study is confidential and that I will not be 

personally identified in any of the reports on this study.  

• I have had sufficient time to consider whether to take part.  

• I know whom to contact if I experience any side effects to the study.  

• I give consent for the data from this study to be used in future research as long as there is 

no way that I can be identified in this research (tick one): YES ○   NO ○  

• I give consent for these data to be used as secondary data in another project (tick one): 

YES ○   NO ○ 

• I would like to receive a report about the results of this study (tick one): YES ○   NO ○  

 

Consent to Participate: 

1. I have read the consent form and understand the study being described; 

2. I have had an opportunity to ask questions and my questions have been answered. I am 

free to ask questions about the study in the future;  

3. I freely consent to participate in the research study, understanding that I may 

discontinue participation at any time without penalty. A copy of this Consent Form has 

been made available to me.   

 

___________________________________ _______________________________ 

(Name of Participant)     (Date) 

 

___________________________________  _______________________________ 

(Signature of Participant)/    (Signature of Researcher) 

 


